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Abstract: Identification of cropland suitability is obligatory to adapting to the increased food needs
driven by population expansion, environmental contamination, and climate change. Given this, the
present study was conducted to assess cereal crops’ suitability in India’s Haryana state by integrating
Analytic Hierarchy Process (AHP) and geographic information system (GIS) technique. Multiple
factors were considered for this study, such as rainfall, temperature, soil texture, drainage density,
pH, organic carbon, electrical conductivity, and slope. The AHP technique was utilized to decide
the weights of each individual parameter using experts’ opinions. The crop-suitability model was
developed using the model builder module in ArcGIS 10.8, and each input parameter was reclassified
as per the optimum crop-growth requirement and overlaid utilizing the reclassify tool and weighted
overlay analysis. The crop suitability classes were estimated as highly suitable, S1 (6%); moderately
suitable, S2 (71%); and marginally suitable, S3 (23%) for the calculated arable land for the wheat
crop. Similarly, the crop suitability class of rice S2 (28%); S3 (72%), for sorghum S1 (28%); S2 (71%);
S3 (1%), for maize S2 (85%); S3 (15%) and for pearl millet S1 (60%); S2 (40%) were also estimated.
The study has observed that, as per the soil physico-chemical characteristics and climate, the area
is moderately fertile. Therefore, agricultural production can be improved by cultivating the crop in
highly and moderately suitable zones. Diversification of marginally suitable regions for crops other
than that for which it is not suitable can be taken up, which will also ensure the income security of
marginal farmers.

Keywords: crop suitability; Analytical Hierarchy Process (AHP); geographic information system
(GIS); rice; sorghum; maize; pearl millet

1. Introduction

Cropland-suitability assessment plays a vital role in agricultural development and
planning. Climate change has emerged as a global challenge that impacts agricultural
production and food security across the world [1]. Due to the increasing population
in developing countries such as India, natural resources such as land, water, minerals,
and biomass are currently underexploited. Crop production without considering a land
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suitability analysis would lead to land degradation [2]. In the present scenario, where land
is a limiting aspect, it is unattainable to expand the area being farmed. Therefore, land
suitability classes should be identified to increase cereal production with available land.
The crops have to be cultivated in their best-suited areas. Hence, land-suitability analysis is
required for sustainable crop production [3,4].

Many researchers have used GIS and remote-sensing techniques to assess land suit-
ability, to increase crop production and reduce environmental footprints and the cost for
the input material [5–8]. As a multicriterion decision-analysis (MCDA) technique, AHP is
widely adopted and known to be one of the most efficient methods in defining the weights
of factors [9], and to solve different problems based on complex factors at distinct stages.
Some researchers have used either the GIS technique [5,10,11] or the AHP method [12,13]
alone in land-suitability assessment and observed that either managing the weights of
each individual parameter is indigent or insufficient in determining a suitability index.
Furthermore, the integration of AHP and GIS-based techniques in assessing land suitability
has excellent prospects to enhance the efficiency and accuracy of findings [14–18]. Using
the AHP method of the MCDA technique with GIS is a valuable method for diversifying
the crops and cropping systems for obtaining better output from agriculture-food sys-
tems [19]. Hence, GIS permits the build-up of models utilizing a new thematic map (e.g.,
a land-suitability map) that can be developed from a set of thematic maps (viz., climatic
map, soil map, etc.). Identification of suitable crops will further facilitate environmentally
friendly sustainable agriculture by developing optimum crop plans. Most of the farmers
of Haryana—one of the leading food producer provinces of India—are practicing simi-
lar cropping patterns in their land due to a lack of awareness of land-suitability-based
crop production.

Table 1 shows the trends pertaining to acreage and per cent share of major crops over
the period of the last 50 years in Haryana. More than 50 per cent of the gross cropped
area (GCA) is under wheat and rice cultivation in Haryana. The share of both the crops
has been increasing over the time. Rice has occupied around 22 per cent of the area of
the total cropped area of the state in triennium ending (TE) 2020, which was only 5.7%
during TE 1973. Wheat has shown an increase of 15% share during the last 50 years. On
the other hand, the share of sorghum, pearl millet and maize decreased considerably in
the same period. Favorable government policies and assured prices of rice and wheat
have also converted Haryana to a monocrop state, leading to the problem of water scarcity.
Therefore, there is need to find the crops that are bio-physically suitable, so as to overcome
the problem of water scarcity.

Table 1. Acreage and % share of major crops of Haryana over different periods of time.

TE 1973 TE 1993 TE 2013 TE 2020 TE 1973 TE 1993 TE 2013 TE 2020
Crops Area (‘000 Ha) Share in GCA (%)

Rice 284 668 1232 1439 5.7 11.6 19 22
Sorghum 197 117 64 39.4 4 2 1 1

Pearl Millet 888 603 550 456 17.9 10.4 8.5 7
Maize 113 31 9 6 2.3 0.5 0.1 0.1
Wheat 1192 1871 2511 2509 24 32.4 38.7 39

Source: estimated by authors.

In the present study, the AHP technique coupled with GIS were used to systematically
assess the cropland suitability of the target ecology for different cereal crops, such as wheat,
rice, maize, sorghum and pearl millet, utilizing soil, climatic and topographical parameters.

Furthermore, the novel research contributions of the presented study are: (a) there
exists only a handful scientific studies that identify the best-suitable area for cereals pro-
duction [20–23] and these exist mostly for particular districts and not for a whole state,
whereas the present work considers the whole state as its study area using the GIS–AHP
approach, and (b) the study provides an effective approach for the selection of a possible
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cropping pattern based on agro-ecological suitability, while most of the existing works are
based on conventional methods for the same objective [6,21,24–26].

The remainder of the article is organized as follows: Section 2 elaborates on the
methodology and dataset used in the presented study, Section 3 describes the results and
experiments conducted in the work along with a sensitivity analysis. Section 4 gives a
brief discussion of the obtained results using the proposed methodology, and a compact
summary is given in Section 5 of the article.

2. Materials and Methods
2.1. Study Area

The study was executed for Haryana state of India, located between 27◦39′ to 30◦55.5′ N
latitude and 74◦27.8′ to 77◦36.5′ E longitude and at the altitude of 200 m to 300 m above
mean sea level (Figure 1). The state’s total area is 4.42 m ha, which is about 1.35% of the
country’s geographical area. The daily temperature in the state fluctuates between 5 ◦C
and 15 ◦C in winter and 15 ◦C and 45 ◦C during summer season. There are two main
agro-climatic zones in Haryana, namely, the southwestern zone and the northeastern zone.

As per the report of the Ground Water Cell, Agriculture and Farmer Welfare Depart-
ment, Haryana, the state’s water table has fallen from 10.44 (1970) to 20.71 (2019) meters
(www.tribuneindia.com (accessed on 2 April 2022)). Furthermore, increasing fertilizer
usage and decreasing soil fertility over the past few decades in the state [27] calls for the
need for crop suitability management in this region.
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Figure 1. Map of the present study region.

2.2. Data Used

The parameters undertaken to evaluate the land suitability for crop production in-
cludes soil reaction (pH), electrical conductivity (ECe), organic carbon (OC), soil texture,
soil drainage, temperature, rainfall, slope and land use/land cover (Table 2) based on a
relevant literature review [28–33].

www.tribuneindia.com
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Table 2. List of the data sets used in the present study.

Data/Maps Description Source

Soil physical parameters Texture and drainage on 1:500,000 Scale National Bureau of Soil Survey and Land
Use Planning (NBSS&LUP)

Soil chemical parameters pH, ECe, OC
Soil health card (SHC) website

https://www.soilhealth.dac.gov.in
(accessed on 15 June 2019)

Climatic parameters Daily temperature and rainfall (from 1985 to 2017)

India Meteorological Department (IMD)
and Water Resources Information System
(WRIS) website https://indiawris.gov.in

(accessed on 15 June 2019)

Digital Elevation Model (DEM) Slope Bhuvan (http://bhuvan.nrsc.gov.in/
(accessed on 4 July 2019)

Cropland map MODIS 500 m resolution
USGS Earth Explorer

https://earthexplorer.usgs.gov/
(accessed on 4 July 2019)

2.3. Generation of Thematic Maps

Thematic maps of climatic and soil chemical parameters were created using the in-
verse distance weighted (IDW) interpolation technique in ArcMap10.8 software. The
soil map acquired from NBSS&LUP was scanned, georeferenced and digitized in Ar-
cMap10.8 software to create soil texture and drainage maps. The DEM images downloaded
from Bhuvan website were used to prepare the slope map. The land use/land cover
(cropland) map was created by images acquired from the USGS earth explorer website
www.earthexplorer.usgs.gov (accessed on 4 July 2019) in GIS environment.

2.4. Weight Determination Using the AHP Method of MCDA

The AHP method is considered among the best available approaches of MCDA, which
was used for assessing and analyzing land-use suitability for different crops [12,34–37].
The pairwise comparison matrix was created on the basis of the relative importance of one
criterion over another for determining the parameter weights, as per the AHP preference
scale (Table 3).

Table 3. Preference scale between two parameters in AHP [38].

Relative Importance Definition Description

1 Equally important Two factors contributing uniformly to the predefined goal.

3 Moderately important Experience and judgment are negligibly in favor of one as
compared to the another.

5 Strongly important Experience and judgement strongly in favor of one in
comparison to the other.

7 Very strong important Experience and judgments very strongly favor one over
the another. Its necessity is revealed in practice.

9 Extremely important The sign favoring one as compared to the other parameter
is of the maximum possible validity.

2, 4, 6, 8 Intermediate When compromise is needed

Reciprocals Less importance
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A scale of 9 indicates that one factor is more important than the other, while 1 means
equal importance. The reciprocals of 1 to 9 (1/1 and 1/9) show that one is less important
than the other [24,39]. For example, in the case of wheat crop (Table 4), when comparing
slope and soil texture parameters, a value of 1 is equally essential while a value of 1/3
means that slope is less important than texture. Reciprocal values 1/3, 1/5, 1/7, 1/9 were
used in cases where the row factor was found to be less important than the column factor.

The PWCM with the parameters’ weights for each crop were generated (Tables 4–8).
In the PWCM, the importance of parameters was decided by considering the opinion of
a group of experts. The expert panel consisted of senior-level professors and scientists
from diverse domains, including plant experts, soil experts, agronomists, economists, and
agro-meteorologist from national-level research and teaching institutes.

Table 4. Pairwise comparison matrix and parameters’ weights in AHP for wheat crop.

Criteria Slope Temperature Rainfall pH OC ECe Drainage Texture

Pairwise comparison matrix
Slope 1 1/7 1/5 1/5 1/5 1/5 1/5 1/3

Temperature 7 1 3 1 5 3 3 2
Rainfall 5 1/3 1 1 3 1 1 1

pH 5 1 1 1 1/3 1 1 1
OC 5 1/5 1/3 3 1 3 1 3
ECe 5 1/3 1 1 1/3 1 1 3

Drainage 5 1/3 1 1 1 1 1 1
Texture 3 1/2 1 1 1/3 1/3 1 1

Column total 36.00 3.84 8.53 9.20 11.20 10.53 9.20 12.33
Normalized pairwise comparison matrix

Slope 0.03 0.04 0.02 0.02 0.02 0.02 0.02 0.03
Temperature 0.19 0.26 0.35 0.11 0.45 0.28 0.33 0.16

Rainfall 0.14 0.09 0.12 0.11 0.27 0.09 0.11 0.08
pH 0.14 0.26 0.12 0.11 0.03 0.09 0.11 0.08
OC 0.14 0.05 0.04 0.33 0.09 0.28 0.11 0.24
ECe 0.14 0.09 0.12 0.11 0.03 0.09 0.11 0.24

Drainage 0.14 0.09 0.12 0.11 0.09 0.09 0.11 0.08
Texture 0.08 0.13 0.12 0.11 0.03 0.03 0.11 0.08

Normalized sum of rows Normalized average rows Eigenvector

Eigenvector
Slope 0.20 0.20/8 0.024

Temperature 2.13 2.13/8 0.266
Rainfall 1.00 1.00/8 0.125

pH 0.94 0.94/8 0.117
OC 1.28 1.28/8 0.160
ECe 0.93 0.93/8 0.116

Drainage 0.83 0.83/8 0.103
Texture 0.69 0.69/8 0.086

λmax = 8.95, n = 8, CI (consistency index) = 0.136, RI (random index) = 1.41, CR = 0.096, ∑ = 1.

Table 5. Pairwise comparison matrix and weights of the parameters in AHP for rice crop.

Criteria Slope Temperature Rainfall pH OC ECe Drainage Texture

Pairwise comparison matrix
Slope 1 1 1/5 1 1/3 1 1 1/3

Temperature 1 1 1/5 1 1/3 1/3 1 1
Rainfall 5 5 1 3 1 3 3 1

pH 1 1 1/3 1 1/3 1 3 1/3
OC 3 3 1 3 1 3 1 1
ECe 1 3 1/3 1 1/3 1 1 3

Drainage 1 1 1/3 1/3 1 1 1 1
Texture 3 1 1 3 1 1/3 1 1
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Table 5. Cont.

Criteria Slope Temperature Rainfall pH OC ECe Drainage Texture

Column total 16.00 16.00 4.40 13.33 5.33 10.67 12.00 8.66
Normalized pairwise comparison matrix

Slope 0.06 0.06 0.05 0.08 0.06 0.09 0.08 0.04
Temperature 0.06 0.06 0.05 0.08 0.06 0.03 0.08 0.12

Rainfall 0.31 0.31 0.23 0.23 0.19 0.28 0.25 0.12
pH 0.06 0.06 0.08 0.08 0.06 0.09 0.25 0.04
OC 0.19 0.19 0.23 0.23 0.19 0.28 0.08 0.12
ECe 0.06 0.19 0.08 0.08 0.06 0.09 0.08 0.35

Drainage 0.06 0.06 0.08 0.03 0.19 0.09 0.08 0.12
Texture 0.19 0.06 0.23 0.23 0.19 0.03 0.08 0.12

Normalized sum of rows Normalized average rows Eigenvector

Eigenvector
Slope 0.52 0.52/8 0.065

Temperature 0.54 0.54/8 0.067
Rainfall 1.91 1.91/8 0.239

pH 0.72 0.71/8 0.090
OC 1.49 1.49/8 0.187
ECe 0.99 0.99/8 0.123

Drainage 0.71 0.71/8 0.088
Texture 1.12 1.12/8 0.140

λmax = 8.95, n = 8, CI (consistency index) = 0.136, RI (random index) = 1.41, CR = 0.096, ∑ = 1.

Table 6. Pairwise comparison matrix and weights of the parameters in AHP for sorghum crop.

Criteria Slope Temperature Rainfall pH OC ECe Drainage Texture

Pairwise comparison matrix
Slope 1 1 1/3 3 1/3 1/3 1/3 1

Temperature 1 1 1/3 1 1/3 1/3 1/3 1
Rainfall 3 3 1 1/3 1 1 1 3

pH 1/3 1 3 1 1/3 1 1/3 1
OC 3 3 1 3 1 3 3 3
ECe 3 3 1 1 1/3 1 1 1

Drainage 3 3 1 3 1/3 1 1 1
Texture 1 1 1/3 1 1/3 1 1 1

Column total 15.33 16.00 8.00 13.33 4.00 8.67 8.00 12.00
Standardized pairwise comparison matrix

Slope 0.07 0.06 0.04 0.23 0.08 0.04 0.04 0.08
Temperature 0.07 0.06 0.04 0.08 0.08 0.04 0.04 0.08

Rainfall 0.20 0.19 0.13 0.03 0.25 0.12 0.13 0.25
pH 0.02 0.06 0.38 0.08 0.08 0.12 0.04 0.08
OC 0.20 0.19 0.13 0.23 0.25 0.35 0.38 0.25
ECe 0.20 0.19 0.13 0.08 0.08 0.12 0.13 0.08

Drainage 0.20 0.19 0.13 0.23 0.08 0.12 0.13 0.08
Texture 0.07 0.06 0.04 0.08 0.08 0.12 0.13 0.08

Normalized sum of rows Normalized average rows Eigenvector

Eigenvector
Slope 0.64 0.64/8 0.080

Temperature 0.49 0.49/8 0.061
Rainfall 1.27 1.27/8 0.159

pH 0.86 0.86/8 0.107
OC 1.95 1.95/8 0.244
ECe 0.99 0.99/8 0.124

Drainage 1.14 1.14/8 0.143
Texture 0.65 0.65/8 0.081

λmax = 9.12, n = 8, CI (consistency index) = 0.160, RI (random index) = 1.41, CR = 0.1, ∑ = 1.



Sustainability 2022, 14, 5246 7 of 21

Table 7. Pairwise comparison matrix and weights of the parameters in AHP for maize crop.

Criteria Slope Temperature Rainfall pH OC ECe Drainage Texture

Pairwise comparison matrix
Slope 1 1/6 1/5 1/3 1/7 1/6 1 1/7

Temperature 6 1 1 2 1
2 2 2 1

Rainfall 5 1 1 1
2 1 3 2 2

pH 3 1
2 2 1 1

4 1 1 3
OC 7 2 1 4 1 5 1 2
ECe 6 1

2 1/3 1 1/5 1 1 1
Drainage 1 1

2
1
2 1 1 1 1 1

Texture 7 1 1/2 1/3 1/2 1 1 1
Column total 36.00 6.67 6.53 10.17 4.59 14.17 10.00 11.14

Normalized pairwise comparison matrix
Slope 0.03 0.03 0.03 0.03 0.03 0.01 0.10 0.01

Temperature 0.17 0.15 0.15 0.20 0.11 0.14 0.20 0.09
Rainfall 0.14 0.15 0.15 0.05 0.22 0.21 0.20 0.18

pH 0.08 0.08 0.31 0.10 0.05 0.07 0.10 0.27
OC 0.19 0.30 0.15 0.39 0.22 0.35 0.10 0.18
ECe 0.17 0.08 0.05 0.10 0.04 0.07 0.10 0.09

Drainage 0.03 0.08 0.08 0.10 0.22 0.07 0.10 0.09
Texture 0.19 0.15 0.08 0.03 0.11 0.07 0.10 0.09

Normalized sum of rows Normalized average rows Eigenvector

Eigenvector
Slope 0.27 0.27/8 0.034

Temperature 1.21 1.21/8 0.151
Rainfall 1.30 1.30/8 0.163

pH 1.06 1.06/8 0.132
OC 1.89 1.89/8 0.236
ECe 0.69 0.69/8 0.087

Drainage 0.76 0.76/8 0.094
Texture 0.82 0.82/8 0.103

λmax = 8.97, n = 8, CI (consistency index) = 0.139, RI (random index) = 1.41, CR = 0.099, ∑ = 1.

Table 8. Pairwise comparison matrix and weights of the parameters in AHP for pearl millet crop.

Criteria Slope Temperature Rainfall pH OC ECe Drainage Texture

Pairwise comparison matrix
Slope 1 1 1/3 3 1/3 1/3 1/3 1

Temperature 1 1 1/3 1 1/3 1/3 1/3 1
Rainfall 3 3 1 1 1 1 1 3

pH 1/3 1 1 1 1/3 1 1/3 1
OC 3 3 1 3 1 3 3 3
ECe 3 3 1 1 1/3 1 1 1

Drainage 3 3 1 3 1/3 1 1 1
Texture 1 1 1/3 1 1/3 1 1 1

Column total 15.33 16.00 6.00 14.00 4.00 8.67 8.00 12
Normalized pairwise comparison matrix

Slope 0.07 0.06 0.06 0.21 0.08 0.04 0.04 0.08
Temperature 0.07 0.06 0.06 0.07 0.08 0.04 0.04 0.08

Rainfall 0.20 0.19 0.17 0.07 0.25 0.12 0.13 0.25
pH 0.02 0.06 0.17 0.07 0.08 0.12 0.04 0.08
OC 0.20 0.19 0.17 0.21 0.25 0.35 0.38 0.25
ECe 0.20 0.19 0.17 0.07 0.08 0.12 0.13 0.08

Drainage 0.20 0.19 0.17 0.21 0.08 0.12 0.13 0.08
Texture 0.07 0.06 0.06 0.07 0.08 0.12 0.13 0.08
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Table 8. Cont.

Criteria Slope Temperature Rainfall pH OC ECe Drainage Texture

Normalized sum of rows Normalized average rows Eigenvector

Eigenvector
Slope 0.64 0.64/8 0.081

Temperature 0.50 0.50/8 0.063
Rainfall 1.36 1.36/8 0.170

pH 0.65 0.65/8 0.081
OC 1.99 1.99/8 0.248
ECe 1.03 1.03/8 0.129

Drainage 1.17 1.17/8 0.146
Texture 0.66 0.66/8 0.083

λmax = 8.64, n = 8, CI (consistency index) = 0.092, RI (random index) = 1.41, CR = 0.065, ∑ = 1.

Priorities were specified by standardizing the PWCM. For this standardization, a
normalized pairwise comparison matrix was constructed by dividing the column values
of the matrix by the respective column sum [40]. The row values in the created matrix
were added, and the resultant value was divided by the total number of factors in the
particular row. In such a way, a priority vector was acquired. The pairwise matrix can be
mathematically described as:

A =


a11 a12 . . . a1n
a21 a22 . . . a2n

. . . .

. . . .
an1 an2 . ann

 (1)

In the pairwise matrix, the sum of each column was represented as follows:

aij =
n

∑
i=1

aij (2)

Then, each value in the matrix was divided by the respective column sum to create a
standardized pairwise matrix:

bij =
aij

∑n
i=1 aij

=


b11 b12 . . . b1n
b21 b22 . . . b2n

. . . .

. . . .
bn1 bn2 . bnn

 (3)

Lastly, the sum of the standardized matrix column was divided by the total number of
criteria considered (n) to create the weighted matrix of the priority criteria:

wij =
∑n

j=1 bij

n
=


w11
w12

.

.
w1n

 (4)

The original consistency vectors were obtained by multiplication of the pairwise matrix
by the weight vectors:
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a11 a12 . . . a1n
a21 a22 . . . a2n

. . . .

. . . .
an1 an2 . ann

×


w11
w12

.

.
w1n

 =


a11w11 a12w12 . . . a1nw1n
a21w12 a22w22 . . . a2nw1n

. . . .

. . . .
an1w1n an2wn2 . annw1n

 =


v11
v12

.

.
v1n

 (5)

Furthermore, the principal eigenvector (λmax) was computed by averaging the ele-
ments of the consistency vector:

λmax =
n

∑
i=1

avij (6)

Eigenvalues were computed by averaging the respective rows of each matrix, these
values were also mentioned to as relative weights.

In the AHP method, while executing the pairwise comparisons of criteria, a certain
level of variation may follow. To tackle this problem, consistency ratio (CR) was used for
preventing bias through criteria weighting. As a solution, eigenvectors and the largest
eigenvalue of the respective matrix were computed, and the consistency index (CI) was
examined using the following equation:

CI = (λmax − n)/(n− 1) (7)

Here, λmax represents the maximum eigenvalue of the pairwise comparison matrix
and n is the number of criteria in each PWCM.

Finally, the uniformity of the PWCM was examined using the random consistency
index (RI) value, as shown in Table 9. CR was computed by using the method given below.

CR = CI/RI (8)

To be valid, its consistency ratio should be ≤0.10 [41]. If the acquired value is larger
than 0.10, it is essential to develop the PWCM.

Table 9. Random index (RI) value for varying “n” in the AHP [40,42].

n 1 2 3 4 5 6 7 8 * 9 10

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49
* The RI value for 8 criteria is 1.41.

2.5. Suitability Analysis

After computing the weight of each criterion relative to the crops and the generation
of thematic layers of input parameters, the suitability models were developed for each
crop by using the model builder module of ArcGIS 10.8 software (Figure 2). The crop-wise
thresholds for input parameters were prepared based on the NBSS&LUP crop-suitability
manual [43]. Each criterion was reclassified into four groups, namely, S1 represents land that
is highly appropriate for crops with no limiting factors, S2 denotes land that is moderately
suitable with some limiting factors, S3 denotes land that is marginally ideal for crops
with severe limiting factors, and N indicates land unsuitable for agriculture. After that,
suitability maps for each crop were obtained by integrating all the reclassified thematic
layers, including LU/LC map (Figure 3k) with corresponding weights derived from AHP
using weighted overlay analysis (WOA) technique, as follow:

S =
n

∑
j=1

wj · xj where,
n

∑
j=1

wj = 1 (9)

where wj is the weight of criterion j, xj is the obtained score of criterion j, n is the total
number of criteria, and S is the suitability score corresponding to each crop, from the
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complete target region. The flow chart of the methodology used in this study is illustrated
in Figure 2.
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2.6. Sensitivity Analysis

The main purpose of conducting sensitivity analysis is to investigate the influence on
overall outcome by changing the weights of parameters [41,44]. There are three ways of
performing parameter sensitivity analysis: changing the relative importance of parameters,
changing the value of the parameters, and changing the weights of the parameters. In
this study, the sensitivity analysis has been carried out based on changing weights of the
parameters following the “what-if” approach. Sensitivity analysis provides a potential
decision-making procedure to identify the key factor that influences the initial decision the
most. In this study, each parameter was assigned equal weights through weighted overlay
analysis and final maps were generated for each crop, which depict the extent of spatial
variability of suitability classification.

3. Results
3.1. Spatial Variability of Soil and Climatic Parameters

The results indicated that the soil pH in the target area fluctuated between 7.0 and
8.3 with a mean value of 7.65 (Figure 3c). The maximum area was found to be slightly
alkaline (55.8%) followed by moderately alkaline (43.8%). The soils were non-saline to
slightly saline as the ECe value ranged between 0.16 to 1.36 dSm−1. About 98% of the total
area was found to be non-saline (<0.8 dSm−1) (Figure 3e). In the case of OC, only 2.9% of
the total area was characterized by high availability (>0.75%), whereas 53.3% of the area
was medium availability (0.4–0.75%) and 43.7% of the region in low availability (<0.4%)
(Figure 3d). In the case of soil texture, a total of five texture classes, namely, sandy (25.95%),
sandy loam (32.47%), clay loam (19.03%), sandy clay loam (20.04%) and clayey (0.27%),
were found in the study area (Figure 3a). While, in case of drainage, four classes, namely,
moderately well drained (42.39%), well drained (30.95%), excessively drained (26.37%) and
imperfectly drained (0.27%), were identified (Figure 3b).

The average rainfall varied between 37 mm to 96 mm in the rabi season (Figure 3f) and
244 mm to 660 mm in the Kharif season (Figure 3g). During rabi season, the highest rainfall
(80 mm to 96 mm) was observed in Panchkula, Ambala and Yamunanagar and the lowest
rainfall (37 mm to 52 mm) was observed in the southwestern zone, including some districts
of the northeastern area, namely, Rohtak, Jhajjar, Gurugram, Faridabad, Palwal and Mewat;
while, during kharif season the highest rainfall (500 mm to 660 mm) was observed in the
Panchkula, Ambala and Yamunanagar districts whereas the lowest rainfall ranges between
(244 mm to 337 mm) was observed in the Sirsa, Hisar and Fatehabad districts. During both
seasons, a gradual decrease in rainfall was also noticed from the northeastern zone to the
southwestern zone. In the case of average seasonal temperature, minimal spatial variability
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was seen during rabi and kharif. During the rabi and kharif seasons, the average seasonal
temperature varied from 17 to 19 ◦C (Figure 3h) and 30 to 32 ◦C (Figure 3i), respectively.

3.2. Slope Map

The slope represents the topography of the region or indicators of the geomorpholog-
ical characteristics of the soil. A DEM was used to construct the slope map of the target
region. A lower slope denotes a flatter terrain, and a higher slope indicates a steeper
topography.

The slope of the study area varied between less than 3.4% to greater than 40 per cent.
The reclassified slope map reveals that most of the study area has a slope of less than or
equal to 3.4%, as shown in Figure 3j; practically all the target regions are appropriate for
the cultivation of all the crops from the perspective of the slope.

3.3. AHP Analysis

The weight of eight parameters was calculated cropwise in the AHP analysis, to define
the priority of the criteria in comparison to each other, which effects the final suitability
map of each crop. The results of AHP showed that temperature was the most important
criterion, with a weightage of 26.6% in the case of the wheat crop. In contrast, rainfall was
the important criterion for rice, with a weightage of 23.9%. The slope was noted as least
significant for wheat and rice, with weightages of 2% and 6%, respectively (Tables 4 and 5).
For sorghum, maize and pearl millet, OC was observed as the most important criterion with
weightages of 24.4%, 23.6%, and 24.8%, respectively. At the same time, temperature was the
least important for sorghum and pearl millet with weightages of 6% and 8%, respectively;
while, for maize, slope was found to be the least essential criterion with a weightage of 3.4%
(Tables 6–8). These preferences are mathematically accurate and intuitively understandable,
as the estimated score was obtained through the ratio scale.

3.4. Suitability Analysis for Different Crops

A land-suitability study was executed to evaluate the extent and degree of the capabil-
ity of the land for the production of various crops (wheat, sorghum, rice, pearl millet, and
maize). The integration of the AHP and the geospatial technique was carried out to assess
the suitability of the target area for different crops considering specific climatic parameters,
and topographical and physico-chemical land characteristics. This study illustrates that
higher crop production can be achieved by the proper utilization of similar characteristics
of soil in a specific agroclimatic region under deliberate management practices.

The suitability maps were obtained for each crop after running the model. For example,
the model developed for wheat-cropland suitability is presented in Figure 4, and the
dissemination of suitability classes (by percentage area coverage) for different crops is
presented in Figure 5. The suitability map for each crop is shown in Figure 6.

3.4.1. Wheat (Triticum aestivum)

Figure 6a illustrates the analysis results of the suitability of the wheat crop using MCE-
AHP. The results indicated that only 6.3% of the arable land is fit for the wheat crop, found
mainly in Kaithal and some parts of the Kurukshetra, Ambala, Yamunanagar, Jind, and
Sirsa districts. A moderately suitable region constitutes the most substantial fraction (70.4%)
of the calculated arable region, mainly found in the eastern zone, including some parts of
the Hisar, Fatehabad, Bhiwani Sirsa, Rewari and Dadri districts of the western zone. In
contrast, marginally suitable constitutes 23.2% of the calculated arable land covering most
of the area of Mahendragarh and some parts of the Rewari, Bhiwani, Dadri, Gurugram,
Mewat, Fatehabad, Hisar and Sirsa districts.
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Figure 4. GIS logical model for suitability of wheat (Triticum aestivum).
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Figure 5. The distribution of crop-suitability classes.

3.4.2. Rice (Oryza sativa)

The results showed that the 28.29% of the land that is moderately suitable for rice pro-
duction is found in some districts under the northeastern zone. In comparison, marginally
suitable includes the most substantial proportion, with 71.71% of the calculated arable
land, and is found mainly in the southwestern and some parts of the northeastern zone
(Figure 6b). The significant limitations faced by rice cultivation in the area under study are
the low availability of organic carbon, well drained to somewhat excessively drained soil
drainage conditions, and low rainfall intensity in this region.
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3.4.3. Sorghum (Sorghum bicolor)

The result indicated that moderately suitable includes the most substantial proportion
with 71.16% of the calculated arable region for sorghum production to be found mainly
in the Ambala, Yamunanagar, Panchkula, Kurukshetra, Kaithal, Jind, Karnal districts and
some parts of Panipat, Sonipat, Jhajjar, Faridabad and Palwal. Highly suitable constitutes
about 27.85% of the land found in almost all the districts, due to favorable conditions, while
marginally suitable constitutes only 0.99% of the calculated arable land, found only in some
parts of the Sirsa district (Figure 6c).
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3.4.4. Maize (Zea mays)

The result for the maize-suitability assessment indicated that moderately suitable
constitutes the most substantial proportion, with 84.96% of the calculated arable region for
maize production found in most Haryana state districts. Conversely, only 15.04% of the
calculated arable land was marginally suitable, and found in the districts of Mahendragarh,
Dadri, Gurugram, Bhiwani, Mewat, Sirsa and Hisar, due to sandy soil and somewhat
excessively drained soil conditions (Figure 6d).

3.4.5. Pearl Millet (Pennisetum glaucum)

The land-suitability analysis showed that Pear millet is a highly suitable crop across
the state. The result showed that highly suitable constitutes the most substantial proportion,
with 60.14% of the calculated arable region, found in almost all the districts of Haryana
except Mahendragarh, Rewari and Gurugram. While moderately suitable constitutes
39.86% of the calculated arable land, located in the Mahendragarh, Rewari, Gurugram,
and some parts of the Sirsa, Fatehabad, Kaithal, Bhiwani, Hisar, Faridabad, Palwal and
Panchkula, districts. A large area falls under the highly suitable group in the target area
because of prevailing conditions (Figure 6e).

3.5. Sensitivity Analysis

The sensitivity analysis that was performed using the same weights for all the criteria
generated different result at different levels in the suitability analysis. The results showed
that, in case of wheat, 4.99% of the arable land is highly suitable (S1), 85.44% of the area was
observed to be the moderately suitable (S2) class, while 9.57% of the area was marginally
suitable (S3). In the case of rice, it was observed that 47.25% of the area was found to be
moderately suitable (S2) and 52.75% of the area was found to be marginally suitable (S3).
For sorghum crop, 68.38% of the area was found to be moderately suitable, followed by
highly suitable with 31.5% and 0.12% of the marginally suitable class (S3). In the case of
maize, the majority of the area (96.99%) was found to be the moderately suitable class (S2)
followed by 2.60% marginally suitable (S3) and 0.41% of the highly suitable class (S1). In
the case of pearl millet, 54.79% of the area was found to be highly suitable and 45.21% of
the area moderately suitable(S2) (Table 10).
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Table 10. The distribution of crop-suitability classes with AHP and with equal weight in percentage
of area (%).

Wheat Rice Sorghum Maize Pearl Millet

Suitability Classification AHP Equal
Weights AHP Equal

Weights AHP Equal
Weights AHP Equal

Weights AHP Equal
Weights

Highly Suitable (S1) 6.31 4.99 0 0 27.85 31.50 0 0.41 60.14 54.79

Moderately Suitable (S2) 70.42 85.44 28.29 47.25 71.16 68.38 84.96 96.99 39.86 45.21

Marginally Suitable (S3) 23.27 9.57 71.71 52.75 0.99 0.12 15.04 2.60 0 0

4. Discussion

This study integrated climatic, soil, and topography factors to estimate the
cropland-suitability classes of cereal crops, namely, wheat, maize, rice, sorghum and pearl
millet, which synchronize with several recent study reports. As GIS offers elasticity and
accuracy in land-use organization, some researchers [45–49] have highlighted the approach
of GIS integrated with AHP for incorporating expert opinion in pairwise comparison
among criteria at each hierarchy level, which is similar with this study. The precision of the
weights utilized is subjective, as it is determined by the experts; however, relative weights
results were utilized in the cropland-suitability assessment because the consistency ratios
were within the predefined acceptable limits (0.1) [38]. The consistency ratio for wheat,
sorghum, rice, maize and pearl millet was calculated as 0.096, 0.10, 0.096, 0.099 and 0.065,
respectively, and is considered acceptable [40]. Our findings reveal that combining the AHP
method with GIS can improve policymakers and planners’ decision-making capability.

Evaluating the extent and classes of cropland suitability in the state for cereal crops is
essential to select the right crop for the target region. In performing this evaluation, the
crops’ specific necessities were compared with the land features and, based on the extent of
matching, the area’s suitability for the crops were determined. The classification was based
on the inherent soil properties, external land features and climatic factors that bound the
usage of the land for several uses.

Wheat is a vital winter season cereal, which contributes nearly 32% to India’s total
foodgrain production. For its growth, fertile, well-drained, loam to clay loam and sandy clay
loam soils are considered the best, whereas sandy or poorly drained soils are unsuitable [50].
As per our study for wheat cultivation in Haryana, temperature was the most important
factor, followed by OC, rainfall, pH, ECe, drainage density and texture; while slope was
the least important, according to experts’ opinions (Table 4). The suitability assessment for
wheat showed that 71% of the calculated arable land was moderately suitable, and only
6% area was highly suitable (Figure 5, Table 10). Most of the districts were found to be
moderately suitable due to moderate limitations such as OC (0.4–0.75) and pH (7.5–8.3).
Land was found to be highly suitable in the Kaithal district, due to the most favorable
temperature, organic carbon (>0.75%) and soil texture. Marginally suitable constitutes
only 23% of the arable land, found mainly in Bhiwani, Dadri, Mahendragarh, Rewari,
Gurugram and some parts of Sirsa and Mewat (Figure 6a). The primary constraints for
marginal suitable areas are sandy soil (excessively drained) with a low availability of
OC and inadequate rainfall to meet the high crop-water demand for wheat [51]. Based
on these findings, it can be suggested that economic levels of food production could be
attained by growing the wheat crop in highly (S1) and moderately (S2) suitable regions, and
diversification of marginally (S3) suitable regions with other crops and cropping system.

Rice is mainly a tropical and subtropical crop, which can be cultivated in variety
of climate–soil–hydrological regimes. The typical temperature needed throughout the
life span of the crop ranges from 21 to 35 ◦C and a total optimum water requirement is
1110–1250 mm. The most suitable soil is heavy soil (clay or clay loam and loam soils) with a
broad pH range of soil (4.5 to 8.0) [43]. For the rice crop, the most critical variable was found
to be rainfall, followed by OC, texture, ECe, pH, drainage, and temperature, while slope
was the least important, according to the experts’ judgment (Table 5). Figure 6b illustrated
that a large fraction of the state was observed to be marginally fit for rice cultivation, which
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covered 72% of the total arable land, found mainly in the southwestern and some parts of
the northeastern zone. Rainfall is the dominant limiting factor for rice cultivation, due to
its vital importance in the high crop-water demand of rice, which was estimated at more
than 1000 mm in Haryana [51]. Other limiting factors for rice cultivation are low organic
carbon availability and pH (7.6 to 8.3). The moderately suitable area was 28% of the arable
land, found mainly in Kaithal, Jind, Kurukshetra, Yamunanagar and some parts of Ambala,
Panchkula, Jhajjar, Palwal, Sonipat, Panipat and Sirsa, as the rainfall in these regions is
more as compared to marginally suitable areas. Thus, rice could be cultivated in the study
region with supplementary irrigation only. From the foregoing discussions, it can be stated
that the target area holds an extensive coverage of farm land, but the majority of the regions
are marginally suitable for rice paddies and come under the S3 suitability class.

In the study area, sorghum is a kharif crop. The optimal temperature and rainfall
suitability for its growth and development are 25–30 ◦C and 500–700 mm, respectively,
and organic-matter enriched soils with a heavy texture and having pH 6.0–8.0 are the best
fit for its cultivation [43]. OC was the most critical variable, while temperature was the
least important variable for sorghum (Table 6). For this crop, it was observed that 28%
of the arable land area was highly suitable and 71% was found to be moderately suitable
(Figure 5, Table 10). The highly suitable areas were the Ambala, Kurukshetra, Karnal,
Yamunanagar, Panchkula, and the some parts of Sonipat, Panipat, Jhajjar, Jind, Palwal and
Mewat, districts (Figure 6c). These highly suitable areas are characterized by OC (0.5–0.75),
rainfall (500–660), drainage density (well drained to moderately well drained) and pH
(7.0–8.0).

Maize is a kharif season crop in Haryana that requires well-distributed rainfall of
500–750 mm, and a sandy loam to silt loam texture with good drainage for optimum
growth [43]. Organic carbon was the most important factor for the maize crop, followed by
rainfall, temperature, pH, texture, drainage density and ECe and slope (Table 7). Figure 5
showed that 85% of the arable land was moderately fit for raising maize, and only 15% of
the area of the calculated arable land was observed to be the marginally suitable class (S3).
The areas under the marginally suitable class were the Mahendragarh, Rewari and Bhiwani
districts, due to the semi-arid and arid climate and slightly undulating topography owing
to shifting small sand dunes [20]. Interestingly, the similar results of the crop of sorghum
and maize were noted in an existing study on the nearby state of Uttar Pradesh [30].

Pearl millet is considered as one of the best drought-tolerant crops, and is primarily
grown in semi-arid and arid ecologies where average annual precipitation ranges between
400 and 650 mm. It can be grown in almost all types of soil, but the ideal soil is well-drained
sandy loam to loam [43]. Similar to sorghum, OC was the most critical variable for pearl
millet, while the temperature was the least important (Table 8). The finding indicated that
60% of the area of the arable land was highly suitable because of prevailing conditions such
as rainfall (400–660 mm), neutral pH, and salinity-free sandy loam to loamy soils with good
drainage. Meanwhile, 40% of the area was observed under the moderately suitable class,
which comprised of mainly the Mahendragarh, Rewari, Bhiwani, Dadri, and some parts of
the Gurugram, Fatehabad and Sirsa, districts (Figure 6e).

Such findings play an important role in crop-suitability-policy designing, as from the
above discussion it can be established that pearl millet had the maximum acreage under
the highly suitable category, whereas maize, sorghum and wheat had the highest area
under the moderately suitable category as farmlands in the class had fewer constraints.
Meanwhile, rice constitutes most of the area under the marginally suitable category with
major limitations. Introducing more area dedicated to maize, peal millet and sorghum crops
into regions could increase the crop choices available during the kharif season. Therefore,
the study suggests that rice should be replaced by other more suitable crops, such as maize,
sorghum and pearl millet, with less water requirements than rice, which can help in the
sustainable crop production of the land.
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5. Conclusions

This study assessed the cropland suitability for rice, wheat, maize, sorghum and pearl
millet crops utilizing the FAO framework, RS-GIS and MCDA technique. Soil, climate
and topography factors were considered for this assessment. The present work indicated
that the AHP methodology is an efficient multi-criterion technique to define the weights
of multiple parameters logically. GIS assisted in analyzing geographical information,
map processing and weighted raster’s incorporation in defining the land suitability map
for different crops. The integrated approach of GIS and AHP could deliver a premium
database and guide map for decision-makers assessing cropland substitution to acquire
adequate agrarian production. The presented analysis reveals that the target zone has
substantial potential for endurable cereal-crop production. Therefore, improved food
production can be attained by growing the crop in highly and moderately fit regions; and
diversifying marginally fit regions to crops other than that for which it is unsuitable. It is
believed that the presented maps will deliver better knowledge to the agriculturalists, to
pick their cropping patterns according to the high, moderate, low, and unsuitable regions.
The mapping exercise identifies land units with suitable crops and suggests alternative
practices where the current land use is sub-optimal. The analysis results indicate that the
pearl millet and sorghum are the most suitable crops for the Haryana state, maize and
wheat are moderately suitable crops for the target region; whereas, rice is found to be the
least suitable for the region. These results can be used for areas having similar soil and
climatic conditions for future crop planning and decision making in cereal production.
In the future, we offer to consider more parameters such as socio-economic situations,
irrigation structures, and infrastructure that affect the endurable use of land. Additionally,
the changing climate can considerably affect agrarian productivity in India and the current
target area. Considering this, forthcoming studies must include the effect of climate change
on major crops.
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