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Abstract: The land suitability in the Ratnagiri district (India) for mango crop has been assessed using
a combination of multi-criteria decision making (MCDM) with GIS-based analytic hierarchy process
(AHP), and sensitivity analysis. Five criteria are applied in this study to analyze land suitability
affecting the mango production, viz., topography, climate, soil properties, soil erosion risk, and soil
and water conservation practices, all affecting mango production. To prepare the land suitability
maps for the mango plants, weights of criteria were identified through expert opinions and a pairwise
comparison matrix. A weighted overlay tool available in ArcGIS software was applied in this study
for the weighted overlay analysis. The most sensitive parameters were identified by developing and
testing a total of 26 weighting schemes. After analyzing the sensitivity of parameters, the parameters
related to soil and erosion such as terracing, contour trenching, stone bund, etc. were found as the
most significant factors, before and after implementing the conservation measures. As a result, it was
observed in this study that after conservation practices were implemented, the area in the highly
suitable (19.4%) and moderately suitable (68.8%) classes was expected to rise, while the area in the
marginally suitable (7%) class was expected to decrease. This research revealed that combining
MCDM with GIS-based AHP as well as sensitivity analysis techniques increased the reliability of
MCDM output for each criterion.

Keywords: MCDM; AHP; sensitivity analysis; land suitability; mango crop

1. Introduction

Land and water resources are limited and used extensively, and a continuing human
population growth without supporting food production growth rate is resulting in a decline
in global land resources health and productivity. The estimates suggest that globally
about 24 bt (billion tonnes) of land is lost each year due to water erosion that exceeds
the rate of naturally regenerated soil. According to estimates in India, erosion affects
approximately 53% of the country’s total area, and 4.87 bt of soil are lost yearly [1]. In
Maharashtra, an approximate 773.5 million tonnes (MT) of soil are detached per year,
with water-induced erosion accounting for 94% of that total [2]. The Konkan region is
experiencing 119.84 million tonnes of soil loss per year [3]. As a result, it is critical to
plan and implement appropriate soil water conservation practices in order to identify
erosion-prone areas and estimate soil loss rates with greater accuracy.
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Accelerated erosion is also increasing emissions of greenhouse gases (GHGs) and
carbon dioxide (CO2) levels in the atmosphere. The rapid and uncontrollable growth of
agroecosystems to feed the rising population, on the other hand, is driving the issue of
accelerated erosion. Furthermore, man-made global warming exacerbates the soil erosion
problem [4]. GHG emissions have a negative impact on the global environment. Carbon
sequestration (CS) to reduce emissions of GHGs is the most commonly used method [5].
The issue of rising carbon emissions is a global concern, which is addressed by Kyoto
Protocol [6]. Carbon sequestration in agriculture implies the capacity of agriculture, forest
lands, and horticulture lands to absorb atmospheric carbon dioxide. Trees flowering and
fruit production capabilities remove carbon from the atmosphere and store it [7]. As a
result, due to present agricultural expansion, the high rate of poverty, and the decrease
in forest land, orchards can contribute positively to sustainable growth in climate change
in tropical areas [8]. Soil carbon sequestration has multiple strategies, such as restoring
degraded soils, increasing land productivity, protecting the environment, and reducing
rising atmospheric CO2 [9]. Thus, establishing a relation between soil erosion and soil
carbon as carbon sequestration would be a good platform for better planning of soil water
conservation practices in the watershed.

Land suitability evaluation is imperative to developing strategies to achieve maximum
agricultural outcomes by defining its inherent possibilities as well as limits [10] and long-
term improvement in sustainable crop production. It is essential for decision-makers
to evaluate lands in terms of their production capacity and suitability to grow various
crops in order to better utilize these lands and cultivate crops that will achieve the highest
productivity. There are various methods developed to evaluate and classify land capability
such as FAO, (1976) [11]. The main objective of this method is to evaluate land capability
and classify it into several quality categories. Land suitability for cultivating various
crops can be assessed using various methods based on soil parameters, climate data, crop-
requirements data, erosion risk, topography, etc. Recently, specialists have been formulating
criteria-based assessments of suitability for agricultural land using MCDM [12] to expand
the decision-support capabilities of GIS. GIS is an effective method for storing, retrieving,
processing, and analyzing spatial and time data required for multi-source spatial planning
and management. GIS does not consider the priorities of criteria because not all criteria are
of equal importance [13]. To overcome this problem, MCDM techniques are being created
in the geospatial field to enhance GIS decision-making capabilities for handling multiple
factors [14]. Analytical hierarchy process (AHP) is one which is widely used as a MCDM
technique with GIS [15] due to its applicability to take decisions based on various factors
rated as per experts’ priorities [16,17]. Hence, study on the suitability of land must be done
in order to incorporate community needs and conditions in final decisions [18].

The top five mango growers in the world are India, China, Thailand, Indonesia, and
Pakistan. In terms of area and production, India is the world’s largest mango producer
(nearly 50%) [19]. Mangoes yielded 18,431.3 thousand MT in India, with an area of approx-
imately 2516 thousand ha and 7.3 Mt/ha productivity [20]. Globally, mango production
in India contributes about 41%. Mango occupied approximately 485 thousand ha area
with yearly production of 1212.50 thousand MT at 2.5 MT/ha productivity in Maharash-
tra [21]. Mango cultivation occupied 100 thousand ha of productive land in Konkan, with a
50 thousand MT annual production and 3.12 MT/ha productivity [22].

In Konkan region, mango is a major perennial plant. While mango is world famous for
its aroma, it faces the challenges of lower productivity and uncertainty in production due
to various factors [23]. Poor mango orchard efficiency and yearly variations in the mango
crop are considered long-term barriers to mango cultivation in Konkan. These factors are
not studied in a holistic way yet; advanced techniques of MCDM with currently available
databases would be a prudent step in sustainable development of ecologically sensitive
mango crop of Konkan region. Konkan is endowed with ample natural resources such as
soil, water, and vegetative cover. However, because of its unusual climatic conditions and
uneven topography, its vulnerability as a biodiversity hotspot [24] is well known. It causes
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a significant loss of land and water through runoff. Inappropriate utilization of land surface
and water resources, runoff, and topsoil loss all contribute to the depletion of soil organic
carbon, lowering the quality and fertility of topsoil, and increasing soil erosion. This overall
decline in land productivity is the result of poor planning of soil and water conservation
practices. Thus, it is required to evaluate the land suitability in Konkan region.

In present land suitability applications, AHP has consistently been used as a GIS-
based evaluation system. The authors assigned weights to five main criteria using expert
preferences: climate, soil, slope, erosion risk, and conservation measures. Most of the
previous land suitability studies concentrated on soil, erosion risk, climatic factors, and
environmental factors [25–29]. Soil erosion data supports the reduction of soil degradation
through conservation planning. Hence, it needs to plan and implement suitable soil and
water conservation (SWC) practices to identify the erosion-prone areas. Therefore, it
increases the capacity of soil to hold water, nutrients, and organic matter, thus improving
the soil organic carbon storage and productivity of the soil. Erosion causes degradation
of the soil structure and reduces soil moisture-holding capacity by lowering soil depth,
and reducing water infiltration capacity. Hence, such conditions create the potential for
conservation works. Thus, the present study focuses on evaluating the impacts of land
suitability before and after implementing soil water conservation measures. Soil and water
conservation measures improve land productivity and also increase carbon sequestration.
These new techniques for land suitability planning can be a boon to horticulture in general
and to mango in particular in the Konkan region where productivity improvement is
considered as a major challenge. Thus, the present study presents the new approach
for using a geospatial multi-criteria decision model to plan the suitability of land in the
Ratnagiri district for mango production.

2. Materials and Methods
2.1. Study Area

Ratnagiri is a Maharashtra coastal district on India’s western coast. The Ratnagiri
district is situated between latitudes 16◦30′ and 18◦5′ N and longitudes 73◦2′ and 73◦52′ E.
The Ratnagiri district was split into five watersheds (viz., W1, W2, W3, W4, and W5),
which cover an area of 8459 sq km and receive an average annual rainfall of 3591 mm
(Figure 1). Rice is the district’s main staple food, followed by finger millets and proso
millets, which are primarily grown during the Kharif season. The area under Kharif season
is approximately 115,899 ha, which includes rice and millet crops, while the area under the
Rabi season is approximately 2640 ha, which includes oilseeds and other crops. The main fruit
crops in the study area are horticulture crops like mango, cashew, coconut, and areca nut.

2.2. Satellite Data

Satellite data such as LANDSAT images and SRTM data were used for the prepa-
ration of GIS layers (LULC map, slope map). Land use and land cover data were col-
lected from MRSAC Nagpur, but the forest class included areas under the forest and
orchard classes. So, LANDSAT 8 data with 30 m resolution for the year 2018 was down-
loaded (LC08_L1TP_147048_20181126_20200830_02_T1) from USGS Earth explorer (https:
//earthexplorer.usgs.gov/ accessed on 16 January 2019) and used for the separation of
a particular class of horticulture. From this LANDSAT 8 data, bands 5 (near-infrared), 4
(visible red), and 3 (visible green) were used to prepare false color composites (FCC) to
perform image classification using supervised classification techniques. For supervised
classification, a signature file for horticultural classes was created using training samples
through image classification, and horticultural class was extracted from the forest class.
Digital terrain model was downloaded from SRTM (http://.srtm.csi.cgiar.org accessed on
27 January 2019) to prepare a slope map.

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
http://.srtm.csi.cgiar.org
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2.3. Data Collection from Field

A total 258 soil samples from 58 villages of the Ratnagiri district were collected, which
has the highest concentration of mango plantations. The analysis of physical and chemical
properties (OC, BD, textural data (sand, silt, clay)) of soil samples was done in a soil
laboratory, and GIS interpolation tools were used for the preparation of various maps. For
effective soil sample data collection, the entire study area was divided into small grids of
10 km × 10 km. Thus, a total of 58 villages were selected for data collection (Figure 1). The
study was conducted for mango orchards, where the girth of tree measured 1.37 m above
the ground level to an estimation of the biomass and carbon stock [30] of mango crops in
the Ratnagiri district. In the study area, daily minimum and maximum temperature (Tmin
and Tmax) (1988–2019), and daily rainfall data (1998–2019) were used.

2.4. Method

The universal soil loss equation (USLE) was used to assess the annual average soil
loss in the Ratnagiri district [31]. The various previous researchers estimated soil loss
using USLE [32–34]. The carbon loss estimation is based on soil erosion, SOC, and values
of carbon enrichment ratio (CER) [1]. The different soil water conservation practices
were recommended in the study area according to the climatic, topographic, and soil
characteristics [35–37], along with their respective rate of carbon sequestration [38]; a
carbon sequestration map was prepared.

2.4.1. Multi-Criteria Decision Making (MCDM)

Multi-criteria decision making (MCDM) is a field of operations research that clearly
analyzes conflicting criteria in strategic planning. Decision making in land-use planning,
risk management, and many other scientific as well as practical problems is generally
influenced by possible multiple factors/criteria for their evaluation. It is difficult to obtain
the solution without use of decision analysis. Decision support is a term used in deciding
the results. Usually, it determines the optimal solution of problems from multiple criteria
with their multiple potential solutions. The main advantage of the MCDM method is
it describes the relationship between input and output maps [39]. It implies the use of
geographic information and the priorities of decision makers, and accordingly, it is used
as per decision rules. MCDM is a process that combines and transforms geographic
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information into decisions [18] and is used to solve decision-making problems by imitating
multiple criteria.

2.4.2. Analytical Hierarchy Process (AHP)

AHP is a popular decision-making method commonly used in various fields [29,40].
Most of the previous studies have used MCDM and AHP methods along with GIS for
land suitability studies [41–44]. AHP is based on the basic assumption that comparing two
components is dependent on their relative significance [45]. It is a multi-criteria decision-
making approach used to solve multifaceted problems [46]. It computes weights for criteria
maps using a pairwise comparison matrix. The pairwise comparison matrix explains the
importance of each factor that influences others. A comparison scale with values between 1
and 9 (equally to extremely important) describe the degree to which they are important
to each other [47]. Based on similar climatic conditions, the opinions of plant specialists,
and the availability of mango requirement data from previous studies, evaluation criteria
were developed [26,42,48]. Identifying the best land-use class for the study area entails
combining information from different parameters that influence mango crop production.
In the current study, five main criteria (slope, climate, soil, erosion risk, and conservation
measures) and 11 sub-criteria were chosen for analysis (rainfall, Tmin, Tmax, slope, BD, soil
texture, OC, erosion, C-loss from soil loss, conservation measures, and carbon sequestration)
were undertaken for land suitability of mango [25,49–53]. The consistency of decisions
in scoring the criterion determines the accuracy of the measured weights in the pairwise
comparison matrix. The consistency ratio (CR) assesses the consistency of decisions and
identifies potential errors. CR measures how much variation is allowed in acceptable
outcomes, which is usually 10% or less to proceed with AHP [28]. Hence, if the CR value
exceeds the upper limit of 10%, it is recommended that the pairwise comparison matrix
be modified to improve decisions. The data on suitability of Mango crop cultivation was
summarized into four categories: highly suitable (S1), moderately suitable (S2), marginally
suitable (S3), and not or unsuitable (N) classes [11]. Thus, all these criteria maps were
prepared by GIS tool and AHP method by considering mango crop requirement (suitability
of mango crop). Weighted overlay tool was used in ArcGIS to prepare suitability map for
mango crop.

2.4.3. Sensitivity Analysis (SA)

It is an assessment of the impacts of changes in model input values on model out-
puts [54,55]. The main aim of SA is to evaluate the sensitivity of the model to change
the value for every parameter while keeping other parameters constant. It helps in the
model to understand the uncertainties which are associated with model parameters. In
AHP, it is a widely useful method for estimating criteria weights in multi-criteria decision
making via expert pairwise comparison matrix. For this purpose, SA supports the MCDM
techniques for validation and calibration [56–58]. In the present study, sensitivity analysis
used with different scenarios was applied for each criterion. Therefore, in the present study,
26 weighting arrangements were created, tested and analyzed in ArcGIS.

3. Results and Discussion
3.1. Preparation of Various Thematic Maps
3.1.1. Land Use/Land Cover Map

The land-use cover (LU/LC) map of the Ratnagiri district was divided as waterbody,
barren land, forest, fallow land, built up, agricultural land, and horticulture land. Figure 2
depicts the LULC map of the Ratnagiri district. The land coverages in the Ratnagiri district
which fall under major three classes, i.e. forest, horticulture and agriculture, was 77.21%.
This shows dense vegetative cover over the Ratnagiri district. The large portion is also
under barren land/cultivable wasteland which can be effectively brought under mango
cultivation with proper practices.
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3.1.2. Slope Suitability

Agricultural production is greatly influenced by slope, which is the main parameter in
mango cultivation. A slope range between 0 and 16% is a highly to moderately suitable
class for mango (Table 1). Figure 3 illustrates the slope map of the Ratnagiri district.
Approximately 66% of the land is classified as highly to moderately suitable. Because of the
steep slope (>30%), approximately 10.76% of the land is unsuitable for mango production.
As a result, the unsuitable area was mainly on the eastern portion of hilly terrain in the
Ratnagiri district.

Table 1. Land requirement for mango crop based on various factors [23,25,26,49–52].

Characteristics of the Soil Unit
Rating

Highly Suitable
Class, S1

Moderately Suitable
Class, S2

Marginally Suitable
Class, S3 Not Suitable Class, N

Temp. in Flowering stage Tmax (◦C) 28–32 30–32 32–35 >35
Tmin (◦C) 13–17 17–20 20–23 >23

Temp. in Fruit
growth/Harvest stage

Tmax (◦C) 30–32 32–34 34–35 >35
Tmin (◦C) 20–22 22–23 24–25 >25

Temp. in Vegetative
growth stage

Tmax (◦C) 25–27 28–30 30–35 >35
Tmin (◦C) 13–17 17–22 23–26 >26

Average annual rainfall mm >2000 2000–1000 1000–500 <500

Texture Class Sandy clay, loam, silt
loam, loamy sand

Sandy loam, sandy
clay, silty clay, loam,

clay (m/k)
Clay (sand < 60%) Clay (sand > 60%), sand

Organic Carbon % High Medium Low -
Bulk Density g/cm3 <1.60 <1.40 <1.10 -
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Table 1. Cont.

Characteristics of the Soil Unit
Rating

Highly Suitable
Class, S1

Moderately Suitable
Class, S2

Marginally Suitable
Class, S3 Not Suitable Class, N

Slope % <8 8–16 16–30 >30
Soil erosion t/ha/yr Slight, moderate High Very high Severe, very severe
Carbon loss t/ha/yr Slight, moderate High Very high Severe, very severe

Conservation measures Structure
Broad base terracing,
Continuous contour

trenching

Bench terracing,
Staggered contour
trenching, Stone

bund

Strip cropping Waterbody, Built-up,
remaining area

Carbon sequestration Structure Fallow, terracing,
trenching Strip cropping Barren Waterbody, Built-up,

remaining area
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3.1.3. Soil Suitability

Mango cultivation requires well-drained soils. Mango is grown in laterite soil and
alluvium in India. The ferruginous red soil type from Dharwad and Belgaum, Ratnagiri
(Konkan), and Goa is ideal for mango cultivation [59]. A soil texture map of the Ratnagiri
district was shown in Figure 4a. As per the soil texture map, approximately 53% of the
land is under highly suitable as it is loamy sand, and 42.40% is moderately suitable for
mango. The soils in the area are sandy loam, loamy sand, and sandy clay loam, which are
well-drained and suitable for fruit trees.
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Mango field soils in Konkan are generally high in OC. The concentration of OC in
the study area ranged from 0.60 percent to 2.69 percent. Figure 4b shows that the soils
are high in OC. According to [60] ratings, the organic carbon in Konkan lateritic soils is
very high. Previous research also found very high OC in the mango fields of the Ratnagiri
district [61–63].

The bulk density of soil is an indicator of its densification, quality, and drainage
condition. It has an impact on root depth, capability of water retention, voids, and nutrient
levels. As shown in Figure 4c, a bulk density map shows that 100% of the area in the
Ratnagiri district was highly suitable.

3.1.4. Climate Suitability

Rainfall amount and distribution are both very important in mango cultivation. Al-
though mango is grown in low as well as high rainfall (2500 to 3000 mm) regions, rain in the
time of fruit development and maturation can be damaging, increasing the risk of disease,
and deteriorating the quality of the fruit. Mango production areas like the Konkan region in
India have high rainfall during the dry season, which is essential for proper floral induction
and mango fruit development. The rainfall analysis of the Ratnagiri district revealed that
the rainfall pattern in the area is highly suitable for mango production. Figure 5a depicts the
spatial rainfall distribution. Temperature is the main factor that influences the growth cycle,
time and frequency of flowering, fruit growth, taste, and appearance of the mango in most
of production areas [64]. The flowering period is the most important feature controlled
by climatic condition. Thus, mean min. and max. temperature during the flowering and
fruit/harvesting stage is important for mango production. The mean minimum tempera-
ture of 13 ◦C to 17 ◦C is considered as highly suitable, whereas temperatures of 17 ◦C to
20 ◦C are considered as moderately suitable in the flowering phase (Table 1). The classified
mean minimum and maximum temperature maps of the Ratnagiri district were shown in
Figure 5b,c, respectively. In the flowering season of mango, 80% of the land was found to
be highly to moderately suitable. Similarly, in the fruit growth period of the mango crop,
14.17% of the land is highly to moderately suitable.
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3.1.5. Soil Loss and Carbon Loss Suitability

Mango fields in India are facing severe topsoil erosion. It degrades the structure of the
soil, decreases water retention capability, decreases soil nutrients, and reduces soil depth,
all of which decrease the soil’s productivity [65,66]. ArcGIS software was used to create
all the layers (R, K, LS, C, and P). Annual average soil loss from the Ratnagiri district was
37.80 t/ha. As shown in Figure 6a, approximately 42% of the land falls into the highly
suitable to moderately suitable (<20 t/ha/yr) category. Approximately 36.41% of the land is
unsuitable for mango production due to very severe erosion (>40 t/ha/yr). It is important
to implement different conservation practices to reduce erosion and convert unsuitable
land into suitable land for mango cultivation.
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Accelerated soil erosion is a major environmental issue, resulting in significant soil
organic carbon loss. Soil particle detachment, transportation, and deposition all have a
distinct impact on SOC [67], which varies with physical, chemical, and microbial envi-
ronment. Figure 6b depicts the spatial distribution in carbon loss of the Ratnagiri district.
According to the findings, about 54.39% of the land is highly to moderately suitable, while
the remaining 22.64% is unsuitable due to the severe loss of carbon. As a result, as the rate
of soil erosion increases, the rate of carbon loss also increases.

3.1.6. Soil and Water Conservation Measures

Mango productivity is increased by soil water conservation practices. Mango can be
grown in wastelands, low fertility soils, and drylands [68]. Mango is considered a primary
crop for converting wasteland through the design and planning of watersheds. Various
soil water conservation measures (SWC) are suggested in this study based on climate
conditions and the topography of the land [35–37]. According to the SWC measurements,
22% of the land has been highly to moderately suitable for mango cultivation, as shown
in Figure 7a. Approximately 4.75% of the land is classified as permanently unsuitable,
which involves water bodies, built-up areas, and rocks. Likewise, approximately 71.17%
of the land is currently unsuitable due to land with hilly areas (slope > 20% and covering
about 24.78% of the total area) with the greatest erosion. Approximately 36.41% of the area
suffered major soil erosion. Hence, heavy rainfall and undulating terrain reduce nutrient
availability. Although this land is currently unsuitable, it can be converted into a suitable
one through proper planning of different practices.
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3.1.7. Carbon Sequestration

Carbon sequestration by trees in the form of biomass and soil carbon stock is a
tool for assessing the ecological and sustainable impact of carbon on natural ecosystems.
Carbon sequestration is a potent tool to mitigate the carbon dioxide concentration from the
atmosphere. The rate of carbon sequestration from tree or fruit plantations is significantly
affected by the choice of vegetation types, type of soil, climatic condition, geography,
and tree density [5]. Mango cultivation needs special attention because it is the most
important fruit tree in India and occupies the most land. Thus, suitable land management
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by recommending different soil water conservation measures which reduce soil erosion
has significant climate benefits for improving carbon sequestration.

The carbon sequestration map was shown in Figure 7b, which indicates that 29.95%
of the land was highly suitable, with 1.36% and 10.81% being moderately and marginally
suitable for mango, respectively. Likewise, 53.13% of areas were classified as currently
unsuitable, while 4.75% were classified as permanently unsuitable. This currently unsuit-
able land can be transformed into suitable through the planning of different management
strategies that enhance carbon sequestration.

3.2. Mango Crop Suitability Map Using AHP
3.2.1. Mango Climate Suitability Map

By superimposing maps of rainfall and temperature criteria, a climate suitability
map for mango cultivation was created (Tmax and Tmin). According to the analytical
hierarchical process (AHP), minimum temperature has the largest effect (63%), as shown
in Table 2. Based on the findings, 4.68% of the land was classified as highly suitable for
mango production, 78.33% was moderately suitable, and 16.99% was marginally suitable.
Figure 8a depicts a climate potential map for mango production in the Ratnagiri district.

Table 2. Pairwise comparison matrix and results for criteria used for mango crop suitability.

Criteria
PairWise Comparison Matrix

Weight Consistency Ratio (CR)
(1) (2) (3) (4) (5) (6)

Climate sub-criteria
Tmin flowering stage (1) 1 3 5 63

8%Tmax fruit/harvest stage (2) 1/3 1 3 26
Rainfall (3) 1/5 1/3 1 11

Soil sub-criteria
Soil texture (1) 1 2 3 54

1%Organic carbon (2) 1/2 1 2 30
Bulk density (3) 1/3 1/2 1 16

Erosion hazards sub-criteria
Soil loss (1) 1 3 75

0%Carbon loss (2) 1/3 1 25
Conservation measures sub-criteria

Conservation measures (1) 1 2 67
0%Carbon sequestration (2) 1/2 1 33

Main criteria
Soil (1) 1 3 5 7 9 50

8%
Slope (2) 1/3 1 3 5 7 26

Erosion hazard (3) 1/5 1/3 1 3 5 13
Climate (4) 1/7 1/5 1/3 1 3 7

Cons. Measure (5) 1/9 1/7 1/5 1/3 1 4

3.2.2. Mango Soil Suitability Map

By superimposing maps of soil texture, organic carbon, and BD criteria, a soil suit-
ability map for mango production was created. According to the AHP, soil texture has
the largest effect (54%), as shown in Table 2. From the findings, about 52.92% of the area
was considered to be highly suitable for mango production, 42.44% was moderately suit-
able, and 4.64% of land was unsuitable. Figure 8b depicts a soil potential map for mango
production in the Ratnagiri district.

3.2.3. Mango Erosion Hazards Suitability Map

Overlapping maps of soil loss and carbon loss resulted in the potential erosion risk map.
Table 2 presents the findings of the AHP, which reveal that soil loss is the most significant
factor, with a 75% influence. According to the findings, approximately 24.48% of the land
in the Ratnagiri district was highly suitable, 21.24% was moderately suitable, 19.27% was
marginally suitable, and 35.01% was unsuitable for mango production. Figure 8c depicts
the outcomes of the AHP approach for erosion hazards.
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3.2.4. Mango Conservation Measure Suitability Map

Overlapping maps of conservation measures and carbon sequestration resulted in the
conservation measure suitability map. Table 2 shows that using the AHP, conservation
measures get the greatest influence, with a 67% influence. The outcomes indicate that
approximately 16.54% of the areas in the Ratnagiri district were highly to moderately
suitable, 17.14% were marginally suitable, and 66.32% were currently unsuitable for mango
cultivation (Figure 8d).
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3.2.5. Overall Mango Suitability Map Using Main Criteria

The final suitability map was created by using the weighted overlay technique in
ArcGIS by superimposing suitability maps of soil, slope, climate, conservation measures,
and erosion. The weight value of each main criterion was calculated using AHP, and Table 2
shows soil to be the most significant factor, with a 50% influence. Figure 9a depicts the
overall mango suitability map for the Ratnagiri district based on the main criteria. The
output of study indicates that approximately 84.76% of the land was classified as highly to
moderately suitable, 10.03% as marginally suitable, and 5.18% as currently unsuitable for
mango cultivation.

3.3. Sensitivity Analysis
3.3.1. Before Adoption of Soil and Water Conservation (SWC)

The sensitivity analysis indicates that soil and slope criteria had a significant impact
on the highly suitable (S1) class. The weight for each criterion was determined based on
variations of function by dividing the variance value of each criterion by the total variance
(Table 3). The most important factor is the soil, followed by slope, erosion, conservation
measures, and climate. As similar studies showed, soil is an important parameter in mango
crop followed by slope and then erosion risk [27].

Table 3. Weight of each parameter based on variations of function.

Criteria V Weight Rank

Soil 51.49 0.38 1
Slope 38.31 0.28 2

Climate 5.87 0.04 5
Cons. Measure 15.35 0.11 4

Erosion 25.06 0.18 3
Total 136.08 1.00 -

3.3.2. Overall Mango Land Suitability Map Using Sensitivity Analysis

The overall mango suitability map revealed that 749.92 km2 (8.86%) areas were highly
suitable, 5420.58 km2 (64.08%) as moderately suitable, 1871.04 km2 (22.12%) as marginally
suitable, and the remaining area, 417.46 km2 (4.94%), was unsuitable for mango (Figure 9b).
Mango cultivation on barren and fallow land is possible with intensive conservation mea-
sures and irrigation techniques. As a result, marginally suitable land can be transformed
into moderately suitable land through the implementation of conservation measures such
as drainage and irrigation techniques.

3.4. Accuracy Assessment

There were a total of 112 ground reference points collected from the study area and
compared with classified suitability data. In the present study, the accuracy was estimated
using the Kappa coefficient, and the results indicated the excellent accuracy of 0.87 which
showed that it is an effective method of assessment of accuracy.

3.5. Spatial Variation in Soil Loss after Implementation of SWC

The average annual soil loss in the Ratnagiri district was measured after implementa-
tion of soil water conservation measures. The results revealed that approximately 90% of
the areas are highly suitable to moderately suitable, while the remaining 3.17% is unsuitable
due to severe soil loss (>40 t/ha/yr). Thus, results when compared before and after conser-
vation measures, found that the highly suitable area increased from 23.53% to 75.38% after
implementing conservation measures. Similarly, the area under moderately suitable was
reduced from 18.38% to 15.04% after conservation measures. It was also discovered that
the area found as marginally suitable was reduced from 21.68% to 6.41%. C loss followed a
similar pattern.
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Figure 9. Overall suitability map for: (a) mango crop production using AHP; (b) mango crop
production using sensitivity analysis before SWC; (c) mango crop production after adoption of SWC;
(d) Distribution of suitability classes (% area coverage).

3.5.1. Sensitivity Analysis after Implementation of SWC

Thus, following the implementation of SWC, 26 weighting schemes were run again using
soil loss and carbon loss. The results revealed that soil loss is the most important parameter
followed by soil, slope criteria, conservation measures, and climate after SWC recommendation.
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3.5.2. Overall Mango Land Suitability Map (after Implementation of SWC)

The overall suitability map after implementation of soil and water conservation mea-
sures for mango crop production was shown in Figure 9c. It showed that 19.37% of the
area was determined to be highly suitable, 68.79% as moderately, 7.00% as marginally, and
4.83% to be unsuitable for mango crop. Thus, by comparing overall suitability map as use
of soil loss before and after SWC measures, it is seen that the area under the highly suitable
class can be increased by 19.37% as compared to 8.86%. Similarly, the area in moderately
suitable increased by 68.79% compared to 64.08%. It was also discovered that the area in
marginally suitable was reduced from 22.12% to 7.00% after conservation measures were
implemented. Hence, it is expected that, after implementation of conservation measures,
marginally and moderately suitable land will be converted into highly suitable land.

4. Conclusions

In this study, a multi-criteria decision-making (MCDM) model with geographic infor-
mation systems (GIS) was used to predict mango crop suitability in eco-sensitive zones in
Konkan region of Maharashtra. Analysis was done by using MCDM tools which showed
about 8.86% area is highly suitable, 64.08% moderately suitable, 22.12% marginally suitable,
and 4.94% unsuitable for mango cultivation in the Ratnagiri district before adoption of
SWC. Sensitivity analysis showed that soil parameter was the most important factor before
SWC. Although, erosion was another crucial factor followed by soil, slope, conservation
measures, and climate after SWC; it is expected to increase the area under the highly
suitable class up to 19.37%. By Kappa analysis, the Kappa coefficient was found as 0.87,
as these results match the area under mango crop up to 90.18% (overall accuracy). Hence,
the study showed that MCDM with GIS-based AHP and sensitivity analysis techniques
improved the accuracy of multi-criteria decision-making output for each criterion. The
mango productivity, as well as production, could be further increased by adoption of
innovative soil and water management techniques. Hence, mango orchards should not
be considered only to raise income but also benefits in terms of soil conservation and
carbon sequestration. It will increase the income through carbon credits, although the use
of high-resolution satellite images will help in the assessment of finer details. As erosion
and soil formation are continuous processes, the depth of the soil may vary in the future.
The study will assist farmers, farm managers, and decision-makers in increasing the best
selection of land under mango cultivation based on land suitability. The mango suitability
map would assist the policy makers in implementing and developing strategic policies
without hampering the local biodiversity and losses of carbon. Mango plantations with
appropriate soil and water conservation measures will be suitable to reduce soil erosion
and increase carbon sequestration, and could bring the area under mango cultivation as
per land suitability. It helps in better planning for carbon credits at the regional level.
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