? frontiers ‘ Frontiers in Sustainable Food Systems

l @ Check for updates

OPEN ACCESS

EDITED BY
S. K. Sahoo,
Punjab Remote Sensing Centre (PRSC), India

REVIEWED BY

Koyel Sur,

Punjab Remote Sensing Centre (PRSC), India
Chetan Singla,

Punjab Agricultural University, India

*CORRESPONDENCE

Gaurav Singh
gaurav.bhu09@gmail.com

Dinesh Jinger
dineshjinger28@gmail.com

RECEIVED 16 April 2025
ACCEPTED 16 June 2025
PUBLISHED 17 July 2025

CITATION

Singh G, Dhakshanamoorthy D, Jinger D,
Kumar R, Kakade VD, Kar SK, Natrajan NK,
Singh AK, Kaledhonkar MJ, Meena VS and
Madhu M (2025) Enhancing climate resilience
through resource conservation practices in
watershed of Western India.

Front. Sustain. Food Syst. 9:1612949.

doi: 10.3389/fsufs.2025.1612949

COPYRIGHT

© 2025 Singh, Dhakshanamoorthy, Jinger,
Kumar, Kakade, Kar, Natrajan, Singh,
Kaledhonkar, Meena and Madhu. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Sustainable Food Systems

Type Original Research
PUBLISHED 17 July 2025
pol 10.3389/fsufs.2025.1612949

Enhancing climate resilience
through resource conservation
practices in watershed of
Western India

Gaurav Singh'*, Dinesh Dhakshanamoorthy?, Dinesh Jinger*#*,
Raj Kumar?, V. D. Kakade®, Saswat Kumar Kar>,

Nandha Kumar Natrajan?, Ashok Kumar Singh?,

M. J. Kaledhonkar?, Vijay Singh Meena® and M. Madhu’

*Indian Council of Agricultural Research (ICAR)-Indian Institute of Soil and Water Conservation,
Research Center, Anand, Gujarat, India, 2ICAR-Indian Institute of Soil and Water Conservation,
Research Center, Chandigarh, India, *ICAR-Central Soil Salinity Research Institute, Karnal, Haryana,
India, “ICAR-National Institute of Abiotic Stress Management, Baramati, Maharashtra, India,
°*ICAR-Indian Institute of Soil and Water Conservation, Research Centre, Koraput, Odisha, India,
SICAR-Indian Agricultural Research Institute, Regional Station-Pusa, Samastipur, Bihar, India,
7ICAR-Indian Institute of Soil and Water Conservation, Dehradun, Uttarakhand, India

In the areas affected by soil erosion and water scarcity, watershed management
involves all aspects of land and water resources for sustainable development.
This study evaluates the effectiveness of the applied climate-resilient practices
in a semi-arid watershed in Western India using different indices. The Soil Erosion
Control Index credited the increased vegetation cover and contour bunding
in farmers’ fields as responsible for reducing the average annual soil erosion
rate from 12.0 t/ha/year to 6.0 t/ha/year in 3 years. Their farmer’s training
program resulted in more engagement of local rural youth, which influenced
a 12% improvement in the score from 68 to 80. The community-based water
resource infrastructure aimed at improving water harvesting efficiency increased
storage capacity by 40%. The index went up from 50% to 64%, achieving
community engagement and water use efficiency in agriculture. The infiltration
rates under different land uses varied from 4.5 to 6.5 mm/h, and therefore,
helped in groundwater recharge by improving the opportunity time for infiltration
into the soil through soil and water conservation structures. It was found
that an increase in the vegetation restoration index of 3.78% was associated
with improved vegetation under double-cropped and agroforestry systems
adopted in the watershed. Farmers in the watershed living their livelihoods
through conservation-based agricultural practices have increased their income
significantly by 12%. The watershed management programs achieved a rise in
the Integrated Climate Resilience Index from 44.76% to 64.39%. The integrated
effect of different management strategies implemented in the watershed
shows the significance of the watershed program in achieving the multiple
sustainable development goals related to water and food security. These findings
demonstrate that targeted soil and water conservation practices can have
tremendous benefits by reducing soil erosion substantially, ensuring adequate
water availability, and improving resilience to climate variability. Such measures,
based on a watershed scale, can provide a model for other vulnerable areas to
follow for sustainable development to achieve food security and adapt to the
vagaries of climate change.
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1 Introduction

India is one of the 120 nations that have pledged to
meet the United Nations Convention to Combat Desertification
(UNCCD) sustainable development target of becoming land
degradation neutral by 2030. The goal must be achieved in a
way that is both cost-effective and synergistic, considering each
country’s unique national context and development aspirations
(Singh et al,, 2020). Watershed management has emerged as a
critical strategy for achieving multiple Sustainable Development
Goals (SDGs), particularly those related to land degradation
neutrality (SDG 15), climate action (SDG 13), clean water and
sanitation (SDG 6), and zero hunger (SDG 2). In the context of
increasing climate variability, natural resource degradation, and
water scarcity, especially in rainfed and ecologically fragile regions,
integrated watershed approaches offer a holistic framework for
sustainable land and water management (Riahi et al., 2024). The
impact of climate change on ecosystems, agriculture, and human
lifestyles is detrimental in areas with limited natural resource
endowments. The higher temperatures, weather extremes, and
more precipitation will result in soil degradation, lack of water,
and loss of biodiversity (Kingra et al, 2018). Climate change
threatens food security and the stability of agriculture due to
environmental stress, particularly in already vulnerable regions.
One of the top means of guaranteeing climate protection is food
production, which comes from plowing soil and putting water to
use (Tripathi et al., 2016). Soil and water conservation (SWC)
technology has been recognized as one appropriate strategy to offset
the impact of climate change by helping enhance the availability
of water and erosion of fertile land (Dumanski, 2009). Some
of these practices are terracing, contour farming, agroforestry,
mulching, rainwater harvesting, and cover crops to keep soil
healthy and manage moisture as well as runoff. Studies reveal
how the productivity of current agriculture can be intensified
through soil and water conservation techniques, improving carbon
retention and biodiversity while reducing soil moisture loss
and enhancing sustainable ecosystems over the long term (Lal,
2020). Tt is also crucial for sustainable land-management practices
that will be required to respond to climate change, in which
mitigation and adaptation to its effects are pivotal (Rosenzweig
and Tubiello, 2007; Rosenzweig et al., 2007). Singh G. et al.
(2024) developed a hybrid vulnerability index for identification of
critical areas for the implementation of soil and water conservation
measures on degraded lands of Western India. The studies suggest
that the combination of tree and annuals (agroforestry) along
with soil water conservation measures enhanced agroecosystem
resilience to extreme weather and improved the carbon stock
and sequestration potential (Jinger et al., 2023). In addition to
offering a variety of ecosystem services, growing trees, either
alone or in conjunction with crops (agroforestry), has the
potential to reduce energy consumption, control erosion, produce
sustainable economic yields, and sequester more atmospheric
carbon dioxide in biomass and soil carbon pools (Jinger et al,
2022). By increasing crop yield and soil moisture, in-situ moisture
conservation strategies may be crucial to the restoration of
degraded lands (Jinger et al., 2024). Panwar et al. (2023) found
that water harvesting through tanks/ponds is a feasible approach
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that can increase crop production as well as diversification in
rainfed areas of India. Jinger et al. (2025) have found that
with the use of soil moisture conservation (SMC) techniques
along with a suitable agroforestry system, the productivity of
rainfed lands can be increased in Western India. Kumar et al.
(2021) have investigated how trenching and terracing affect runoff,
soil loss, and soil characteristics, as well as the growth, fruit
yield, biomass, and carbon stock of sapota (Achras zapota) in
Western Indias degraded rainfed land. Globally, large areas of
both agricultural and non-agricultural land are at risk from soil
erosion and loss. On already degraded soils, high soil erosion
has a significant impact on plant development and productivity,
which hinders the establishment of vegetation (Kumar et al., 2021).
In Bam province, stone ribbons might have reduced runoff by
13.4%, demonstrating their efficacy in reducing flood risk and
promoting climate resilience. All things considered, supporting
the implementation of SWCMs is a viable strategy for reducing
climate-related risks and fostering resilience (Naba et al., 2024).
The success of technologies such as irrigation, fertilizer, and
improved seeds frequently depends on whether these investments
are combined with SWC initiatives. SWC investments also work
differently in Ethiopia’s various rainfall areas and regions. These
findings highlight how crucial it is to choose the right technology
combinations and target specific geographic areas when promoting
and expanding SWC technologies for climate change adaptation
(Kato et al., 2011). A coordinated effort utilizing technologies
from multiple scientific fields is required to adapt soils to climate
change. Adopting water-smart tactics is necessary for stakeholders
to preserve the right soil-water balance. They ought to concentrate
on controllable intrinsic soil characteristics that regulate farming
systems’ vulnerability and adaptability to climate change. Many
of these methods give the soils the tools they need to better
absorb surplus water in flood-prone locations and hold more
water in drought-prone ones. To preserve water for later use,
governments, farmers, and other stakeholders must also invest
in both basic and sophisticated water collecting and rerouting
infrastructure (Brempong et al., 2023). Food security, cropping
system sustainability, soil and water quality, and environmental
preservation all depend on management for climate change
adaptation and mitigation. Based on an analysis of the literature,
this study proposes that to address climate change and associated
issues such as food security, management choices that enhance
soil functions, quality, and health by reducing soil erosion,
increasing carbon sequestration, and enhancing cropping system
and soil resilience will be required. According to our study, it
will be more difficult to ensure food security for the world’s
expanding population if management choices do not promote soil
and water conservation (Lal et al., 2011). The negative effects
of climate change on the availability of water resources can be
mitigated through watershed management, river health, equitable
policies for water supply and distribution, and increasing storage
capacity (or rainwater storage). Similarly, by boosting agricultural
productivity, climate-smart agriculture adaptation, climate change-
resistant crop development, irrigation water management, and
the promotion of indigenous knowledge, food security can be
guaranteed. The scientific evaluations of the climatic parameters
needed for the management of sustainable agriculture can be
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provided to farmers through technical intervention. To lessen
the risks of climate change on agricultural and water resources,
stakeholders—including farmers, local society, academia, scientists,
policymakers, NGOs, and others—can work together holistically
(Singhal et al., 2024). One important tool that could help with
greater yields, groundwater and surface water quality conservation,
erosion prevention, atmospheric carbon (C) sequestration, and
better soil health and quality throughout the tropics is cover crops
(Delgado et al,, 2021). The initiatives that were put into place
[Soil and Water Conservation Practices (SWCPs), infrastructure,
credit & saving, and capacity building] were seen by approximately
65% of the households as being beneficial for adapting to shocks
connected to climate change. Thus, it can be said that SWCPs as
specialized technologies and integrated watershed management as a
comprehensive strategy play important roles in decreasing climate
change, enhancing soil quality, minimizing land degradation, and
raising crop yield (Mekonnen et al, 2021). In the protected
sub-watershed, SWC interventions dramatically decreased surface
runoft by 19-50% and soil erosion by 57-81%. Reducing soil
erosion can improve soils’ capacity to sequester carbon, preserve
the soil’s organic carbon pool, and lower the risk of land
degradation. Adopting SWC techniques can thereby improve
farmers’ capacity to mitigate emissions and adjust to climate
change. However, the conserved sub-watershed has not yet adopted
SWC measures that are both protective and productive enough.
Therefore, in addition to soil fertility amendments suitable for the
location, it is crucial that SWC structures be complemented with
other biological and agronomic approaches (Lal et al., 2011). More
scientific studies are unquestionably required to improve food
production while reducing the negative effects of human activity
on the environment. Given the growing world population, more
research is needed to create sustainable food production systems
on the fragile and scarce soil systems that sustain human life. For
sustainable production, which is crucial for future generations,
more conservation will be needed, with a focus on minimizing
soil disturbance and optimizing carbon management (Delgado
et al,, 2011). In this study, we have developed a novel integrated
climate resilience index by integrating multiple indices to evaluate
the effectiveness of different watershed interventions in achieving
climate resilience.

2 Materials and methods

2.1 Location of study area

The Bhadroli Khurd-Karada watershed, having a 659.85 ha total
geographical area, is located in Kalol Taluka in the Southwest part of
Panchmabhal district in Gujarat. The watershed falls in two villages,
Bhadroli Khurd (22° 1’ 50” N Latitude and 73° 0’ 23” E Longitude)
and Karada (Latitude 22° 0’ 26” N and 73° 0’ 23” E Longitude), as
shown in Figure 1. The watershed was taken up for implementation
during financial year 2020-21 by Indian Council of Agricultural
Research (ICAR)-Indian Institute of Soil and Water Conservation,
Research Center-Vasad, District-Anand, Gujarat for development
under Tribal Sub-Plan (TSP) scheme funded by the Ministry
of Agriculture and Farmers Welfare, Government of India. The
reasons for selecting the watershed are that it is completely rainfed,
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and the entire population in the watershed is tribal with subsistence
agriculture practices. The tribal farmers were using indigenous crop
seeds of Maize, Cotton, Castor, Pigeon pea, and Pearl millet, which
had poor production potential. The tribal farmers in the watershed
were cultivating only Kharif crops due to poor water resource
availability and irrigation facilities. The problems of crop damage
by the stray animals were also reported by the tribal farmers. The
crop vield was significantly lower than the state average yield due
to high soil erosion, poor water resources, irrigation infrastructure,
and the absence of soil and water conservation in the farmers’
field. The farm mechanization was poor, with most tribal farmers
cultivating their fields using traditional bullocks. The livestock
population in the watershed was meager, and the milk productivity
of the existing livestock was low due to poor health and the
non-availability of green fodder. The seasonal migration of rural
youth in the watershed was observed during the participatory rural
appraisal to nearby cities for better income to fulfill their needs,
leading to a loss of interest in agricultural activities. The literacy
rate of both men and women was below the state average, and
they were not aware of the soil and water conservation practices.
Therefore, to address these multi-dimensional problems in the
watershed, suitable interventions were implemented for the holistic
socio-economic development of the watershed.

2.2 Topography and drainage

The watershed’s topography is comparatively flat, with a
maximum inclined slope of 11%. The watershed’s drainage network
is sub-dendritic, and it has an elongated shape. The relatively flat
topography and sub-dendritic drainage pattern result in a longer
concentration time, which lowers the peak flow at the watershed’s
outlet, as shown in Table 1. At multiple points within the watershed,
the trunk order streams meander due to the comparatively flat
topography, as shown in Figures 2, 3. After the monsoon season
ends, the hard rock that is present at a shallower depth in the
drainage channel contributes significantly to the base flow in
the streams. Gully head extension and caving at multiple stream
locations are caused by severe soil erosion brought on by the coarse
soil texture and sparse vegetation cover, as shown in Figure 4.
Early soil saturation and increased runoff generation from the
watershed are caused by the presence of hard rocks at shallow
depths. Even during typical rainfall or storm events, heavy flow
is caused by the sub-surface’s rapid saturation. The trunk stream
order in the watershed is five. Approximately 527.88 ha (80%)
of the watershed area is treatable with different types of soil and
water conservation measures for climate resilience of the watershed
against climate change.

2.3 Soil and cropping pattern

The agro-ecological region no. 4 contains the Bhadroli Khurd-
Karada watershed, which is characterized as a hot, semi-arid region
with alluvium-based soils. The watershed has a growing season of
90-150 days, an average annual precipitation of 500-800 mm, and
a potential evapotranspiration of 1,400-1,900 mm. The watershed
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FIGURE 1
Location of Bhadroli Khurd-Karada watershed in Panchmahal district of Gujarat in Western India.

has mixed granite and trap rock formation, and it has a wide
variety of soil types. The fertility of the soils in the watershed
varies from location to location, with “Goradu” soil being the
most fertile. Maize, cotton, paddy, wheat, pigeon peas, and castor
make up the majority of the watershed’s arable land. These crops’
relative profitability and ease of cultivation in accordance with land
suitability were reflected in the notable area shift toward them.

2.4 Climate

Annual rainfall in the watershed occurs during the southwest
monsoon season from June to September, with July being the
highest rainfall month. The annual rainfall varies greatly from
year to year. The minimum recorded rainfall is 259 mm and the
maximum rainfall is 1,550 mm. The average rainfall is 1,026 mm in
the watershed, which is very irregular and unpredictable in nature,
with uncertain long dry periods leading to crop damage on a very
large scale in some years. The humidity varies between 38% and
63%. The measured average wind speed is 16.30 km/h. The average
amount of sunshine per year is 7.7h per day. The temperature
varies between 10°C and 44°C. December and January are the
coldest months, while April and May are the hottest months of
the year.

Frontiers in Sustainable Food Systems

2.5 Land use

Table 2 shows the land use of the Bhadroli Khurd-Karada
watershed. Only 1.2 ha (0.18%) of the watershed is irrigated during
the Rabi season using groundwater from bore wells and dug wells
within the watershed, while the remaining 425 ha (64.41%) of
the watershed is rainfed and used for single crops. Horticulture
or agroforestry systems cover 0.21 ha (0.03%) of the watershed.
Approximately 6.23 ha (0.94%) of the watershed is made up of the
current water bodies. Grazing land is present in 9.8 ha (1.49%)
of the watershed. Three and a half hectares (0 and 58%) of the
watershed are covered by open forest; 131.97 ha (20%) of the
watershed is wasteland, and 81.64 ha (12.37%) is government-
owned or panchayat land.

2.6 Morphometric parameters of
watershed

Morphometric analysis helps to understand landform
processes, hydrological behavior, and environmental management
by quantifying watershed features such as stream network, slope,

and relief. Planning for watersheds, land use, conserving soil,
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TABLE 1 Drainage characteristics of Bhadroli Khurd-Karada watershed, Panchmahal, Gujarat.
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and estimating the risk of erosion all depend on this. It offers
a thorough explanation of the physical characteristics of the
watershed, which is crucial for comprehending its behavior.
Predicting surface runoff, infiltration capacity, and groundwater
potential is aided by morphometric analysis. It facilitates the
evaluation of erosion and sedimentation by illuminating the
connection between drainage networks and landforms. It backs
soil conservation, erosion prevention, and land use planning. It
supports natural resource management, flood frequency analysis,
and drainage basin evaluation. Watersheds can be prioritized for
conservation and management initiatives using morphometric
metrics to evaluate erosion risk. The morphometric analysis of the
watershed was carried out using the standard methods as described
by Nehra et al. (2024), Sahoo et al. (2024), and Singh et al. (2023c).

There are many streams in the watershed, and the drainage
system is well-established (Singh et al., 2023¢). There may be little
groundwater infiltration and quick runoft because of the high
drainage density and stream frequency. Flood peaks are delayed but
last longer because of the elongated shape. Soil erosion may occur in
the area, particularly in areas with higher slopes. Because of the low
relief, floods may last longer because water circulation is slow. The
low form factor (0.05) and elongation ratio (0.24) both show that
the watershed is extended, as shown in Table 3. Low infiltration and
high runoft potential are indicated by high drainage density (40.26
km/km?) and stream frequency (18.82), which may be caused by
an impermeable surface. The considerable relief indicated by the
roughness number (0.64), erosion, and sediment transport may
be substantial. In steep terrain, the Melton Ruggedness Number
(6.23) suggests a risk of soil erosion, especially at steeper slopes. The
compactness coefficient (1.22) and circularity ratio (0.52) indicate
that the basin is relatively elongated, which results in a longer
duration for peak discharge. A flat basin with moderate water
movement is indicated by the low relief ratio (0) and gentle channel
gradient (1.02 m/km), which may lessen erosion but lengthen flood
duration, as shown in Table 3.

3 Climate resilient practices
implemented in watershed

To address the multifaceted problems observed during the
participatory rural appraisal conducted in the watershed and for
overall socio-economic development of tribal farmers, different
interventions were implemented in the Bhadroli Khurd-Karada
watershed for climate resilience of the watershed. The components
of the watershed development plan, specific interventions, their
quantity, and possible impacts on the watershed are given in
Table 4. The watershed development intervention was carried out
in an integrated and participatory manner with an emphasis on
natural resource management, livelihood support, and capacity
development. Capacity development activities such as farmer
meetings, training programs, exposure visits, and awareness
generation programs were conducted in association with nearby
agriculture universities and research institutions to sensitize and
empower the community toward sustainable practices. Water
resource development works, such as gully plug and drop structure
constructions, field bunding, spillway constructions, and lift
irrigation, were designed based on topographical surveys and
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FIGURE 2
(Continued)
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FIGURE 2
Drainage characteristics of Bhadroli Khurd-Karada watershed. (a) Drainage map, (b) flow direction map, (c) flow accumulation map, and (d) drainage
density map.
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Number of streams of different order in the watershed.

hydrological studies to maximize water conservation and use. Soil
conservation practices, such as cover cropping, mulching, organic
manuring, vermicomposting, and green manuring, were practiced
in farmers’ fields, as guided by soil tests and cropping calendars
to conserve soil health and retain moisture. Demonstrations
of high-yielding varieties, agroforestry systems, and horticulture
plantations were carried out to enhance climate-resilient plant-
based systems with protective functions such as bamboo planting
and solar fencing to lower environmental stress and crop damage.
Farm mechanization equipment, such as sprayers, irrigation
pumps, tarpaulin sheets, and small tools, were provided to enhance
efficiency in operations and lower labor burdens. Animal-based
systems were also fortified through routine veterinary health
camps, dispersal of mineral mixtures, fodder seeds, and dairy
support machinery to increase livestock productivity. Livelihood
interventions entailed the development of self-help groups,
income-generating training, such as tailoring and raising a nursery,
and provision of toolkits to facilitate rural employment. All
interventions were conducted with active participation from local
communities, NGOs, and stakeholders, under regular technical
guidance in such a way that each activity was synchronized to the
overall watershed management objectives to ensure sustainability,
resilience, and enhanced livelihoods.

4 Data, tools, and indices used for
assessing the climate resilience of
watershed

The evaluation of soil and water conservation (SWC) structures
in a watershed for climate resilience is a multifaceted approach.
Indicators related to vegetation, soil quality, water availability, and
socioeconomic conditions are often part of the evaluation. The
different indices developed by Chaves and Alipaz (2007), Sharda
etal. (2012), and Kim and Chung (2014) for the impact assessment
of watershed development projects were used to assess the climate
resilience of watersheds, which are discussed below in detail. The
data of different parameters used for assessing the climate resilience
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of the watershed were collected using various methods, as given
in Table 5.

4.1 Soil Erosion Control Index (SECI)

The Soil Erosion Control Index (SECI) is a soil erosion
measurement tool that utilizes the assessment of soil erosion
reduced by the use of different soil conservation techniques in
natural resource management. The SECI tool measures the soil
erosion risks in the watershed as well as indicators of effective
soil and water conservation measures for reducing the risk of soil
erosion. It is particularly beneficial in sectors such as land and water
management, forestry, and agriculture, where the mitigation of soil
erosion risk is important for agricultural productivity, the health of
the soil, and the sustainability of the environment. The Soil Erosion
Control Index can be calculated using the Equation 1 given below.

Abefure - Aafter

SECI = x 100. .. (1)

before

Where SECI is the Soil Erosion Control Index (%), Apefore is annual
soil loss before the installation of SWC structures (tons/ha/year),
and Agper is annual soil loss after the installation of SWC
structures (tons/ha/year).

4.2 Water Harvesting Efficiency (WHE)

Water Harvesting Efficiency (WHE) is a metric used to evaluate
the effectiveness of water harvesting systems that collect, store,
and utilize surface runoff or rainwater. This index is especially
invaluable in regions that regularly need to deal with limited
water availability, where maximizing the use of all available
water resources is essential for municipal, urban, and industrial
consumption, agricultural production, and ecosystem health. It
calculates the effective rainfall captured by water harvesting
systems, considering losses due to overflow or collection failure.
The Water Harvesting Efficiency of structures can be calculated
using Equation 2 given below.

1%
WHE = —harvested o 100 . .. )

rainfall

Where WHE is Water Harvesting Efficiency (%), Vharvested 1S the
volume of water harvested by SWC structures (m?), and Vinfay is
the total volume of rainfall in the watershed (m?).

4.3 Water utilization efficiency (WUE)

Water utilization efficiency is the proportion of stored water
that is efficiently used for its intended use, such as drinking,
irrigation, and groundwater recharge. Any significant aquatic
evaporation from storage induced by external climatic conditions
or structural imperfections would lower the total efficiency of
the harvesting system. In water-scarce regions, this index, which
assesses the productivity obtained per unit of water used, is
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FIGURE 4

Morphometric characteristics of Bhadroli Khurd-Karada watershed. (a) Digital elevation model, (b) contour map, (c) slope map, (d) curvature map, (e)
aspect map, (f) Hill shade map, (g) roughness coefficient map, and (h) land use/land cover map.
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essential. The sum of all water applied to the crop or system through
irrigation, rainfall, and other means and the desired outcome of
water use are usually expressed in agricultural terms as yield per
crop. The water utilization efficiency can be calculated using the
Equation 3 given below.

Crop Yield

WUE= ——«— ...
Total Water Input

(3)
Where WUE is the water use efficiency (kg/m3), crop yield (kg),
and total water Input (m?).

4.4 |nfiltration rates

In enhancing climate resilience via soil and water conservation
measures, one of the aspects is the rate at which water enters
and moves through the soil. Improved infiltration rates maintain
vegetation, agricultural productivity, and ecosystem stability
(particularly under climate stressors, e.g., droughts and extreme
rainfall events) by supporting water retention and minimizing
runoftf when it is coupled with good soil quality traits such as
soil organic matter content. Essentially, it tests the soil absorbency
after SWC treatments. The use of cover crops and organic soil
amendments reduces soil compaction and improves the content of
organic matter and the structure of soil. It prevents soil erosion,
increases soil water storage (less runoff), etc. The infiltration rates
of soil under different land uses can be calculated using Equation 4
given below.

IR =

dwater
oo 4
; 4)

Where dyater is the depth of water infiltrated (mm) and t is the time
taken for the water to infiltrate (hours).

4.5 Groundwater Recharge Index (GRI)

The replenishment of groundwater resources, conducted either
through natural means or by artificial means, is determined using
the GRI. This index needs to be specifically emphasized while
assessing sustainable groundwater management in regions with
overexploitation due to intensive agricultural practices, human
population increases, or climatic changes that lead to little or no
recharge. To some degree, it assesses how effective SWC structures
are to enhance groundwater recharge. Recharge rates are influenced
by the amount, timing, and distribution of rainfall. Infiltration is
typically advanced by constant low or moderate-level rain, and
it is heavy rain that results in loss of infiltration and promotes
runoff. Soil and water conservation works reduce wastage by
ensuring more moisture to infiltrate into the soil. The groundwater
recharge index for the watershed can be calculated using Equation 5
given below.

G
GRI = — x 100... (5)
A

Where GRI is the groundwater recharge index (%), A increase in
groundwater level after SWC interventions (m?), and A is the area
of the watershed (m?).
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TABLE 2 Land use of Bhadroli Khurd-Karada watershed.

Land use Area (in ha)  Area (%)
Single cropped (rainfed) 425 64.41
Double cropped 1.2 0.18
Agro-forestry/horticulture 0.21 0.03
Water body 6.23 0.94
Grazing land 9.8 1.49
Open forests 3.8 0.58
Govt./Panchayat land 81.64 12.37
Wasteland 131.97 20.00
Total 659.85 100

4.6 Runoff Reduction Index (RRI)

The Runoff Reduction Index (RRI) shows the effect of soil
and water conservation measures in lowering surface runoff in
a watershed. This index plays an important role in controlling
surface runoff, preventing soil erosion, and reducing flood hazards
in the watershed. The runoff rate in a watershed is affected by a
set of major land uses (urban, agricultural, or forest). Infiltration
rates and, therefore, runoff are influenced by compaction levels,
soil structure, and texture. Well-structured soils have higher levels
of organic matter and, because of that, are able to absorb more
water, reducing runoff. The frequency, duration, and intensity of
rainfall events directly impact the runoff. Equation 6 can be used
to calculate the RRI, which measures the decrease in surface runoft
brought on by SWC structures.

_ Rbefore - Rafter

RRI x 100. .. (6)

Rhefore

Where RRI is the Runoff Reduction Index (%), Rpefore is runoff
before the SWC interventions (m?), and R,ge, is runoff after the
SWC interventions (m?).

4.7 Vegetation Restoration Index (VRI)

The Vegetation Restoration Index (VRI) is a metric designed
to be evaluated and tracked across degraded or altered ecosystems
to assess and gauge the efficacy of vegetation rehabilitation efforts.
This index is especially important when assessing the success
of reforestation, afforestation, and ecological restoration projects
aimed at increasing ecosystem services, improving biodiversity, and
stopping land degradation. The success of restoration is measured
by an increase in vegetation cover. Restoration of this area will
support ecosystems by having a wide range of plant species.
The ability of replanted vegetation to deliver ecosystem services,
including water retention, carbon sequestration, and serving as
wildlife habitat. The vegetation restoration index can be calculated
using Equation 7.

Cufter - Cbefore

VRI = x 100. .. 7)

total
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TABLE 3 Morphometric analysis of Bhadroli Khurd-Karada watershed, Panchmahal, Gujarat.

10.3389/fsufs.2025.1612949

S. No. Morphometric parameters Method/formula Reference Result  Unit
Input parameters
1 Main channel length (Cl) GIS analysis Length 10.5 km
2 Valley length (V1) GIS analysis Length 8 km
3 Basin length (Lb) GIS analysis Schumm (1956) 12 km
4 Basin area (A) GIS analysis Schumm (1956) 6.59 km?
5 Basin perimeter (P) GIS analysis Schumm (1956) 12.6 km
6 Longest dimension parallel to the principal drainage GIS analysis Length 10 km
line (Clp)
7 Minimum aerial distance (Adm) GIS analysis Length 8 km
8 Length from watersheds center to mouth (Lcm) GIS analysis Black (1972) 5 km
9 Width of watershed at the center of mass WS@CM GIS analysis Black (1972) 4.5 km
10 Total contour length (Ctl) GIS analysis Length 65,900 m
11 Contour interval (Cin) GIS analysis Interval 100 m
12 Height of basin mouth (z) GIS analysis/DEM Height 112 m
13 Maximum height of the basin (Z) GIS analysis/DEM Height 128 m
A. Linear analysis
1 Channel Index (Ci) Ci = Cl/Adm (H&TS) Miller (1953) 1.31
2 Valley Index (Vi) Vi = VI/Adm (TS) Miller (1953) 1
3 Rho coefficient (p) p = (Lurl/Rb1)+(Lur2/Rb2) + Horton (1945) 1.71
(Lur3/Rb3) +....+ (Lurn/Rbn)
B. Areal analysis
1 Mean basin width (Wb) Wb = A/Lb Horton (1932) 0.55 km
2 Relative perimeter (Pr) Pr=A/P Schumm (1956) 0.52
3 Length area relation (Lar) Lar=14*A0.6 Hack (1957) 5.54
4 Lemniscate’s (k) k=LbA2/A Chorley (1957) 21.85
5 Form factor ratio (Rf) Ff= A/LbA2 Horton (1932) 0.05
6 Shape factor ratio (Rs) Sf=LbA2/A Horton (1945) 21.85
7 Elongation ratio (Re) Re = 2/Lb*(A/m)A0.5 Schumm (1956) 0.24
8 Ellipticity Index (Te) Te = T*VIA2/4A Schumm (1956) 7.62
9 Texture ratio (Rt) Rt=N1/P Schumm (1956) 6.51
10 Circularity ratio (Ren) Ren=A/P Strahler (1964) 0.52
11 Circularity ratio (Rc) Rc = 12.57*(A/P2) Miller (1953) 0.52
12 Drainage texture (Dt) Dt =Nu/P Horton (1945) 9.84
13 Compactness coefficient (Cc) Cc=0.2841"P/AN0.5 Gravelius (1914) 1.22
14 Fitness ratio (Rf) Rf = Cl/P Melton (1957) 0.83
15 Wandering ratio (Rw) Rw = Cl/Lb Smart and Surkan (1967) 0.88
16 Watershed eccentricity (t) 7 = [(|JLemA2- WemA2[)]A0.5/Wem Black (1972) 0.48
17 Hydraulic Sinuosity Index (Hsi) Hsi = [(Ci-Vi)/(Ci-1)]*100 Mueller (1968) 1
18 Topographic Sinuosity Index (Tsi) Tsi = [(Vi-1)/(Ci-1)]*100 Mueller (1968) 0
19 Standard Sinuosity Index (Ssi) Ssi = Ci/Vi Mueller (1968) 1.31
20 Stream frequency (Fs) Fs = Nu/A Horton (1932) 18.82
21 Drainage density (Dd) Dd = Lu/A Horton (1932) 40.26 km/km?
(Continued)
Frontiers in Sustainable Food Systems 14 frontiersin.org


https://doi.org/10.3389/fsufs.2025.1612949
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Singh et al.

TABLE 3 (Continued)

10.3389/fsufs.2025.1612949

Morphometric parameters Method/formula Reference Result
22 Constant of channel maintenance Unit A/Unit Lu Schumm (1956) 0.02 km/km?
23 Drainage intensity (Di) Di = Fs/Dd Faniran (1968) 0.47
24 Infiltration number (If) If = Fs*Dd Faniran (1968) 757.51
25 Length of overland flow (Lg) Lg=A/2*Lu Horton (1945) 874.16 km
C. Relief Analysis
1 Total basin relief (H) H=27-z Strahler (1952) 16 m
2 Relief ratio (Rhl) Rhl = H/Lb Schumm (1956) 0
3 Relative relief ratio (Rhp) Rhp = H*100/P Melton (1957) 0.13
4 Channel gradient (Cg) Cg = H/{(n/2)*Clp} Broscoe (1959) 1.02 m/km
5 Gradient ratio (Rg) Rg = (Z-z)/Lb Sreedevi et al. (2005) 1.33 m/km
6 Watershed slope (Sw) Sw = H/Lb Degree 1.33 m/km
7 Ruggedness number (Rn) Rn = Dd*(H/1,000) Melton (1957 0.64
8 Melton Ruggedness number (MRn) MRn = H/AA0.5 Melton (1965) 6.23
9 Average slope (S) S = (Z*(Ctl/H))/(10*A) Wentworth’s (1930) 34.48
10 Mean slope of overall basin (Os) Os = (Ctl*Cin)/A Chorley and Dale (1972) 1,000,000

Where VRI is the vegetation restoration index (%), Cyfier i8
the vegetation cover after SWC interventions (%), Cpefore is the
vegetation cover before SWC interventions (%), and Cyoy is the
total possible vegetation cover in the area (%).

4.8 Drought Resilience Index (DRI)

The Drought Resilience Index (DRI) measures the watershed’s
capacity to tolerate and recover from drought conditions by
adjusting. This index is needed to plan for managing water
resources, understand drought impacts, and improve ecological
and agricultural resilience in watersheds susceptible to water
scarcity. Plants are more likely to survive and produce during
drought when the soil keeps more moisture. Healthy, diversified
vegetation gives us returns from the water and stabilizes and
protects against the drought effect because different root systems
improve water uptake and maintain soil structure. The drought
vulnerability index for the watershed can be calculated using
Equation 8 given below.

W .
DRI = —2alable 100 .. (8)

demand

Where DRI is the drought resilience index (%), W ayailable is available
water during drought conditions (m®), and Wgemand is water
demand during drought conditions (m?).

4.9 Land Productivity Index (LPI)

Land Productivity Index (LPI) is a measure of land
productivity, computed as it relates to the quality of producing
agricultural yield, plant growth, and ecological health. LPI is used

Frontiers in Sustainable Food Systems

extensively in land use planning, environmental management, and
agriculture to assess land quality, track changes over time, and
provide guidance for sustainable land management techniques.
Water is always needed for plant growth, and when it is there at
all times, plant growth and productivity get increased. The Land
Productivity Index can be calculated using Equation 9 given below.

Yufter - Ybefore

LPI = % 100. .. 9)

Ybefore

Where LPI is the land productivity (%), Yafier is crop yield after
SWC interventions (tons/ha), and Ypefore is crop yield before SWC
interventions (tons/ha).

4.10 Carbon Sequestration Index (CSI)

The Carbon Sequestration Index (CSI) is a metric that examines
how much a set of ecosystems, land areas, or management practices
can store carbon from the atmosphere. Since the index is so relevant
to the global climate change issue, effective carbon sequestration
not only acts to reduce greenhouse gas emissions, lower the CO,
levels of the atmosphere, and store carbon in the long term but
also provides a great opportunity to sell carbon credits on the
open market. Carbon storage capacities and rates vary by different
ecosystems, such as forests, wetlands, grasslands, and agricultural
lands. On average, forests absorb more carbon than grasslands or
croplands. The carbon sequestration index can be calculated using
the Equation 10 given below.

Bafter - Bhefore

CSI = % 100. .. (10)

Bbefore
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TABLE 4 Watershed development interventions with quantity and impact.

Component Activities/interventions Quantity  Impact
Capacity development Farmer meetings 25 meetings Improved knowledge sharing and farmer engagement
programs
Exposure visits to ICAR/SAUs 10 visits Enhanced awareness of best practices and innovation
Farmers training programs 10 trainings Capacity building on modern farming and conservation techniques
Farmers fairs 2 fairs Knowledge dissemination and community mobilization
Skill development programs 8 programs Improved off-farm and farm-based livelihoods
Awareness campaigns 15 campaigns | Increased awareness of water, soil, and climate resilience practices
Water resource development Gully plugs 40 structures Reduced gully erosion and land degradation
and conservation
Drop structures 12 units Controlled runoff and reduced soil erosion
Field bunds with minor leveling 150 ha Enhanced in-situ moisture conservation and reduced water loss
Peripheral bunding 60 ha Controlled runoff and improved soil stability
Spillways for earthen bunds 20 units Safe disposal of excess runoff
Construction of new open wells 10 wells Increased water availability for irrigation
Renovation of existing open wells 8 wells Improved reliability and recharge potential
Lift irrigation systems with pipeline 6 systems Assured irrigation and better water use efficiency
Soil resource conservation Cover crops 15 ha Reduced soil erosion and improved organic matter
measures
Mulching 8 ha Conserved soil moisture and weed control
Use of organic fertilizers 200 farmers Improved soil fertility and microbial activity
Vermicomposting 20 units Recycling of organic waste and enhanced compost use
Green manuring 40 ha Improved soil nitrogen and organic matter
Vegetative grass barriers 5km Reduced surface runoff and erosion
Plant-based production HYV crop seed demonstration 65 ha Increased yield and adoption of improved varieties
systems
Agroforestry systems 30 ha Diversified income and enhanced resilience
Horticultural plantations with tree guards 20,000 plants Income generation and land stabilization
Bamboo for erosion control and gully protection | 10,000 plants | Gully stabilization and biomass production
Farm mechanization and Knapsack sprayers for agro-chemicals 50 units Efficient pest and disease control
ergonomic efficiency
Single-phase electric pumps 20 pumps Improved water access for irrigation
Winnowing fans 50 units Labor efficiency in post-harvest processing
Tarpaulin sheets 120 sheets Reduction in post-harvest losses
Solar fencing machines 10 machines Crop protection from stray animals
Diesel engine pump-sets 08 units Expanded irrigation reach
Flexible irrigation pipes 2,000 m Efficient water conveyance and distribution
Chaff cutters 25 units Improved fodder processing and livestock feeding
Small agricultural tools and implements 250 kits Improved efficiency in field operations
Animal-based production Animal health camps 06 camps Improved livestock health
systems
Medicines and mineral mixtures 1,500 kits Enhanced livestock productivity
Fodder seeds distribution 20 ha Increased fodder availability
Milk cans for dairy farmers 50 cans Support for milk hygiene and marketing
Livelihood and employment Formation of self-help groups (SHGs) 02 SHGs Women empowerment and access to micro-finance
enhancement
Support to water user groups (WUGs) 08 groups Improved irrigation governance
Distribution of sewing machines 50 machines Non-farm income opportunities for rural households
Promotion of kitchen gardening 25 gardens Improved household nutrition and food security
Establishment of model nurseries 01 nurseries Income generation and local plant supply
Provision of mason kits 25 kits Employment through construction and repair of SWC structures
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TABLE 5 Data source, information generated, tools used, and their utility in the study.

S.no. Data source Information generated Method/tools Utility
1. Survey of India Index map Arc GIS 10.3 Software For showing the location of
(Administrative boundaries) the study area
2. ASTER Global DEM (30 m) Digital Elevation Model Arc GIS 10.3 Software For the morphometric
Flow Direction analysis of the watershed
Flow accumulation
Stream network
Stream order
Drainage Density
Contour
Slope
Aspect
Hill shade
Roughness coefficient
Curvature
3. Sentinel 2A (10 m) Land use/Land Cover Arc GIS 10.3 Software For the land use/land cover of
the watershed
4. ICAR-IISWC, Research Rainfall Siphon-type recording rain gauge For calculating the different
Center-Vasad, Anand, Gujarat indices for assessing the
climate resilience of
Runoff Broad crested weir at the outlet of the watershed
watershed with stage level recorder
Soil loss Runoft samples collected manually at
the outlet of the watershed
Water harvested Measured using the contour survey
Groundwater level Measuring tape
Water demand for irrigation Crop water requirement using
CROPWAT
Water input for irrigation Measuring the irrigation applied under
the different crop field
Infiltration rates of soil Double ring infiltrometer
Crop yield Standard cropping cutting samples
Biomass Standard allometric equations
developed for different plants and dry
matter for crops
House hold income Farmers survey in the watershed

Where CSI is the carbon sequestration index, Bge, is the biomass
after SWC intervention (tons), and Bpefre is the biomass before
SWC intervention (tons).

4.11 Livelihood Improvement Index (LII)

The Livelihood Improvement Index (LII) is comprised of
a single number that measures the quality and stability of the
livelihoods of a community or region. Drawing on these factors,
it evaluates factors that contribute to an individual or household’s
wellbeing, income security, and access to resources and helps us
understand what poverty reduction, economic development, and
social resilience mean. Sustainable practices mean that livelihoods
can be maintained with the environment for a long time. The LII
can be calculated using the Equation 11 given below.

Iafter - Ibefore
I before

LI = x 100. .. (11)

Frontiers in Sustainable Food Systems

Where LII is the livelihood improvement index, I,qe is the
income after SWC interventions, and Ipefore is the income before
SWC interventions.

4.12 Integrated Climate Resilience Index
(ICRI)

The Integrated Climate Resilience Index (ICRI) is a
composite index being used to measure component-level
resilience of communities, ecosystems, and infrastructure
to the impacts of climate-related hazards. ICRI combines
different indicators that measure the extent of exposure,
sensitivity, and adaptive capacity of an area to respond to
climate impacts, including extreme weather events, sea level rise,
and changes in agricultural conditions. It measures economic
diversification, income, social cohesion, and employment security.
To obtain an overall assessment of climate resilience, a weighted

composite index can be developed using the Equation 12
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TABLE 6 Soil Erosion Control Index of Bhadroli Khurd-Karada watershed.

10.3389/fsufs.2025.1612949

Year Rainfall (mm) Vegetation cover (%) Soil conservation Slope factor Erosion Control
measures (%) Index (SECI)
2021 820 55 30 4 68
2022 780 60 40 3 72
2023 850 65 50 3 80
H Average gully slope pre-project % = Average gully slope post-project %
6
==
5 ==
= ===
g =
o 4
%
o
w
=
53
o
[
&
52
>
Z
1
0 — == —_ —= == —_ —=
Stream order 1 Stream order 2 Stream order 3 Stream order 4 Stream order 5
Stream order
FIGURE 5
Average gully slope pre- and post-project in Bhadroli Khurd-Karada watershed.

given below.

ICRI:ZW,-in... (12)

Where ICRI is the Integrated climate resilience index,
I; is the individual index value, and w; is the weight
assigned to each index based on its relative importance to
climate resilience.

5 Results and discussion
5.1 Soil Erosion Control Index (SECI)

The climate resilience of the watershed was assessed through
different indices after the implementation of different soil and
water conservation measures. SECI measures the effectiveness of
reducing soil erosion by soil conservation structures/measures in
the watershed. The SECI is applied in watershed management,
where soil erosion prevention is essentially required to preserve
soil productivity, soil health, and sustainability. Rainfall in the
watershed varied from 820mm in 2021 to 850 mm in 2023,
which was not significant. However, the number of rainy days
has decreased from 38 to 32, and rainfall intensity has increased
significantly from 75 mm/day to 125 mm/day in the watershed.
A higher SECI was observed with an increase in the vegetation
cover and soil and water conservation practices applied in the
watershed, as shown in Table 6. The variations in rainfall exaggerate
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the amount of soil erosion, but the effects can be minimized by soil
and water conservation. Contour bunding and minor leveling in
64 ha in the farmer’s field reduced the slope factor from 4 in 2021
to 3 in 2023 to decrease the risk of erosion in the watershed and
reduce the SECI. The average gully slope pre- and post-project in
different stream orders of the watershed is shown in Figure 5. The
reduction in gully slope was observed in all the stream orders due
to the construction of new drainage line treatment structures in the
watershed, such as 06 gully plugs, 2500 m of peripheral bunding
for protection of gully heads, and 10 drop structures resulting
in the reduction of soil loss from the watershed. Besides, several
temporary structures, such as earthen bunds and bund outlets, were
constructed and repaired during the project period. The improved
crop yields were observed in the farmer’ field near these drainage
line treatment structures due to the increased availability of water
for irrigation to the crops and an improvement in the soil moisture
in the crop fields. A number of water user groups were created
based on a diesel pump set-based lift irrigation system with the
underground pipeline, besides the drop structures, to improve the
irrigation facilities and water use efficiency in the watershed. The
average annual soil erosion measured by averaging the soil loss
observed in the runoff samples at the outlet of the watershed from
2021 to 2023 decreased significantly from 12.0 t/ha/year in 2021
to 6.0 t/ha/year in 2023, which is similar to the findings reported
by Senanayake and Pradhan (2022). This shows the effectiveness of
the implemented erosion control measures in the watershed. The
impact of increasing erosion control measures from 30% of the
watershed area in 2021 to 50% of the watershed area in 2023, as
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TABLE 7 Water Harvesting Efficiency Index of Bhadroli Khurd-Karada watershed.

Year Annual rainfall (mm) Harvested Total storage Water demand Water Harvesting
water capacity (m?) (m?3) Efficiency Index (WHEI)
volume (m?3) (%)
2021 820 25,000 40,000 50,000 50%
2022 780 30,000 45,000 52,000 58%
2023 850 35,000 50,000 55,000 64%

shown in Table 6. The agricultural land use changes were found
to increase from 55% to 65% vegetation cover in the watershed
due to an increase in the water availability in the watershed, which
is similar to the findings reported by Wang et al. (2023). The
improvement in the farmers knowledge and skills, as well as the
adoption rate, has led to preventing soil erosion due to the number
of training sessions imparted to farmers of watershed on soil
conservation. In comparison to 2021, soil and water conservation
measures taken on watersheds have greatly improved the Soil
Erosion Control Index from 68 to 80 in 2023, implying the effect of
soil and water conservation practices on soil erosion. According to
Kumar et al. (2016), the most successful soil conservation method
in the Babina watershed of Bundelkhand was the use of Saccharum
munja vegetative barriers, which were followed by land leveling,
field bunding, and contour bunding. According to Sahoo et al.
(2018), bioengineering techniques such as earthen bunding with
broom grass successfully decreased runoff in Odisha’s sloping plains
to 11.6% from 24.5% under traditional farming. In the Mahi Ravine
Watershed in Gujarat, contour bunding and bench terracing greatly
decreased soil erosion and runoff in sapota orchards (Kumar et al.,
2020a,b).

5.2 Water Harvesting Efficiency (WHE)

Water Harvesting Efficiency (WHE) metric is the efficiency
of water harvesting systems created in watersheds to collect,
store, and use rainwater or runoff in the watershed for different
purposes in the watershed. In arid and semi regions where water
scarcity is a threat, this index is indispensable for dispersing the
available water resources to irrigation, agriculture, domestic uses,
and other ecological services of the watershed (Sikka et al., 2022).
The improved collection of runoff generated in the watershed has
increased slightly from 820mm in 2021 and 850 mm in 2023,
possibly indicating improved rainfall patterns. However, a number
of water harvesting structures were created in the watershed, and
the existing open wells used for irrigation and drinking purposes
were renovated resulting in an increase in storage of harvested
rainwater and a 40% growth of the water storage capacity from
25,000 m® in 2021 to 35,000 m® in 2023, as given in Table 7.
The water storage capacity increased from 40,000 m> to 50,000
m?3, and the demand also increased from 50,000 m> to 55,000 m>
due to an increase in crop acreage during the Kharif and Rabi
seasons in the watershed. The farming community in the watershed
is becoming more efficient in the use of the harvested water for
both agricultural and domestic purposes through the installation
of an underground pipeline with a lift irrigation system, so the
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TABLE 8 Water utilization efficiency index of Bhadroli Khurd-Karada
watershed.

Year Water Water Water Water
supply usage demand Utilization
3 3 (m3) Effici
(m?°) (m?) m ciency
Index
(WUEI) (%)
2021 55,100 38,000 56,000 45
2022 64,680 42,000 65,000 54
2023 73,600 46,000 75,000 60

water use efficiency has risen from 55% to 65%, which is also
shown in a study conducted by Garg et al. (2020). It shows a
growing number of water user group members participating in
water harvesting initiatives in the watershed, from 65 to 250. The
overall success was observed in the water harvesting strategies in
the drainage line of the watershed through construction of new
drop structures, which has increased Water Harvesting Efficiency
from 50% in 2021 to 64% in 2023, supported by a similar finding in
a study conducted by Jain et al. (2024). According to Phand et al.
(2007), an integrated watershed initiative in Hiware Bazar raised
the standard of living for farmers by increasing milk production,
fodder supply, and water availability. To stop erosion and collect
28,950 m> of runoff water, check dams were built in the Shekta
watershed in Maharashtra. Over the course of 4-8 months, this
intervention created 48% more wells overall, 51% more wells that
were seasonally functioning, and 128% to 223% more wells that
were perennially operating (Wani et al,, 2011).

5.3 Water utilization efficiency (WUE)

The efficiency of stored water is assessed by water utilization
efficiency or the amount of stored water used for its intended
purpose, e.g., irrigation, drinking, or groundwater recharge. Water
losses due to seepage and evaporation are unavoidable factors
that lead to poor water utilization efficiency. In semi-arid areas
where water conservation is important, this index allows for the
estimate of productivity gained per unit of water used and for
comparison between areas of different productivity per unit of
water used. The key factor that has increased water utilization
efficiency in the watershed was the creation of organized water
users group, which has led to judicious utilization of stored water
in the structures similar to the finding reported by Singh et al.
(2009). The installation of an underground pipeline network of
5,280 m with multiple outlets in the farmer’s field has reduced the
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water losses due to the conveyance of irrigation water to the crop
fields. The agricultural activities and the expansion in irrigated
areas have increased the volume of water used for irrigation to
46,000 m> in 2023 as compared to 38,000 m?> in 2021, as given in
Table 8. The average crop yield has increased from 2.5 tons/ha in
2021 to 3.0 tons/ha in 2023, which shows a positive trend in the
land productivity of the watershed, as also reported by Rao et al.
(2014). This also implies that water use efficiency (relative to crop
productivity) is increasing, perhaps related to improved irrigation
management practices and crop management, as supported by
similar findings by Sikka et al. (2018). The growth of irrigated
area in the watershed is observed to have increased from 100
ha to 120 ha during the 3 years, partly due to the improvement
of the access to irrigation resources, which explains the overall
agricultural productivity. Water utilization efficiency in terms of
tons of crop yield per cubic meter of water used improved from 1.67
tons/m? in 2021 to 1.76 tons/m> in 2023. This is a more enticing
water return for irrigation, as was observed by Sikka et al. (2018).
The water utilization efficiency index has increased from 45% in
2021 to 60% in 2023, due to the efficient utilization of irrigation
water by the farmers in the watershed.

5.4 Infiltration rates

The infiltration rates of land use are a key factor in enhancing
climate resilience through soil and water conservation measures
in the watershed. The improved infiltration rates hold water more
effectively, decrease surface runoff, and help keep soils saturated, all
of which are critical for sustaining agricultural productivity under
climate extremes such as drought or heavy rainfall (Kumar et al.,
2022; Sinha et al., 2023). The organic fertilizer was distributed to the
selected farmers as an input for the demonstration of high-yielding
varieties in the watershed. The organic material added to the soil
from the crop residues and cover crops has improved soil structure,
increased organic matter, and reduced soil compaction, which were

10.3389/fsufs.2025.1612949

also reported by Choudhury et al. (2022). The infiltration rates
measured for different land uses in the watershed from 2020 to
2023 are shown in Figure 6. The infiltration rates has increased
from 15.2 to 16.3 mm/h for maize crop, which shows the impact
of increased addition of crop residues in the soil. The infiltration
rates for Pigeon Pea, Sorghum, Cotton, Castor, Wheat, Okra, Chili,
and Tomato remain almost constant. The infiltration rates in the
Brinjal crop field were observed lowest at approximately 4.68—
4.9 mm/h, followed by the Mango plantation with an infiltration
rate of 5.05 mm/h and Lime at 5.1 mm/h. Paddy remains stable
at ~5.6 mm/h, which may be due to less incorporation of crop
residues in these crops and soil preparation techniques, such as
puddling employed in the paddy fields, supported by the findings
of Sahu and Siddha (2022) (Chinnasamy et al., 2021). The 4-
year trend of infiltration rate under different land uses generally
shows an increasing trend, which shows the impact of organic soil
amendment supplied to the farmers for the crop demonstrations.
This trend is a positive indication of improved soil structure and
management practices, less runoff, and better water retention. The
field bunds and leveling in the crop field have slowed down water
movement across the sloped land, which provides more time for
runoff to infiltrate. The contour plowing across the slope of the
land, which was demonstrated to the farmers, has resulted in better
interception of runoff across the land slope in the watershed. The
demonstration of conservation tillage methods has reduced soil
disturbance, kept soil in good structure, and promoted organic
2025). The
adoption of good practices of cultivation has resulted in more

matter and root network development (Jat et al,

infiltration, reduction in soil compaction, and an increase in soil
porosity. The rainfall and runoff interception and runoff flow were
reduced by incorporating trees through agroforestry systems and
providing vegetative barriers in agricultural fields (Jinger et al,
2022). The perennial trees and shrubs’ roots create channels for
the entry of water into the soil, resulting in better soil moisture
in the soil profile, the addition of leaf litter for the improvement
in soil organic matter, and soil cover for protection against the
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raindrops or splash erosion in the agricultural fields (Jinger et al,
2024). Additionally, several parameters, including canopy cover,
root system dispersion, and soil SOC condition, primarily affected
soil moisture and infiltration rate (He et al., 2020). According
to Kumar et al. (2015), sweet potatoes capacity for deep roots
enhanced the porosity and structure of the soil and decreased runoff
loss by increasing the rate of infiltration.

5.5 Groundwater Recharge Index (GRI)

This index is necessary for assessing the sustainability of
groundwater in arid and semi-arid regions having hard rock
formation at high threat of groundwater susceptibility to climate
change, population growth, or intensive agriculture because of
over-extraction of groundwater or low natural recharge rates in
the watershed (Siddha and Sahu, 2024). The high infiltration
rates increase groundwater recharge potential, and impermeable
or compacted surfaces decrease recharge potential. The dense
vegetation also reduces surface runoff, providing more opportunity
time for the water to infiltrate and reach groundwater levels,
as reported by Chinnasamy et al. (2015). The flat topography
in the watershed provides more opportunity for the runoff to
infiltrate into the soil and contribute to groundwater. The quantity,
frequency, and distribution of rainfall affect the groundwater
recharge rates in the watershed, as demonstrated by Patel et al.
(2020). The soil infiltration is often driven by rainfall, surface
runoff, and intense downpours due to changing rainfall patterns,
as reported by Sahu and Siddha (2022). The rainfall varied slightly
from 2021 to 2023, but the number of rainy days has decreased
from 38 to 32, and rainfall intensity has increased significantly
from 75 mm/day to 125 mm/day in the watershed. The effective
recharge coeflicient for the watershed improved from 0.15 in
2021 to 0.16 in 2023. The slight increase in the effective recharge
coefficient may be due to the number of water storage structures
created in the watershed and the improvement in the infiltration
rates of the soil, as also reported by Siddha and Sahu (2023).
These water management strategies lead to increased storage of
runoff from 810,903 m? in 2021 to 897,396 m? in 2023, providing
resilience against the impacts of drought and water scarcity in
the watershed in line with the similar finding reported by Siddha
and Sahu (2023). The average groundwater depth in the watershed
has increased from 10.6m in 2021 to 4.2m in 2023 across the
watershed, as is shown in Figure 7, which was due to the additional
storage created behind the structures in the drainage line of the
watershed and implementation of artificial groundwater recharge
filters in the watershed. The improvement in the groundwater
recharge was possible during the project period due to an increase
in the average infiltration rates from 4.5 mm/h to 6.5 mm/h in
the watershed. The watershed’s improved capacity to recharge its
groundwater resources and respond to changing climatic patterns
are emphasized by the GRI, which increased from 67.6 in 2021
to 69.0 in 2023, as is given in Table 9. In a similar vein, Singh
et al. (2023b) found that the installation of runoff filters raised the
village’s average groundwater table by 1.84 m, but it also reduced
rainfall in the farmer’s field by 115 mm, compared to the average
annual rainfall of 845 mm in Gujarat’s Halol taluka of Panchmahal
district. Additionally, Singh et al. (2023a) found that recharge filters
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FIGURE 7
The variation of groundwater depth in the watershed from 2021 to
2023.

also improved well discharge and prolonged water availability.
In the Vejalpur-Rampura watershed in Kapadvaj Taluka, District-
Kheda, Gujarat, the average water table rose by 0.84 m, allowing
farmers to irrigate the rabbi crops.

5.6 Runoff Reduction Index (RRI)

Runoff Reduction Index (RRI) is an index to measure
the performance of various conservation measures in reducing
surface runoff in watersheds. This index is important for water
resource management, soil erosion control, and flood mitigation
in watersheds. A significant variation in runoft rates, which is
attributed to different land uses in the watershed, was reported by
Singh et al. (2019b). The watershed having dense vegetation has
lower runoff compared to urban areas having impervious surface
and compact soil, as shown by Sahu and Siddha (2022). The runoft
generated from a watershed depends on soil infiltration rates, soil
texture, soil structure, and the compaction levels, as illustrated by
Tiwari et al. (2013). The high organic matter content results in
well-structured soils that have the capability to absorb more water
and less runoff potential. Runoff is directly related to the rainfall
intensity, duration, and frequency in a watershed, as explained by
Chinnasamy et al. (2021). The high-intensity rainfall is more likely
to become runoff than a prolonged rainfall event of low intensity.
The shape and the slope of the watershed determines how quickly
the runoff travels over the surface and joins the streams of the
watershed, as also shown by Tiwari et al. (2013). The watershed
practices, such as field bunding with minor leveling, cover crops,
and agroforestry systems, can significantly increase infiltration rates
and reduce runoff, as reported by Chinnasamy et al. (2021). The
total rainfall in the watershed increased by 30 mm in 2023, upsiding
the opportunities for runoff management. Significantly reducing
the surface runoff and water infiltration practices resulting in runoft
volume reduction from 539,897 m> in 2021 to 482,381 m> in
2023, indicating successful implementation of field bunding, cover
crops, and agroforestry systems, as well as artificial groundwater
recharge measures that take advantage of water infiltration. From
2021 to 2023, the watershed’s capacity to manage and reduce runoft
effectively increased, with the RRI improving from 28.60 in 2021 to
23.90 in 2023, as shown in Table 10. Comparing the sole tree and
agroforestry practices to sole crops, the total soil loss also decreased
by 63% and 37.7%, respectively (Jinger et al., 2022). The same
pattern was seen in the average annual soil loss. Compared to a
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TABLE 9 Groundwater recharge index of Bhadroli Khurd-Karada watershed.

Year Annual rainfall (mm) Effective Recharge Groundwater Groundwater Recharge
recharge volume (m3) demand (m?) Index (GWRI) (%)
coefficient
2021 820 0.15 810,903 1,200,000 67.6
2022 780 0.14 720,285 1,250,000 57.6
2023 850 0.16 897,396 1,300,000 69.0

TABLE 10 Runoff Reduction Index of Bhadroli Khurd-Karada watershed.

Annual Runoff Runoff Potential Reduced Runoff
rainfall (mm) coefficient coefficient runoff runoff Reduction
(before) (after) volume (m3)  volume (m3) Index (RRI)
(VA]
2021 820 0.35 0.25 1,889,637 1,349,740 286
2022 780 0.34 0.24 1,779,741 1,269,409 287
2023 850 0.36 0.26 2,022,246 1,539,865 239

solitary crop, the soil in the agroforestry and sole tree systems was
less exposed and disturbed since zero and strip tillage (conservation
tillage) were used in these treatments, respectively. Additionally, in
lone tree and agroforestry systems, the canopy of crops and trees
decreased raindrop kinetic energy, decreased soil dislodging and
dispersion, and increased the stability of soil aggregates (Yong et al,
2006). Prior research also supports reduced runoff in agroforestry
systems, which help to preserve soil productivity and quality
(Adhikary et al., 2017; Beliveau et al., 2017).

5.7 Vegetation Restoration Index (VRI)

This index measures the vegetative restoration efforts on
degraded or wastelands in the watershed. The vegetation health
and growth rates in the watershed as measured by height, biomass,
and leaf area show the successful restoration efforts as reported by
Bhatt et al. (2023). Soil health improvements related to restoration
activities, such as increased organic matter, enhanced nutrient
levels, and soil structure, improved in the watershed. Vegetation
restoration has the ability to sequester carbon, retain water,
and provide habitat for essential flora and fauna for ecosystem
service, as reported by Thaldar et al. (2017). Table 9 provides
data on different types of land use, showing areas as of 2020,
improvements in vegetation area from 2021 to 2023, and the
Vegetation Restoration Index (VRI) percentage, which indicates
the relative change in vegetation for each land use. The vegetation
cover in single-cropped land use increased by 16.06 ha in the
watershed, which leads to a positive change of 3.78% in the VRI,
as given in Table 11. The increase in single-cropped areas in the
watershed was due to an increase in the irrigated area due to
increased water harvesting structures in the watershed, as reported
by Bandyopadhyay et al. (2016). There was a tremendous increase
in the double-cropped area by 75.72 ha in 2023 as compared to 1.2
ha during 2020, which is due to the increase in the water availability
during the Rabi season. The installation of an underground pipeline
system with a lift irrigation system was created for five water
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user groups of farmers in the watershed, with a total of 250
farmers beneficiaries through the watershed program implemented
under the TSP program. A significant increase in the vegetation
restoration index was observed, as the area under agroforestry and
horticulture increased from 0.21 ha in 2020 to 11.02 ha in 2023,
showing the concentrated effort of plantation activities and crop
intensification in the watershed. The area under the water bodies
also increased from 6.23 ha to 7.47 ha due to the creation of water
harvesting structures in the drainage channel passing through the
watershed. However, the wastelands in the watershed declined by
27.1 ha, followed by grazing land by 4.01 ha and government
land by 1.06 ha. This indicates a shift toward sustainable or
intensified agriculture practices, potentially to improve agricultural
productivity in the watershed due to increased water availability
for irrigation. Afforestation initially decreases vegetation richness
and changes composition compared to grasslands; however, there
is a significant comeback after thinning and tree harvest, according
to Six et al. (2014). According to earlier studies, overall vegetation
richness declines as tree cover increases (Alrababah et al., 2007).
Similarly, total species richness declined during afforestation.

5.8 Drought Resilience Index (DRI)

This metric is used for assessing the ability of watersheds
to cope with, adapt to, and recover from drought conditions.
This index is crucial for interpreting drought impacts, planning
water management, and promoting water resource, as well as
agricultural and ecological resilience in the watershed, as reported
by Singh et al. (2019b). It estimates the number of available
water resources in the watershed in a water storage infrastructure
that could support the needs of the watershed during drought,
as explained by Bhukya et al. (2023). It also measures soil
capacity to hold water, and includes the ability of soil type, the
content of organic matter, and the land management practice, as
reported by Shah et al. (2021). Plant survival and productivity
in the face of drought are, in part, explained by higher soil
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TABLE 11 Vegetation restoration index of Bhadroli Khurd-Karada watershed.

10.3389/fsufs.2025.1612949

Land use type Area in 2020 Improved vegetation area (ha) Vegetation Restoration
(ha) Index (VRI) (%)

Year 2021 2022 2023 Percentage change

Single-cropped 425 3.24 4.26 8.56 16.06 3.78

Double-cropped 1.2 12.64 22.46 40.62 75.72 6,310.00

Agroforestry/ 0.21 0.02 4.8 6.2 11.02 5,247.62

horticulture

Water body 6.23 02 0.46 0.58 1.24 19.90

Grazing land 9.8 —0.39 122 -24 —4.01 —40.92

Open forest 3.8 0 0 0 0 0.00

Government land 81.64 —0.02 —0.46 —0.58 —1.06 —1.30

Wasteland 131.97 -3.26 —9.06 —14.8 —27.1 —20.52

Total 659.85

moisture retention. Vegetation that is healthy and diverse acts
as a steadying force and as a buffer to drought impacts, as
diverse root systems better take up water and help provide soil
structure. The sustainable practices that were used in agriculture
are no-till farming, crop rotation, and mulching, which help to
improve soil’s condition, decrease water need, and also make the
land to be more drought resilient, as shown by Bandyopadhyay
et al. (2016). The agroforestry system was implemented in the
watershed, which provided resilience to cope against frequent
dry spells in the watershed. The water harvesting and recycling
through a lift irrigation system, created in the watershed, and the
climate resilient varieties of crops were introduced to mitigate the
drought effects, which was also reported by Singh et al. (2019a).
The total annual rainfall in the watershed increased slightly from
820 mm in 2021 to 850 mm in 2023, resulting in the overall water
availability from 8,50,000 m® in 2021 to 8,80,000 m’ in 2023, in
which led to improved crop productivity in the watershed. Soil
moisture levels are, on average, 3% higher than they were in 2021
at 68%, which translates to a better soil’s ability to hold water
and support vegetation, even during dry times. The agricultural
productivity has also increased from 1,200 kg/ha in 2021 to 1,800
kg/ha in 2023, making food security important during droughts.
The DRI has increased substantially, increasing from 68.3 to 70.0
over the period of 2021 to 2023, demonstrating higher overall
resilience of the watershed to drought impacts, as given in Table 12.
Furthermore, Hussain et al. (2018) noted that the importance of
K and Zn in improving WUE and overcoming drought is widely
acknowledged under water availability and water shortage. Reduced
transpiration and better leaf rolling resulted from the balanced
K application in maize under normal and 30% water deficit
conditions. This improved drought tolerance, reduced irrigation
water use, and increased WUE by 30.0% when compared to when
K was not applied (Martineau et al, 2017). In a similar vein,
crop diversification via double cropping (maize-horsegram) and
intercropping (groundnut+pigeonpea) was proposed as a very
helpful strategy for improving rainwater use efficiency, along with
drought mitigation and yield stabilization in Odisha’s upland rice
ecosystem (Kar et al., 2004).
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5.9 Land Productivity Index (LPI)

Land Productivity Index (LPI) is a quantitative measure of
productive land capacity to support plant growth and maintain
agricultural yield and ecological health, as also reported by
Choudhury et al. (2022). Land productivity in the watershed
has been gradually expanding each year with a consequent
expansion of the cultivated area. It is evident that productivity
is increasing each year due to better agricultural practices, crop
selection, or input, in agreement with similar findings reported
by Kumar and Raj Gautam (2014). The trend toward improving
soil fertility and LPI is congruent with successes in land and crop
management. Continuous increase in soil fertility improvement
could be associated with changes in soil management practices,
i.e., crop rotation, diversification, and organic amendments, also
reported by Abeysingha et al. (2016). The water availability from
rainfall has gone slightly down in 2022 but increased in 2023. The
variability may be due to climate, water conservation efforts, or
changes in water demand. However, the increase in 2023 could
be the result of better management of water resources, which
should, in turn, be better for crop yields. In 2022, the amount
of water that became available fell, but crop yields nevertheless
remained high. That means the system could withstand some
moderate fluctuations in water supply, because of perhaps, efficient
water management or the use of drought-tolerant varieties of
crops, as also reported by Meena et al. (2022). Further yield
improvement was likely supported by increased water availability
in 2023. The LPI increases steadily, accompanying improved
productivity of the land. It concurs with patterns of cultivated area
expansion, crop improvement, and soil fertility improvement, as
given in Table 13. The productivity of the degraded ravine land
was enhanced by the dragon fruit-based horti-silviculture system,
according to Jinger et al. (2024), which increased net returns
(30,705 USD/ha) and gross returns (48,127 USD/ha) in comparison
to the other treatments. According to Chandana et al. (2020),
the agri-silviculture system of Melia + pearl millet in the rainfed
region of Andhra Pradesh, India, also produced higher gross and
net revenue with a B:C ratio of 3.71. Similarly, in Karnataka state,
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TABLE 12 Drought resilience index of Bhadroli Khurd-Karada watershed.

10.3389/fsufs.2025.1612949

Year Annualrainfall (mm)  Soil moisture Crop yield Water availability Drought Resilience
retention (%) stability (%) (m3) Index (DRI)

2021 820 65 70 850,000 68.3

2022 780 60 65 820,000 63.3

2023 850 68 72 880,000 70.0

TABLE 13 Land Productivity Index of Bhadroli Khurd-Karada watershed.

Year Total cultivated area (ha) Average crop Soil fertility Water availability = Land Productivity Index
yield (t/ha) improvement (%) (m3) ()]

2021 425 1.2 5 850,000 70.3

2022 43020 16 6 820,000 72.6

2023 441.06 18 7 880,000 75.3

India, finger millet with Melia dubia produced higher net returns
with a B:C ratio of 3.96 compared to other multipurpose tree
species-based agroforestry systems, according to (Anusha et al,
2015).

5.10 Carbon Sequestration Index (CSI)

CSI is a measure to assess how well a watershed is at
storing carbon from the atmosphere. In the context of climate
change, this is an essential index, as it is through effective
carbon sequestration to mitigate greenhouse gas emissions, lower
atmospheric CO,, and long-term carbon storage. It measures
the amount of carbon that is stored in above-ground (trees and
shrubs) and below-ground (roots), as reported by Kumar (2023).
Increasing carbon sequestration includes conservation practices
such as no-till farming, agroforestry, reforestation, and cover
cropping. To the contrary, activities such as deforestation or
soil degradation lower sequestration potential. Carbon storage in
different ecosystems (forests, wetlands, grasslands, and agricultural
lands) has different storage capacities and rates, as explained by
Kumar (2023). In general, wetlands and forests sequester more
carbon than grasslands and croplands do. Carbon sequestration
rates have moderately improved in cropland and horticulture
lands use for the 2 years and are believed to be a result of
improved land and crop management, as given in Table 12.
Even as forest land use continues to sequester the most carbon,
they have also improved slightly, perhaps because of continuing
reforestation or afforestation. Improvements are seen in grazing
land use, which may be associated with the improvement of grazing
management practices supportive of soil health, also reported by
Jodhani et al. (2023). It was constant through time as a change
in carbon sequestration, consistent with a lack of change in cover
or management of vegetation that implies the absence of serious
reclamation efforts in this land type within this period. Overall,
the data show generally increasing carbon sequestration for all land
use types with evidence of the combined effect of sustainable land
management practices in the watershed, as given in Table 14. The
highest CSI index was observed under agroforestry/horticulture
land use, showing that this land use is the most effective at carbon
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sequestration per hectare in the watershed, as given in Table 15. The
croplands contribute to carbon sequestration but at a lower rate.
A significant improvement in the CSI index was observed for the
forest land use, which may be due to joint forest management in
the watershed and other land uses showing areas with declining
vegetation and did not contribute to the CSI in the watershed, as
given in Table 13, and also supported with the similar finding made
by Mandal et al. (2020). Jinger et al. (2024) reported that M. dubia-
based agroforestry system improved above- and below-ground
carbon stocks by 256.1% and 253.9%, respectively, compared to the
sole Melia dubia plantation. Total carbon stock across treatments
ranged from 7.86 to 70.1 Mg/ha. This trend extended to above-,
below-, and total carbon sequestration, which varied from 28.8
to 257.5Mg CO, equivalent/ha. Similarly, Chopra et al. (2023)
observed Melia composita accumulating total biomass of 104.2,
115.7,129.1, and 145.1 Mg/ha over 4, 5, 6, and 7 years, respectively,
in the Tarai region of Uttarakhand, India.

5.11 Livelihood Improvement Index (LII)

The LII is an index of stability and quality of livelihoods
in a watershed. It examines those determinants of people’s or
households’ wellbeing and income security, based on available
resources, so that it can understand how poverty is reduced,
economic development, and social resilience, as shown by Singh
et al. (2022)—the orientation toward community networks, social
support systems, community organization, and participation. In
most cases, the correlation is between your social capital (as
measured by figures of dependency between members) and the
stability of livelihoods, as explained by Kumar and Mohanasundari
(2025). The sustainable use of natural resources (land, water, and
forests) is necessary for the people in agriculture, fishing, and
forestry-dependent communities to have a sustainable livelihood,
with similar findings reported by Singh et al. (2019b). The farmer’s
family average income rose from 1,12,500 in 2021 to %1,26,000 in
2023 at the household level and naturally exposed the rural youth
in the watershed to new opportunities as the rate of employment
increased from 22% in 2021 to 40% by 2023, as given in Table 16. In
addition, it has improved life quality from the farmers point of view
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TABLE 14 Changes in carbon sequestration under different land use
of watershed.

(t CO,/halyr)
Land use type 2021 2023
Croplands 0.5 0.7
Horticulture 1.5 1.8
Forest lands 5.0 5.4
Grazing lands 0.8 0.8
Wasteland 0.2 0.2

TABLE 15 Carbon sequestration index for major land use of the
watershed.

Land use Improved Total Carbon
type vegetation carbon sequestration
area (ha, sequestered index (CSI,

2021-2023) (r CO3y) t CO,/ha)

Croplands 16.06 9.64 0.6

Agroforestry/ 11.02 18.18 1.65

horticulture

Forest lands 0 0 0

Grazing land —4.01 (decline) - -

Wasteland —27.08 (decline) - -

living in the watershed. Improved access to all social infrastructure
in the watershed between 2021 and 2023 (60%) to 2023 (70%) now
opens the farmers up to basic services. The livelihood improvement
index rose from 53.3% in 2021 (or 70.7%) in 2023. Watershed
villages had better infrastructure facilities in terms of the physical
dimension, such as regular electricity supply and water availability,
with a mean score of 17.9, followed by basic sanitation facilities
(12.89) (Rawat et al., 2024). Results show increased productivity
with cost-effective water harvesting structures, enhanced livelihood
through crop intensification, and increased diversification through
high-value crops (Wani et al., 2008).

5.12 Integrated Climate Resilience Index
(ICRI)

This index is a measure to assess the effect of climate change
on watersheds. The ICRI takes a holistic view of the capacity of a
watershed to withstand, adapt to, and recover from climate impacts,
including extreme weather events, droughts, and floods, and rapid
conversion of agricultural land uses to other land use conditions, by
combining several indicators that capture exposure, sensitivity, and
adaptive capacity, as reported by Singh et al. (2019b). For planning
for adaptation, vulnerability assessment, and climate resilience
allocation, the ICRI serves as a guide. It measures the level at
which a region or community is susceptible to climate hazards,
including floods, droughts, heat waves, and storms, as reported
by Bandyopadhyay et al. (2016). More exposure means more
vulnerability and a greater need for resilience measures. Looks at

Frontiers in Sustainable Food Systems

10.3389/fsufs.2025.1612949

the sensitivity of the population and ecosystems to the impacts
of climate. It also includes the vulnerability of rainfed agriculture
ecosystems for the dependence of livelihoods on climate-sensitive
resources. These comprise things that strengthen one’s resilience,
such as economic resources, education, quality infrastructure,
health system, and governance facilities, which make one and
their environment more adaptive. It takes into account water, food
resources availability, accessibility, and stability. These essential
resources are accessed reliably by resilient systems in changing
climate conditions—an index of economic diversification, income
levels, social cohesion, and employment security. Improvements
in the Integrated Climate Resilience Index from 2021 to 2023,
going from 44.76 to 64.39, have substantiated the ability to
provide increased resilience to climate variability and extremes,
as given in Table 17. Over the 3 vyears, progress has been
demonstrated in each component, with successful strategies for
reducing soil erosion, water management, drought resilience, and
vegetation restoration. The coupled nature of the improvements
across multiple indices supports an overall framework for climate
resilience that acknowledges the interconnected ways in which
improvements in one index can enable multiple goals. Dobhal et al.
(2024) found that the shade provided by overstory trees mitigates
the extreme impacts of temperatures (2-4°C) on understory crops,
especially in agroforestry systems based on wheat and coffee, as
well as silvipasture systems based on feed and livestock. They also
found that waterlogging and 40-70% of agricultural production can
be negatively impacted by heavy rainstorms. Because agroforestry
increases soil water penetration and reduces runoff (20-50%),
farmlands with agroforestry have been shown to be more robust to
intense rains. According to Dosskey et al. (2017) and Herndndez-
Morcillo et al. (2018), growing agroforestry tree plantations also
encourage more rainwater interception and infiltration, which
lowers the amount, velocity, and peak flows of runoff and helps
landowners adjust to the negative effects of exceptionally high
precipitation events.

The relative importance of climate resilience indices, as shown
in Figure 8, shows a professional-designated scoring (on a 1-to-
10 scale) for every climate resilience index, given its functional
role and strategic contribution to the general success of the
watershed development objectives. Soil Erosion Control Index
(SECI), Groundwater Recharge Index (GRI), Drought Resilience
Index (DRI), and Livelihood Improvement Index (LII) were
scored highest (score: 9), as they have direct and multiple
influences on sustainable ecosystem functioning and wellbeing
of the community. The metrics such as Water Harvesting
Efficiency (WHEI), Water Utilization Efficiency (WUEI), and
Land Productivity Index (LPI) also ranked high on importance
scores (score: 8), as they are operationally important to enhance
agricultural production and water-use sustainability. In contrast,
the Vegetation Restoration Index (VRI) and Carbon Sequestration
Index (CSI) were ranked slightly lower (score: 7-8) because
of their indirect and longer-term impacts, yet they are still
critical for climate mitigation. This framework of prioritization
enables us to identify what indicators should be monitored
closely and upgraded during project implementation and policy
formulation, particularly under resource limitations or regional-
specific vulnerabilities.
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TABLE 16 Livelihood improvement index of Bhadroli Khurd-Karada watershed.

10.3389/fsufs.2025.1612949

Average Access to Livelihood Community Livelihood
household resources diversification development Improvement Index (LII)
income (INR) score index initiatives
2021 112,500 60 40 5 53.3
2022 119,000 65 50 7 62.3
2023 126,000 70 60 10 70.7
TABLE 17 Integrated climate resilience index of Bhadroli Khurd-Karada watershed.
Year WHEI (%) GRI (%) RRI (%) LIl (%) DRI (%) VRI (%) Csl (%) ICRI (%) ‘
2021 60 55 50 53.3 40 30 25 44.76
2022 65 60 55 62.3 45 35 30 50.33
2023 70 65 60 70.7 50 40 35 64.39
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FIGURE 8
Relative importance of climate resilience indices in the study.

The heat map of the correlation matrix (Figure 9) shows the
relationships between major climate resilience indices recorded
between the years 2021 and 2023 in the watershed intervention
study. The indices examined are the Soil Erosion Control
Index (SECI), Water Harvesting Efficiency Index (WHEI), Water
Utilization Efficiency Index (WUEI), Groundwater Recharge
Index (GRI), Runoff Reduction Index (RRI), Drought Resilience
Index (DRI), Land Productivity Index (LPI), and Livelihood
Improvement Index (LII). The correlation coefficients identify the
extent to which variation in one index is linked to variation in
others. SECI, GRI, and DRI exhibited high positive correlations
(r > 0.80) between them, implying that effective groundwater
recharge and erosion control are tightly related to enhanced
drought resilience. Similarly, moderate to high correlations
between LPI and indices, such as WHEI and WUEI, highlight
the importance of water availability and use in increasing land
productivity. Lower or negative correlations, where they exist,
could reflect trade-offs or autonomous behaviors among indices
under certain climatic or management regimes. These correlations
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are important for interpreting the synergies among interventions
and for maximizing resource allocation in watershed planning.

6 Conclusion

The improvement of the various indices, as a measure of
climate resilience in the watershed, highlights the success of
watershed management programs in adapting to climate change.
Rainwater harvesting, storage reservoirs, and water conservation
methods are examples of watershed program interventions that
improve the availability and dependability of water resources,
particularly during droughts. The vegetation cover under different
land uses of the watershed can be improved significantly through
small water harvesting structures in the drainage line of the
watershed. The water harvested behind these small drainage
line treatment structures can increase the natural recharge of
groundwater. The soil erosion can be minimized at the farm
level, and more production benefits can be taken by diversifying
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Correlation matrix of climate resilience indices used in the study.
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the agriculture-based production system under the watershed
management programs. The runoff reduction due to bunding and
leveling can improve the soil moisture, leading to better growth
and yield from various agriculture-based production systems in the
watershed. The soil and water conservation works implemented
in watershed programs maintain the fertility of the soil for
sustainable agricultural production. The watershed programs can
also increase household income, together with the diversification
of livelihoods. The increased diversification in the source of
income for rural communities in the watershed after the watershed
programs reduces the exposure to economic shocks due to extremes
such as drought, flood, heat waves, cold waves, frost, etc. By
enhancing ecosystem health, encouraging sustainable land use,
and improving water management, watershed programs increase
climate resilience and assist communities in adapting to and
lessening the effects of changing climate conditions. The watershed
programs can be integrated solutions to solve the multiple
problems linked to climate change, especially for developing
countries such as India. The watershed initiative has the potential
to significantly contribute to biodiversity enhancement, carbon
sequestration, and climate change mitigation, all of which are issues
of increasing global concern. The environmental management,
livelihood improvement, and community wellbeing were found to

Frontiersin Sustainable Food Systems

be closely interdependent elements that need to be considered in
the process of the comprehensive assessment of climate resilience of
the watershed. These indices provide us with insights that, together,
create the opportunity to address the impacts of climate change
while ensuring the livelihoods of communities whose lives depend
on these vital resources, as stakeholders work together to push a
more resilient and sustainable future. The process of becoming
more resilient is a continuous one, and persistent attempts can
be made to manage the watershed’s complex climate variability
through watershed management programs.
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