j GeoHazards

Article

Geoinformatics-Based Mapping of Environmental Sensitive
Areas for Desertification over Satara and Sangli Districts of
Maharashtra, India

Chandra Shekhar Dwivedi (7, Dishant !, Bikash Ranjan Parida !, Arvind Chandra Pandey !, Ravi Kumar !

and Navneet Kumar 23-*

check for
updates

Citation: Dwivedi, C.S.; Dishant;
Parida, B.R.; Pandey, A.C.; Kumar, R.;
Kumar, N. Geoinformatics-Based
Mapping of Environmental Sensitive
Areas for Desertification over Satara
and Sangli Districts of Maharashtra,
India. GeoHazards 2024, 5, 415-440.
https://doi.org/10.3390/
geohazards5020022

Academic Editor: Domenico Guida

Received: 4 March 2024
Revised: 30 April 2024

Accepted: 14 May 2024
Published: 17 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Geoinformatics, School of Natural Resource Management, Central University of Jharkhand,
Ranchi 835222, India; chandra.dwivedi@cuj.ac.in (C.5.D.); kumardishant21@gmail.com (D.);
bikash.parida@cuj.ac.in (B.R.P.); arvind. pandey@cuj.ac.in (A.C.P.); ravi210748@gmail.com (R.K.)
Department of Ecology and Natural Resources Management, Center for Development Research (ZEF),
University of Bonn, 53113 Bonn, Germany

Global Mountain Safeguard Research (GLOMOS), United Nations University—Institute for Environment and
Human Security (UNU-EHS), UN Campus, Platz der Vereinten Nationen 1, 53113 Bonn, Germany

*  Correspondence: nkumar@uni-bonn.de

Abstract: Desertification processes in arid, semi-arid, and dry sub-humid conditions have been
enhanced in recent decades. The geospatial database and associated satellite data can be effectively
employed for regional planning to address desertification and land degradation. In this study, the
Mediterranean Desertification and Land Use (MEDALUS) model has been used to map environmen-
tally sensitive areas due to desertification in the Satara and Sangli districts of Maharashtra, India.
This was achieved by combining Landsat-8 multispectral data, Census data, soil data, and climatic
variables like temperature, rainfall, and evapotranspiration. The algorithm of MEDALUS is the
geometric mean of four indicators, namely soil quality index (SQI), climate quality index (CQI),
vegetation quality index (VQI), and socio-economic quality index (SEQI). The findings indicated
that the majority of the study area comes under the potential category of desertification (60.32%)
followed by fragile (27.87%) and critical (11.81%). Areas with a high propensity for desertification
were found over the low to very low climatic quality and moderate to high soil quality including
lower socio-economic quality. The lower socio-economic quality is mainly due to high to very high
population density (>100 people/km?), low to moderate illiteracy rate (<16%), and low to moderate
work participation rate (<50%) that incentivize unsustainable land use practices. The study provides
a valuable tool for understanding and managing natural resources. It offers a detailed analysis of the
environmental sensitivity of the study area, taking into account various factors like land use, vegeta-
tion cover, slope, and soil erosion potential. The developed comprehensive map of the area helps
in identifying the most sensitive regions and developing appropriate conservation strategies. The
information obtained from the study can be utilized to develop and implement successful measures
to prevent or alleviate desertification, which is crucial for sustaining the health of ecosystems and the
welfare of local residents.
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1. Introduction

The United Nations Convention to Combat Desertification (UNCCD) has defined
desertification as the degradation of land in arid, semi-arid, and dry sub-humid areas due
to various factors such as climatic variations and human activities (e.g., clearing vegetation
from the land’s surface, deforestation, and unrestrained animal grazing). Desertification is
a significant global, ecological, and environmental problem with far-reaching consequences
on socio-economic and political conditions [1]. It affects different regions with varying
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characteristics in terms of geography, economy, and social and environmental conditions.
In a study conducted by Hai et al. [2], it was found that several human activities contribute
to desertification, including high population and poverty, inappropriate cultivation tech-
niques, deforestation, inadequate legal frameworks, weak management capacity, lack of
adequate knowledge, and lack of awareness among the local population. The unsustainable
use of land can result in soil degradation, which is commonly referred to as desertifica-
tion [3-5]. In pursuit of higher productivity, exploitation has increased, and humans have
disturbed less productive and more delicate lands [6]. This overexploitation leads to the
degradation of vegetation, soil, and water. Desertification is a self-perpetuating process that
worsens over time, and as it progresses, the costs of rehabilitation increase exponentially [7].
Desertification is a major global concern, according to the United Nations Environment
Programme (UNEP). It has already harmed 36 million square kilometers of land and affects
the lives of 250 million people. If left unchecked, it could displace 135 million people by
the year 2045, making it one of the most serious environmental issues facing humanity
today [8]. Nearly 30% of areas in India experienced desertification, according to the State
of India’s Environment report for 2019 [9]. Nearly 40 to 70% of the land in eight states (Ra-
jasthan, Delhi, Goa, Maharashtra, Jharkhand, Nagaland, Tripura, and Himachal Pradesh)
has become desertified. Furthermore, desertification has increased in 26 of 29 Indian states
between 2003 and 2005 and 2011 and 2013 [9]. As per the ISRO’s report “Desertification
and Land Degradation Atlas of India” [10], the area of the country under land degradation
is reported to be 96.40 mha, or 29.32% of the total geographic area (TGA) of the country,
between 2011 and 2013, compared to 94.53 mha, or 28.76% of the TGA, between 2003 and
2005. In 2018-2019, desertification has been increased to 97.85 mha (or 29.77%) [11]. In total,
1.87 mha of the country’s TGA (or 0.57% of it) have experienced desertification or other
forms of land degradation between the years 2003 and 2005 and 2011 and 2013. In arid
regions, wind erosion is seen to be the major mechanism of desertification, while water
erosion and vegetation degradation are more prevalent in semi-arid and dry sub-humid
areas [12].

The alarming escalation of desertification poses a significant threat to agricultural
productivity, exacerbating land degradation and contributing to climate change [13,14].
This degradation not only undermines water supply, soil health, and environmental in-
tegrity [15] but also diminishes both the quantity and quality of surface and groundwater
resources [16]. Soil erosion, a consequence of this degradation, leads to substantial losses in
vegetation productivity. Moreover, desertification reduces the capacity of soil to absorb wa-
ter, resulting in heightened surface runoff and elevated flood discharges [17]. Consequently,
flooding becomes more frequent and severe due to increased runoff. Due to a variety of
natural or anthropogenic factors, including deforestation, overgrazing, and climate change,
rich land can become deserts through the process of desertification [18]. This process causes
the soil to deteriorate, the vegetation cover to decline, and the soil’s ability to retain water
to decline. As a result, the soil dries out and loses its capacity to absorb and hold water.
On such degraded ground, when it rains heavily, the water cannot penetrate the hard,
compact surface of the soil; instead, it runs off, producing erosion and removing the topsoil,
which is the most fertile part of the soil [16]. Gullies and dry riverbeds are created as a
result, and they can easily overflow with a strong downpour. The amount of water that
is naturally absorbed by the ground is also decreased in a desertified area since there are
fewer plants to absorb water from the soil. As a result, there is a higher chance of flash
flooding since the water has nowhere to go and can quickly build up, causing a surge of
water downstream [19]. As the land’s capacity to absorb and retain water decreases due to
desertification, more surface runoff and erosion occur. The risk of flash floods is heightened
due to this and the absence of vegetative cover [20]. Food security is put at risk because
land degradation reduces and endangers food production. Land degradation puts future
nutrition at risk by reducing agricultural productivity and activities [21]. Apart from that,
if the socio-economic sector is seen, then a great impact on health, the problem of migration,
etc., can be noticed.
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Desertification arises from a confluence of climatic and anthropogenic influences.
Declining precipitation patterns coupled with unsustainable land use practices, such as
excessive groundwater extraction and deforestation, significantly accelerate desertification
processes [10]. The UNCCD leads global efforts to combat desertification and promote
sustainable land management through international collaboration and knowledge sharing.
Many techniques are used on global to national levels to deal with desertification. Conven-
tional methods such as statistical studies and modeling strategies are frequently used to
manage and prevent desertification [22]. The risk of desertification can be calculated using
models like the Universal Soil Loss Equation (USLE) and the Revised Universal Soil Loss
Equation (RUSLE), which are used to calculate soil erosion rates [23]. The Century model
and the GLOBIOM model are used to simulate vegetation dynamics and to forecast land use
changes that may affect desertification [24]. The MEDALUS (Mediterranean Desertification
and Land Use) model has gained widespread recognition across various Mediterranean
regions, being implemented at national, regional, and local levels. In a notable application,
it was utilized within an entire Greek state to evaluate the susceptibility to desertification,
employing the four indicators prescribed in the original MEDALUS [25]. Studies have
employed this approach to evaluate the susceptibility to desertification at the regional level
in India, with the findings indicating the favorable performance of the technique [26,27].
Researchers have used several indices such as soil quality index (SQI), climate quality
index (CQI), vegetation quality index (VQI), and socio-economic quality index (SEQI) for
predicting desertification zones by integrating several influencing factors [28-30].

About half of the area of Satara and Sangli districts of Maharashtra in India is at risk of
desertification due to vegetation degradation, water erosion, increasing salinity, and anthro-
pogenic activities in their physiographic divisions [10,31,32]. It is expected to worsen with
the changing climate. The methodology adopted by [10-12] for identifying desertification
is mainly based on the visual interpretation of satellite images of IRS-based sensors such
as Linear Imaging and Self Scanning Sensor (LISS-III) and Advanced Wide Field Sensor
(AWIFS). Therefore, a comprehensive study using a better methodology is selected for
conducting desertification analysis over two districts. Notably, this study aims to identify
environmentally sensitive areas to desertification in these districts, which would be helpful
in targeted conservation efforts, developing early warning systems and climate change
adaptations. The objective of the study is to discuss how remote sensing and Geographic
Information Systems (GIS) technology can be used to gather spatial and temporal informa-
tion about environmental factors influencing desertification. It also employs the concept
of four indices—SQI, CQI, VQI, and SEQI—and how they can contribute to identifying
environmentally sensitive areas in the two districts for desertification. The MEDALUS
modeling technique is also integrated to anticipate vulnerable areas and implement appro-
priate mitigation strategies to conserve the land from drought and desertification, creating
a more eco-friendly environment.

The structure of the paper comprises several sections. Section 2 describes the study
area, data used, and method applied. Section 3 describes results on SQI, CQI, VQI, and
SEQI followed by discussion in Section 4 and conclusions in Section 5.

2. Materials and Methods
2.1. Study Area

The study area Satara and Sangli districts of Maharashtra is located in the southwestern
part of India (Figure 1). The Sangli district lies between 16°45’ to 17°33' N latitudes and
73°42 to 75°40' E longitudes with a geographical area of 8572 km? with an altitude between
600 to 900 m. Satara district is situated in the Bhima and Krishna basin and lies between 17°
to 18° 11/ N latitudes and 73° 33’ to 74° 54 E longitudes and covers an area of 10,484.89 km?
with an altitude of 900 to 1200 m. The area of the Sangli district is composed of hill ranges
and plains. Maharashtra is the state with the second highest area under desertification/land
degradation, i.e., 44.93% for the period 2011-2013 [8]. The desertification/land degradation
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area in Maharashtra has increased by about 1.55% since 2003-2005. Eastern and Central
Maharashtra State is a severely drought-prone area [33].

74’(:'0'E 75’(2‘0"5

FCC Of Satara & Sangli district

1 8‘0]'0‘"
T
18°00N

73°)
i

0°E 75°0'0"E 77°0'0"E 2
I 1 1 1 i

16°00°N 18°0'0°N 20'(:’0'N 22'00°N 24°00°N

Maharashtr;

.\

T : e |
17'0[0'N

T
17°0'0°N

T
20°00°N 22°00°N 24°0'0°N

=

T
16°00°N 1

Satara

74°0'0"E 75°0'0"E

T T T T T T T T T T
73°0'0°E 75°0'0°E 77°0'0°E 79°0'0"E 81°0'0°E L

0o 145,000 290,000 580,000 Km
1 J

Figure 1. Study area—Satara and Sangli districts of Maharashtra as represented by false color
composite (FCC) image (Source: Landsat-8). This represents India, the state Maharashtra and FCC of
the study area.

The climate in Sangli district is generally hot and dry, but it is cooler in the hilly regions.
The annual maximum temperature in Sangli is 42 °C and the minimum temperature is 10.3 °C.
In April, the temperature can reach up to 42 °C whereas in July, it drops down to 31 °C. Similarly,
the minimum temperature can range from 10.3 °C in December to 21.5 °C in April. On average,
the district receives a rainfall of 543-620 mm per year and features monsoon climate. The climate
of the Satara district plays an important role and influences the settlement of consumption
patterns and agriculture. The average annual temperature varies from 34 °C to 36 °C during the
summer season. The months of December and January are slightly severe and quite fair, and
the temperature varies from 10 °C to 12 °C. The months of December and January recorded the
coldest months of the year. Fog is a common climate phenomenon of this winter season that
occurs early in the morning. The average rainfall in the Satara district is 600 mm.

2.2. Data Used

Various optical satellite data, soil, and climate data used in this study for the as-
sessment of environmentally sensitive areas for desertification are mentioned in Table 1.
Landsat-8 OLI data (30 m) acquired from USGS, https://earthexplorer.usgs.gov (accessed
on 4 April 2019), is used for preparing land use land cover (LULC) map during 2019.
Normalized difference vegetation index (NDVI) derived from OLI data is further used
to evaluate vegetation cover percentage. SRTM Dem with 90 m resolution is used for
extracting the slope gradient. Climatic variables such as rainfall (mm), potential evap-
otranspiration (PET in mm), wind speed at 10 m height (m/s) from March to July, and
air temperature (°C) are downloaded for the year 2019. The data from Giovanni, https:
//giovanni.gsfc.nasa.gov/giovanni (accessed on 3 March 2020), comprises TRMM-based
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gridded rainfall product (3B42, version 7 at 0.25 x 0.25°), which were further used for
deriving the CQI. The monthly PET data were downloaded from the Climatic Research
Unit (CRU) with a spatial resolution of 0.5 x 0.5°. The air temperature (°C) and wind speed
(m/s) (March to July) point-based data are downloaded from World Weather for Water Data
Service (W3S), https:/ /www.uoguelph.ca/watershed /w3s (accessed on 10 March 2020).
Average annual rainfall (mm) and PET (mm) are used to derive rainfall erosivity and aridity
index (AI).

Table 1. Data used in the study and its resolution.

Data Used Resolutions Purpose Source
Landsat-8 (OLI) 30 m, acquired on 4 April 2019  LULC mapping USGS
SRTM DEM 90 m Slope USGS
Rainfall (TRMM 3B42) 0.25 x 0.25°, daily (2019) To derive CQI Giovanni
PET from CRU TS4.0 0.5 x 0.5°, monthly (2019) To derive CQI CEDA Archive
Wind speed at 10 m height (m/s)  point-based, daily (2019) To derive CQI W3S
Air temperature Point-based, daily (2019) To derive CQI W3S
Census 2011 To derive SEQI Census 2011
Soil 1:250 K To derive SQI i%gggn?ingw

Soil maps (1:250 K) prepared by the National Bureau of Soil Survey and Land Use Plan-
ning (NBSS and LUP) and the Joint Research Centre European Soil Data Centre (ESDAC)
are utilized to deduce SQI. Soil texture, soil depth, soil drainage, and degree of soil erosion
maps were prepared with the help of data available from ESDAC. Soil parent material
and soil salinity maps are prepared with the help of data available from NBSS and LUP.
Census data comprising population, block-wise growth rate, illiteracy rate, and work par-
ticipation are used to derive SEQI (Census, 2011). The point-based and Census-based data
are converted to raster format using the Inverse Distance Weighted (IDW) interpolation
technique. All these spatial maps are prepared using the Inverse Distance Weighted (IDW)
interpolation technique with a spatial resolution of 0.05°. IDW is used because it performs
well in situations where the spatial distribution of sample points adequately represents the
underlying spatial trend of the variable being interpolated. The course resolution gridded
data were resampled to 0.05° using the nearest neighbor resampling method. Most of the
processing is performed using ArcGIS 10.7 software.

2.3. Method Applied

Desertification presents a multifaceted challenge resulting in diminished spatio-
temporal land productivity [13,15-21]. This intricate phenomenon is intricately linked
to various environmental factors such as climate, soil, vegetation, and land morphology, as
well as human activities including socio-economic practices and behavioral patterns [10].
The MEDALUS model utilizes key indicators to determine environmentally sensitive areas
for desertification (ESAs) [28]. These ESAs are identified based on a composite evaluation of
both physical and anthropogenic factors. Physical attributes encompass soil characteristics,
climate conditions, and vegetation qualities, while the socio-economic quality index (SEQI)
reflects human-induced pressures on the environment concerning desertification processes.
To facilitate analysis, a geodatabase and thematic maps of 19 key indicators of desertification
are generated, ensuring uniformity in the projection system and spatial resolution.

Indicators are categorized into four quality indices: soil quality index (SQI), climate
quality index (CQI), vegetation quality index (VQI), and SEQI. Each index is computed
using sub-indicators, which are further classified and assigned weight values. Based on a
detailed literature review, each factor of desertification has been assigned a weight ranging
from 1.0 (indicating low sensitivity) to 2.0 (indicating high sensitivity) for each class [34-36].
The final environmentally sensitive areas index (ESAI) map is generated through geometric
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mean calculations within a GIS. Spatial layers are standardized to a 30 m resolution using

the nearest neighborhood method and projected to a UTM zone 30 projection system.
The methodology for assessing environmentally sensitive areas for desertification is

outlined in Figure 2 in the form of a flowchart and explained in Sections 2.3.1-2.3.5.
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Figure 2. Flowchart of methodology adopted in this study.
2.3.1. Soil Quality Index (SQI)

Soil plays a crucial role in evaluating desertification, with its quality influenced by
factors such as lithological composition, depth, slope, organic content, degree of erosion,
salinity, and texture [37]. Gathering and reproducing soil-related maps and data is a vital
step in this assessment process. The SQI was deliberated by the geometric mean of the
indicators associated with each index. It is a benchmark used to evaluate quality; their
classes and their assigned weightage are described in Supplementary Table S1. Soil texture
map, soil depth map, soil drainage map, and degree of soil erosion maps were prepared
with the help of data available from ESDAC. Soil parent material and soil salinity maps are
(1:250 k) prepared by NBSS and LUP which are further utilized to deduce SQI. The slope
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gradient was estimated using SRTM DEM using the surface tool in ArcGIS. The SQI was
calculated using Equation (1).

i

SQI = (ST x SD x SS x PM x SE x SDr) (1)
where ST is soil texture, SD is soil depth, SS is soil salinity, PM is parent material, SE is
degree of soil erosion, and SDr is soil drainage.

2.3.2. Vegetation Quality Index (VQI)

Assessing desertification in arid and semi-arid regions hinges significantly on vege-
tation coverage. Vegetation not only mitigates sand dune encroachment and soil erosion
but also fosters a microclimate beneficial to local communities and their livestock [38].
Consequently, vegetation enhances organic soil content and significantly diminishes soil
erosion intensity, thereby bolstering soil cohesion and quality [37]. It is a benchmark index
used to evaluate vegetation quality and their classes and their assigned weightage, which
are described in Supplementary Table S2. VQI considers the normalized difference veg-
etation index (NDVI) and LULC. The NDVI evaluates the vegetation by computing the
distinction between near-infrared (NIR) which vegetation strongly reflects and red light
(RED) wavelength of light which vegetation absorbs [39]. NDVI always ranges from —1 to

+1 and is calculated as:
(NIR — RED)

(NIR + RED)

The vegetation cover percentage (%) was evaluated using the minimum and max-
imum values calculated from the NDVI. Landsat-8 images from April 2019 were used
for LULC classification by using Support Vector Machine (SVM). SVM is a discrimina-
tive classifier formally defined by a separating hyperplane [40]. SVM is suitable for land
cover classification where distinguishing between multiple classes with varying spectral
signatures is crucial. In this study, SVM was trained using a subset of labeled data, where
representative samples from each land cover class were taken. These samples, along with
extracted spectral, textural, and contextual features from the Landsat-8 imagery, were fed
into the SVM algorithm for training. The Radial Basis Function (RBF) kernel of SVM was
used to classify the image into 7 classes, namely waterbody, forest, settlement, fallow land,
barren land, cropland, and scrub. The trained SVM model was then applied to classify
the Landsat-8 image into the predefined land cover classes. The VQI was calculated using
Equation (2).

NDVI = @)

2.3.3. Climatic Quality Index (CQI)

Fluctuating climate patterns, recurrent droughts, and extreme weather conditions
characterized by low precipitation and high temperatures can render plants and land sus-
ceptible to desertification [37]. The CQI serves as the reference point for assessing climatic
conditions, with its respective classes and assigned weights detailed in Supplementary
Table S3. Climatic quality is determined by various factors including rainfall, potential
evapotranspiration (PET), and average wind speed at 10 m. In addition, the aridity index
and rainfall erosivity were also considered under CQI.

The aridity index, which is used to describe long-term climatic water deficits is calcu-
lated using Equation (3) [41].

Average annual rainfall (mm)
Average annual PET (mm)

Aridity Index = 3)

Rainfall erosivity (Modified Fournier Index) is an index that describes the ability
of rainfall to cause soil erosion [42]. Rainfall erosivity (mm/hr) is calculated using

Equation (4).

n Pi2

Rainfall erosivity = Zi:l T 4)
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where p; represents mean precipitation of month i (mm) and p represents mean annual
precipitation. Finally, the CQI is evaluated using Equation (5).

=

CQI = (AR x AAT x PET x AI x RE x AWS x A) )
where AR is average annual rainfall, AAT is average annual air temperature, PET is
potential evapotranspiration, Al is aridity index, RE is rain erosivity, AWS is average wind
speed and A is slope aspect.

2.3.4. Socio-Economic Quality Index

The parameters used to evaluate socio-economic quality, their classes and their as-
signed weightage are described in Supplementary Table S4. Block-wise data from the
Census of India, https://data.gov.in (accessed on 21 April 2020), for the year 2011 were
used to evaluate the socio-economic quality parameters. Block-wise population density
(PD), block-wise population growth rate (% per year) (PG), block-wise illiteracy rate (%)
(I), block-wise work participation rate (%) (WP) were calculated by dividing the total
population of villages for year 2011 by its area. SEQI was calculated using Equation (6).

=

SEQI = (PD x PG x I x WP) 6)

2.3.5. Environmental Sensitive Areas (ESAs) to Desertification

The methodology for assessing environmentally sensitive areas is based on the
MEDALUS model, developed by the European Commission [43]. Our study has developed
19 indicators of desertification using layers derived from satellite data as well as from other
available sources. All four indices, soil quality index (SQI), climate quality index (CQI),
vegetation quality index (VQI), and socio-economic quality index (SEQI), were integrated
to calculate a single index called environmental sensitive areas to desertification index
(ESAI) using Formula (7).

ESAI = [SQI x VQI x CQI x SEQI]# @)

3. Results
3.1. Determination of Soil Quality Index (5QI)
3.1.1. Soil Texture and Soil Depth

Figure S1 depicts the spatial variation and area percentage of soil texture class in the
study area. Both the districts have a higher percentage of clayey soil (59.25%) than loamy
soil (40.75%). Loamy soils are a better option for crops due to their better permeability,
nutrient quality, and ease of tilling compared to clay soils. These soils drain water appro-
priately and do not hold it for long, which is essential for crop growth. Additionally, the
presence of silt in loamy soils further enhances their nutrient quality. However, in the
studied districts, the percentage of loamy soils is relatively low, which can increase the
sensitivity of crop production.

Soil depth plays a crucial role in determining the yield of crops, especially when they
are grown without irrigation. Deep soils can hold more plant nutrients and water, making
them more suitable for plant growth. On the other hand, shallow soils have less mechanical
support and are prone to erosion, which can reduce soil productivity. Trees growing in
shallow soils are also more susceptible to wind damage. Figure S2 displays a map of
soil depth, while Table 2 shows the percentage of the study area that falls under different
soil depth categories. In the study area, a large proportion, approximately 20.15% and
26.54%, of the soil is classified as shallow and very shallow, respectively, due to erosion
and indicating the reduced soil productivity and higher vulnerability to crop production.
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Table 2. Soil depth categories with area in percentage.

Class Soil Depth Area (%)
1 Deep 17.35
2. Very Deep 8.31
3. Moderately Deep 13.86
4. Moderately Shallow 2.51
5. Shallow 20.15
6. Very Shallow 26.54
7. Extremely Shallow 8.75

3.1.2. Soil Salinity and Soil Parent Material

The accumulation of salts in the soil is called salinization. There is a negative effect on
desertification due to higher soil salinity [44]. The soil salinity map indicates a negligible
soil salinity category covering 97.21% of the area and a slight soil salinity category covering
2.79% of the area (Figure S3). Thus, soil salinity has not been an influencing factor for
desertification in the study area. The soil formed from parent material that is soft to friable
is most susceptible to desertification, whereas parent material that is moderately coherent is
moderately susceptible to desertification, while coherent parent material is less susceptible
to desertification [43]. Soils weathered from basalt tend to be fine-textured and fertile
due to the rapid cooling of lava flows along the surface of the earth [45]. The maximum
percentage of area, i.e., 58.52% is under basalt rock parent material, followed by alluvium
(32.9%) and granite (8.56%) (Figure S4).

3.1.3. Slope Gradient and Drainage Maps

Slope gradient affects surface water runoff and soil sediment loss. The steep slope
enhances the speed of runoff resulting in accelerated erosion due to more transported
and dissolved materials. Therefore, higher slope gradients will have a positive effect on
desertification [46]. The majority of the area, i.e., 83.5%, belongs to slope gradient 0-5°
(Figure 3a and Table S2) and thus indicates less vulnerability to soil erosion. Soil salinization
and soil drainage are both related to each other. These both affect the desertification areas.
Poorly drained soil is more vulnerable to soil salinization than in well-drained soils [46].
The result of the soil drainage map reveals that the maximum percentage, i.e., 60.21% area
(Figure 3b and Table S6) is under the well drainage category.
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Figure 3. Slope gradient in degree (a) and soil drainage (b) maps.

3.1.4. Degree of Soil Erosion Map

Soil erosion is a major reason for land degradation and desertification. Higher levels
of soil erosion increase the risk of land degradation and desertification. In the studied area,
the maximum portion comes under a moderate degree of soil erosion category (80.03%)
followed by severe category (16.26%) (Figure 4).
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Figure 4. Soil erosion map of the study area.

3.1.5. Soil Quality Index
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Waterbodies and rocks are the non-soil categories, so the weightage assigned to them
is 1 and 2, respectively. Figure 5 shows the spatial pattern of the soil quality index in four
major categories. The moderate and high soil quality are mainly distributed in Satara
district whereas very low to low soil quality are mainly distributed in Sangli district. A
maximum area of 52.76% is found under the low soil quality index whereas 30.66% of
the area is found under the moderate category. The category of high soil quality index
accounted for 3.81% of the area, whilst very low accounted for 12.77%. The steeper slopes
with slope gradient of >15° account for nearly 3% which coincides with forest areas over
the western part of the study area. So, areas with steeper slopes are not found to be prone

to desertification.
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Figure 5. Soil quality index map of the study area.

3.2. Parameters Used for Vegetation Quality Index

As the amount of vegetation cover increases, there is an exponential decrease in both
runoff and sediment loss and vice versa. When the vegetation cover reaches 45-50%, it is
considered critical because the soil is sufficiently protected from raindrop impact, leading
to a significant reduction in soil erosion [47]. In addition, the types of vegetation and land
use play a crucial role in regulating various processes that impact desertification. The
satellite images were classified into seven classes, namely waterbody, forest, settlement,
fallow land, barren land, cropland, and scrub (Figure 6 and Table 3). Fallow land is the
dominant class (25%), followed by cropland (24.46%).

Table 3. Area percentage of each LULC class.

Class LULC Area (%)

1. Waterbody 4.99

2. Barren land 13.62
3. Scrubland 10.32
4. Fallow land 25.00
5. Built-up 12.99
6. Forest 8.62

7. Cropland 24.46
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Figure 6. LULC classification of the study area.

3.2.1. NDVI and Vegetation Cover (%)

The NDVI is usually sensitive to vegetation. However, the identification of vegetated and
non-vegetated areas is performed by LULC data, as NDVI alone may not accurately distinguish
between the two. In the study area, categories identified in LULC data like cropland, deciduous
forest, and degraded forest were considered as vegetated areas, and other categories as non-
vegetated areas. Areas that have barren rock, sand, or snow usually have very low NDVI values,
typically 0.1 or less. Sparse vegetation such as shrubs, grasslands, or senescing crops may result
in moderate NDVI values, approximately 0.2 to 0.5. On the other hand, high NDVI values,
approximately 0.6 to 0.9, correspond to dense vegetation such as that found in temperate and
tropical forests or crops at their peak growth stage. In the study area, high NDVI values were
found in some parts of the Satara district, whereas the majority of the study area represents
sparse to very sparse vegetation (Figure 7a). The vegetation cover map showed that the western
part of the study area is mostly dominated by forest cover (Figure 7b). It is considered an
important parameter to deduce VQI.
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Figure 7. NDVI (a) and vegetation cover (b) of the study area.
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3.2.2. Vegetation Quality Index

Figure 8 shows the spatial pattern of vegetation quality index and Table 4 shows its
area statistics. The result shows that high-quality vegetation is found in some parts of the
Satara and Sangli districts, representing only one-fourth the proportion of the study area.
Whereas around half of the study area mainly located over the eastern parts represents
low-quality vegetation (48.80%) portions of both the districts.
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Figure 8. Vegetation quality index (VQI) of the study area.

Table 4. Vegetation quality area percentage.

Class Vegetation Quality Area (%)
1 Very Low Quality 2.49
2 Low Quality 48.80
3. Moderate Quality 25.43
4 High Quality 23.26

3.3. Results of the Parameters Used for Climate Quality Index
3.3.1. Average Annual Rainfall, Air Temperature and PET

Climatic conditions with low rainfall and high evapotranspiration will decrease soil mois-
ture for plant growth. Figure S5 exhibited that high rainfall is found in Sangli district and low to
medium rainfall is found in Satara district. Air temperature is a factor used to determine water
stress, transpiration of the growing vegetation, soil water evaporation, soil salinity, and soil
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alkalinity. Higher temperatures will have a negative effect on desertification [48]. Temperatures
in Satara district are high while the Sangli district experiences low to medium temperatures
(Figure S6).

The potential evapotranspiration (PET) indicator is an important tool in assessing areas
that are sensitive to desertification as a result of soil salinization. It measures the ability of
the atmosphere to remove water from land surfaces through evaporation (such as from the
soil and plant canopy) and plant transpiration. If PET is greater than precipitation, then
the climate is considered arid. Areas with high evapotranspiration are more susceptible
to desertification [49]. The average annual potential evapotranspiration (PET) is shown
in Figure S7. High PET levels were found in the Satara district, while the Sangli district
showed low PET levels.

3.3.2. Aridity Index and Wind Speed

The aridity index reflects the relationship between climate and water availability.
A higher aridity index means higher water scarcity and variability, making areas more
vulnerable to desertification over time [50]. It was found that PET is more in Satara and
hence the aridity index is also higher in Satara in comparison to the Sangli district (Figure 9).
In both arid and semi-arid regions, if there is an increase in wind speed above the critical
limit, it will lead to both land degradation and desertification [16,51]. The average wind
speed for March to June of 2019 was calculated which varies from 1 to 2 m per second
(Figure S8). The western side of the study area showed higher wind speed (>1.7 m/s) and
hence vulnerable to desertification.
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Figure 9. Aridity index map of the study area.

3.3.3. Rain Erosivity and Slope Aspect

High rain erosivity indicates a high capacity for water flow to cause erosion on land,
leading to desertification [52]. Rain erosivity (mm/h) was calculated for a period of 2019
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and depicts that the eastern side of the study area is more vulnerable to rain erosivity
(Figure 10). The corresponding slope aspect of the study area is presented in Figure S9. The
aspects such as south, southeast, southwest, and west are given higher weightage than the
flat, north, northeast, east, and northwest aspects (Table S5).
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Figure 10. Rain erosivity map of the study area.

3.3.4. Climate Quality Index (CQI)

The factors that are used to assess climate quality, their classes, and assigned weights
are described in Table S3. The climate quality index is shown in Figure 11 and Table 5 shows
the area percentage of the climate quality index. Nearly 68% of the areas exhibited very low
to low category of CQI, which are mainly distributed all over the two districts except for
the western side of the study area. The moderate quality of climate was mainly co-located
with the forest-dominated areas. Areas classified as very low quality (34.73%) exhibited
climatic conditions that were highly unfavorable or extreme, posing significant challenges
to human habitation, agriculture, and ecosystem functioning. These areas experience
extreme temperatures, erratic rainfall patterns, prolonged droughts, or other climatic
extremes that severely impact livelihoods, water availability, and agricultural productivity.
Low-quality areas (33.20%) exhibited seasonal variations in temperature and precipitation,
with occasional droughts, floods, or other climatic disturbances affecting local communities
and ecosystems. Moderate quality area (32.06%) demonstrated relatively favorable and
stable climatic conditions conducive to human well-being, agricultural productivity, and
ecosystem resilience. These areas may experience mild temperatures, adequate rainfall,
and moderate humidity levels, supporting diverse ecosystems, agricultural activities, and
socio-economic development.
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Table 5. Area percentage of climate quality.

Class (a(0) Area (%)
1. Very Low 34.73
2. Low 33.20
3. Moderate 32.07
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Figure 11. Climate quality index (CQI) map of the study area.

3.4. Result of Socio-Economic Quality Index
Block-Wise Population Density, Population Growth Rate (%), Illiteracy Rate (%), and Work
Participation Rate

Areas with high population density directly contribute to desertification by eroding soil
or experiencing water stress, leading to low plant cover due to overexploitation of natural
resources [47,53]. Block-wise population density is shown in Figure S10. The range of pop-
ulation density 6-50 represents low to moderate density, indicating sparse to moderately
populated regions. Areas classified in the range of 50-100 exhibited moderate population
density, indicating moderately populated regions. The range of 100-300 represents relatively
high population density, indicating densely populated regions. Area classified in the range of
300-784.15 exhibited very high population density, indicating highly densely populated urban
centers or metropolitan areas.

The rapid population growth rate brings poverty and creates high pressure on natural
resources. Hence, low population growth-rated areas will bring land degradation [53].
Block-wise population growth rate (%/year) was calculated and shown in Figure S11.
The range of less than 3% exhibited low to moderate population growth rates, indicating
relatively stable or slightly increasing populations. Areas classified in the range of 3 to
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6% represent areas experiencing moderate population growth rates, with populations
expanding at a moderate pace. The range of 6 to 9% exhibited relatively high population
growth rates, indicating significant population expansion within a relatively short period.
The range of 9 to 16% represents areas undergoing very high population growth rates, with
populations expanding rapidly.

There is a huge effect of the illiteracy rate on the general economic buoyancy of
the area. Basically, illiterate farmers do not want to adopt new technologies. Therefore,
higher illiteracy rates will cause more land degradation and desertification [52]. Block-wise
illiteracy rate (%) was calculated and is shown in Figure S512. The illiteracy in the 1.54%
range indicates relatively low levels of illiteracy, which may include urban or semi-urban
areas with higher educational attainment levels, access to educational institutions, and
greater exposure to literacy programs. The illiteracy in the 4-16% range exhibited moderate
levels of illiteracy, with a larger proportion of the population facing literacy challenges
compared to the previous category. The illiteracy in the 16-24% range represents areas
with relatively higher levels of illiteracy, indicating a significant portion of the population
lacks basic literacy skills. The illiteracy in the 24-36% range exhibited the highest levels of
illiteracy, with a substantial majority of the population unable to read or write.

There is a huge effect of work participation rate on the economic buoyancy of that
area. Due to lower work participation, the income will be low and the relationship with
the land, and therefore, with lower work participation is very insecure for increasing
desertification [52]. Block-wise work participation rate (%) was calculated and is shown
in Figure S13. The work participation rate of 2.4-30% indicated relatively low levels of
work participation, with only a small portion of the population engaged in economic
activities. The work participation rate in the 30-40% category exhibited moderate levels
of work participation, with a larger proportion of the population engaged in economic
activities compared to the previous category. The 40-50% category displayed relatively
higher work participation rates, indicating a significant portion of the population actively
participating in economic activities. The 50-60% category exhibited the highest levels
of work participation, with a substantial majority of the population actively engaged in
economic activities.

3.5. Socio-Economic Quality Index

The factors that are used to assess socio-economic quality with their classes and as-
signed weightage are described in Table S4. Moderate to high category of SEQI was majorly
found Satara district whereas very low to low was found in the Sangli district (Figure 12).
The area statistics indicated that about 51.28% of the area was found under the moderate
to high category of SEQI (Table 6). Areas classified as very low (13.22%) socio-economic
quality represent regions facing significant socio-economic challenges and vulnerabilities.
Low socio-economic quality areas encompass a larger portion of the study area, compris-
ing approximately 35.50%. Low to very low-quality classes have a good correspondence
with low to moderate illiteracy rate (<16%) and low to moderate work participation rate
(<50%) that incentivize unsustainable land use practices. In particular, a lower illiteracy
rate hinders for adoption of new technologies. Moderate socio-economic quality areas
represent regions with relatively balanced socio-economic conditions, comprising approx-
imately 30.99% of the study area. High socio-economic quality areas represent regions
with robust socio-economic development and well-established infrastructure, comprising
approximately 20.29% of the study area.

Table 6. Socio-economic quality area percentage.

Class SEQI Area (%)
1. Very Low 13.22
2 Low 35.50
3. Moderate 30.99
4 High 20.29
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Figure 12. Socio-economic quality index (SEQI) map of the study area.

3.6. Environmental Sensitive Areas (ESA) to Desertification

The ESA is a combined aspect of all four indicators (SQI, CQI, VQI, and SEQI) which is
presented in Figure 13 and Table 7. The majority of the areas are classified under the poten-
tial category of desertification (60.32%), followed by fragile (27.87%) and critical (11.81%).
The eastern part of the study area covering the Phaltan, Kolik, Mhaswad, and Karanje is
majorly showing desertification, which is a fragile to critical condition. Some parts of the
southern parts of the study area covering areas of Uran Islampur, Ashta, and Sangli Miraj
Kupwad also showed the fragile to critical conditions of desertification. The area that is
sensitive to desertification shows moderate to high soil quality, low to very low climate and
vegetation quality, and high socio-economic quality. The majority of the study area falls
within the potential category, indicating areas with moderate environmental sensitivity.
These regions exhibit balanced soil, climate, vegetation, and socio-economic conditions,
making them suitable for various land uses with moderate levels of management inter-
vention. Fragile areas encompass approximately 27.87% of the study area and represent
regions with heightened environmental sensitivity. These areas may exhibit compromised
soil quality, climatic variability, degraded vegetation cover, or socio-economic vulnera-
bilities, rendering them susceptible to environmental degradation or disruption. Critical
areas constitute a smaller portion of the study area, accounting for approximately 11.81%.
These areas exhibit the highest level of environmental sensitivity, characterized by poor
soil quality, extreme climatic conditions, degraded vegetation, and socio-economic chal-
lenges. Critical areas require urgent attention and targeted conservation efforts to mitigate
environmental degradation and safeguard ecosystem integrity and human well-being.
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Figure 13. Environmental sensitive areas map of the study area.

Table 7. Environmental sensitive area %.

Class ESA Area (%)
1. Potential 59.32
2. Fragile 27.87
3. Critical 12.81

4. Discussion

The geoinformatics-based MEDALUS model was utilized to analyze and map deserti-
fication risks in the Satara and Sangli districts of Maharashtra. These maps serve as crucial
tools to guide conservation efforts, foster sustainable practices, and target rehabilitation
projects in the region. Additionally, they enable policymakers to implement preventative
measures, such as promoting drought-resistant crops. Moreover, the maps establish a
baseline for monitoring desertification and evaluating the effectiveness of implemented
strategies. By enhancing understanding of local desertification causes, this research facili-
tates targeted interventions, empowering all stakeholders to combat desertification and
ensure the sustainability of the land.

The identification of areas at risk of desertification and the development of methods
to stop or slow down desertification depends on the mapping of environmentally sensitive
areas. Several studies have mapped environmentally sensitive areas for desertification
through the integration of indices such as soil quality, climate quality, vegetation quality,
and socio-economic quality using MEDALUS modeling [26,54]. Similar to this study, the
previous studies provide valuable insights into the effectiveness of this approach globally
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and specifically in the Indian context. In a similar study by [55], a proxy global assessment
of land degradation highlighted the importance of considering multiple indices, including
SQI, CQIL VQI, and SEQI, to comprehensively evaluate desertification risk factors. The
integration of these indices through MEDALUS modeling allowed for a more nuanced
understanding of environmental sensitivity to desertification across diverse regions [54].
Kaliraj et al. (2024) also did a similar study for the semi-arid regions of southern India [26].
This aligns with the notion that a multidimensional approach is essential for effective
land management and conservation efforts which is consistent with our research findings
and conclusion.

Previous studies focused primarily on global and meso levels to predict the probable
desertification zones, which are good for overall understanding [10,33,55,56]. Ref. [10] finds
that Maharashtra encompasses the second highest area under desertification, i.e., 44.93% for
the period 2011-2013. Ref. [56] conducted similar studies in Western Rajasthan and Gujrat.
However, predicting and mapping environmentally sensitive areas for desertification at a
micro-scale is crucial for targeted conservation efforts, resource allocation, and sustainable
land management more effectively. This study is focused on predicting the areas of Satara
and Sangli districts of Maharashtra sensitive to desertification and found that 11.81%,
27.87%, and 60.32% areas are in critical, fragile, and potential zones of desertification. It
would help us mitigate desertification’s potential detrimental effects on the local ecosystems,
biodiversity, and livelihoods. This would also be helpful in similar studies on other micro-
scale areas.

The MEDALUS-based predicted desertification map using geoinformatics offers sev-
eral merits. One advantage lies in its holistic approach, integrating various factors such
as climate, soil, vegetation, and land use practices to assess desertification vulnerability
accurately [57,58]. This comprehensive assessment of desertification vulnerability would
aid policymakers and land managers in formulating targeted strategies for mitigation and
adaptation. Incorporating qualitative and quantitative data, it identifies vulnerable areas
and prioritizes intervention measures effectively, which enhances reliability and applicabil-
ity across diverse landscapes, thereby serving as a valuable tool for assessing desertification
risks [59]. Despite these merits, this model has also some limitations. One notable drawback
is its reliance on input data, which may be scarce or outdated, particularly in developing
regions where monitoring infrastructure is limited [60]. The Census (2011) data are also old,
as the latest Census data have not been released by the Government of India. Outdated
data may compromise desertification mapping accuracy, diminishing the model’s utility
in guiding land management decisions. Moreover, the model’s complexity and technical
requirements pose challenges, potentially hindering widespread adoption and limiting its
effectiveness in informing policy and management actions.

Although the MEDALUS methodology provides a solid foundation for desertifica-
tion vulnerability mapping, advancements in the field offer a broader toolkit. Remote
sensing and GIS enable large-scale, objective assessments, while the Land Degradation
Neutrality (LDN) framework promotes a holistic approach by integrating biophysical and
socio-economic factors [61]. For intricate analyses involving uncertain data, advanced
techniques like fuzzy logic and artificial neural networks (ANNSs) can be highly effec-
tive [62-64]. Agent-based models (ABMs) further enhance understanding by simulating
dynamic interactions between land users and ecological processes [65]. Additionally, par-
ticipatory mapping incorporates valuable local knowledge and perspectives, enriching the
vulnerability assessment.

The comparison of these studies underscores the consensus that integrating multiple
quality indices through MEDALUS modeling enhances the accuracy and reliability of
desertification vulnerability assessments of micro-regions with some merits and limita-
tions as discussed. Through the integration of soil health indicators, climate variables,
vegetation cover metrics, and socio-economic factors, researchers can develop holistic
maps. These maps facilitate informed decision-making for implementing sustainable land
management practices.
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5. Conclusions

Based on the MEDALUS modeling, we find that a major part of the study area comes
under the potential category (60.32%) distributed over the study area followed by fragile
(27.87%) and critical (11.81%) desertification. Soil drainage, plant productivity, soil erosion,
water holding capacity, soil temperature, and soil fertility are greatly affected by the texture
of the soil. As the slope gradient varied from 0 to 5° in the study area, it did not enhance
soil erosion rates thereby, leading to lower desertification.

The greater aridity index of the area is more vulnerable to desertification. In arid
and semi-arid regions, higher wind speed is also responsible for both land degradation
and desertification. Higher rain erosivity is responsible for higher desertification of the
region. Areas with high population densities are affected by both soil erosion and water
stress leading to land degradation and desertification. There is huge pressure of rapid
population growth rate on natural resources which is further responsible for poverty.
The higher illiteracy rates are also responsible for higher desertification as they hinder
the understanding of sustainable land use. The lower work participation rate is also
responsible for both land degradation and desertification as it creates economic conditions
that incentivize unsustainable land use practices.

Therefore, the regions that are vulnerable to desertification exhibit moderate soil
quality, low to very low climatic quality, very low vegetation quality, and moderate to low
socio-economic quality. Additionally, areas where desertification is a significant concern,
are characterized by the presence of other wastelands and current fallow lands with very
low soil, climate, and vegetation quality, and low socio-economic quality.

Synthesizing the results from previous studies on identifying and mapping environ-
mentally sensitive areas for desertification using integrated indices through MEDALUS
modeling highlights the importance of a holistic approach to combat land degradation
challenges worldwide and specifically in the Indian context. Continued research and
collaboration are essential to refine methodologies and develop targeted interventions that
promote environmental resilience and sustainable development.
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