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Abstract
While access to assured irrigation is a prerequisite for sustainable agricultural intensification, increasing use of groundwa-
ter for the same and decreasing areas under surface irrigation are expected to cause considerable hydro-ecological imbal-
ance and hence serious concerns for sustainability. Importantly, the extent, nature, efficiency and impact of irrigation 
vary across regions depending on the geophysical and agro-climatic conditions, farming practices and socioeconomic 
setup. Nevertheless, it is suggested that appropriate crop diversification coupled with necessary policy and institutional 
supports can potentially reduce pressure on groundwater and make intensification in agriculture sustainable. Given this 
backdrop, this paper examines impact of irrigation and crop diversification on agricultural intensification and its implica-
tions for future groundwater dynamics in major Indian states. Using secondary data and applying panel data regression 
techniques for the period 1990–1991 to 2014–2015, the paper finds that both greater irrigation facilities and diversified 
crop basket increase cropping intensity. Similarly, use of more chemical fertilizers and higher yield also influence crop-
ping intensity positively. However, rainfall variations and share of GSDP in agriculture have no significant impact. Based 
on the literature review and the above findings as well as using the insights from the informal interactions and random 
discussion carried out with the farmers and others stakeholders (e.g., researchers, community workers, extension service 
providers, NGO, etc.), the fuzzy cognitive models show that future policies and institutions should focus on improvement 
in agricultural systems and promoting surface irrigation. Besides, conservation and harvesting of rainwater, efficient 
functioning of the user groups, judicious use of chemical fertilizers and emphasis on cultivation of less water-intensive 
crops would also be crucial in this regard.

Keywords Irrigation · Groundwater · Cropping intensity · Agricultural intensification · Crop diversification · 
Sustainability · Panel data · Fuzzy cognitive modeling · India

1 Introduction

With agriculture employing more than 50 percent of the 
workforce and contributing to around 18 percent of GDP,1 
its significance for achieving India’s food security and 
socioeconomic development continues. Since the rate of 

growth of population per annum is projected to be about 
1.6 percent in the next two to three decades [19] and more 
than 80 percent of total poor living in rural areas [21], 
importance of the sector increases further [18]. Accord-
ingly, emphasis has been given on promoting sustainable 
and inclusive intensification and improving productivity 

 * Bidur Paria, pariabidurf@gmail.com; Amartya Pani, amartya.geo@gmail.com; Pulak Mishra, pmishra@hss.iitkgp.ac.in; Bhagirath 
Behera, bhagirath9@gmail.com | 1Department of Humanities and Social Sciences, Indian Institute of Technology Kharagpur, Kharagpur, 
West Bengal 721302, India.

1 See Economic Survey 2017–18, Ministry of Finance, Government 
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in Indian agriculture to meet additional requirements for 
foods and livelihoods. Nonetheless, this is a challenging 
task given the limited scope of expanding cultivable land 
including various geophysical and technological con-
straints and socioeconomic complexities.

It is recognized that development of ecofriendly irriga-
tion system is imperative for increasing cropping inten-
sity and accelerating growth of agriculture on sustained 
basis [50]. This is particularly so because diverse agro-
ecological settings and farming practices have resulted 
in a very complex agricultural system and thus innumer-
able challenges for its sustainability [2]. For example, while 
the Green Revolution technologies, especially use of high 
yielding variety (HYV) seeds and chemical fertilizers, led 
to high rate of agricultural growth in the Green Revolu-
tion region, assured irrigation was a prerequisite for the 
success of these technologies [71]. This eventually created 
considerable pressure on groundwater level in the area.2 
Over the years, several important policy measures were 
taken for surface water irrigation in many parts of India, 
but depletion of groundwater continues primarily because 
of its easy access and use as the main source for irrigation 
and drinking [82]. In addition, availability of credit and 
subsidy on other critical inputs such as irrigation equip-
ment and power have also facilitated groundwater-based 
irrigation (Planning [57]).

The situation has become more alarming in recent years 
because of climate change, frequent droughts, irregular 
rains and floods. The effects of such climatic shocks and 
natural calamities on farm production, land use patterns 
and freshwater systems are well documented in the lit-
erature (e.g., [34, 53]). It is found that, with an increase in 
temperature by 1 °C, the requirement for water rises by 
10 percent and this can have serious implications for crop 
productivity and water use efficiency [42]. Accordingly, 
farmers are being encouraged to cultivate less water-
intensive crops and use various water-saving irrigation 
technologies to bring in rationality in water use. This is 
crucial in the rainfed regions that have the largest share 
of the poor and the crises are likely to be aggravated fur-
ther therein with increasing use of modern inputs (e.g., 
genetically modified seeds, bio-fertilizers and pesticides) 
and climatic variations.

Thus, there are two critical but challenging require-
ments to accelerate sustainable agricultural intensifica-
tion—(i) enhancing productivity of land and irrigation [86] 
and (ii) balancing water utilization with its potential [20, 
39]. In either case, appropriate groundwater management 

is imperative to minimize the detrimental impacts on aqui-
fers [30], as focusing only on water conservation has its 
own limitations in the long run. In particular, water use effi-
ciency through appropriate crop choice and farming prac-
tices would be crucial in areas that suffer from the problem 
of severe water scarcity [48]. Further, with growing reliance 
on groundwater and declining areas under surface irriga-
tion, crop diversification emerges as an important strat-
egy to rationalize water use in agriculture and mitigate 
production-related risks.3 It is suggested that appropri-
ate mix of crops can potentially reduce the pressure on 
groundwater [75, 76]. In addition, crop diversification can 
also lead to more rational use of water and increase irriga-
tion productivity. Accordingly, cultivation of appropriate 
combinations of crops using drip/sprinkler irrigation with 
piped water, better agricultural management practices 
have emerged as priorities in many parts of India4 [59].

Hence, facilitating both efficient irrigation and appro-
priate crop diversification are the key to promote sustain-
able intensification in Indian agriculture and appropriate 
policies and institutional interventions are crucial for the 
same. However, design and implementation of such inter-
vention strategies require deeper and systematic inves-
tigation of the relationships among irrigation intensity, 
crop diversification and agricultural intensification and 
their implications for future groundwater dynamics. Nev-
ertheless, in order to facilitate diversification of crops, the 
irrigation system should be able to respond to the chang-
ing water requirements throughout the year so that the 
farmers can adopt market-oriented approach and reallo-
cate water from traditional crops to fruits and vegetables 
that are less water intensive [65]. However, facilitating such 
a shift requires making cultivation of these crops more 
profitable and thus increasing the opportunity costs of 
water used for the traditional crops. This is crucial given 
that continuous depletion of groundwater tables due 
to input-intensive cultivation of traditional crops makes 
water harvesting expensive [82].

This paper attempts toward modeling such relation-
ships for major Indian states. Alternatively, the objective of 
the paper is to examine how irrigation in conjunction with 
crop diversification influences cropping intensity under 
diverse agro-climatic, social and economic conditions, 
and the implications of the impacts for future groundwa-
ter dynamics in India. Since the policies and other inter-
ventions often focus on increasing irrigation facilities 
without adequate consideration of their efficiency and 

2 Use of groundwater has also increased by manifolds in different 
parts of India with increasing urbanization, industrialization and cli-
mate change [30].

3 In addition, crop diversification reduces market-related risks as 
well.
4 There are evidences of improvement in water use efficiency and 
crop productivity through micro-irrigation systems [35].
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sustainability [84], findings of this paper would provide 
useful insights for fine-tuning of the existing approaches. 
This is important considering the need for changes in the 
knowledge base, policies and practices in Indian agricul-
ture in the recent past [68]. Accordingly, the paper broadly 
focuses on understanding the changes and suggesting the 
pathways to facilitate agricultural intensification in India 
that would be both socially inclusive as well as ecologically 
sustainable.

The paper has four sections. Discussion on the overall 
methodological approach along with the specific tools and 
techniques and sources of data is given in the next section. 
This section also gives a broad overview of the state-wise 
agro-climatic conditions and the extent of water used in 
agriculture along with selected village experiences for 
justification of the fuzzy cognitive modeling. The third 
section presents and analyzes the findings. Besides, this 
section designs three intervention scenarios in respect 
of policies, technologies and practices and examines the 
potential changes in water productivity in agriculture. The 
last section summarizes the major findings and highlights 
the necessary interventions in respect of policies and insti-
tutional arrangements.

2  Methodology, data sources and selection 
of study area

2.1  Methodological approach

2.1.1  Simpson diversification index

The paper is based on three major variables, viz. the crop-
ping intensity, Simpson diversification index5 and irriga-
tion intensity. The Simpson diversification index is defined 
as DIjt = 1 −

∑m

i=1
s2
ijt

 . Here, DIjt refers to the crop diversifica-
tion index for state j in the year t and s

ijt
 represents share 

of the ith crop in state j’s gross cropped area in the year t.

2.1.2  Panel data analysis

The impact of irrigation and crop diversification on agri-
cultural intensification is examined systematically by esti-
mating panel data models and controlling the influence of 
other aspects such as variations in rainfall, use of chemical 
fertilizers, yield and share of GSDP in agriculture. Accord-
ingly, the following functional relationship is specified:

Cropping Intensity = f (Rainfall Variations, Irrigation

Intensity, Use of Fertilizer, Share of GSDP in Agriculture,

Yield, Crop Diversification)  

Here, irrigation and fertilizers capture the influence of 
technologies, whereas rainfall variations stand for the 
changes in climatic conditions. The variables yield and 
share of GSDP in agriculture control for the economic 
aspects. It is assumed that the variables like irrigation, 
fertilizer use and crop diversification would proxy for 
policy interventions as well. Similarly, crop diversifica-
tion can capture mitigation of production- and market-
related risks. Importantly, the relationships among the 
variables are likely to vary across the states and also over 
time depending on differences and/or changes in agro-
climatic conditions, socioeconomic setup and policies and 
institutions. The following panel data model is specified to 
capture such variations (Eq. 1):

In panel data regression, �it is a composite error term. It 
consists of two parts, viz. the individual specific error ( �i ) 
and the other consisting of both time-series and cross-sec-
tional component ( �it) . Hence, �it = �i + �it. It is assumed 
that E ( Xit , �it) = 0, i.e., �it is not correlated with Xit though �i 
is correlated with Xit in Fixed Effects Model (FEM) (Gujarati 
& Sangeetha 2007). However, in Random Effects Model 
(REM), the cross-sectional intercepts are drawn randomly 
from a much bigger population leading to no correlation 
between �i and Xit, i.e., E ( Xit , �i) = 0.

The overall methodological approach adopted in the 
paper and the steps followed in panel data modeling are 
presented in Fig. 1a and b, respectively. The appropriate 
model is selected through several statistical tests in STATA 
as mentioned in Fig. 1b. Based on the statistically signifi-
cant explanatory variables in the panel data model and 
the insights from the literature, field visits and informal 
interactions with different stakeholders and participants 
in the workshops, the FCM is carried out. The design of the 
FCM and adjustments to the control variables are made to 
get different scenarios using the Mental Modeler software 
to reflect the outcomes and the implications of different 
policy measures for sustainability. Thus, the scenario build-
ing approach in FCM helps in deeper understanding of 
the groundwater-related problems and linking them to its 
potentials. Besides, the FCM also substantiates the findings 
of the panel data modeling.

2.1.3  Fuzzy cognitive modeling

The FCM is a generic modeling approach based on several 
assumptions. These assumptions, particularly in respect of 
symmetric and monotonic causal relations between con-
cepts may limit the robustness of the FCM. Nevertheless, the 
FCM is popular for modeling interactions across sustainable 

(1)

ln CI
it
=�0 + �1 ln RINit

+ �2 ln IRIit + �3 ln COFit

+ �4 ln GSDPAGit
+ �5 ln YILDit

+ �6CROPDit
+ ∈

it

5 This index has extensive use in the existing studies (e.g., [6].
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components given the failure of other computational meth-
ods to design such delicate mathematical structure [41]. 
In addition, this is an operational extension which always 
attains equilibrium to control unknown aspects [37]. In their 
study, VanVliet et al., [85] used both quantitative and semi 
qualitative methods like the FCM for designing scenarios 
in participatory development framework. Similarly, [36] 
designed models on policies for water management based 
on the FCM. According to Salmeron [78], the FCM can be 
very effective problem-solving technique for uncertain, 
small and incomplete dataset. However, it can be designed 
using expert views and information from different sources 
[60].

Broadly, the FCM uses concepts Ci (i = 1, 2…n) and the 
interaction between Ci and Cj is assigned a weight (wij) 
with a value from −1 to + 1 to represent the causal rela-
tionship between them. The sign of wij represents the 
nature of causality. While a wij > 0 represents positive cau-
sality between Ci and Cj, a wij < 0 implies negative associa-
tion between the  two. A weight of wij = 0 suggests zero 
causality between Ci and Cj [44]. Besides, there is also a 
concept value Ai derived from transformation of numeric 
number assigned by experts in the interval [0, 1] [31]. Each 
Ai computes the impact on other concepts based on the 
inference rules [78]. The inference rules of Kosko, modified 
Kosko and rescale as shown below are commonly used for 
such simulations.

Here, Ai(k + 1) and Ai(k) are the concept values for simu-
lation step (k + 1) and k, respectively. Further, k represents 
the index of interaction at every simulation step and f 
(⋅) stands for the threshold (activation) function that can 
be (a) bivalent, (b) trivalent, (c) sigmoid or (d) hyperbolic 
as shown below.

(2)Ai(k + 1) = f

(
N∑

j=1,j≠1

wji × Aj(k)

)

(3)Ai(k + 1) = f

(
Ai(k) +

N∑
j=1,j≠1

wji × Aj(k)

)

(4)

Ai(k + 1) = Ai(k + 1)

= f

(
(2 × Ai(k) − 1) +

N∑
j=1,j≠1

wji × (2 × Aj(k) − 1)

)

(5)f (x) =

{
1, x > 0

0, x ≤ 0

(6)f (x) =

⎧⎪⎨⎪⎩

1 x > 0

0 x = 0

−1 x < 0
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Model

Fixed Effects 
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Effects Model
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Note: The shaded boxes indicate the steps followed and the final model selected in this paper.
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Fig. 1  a Flowchart of methodological approach to the present study Source Designed by the authors, b flow diagram of regression with 
panel data Note The shaded boxes indicate the steps followed and the final model selected in this paper. Source Designed by the authors
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The λ (> 0) determines steepness of the respective func-
tion and x represents equilibrium value of Ai(k). If all the 
concepts belong to the interval [0, 1], appropriate thresh-
old function will be sigmoid, whereas hyperbolic tangent 
function will be suitable when the value belongs to the 
interval [−1, −1] [41].

2.2  Sources of data and information

Mainly secondary data are used in this paper. The variable 
wise sources of secondary data are presented in Table 1. 
Based on these secondary data and necessary variables are 
computed (Table 2) for estimation of the panel data model 
with fifteen sample states for the period 1990–1991 and 
2014–2015. Selection of these states and the time frame 
as well as identification of the variables for this modeling 

(7)f (x) =
1

1 + e−�×x

(8)f (x) = tanh (� × x)

are based on GIS mapping of agro-climatic conditions 
and changes in cropping intensity, irrigation intensity 
and crop diversification, visualization of spatiotemporal 
changes, and insights from the existing studies. Findings 
from the panel data modeling, insights from the literature, 
and objective, behavioral and perception specific inputs 
gathered through field visits, informal interactions and 
random discussion with diverse stakeholders are used 
subsequently for the fuzzy cognitive modeling (FCM).

Here, both the panel data analysis and FCM are largely 
guided by the insights from the informal discussion carried 
out in the selected study villages under the project Pro-
moting Socially Inclusive and Sustainable Agricultural Inten-
sification in West Bengal and Bangladesh (SIAGI) sponsored 
by the Australian Centre for International Agricultural 
Research (ACIAR).6 Researchers from The Commonwealth 
Scientific and Industrial Research Organization (Australia), 
The Australian National University, Edith Cowan University 

Table 1  Sources of secondary data

Variable Unit of measurement Source Site

Gross crop area Thousand hectare Ministry of Agriculture and Farmers 
Welfare, Government of India

https ://m.rbi.org.in/Scrip ts/Annua 
lPubl icati ons.aspx?head=Handb 
ook+of+Stati stics +on+India 
n+State s

Net crop area Thousand hectare
Gross irrigated area Thousand hectare
Yield Kg per hectare
Gross state domestic product (GSDP) Lakh (Rupee) National Statistical Office, Ministry of 

Statistics and Programme Imple-
mentation, Government of India

GSDP in agriculture Lakh (Rupee)

Consumption of fertilizer Kg per hectare Agriculture statistics at a glance, 
Ministry of Agriculture and Farmers 
Welfare, Government of India

Rainfall Millimeter Indian Meteorological Department https ://www.india stat.com
Net groundwater availability ham (Hectare meter) Central Ground Water Board (CGWB), 

Government of India
http://cgwb.gov.in/GW-data-acces 

s.htmlGross groundwater draft
Groundwater availability for future 

irrigation use

Table 2  Computation of variables

Authors’ calculation using the data mentioned in Table 1

Variables Unit of measurement Definition

Cropping intensity (CI) In natural logarithmic scale Percentage share of gross cropped area in net cropped area
Irrigation intensity (IRI) In natural logarithmic scale Percentage share of gross irrigated area in gross cropped area
Rainfall variations (RIN) In natural logarithmic scale Coefficient of variation of rainfall (CV)
Consumption of fertilizer (COF) In natural logarithmic scale Natural logarithm of use of fertilizers per hectare
Share of agriculture in GSDP (GSDPAG) In natural logarithmic scale Percentage share of GSDP from agriculture in total GSDP
Crop diversification (CROPD) Index Simpson diversification index
Yield (YILD) In natural logarithmic scale Natural logarithm of output per hectare

6 The details on the study SIAGI are available at https ://siagi .org.

https://m.rbi.org.in/Scripts/AnnualPublications.aspx?head=Handbook+of+Statistics+on+Indian+States
https://m.rbi.org.in/Scripts/AnnualPublications.aspx?head=Handbook+of+Statistics+on+Indian+States
https://m.rbi.org.in/Scripts/AnnualPublications.aspx?head=Handbook+of+Statistics+on+Indian+States
https://m.rbi.org.in/Scripts/AnnualPublications.aspx?head=Handbook+of+Statistics+on+Indian+States
https://www.indiastat.com
http://cgwb.gov.in/GW-data-access.html
http://cgwb.gov.in/GW-data-access.html
https://siagi.org
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(Australia), Indian Institute of Technology Kharagpur, Live-
lihood and Natural Resource Management Institute (India) 
and Bangladesh Agricultural University have been working 
with the NGOs partners PRADAN (India), Centre for Devel-
opment of Human Initiatives (India) and Shushilan (Bang-
ladesh) in this project. The project broadly aims at under-
standing different factors and the underlying risks that 
influence the changes, applying new engagement and 
assessment approaches and tools, and providing policy 
directions and pathways to facilitate agricultural intensifi-
cation in West Bengal and Bangladesh that would be both 
socially inclusive as well as ecologically sustainable.

This in addition to secondary data, this paper also uses 
important insights drawn from the random discussion and 
the presentations by and interactions with the participants 
in the workshops and informal engagements with various 
stakeholders conducted under this project. The participants 
of these workshops and informal engagements included 
the researchers and development practitioners engaged 
in the SIAGI, research scholars from diverse disciplines of 
Indian Institute of Technology Kharagpur, farmers from the 
selected study villages from West Bengal, traders from the 
markets adjacent to these study villages, and development 
practitioners from PRADAN (India), Centre for Development 
of Human Initiatives (India) and Shushilan (Bangladesh).

2.3  Selection of sample states

Since the panel data modeling here aims at examining the 
relationships among cropping intensity, crop diversifica-
tion and irrigation intensity, the sample sates are selected 
covering different agro-climatic zones of the country. This 

has special significance particularly considering the rainfall 
patterns and the groundwater situation. While the average 
annual rainfall in India is 300–650 mm, potential for water 
availability is estimated to be about 1869bcm. Water avail-
ability is the highest in the Brahmaputra basin (537.24bcm), 
followed by the Ganga Basin (525.02bcm). The Central 
Ground Water Board [12] has estimated that the annual 
renewable groundwater is around 447bcm. However, water 
available per capita has decreased from 2210  m3/year in 
1991 to 1441  m3/year in 2015 indicating possible water 
scarcity in the country in near future. Further, total Ultimate 
Irrigation Potential (UIP) is around 140 million hectares with 
the net sown area being 140,021 thousand hectares. Out of 
this, minor irrigation potential using surface water is only 
17,337 hectares, whereas that with groundwater is 64092 
hectares [13].

The major aspects of water resources in India are pre-
sented in Table  3. Although the current utilization of 
groundwater is still within the potential, it is largely used 
for irrigation. Around 85 percent of water used goes for 
irrigation purpose. Further, given the vast geographical 
area of the country with diverse agro-climatic conditions 
(Fig. 2), there are differences in irrigation intensity and 
hence extent of groundwater usage. Many of the regions 
have experienced rapid decrease in groundwater level in 
the recent past largely on account of irrigation. Hence, 
impact of irrigation on agricultural intensification and 
groundwater stock are likely to vary across the regions, 
and there is a need to capture such diversity through sys-
tematic analysis. Accordingly, this paper covers five dif-
ferent agro-climatic zones comprising fifteen states to 
capture such variations (Table 4).

Table 3  Water resources of 
India: an overview

Central water commission and national water academy, Government of India (2017)

Parameters Amount

Annual precipitation (Bm3) 4000
Available water resources (average flow) (Bm3) 1869
Utilizable water (Bm3) 1123
Share of utilizable water in available water resources (%) 60.08
Surface water (storage and diversion) (Bm3) 690
Groundwater (replenishable) (Bm3) 433
Present utilization by source—surface water:groundwater (%) 65.21:34.79
Net annual groundwater availability (Bm3) 398
Total annual groundwater recharge (Bm3) 433
Annual groundwater draft (Bm3) 231
Water use for irrigation (Bm3) 688
Water use for domestic purposes (Bm3) 56
Water use in industry, energy and other sectors (Bm3) 69
Total utilization for major purposes (Bm3) 813
Composition of use for major purposes—irrigation:domestic:others (%) 84.62:6.89:8.49
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Here, majority of the selected states belong to warm 
and humid and composite agro-climatic zones. But, these 
states in general are agriculturally advanced (as compared 
to other India states) and have high cropping intensity 

indicating greater pressure on groundwater. Nevertheless, 
the study includes three states from hot and dry region to 
make the sample more comprehensive. It is expected that 

Fig. 2  Agro-climatic zones of India  Source www.india map.org

Table 4  Agro-climatic 
conditions in the selected 
states. SourceBased on 
framework of the Indian 
Council of Agriculture Research 
(ICAR) available at www. icar.
org.in

Agro-climatic zone No. of states States

Hot and dry 3 Rajasthan, Gujarat, Maharashtra
Warm and humid 4 Andhra Pradesh, Assam, Tamil Nadu, West Bengal
Composite 6 Bihar, Haryana, Madhya Pradesh, Odisha, Punjab, 

Uttar Pradesh
Temperate 1 Karnataka
Cold 1 Himachal Pradesh

http://www.indiamap.org
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such coverage of states from diverse agro-climatic zones 
in the sample would make the findings robust.

2.4  Selection of village for experiences in FCM 
formulation

The two study villages selected for the SIAGI project are 
Dhalaguri and Uttar Chakoakheti located in Coochbehar 
and Alipurduar district, respectively, of West Bengal, India. 
While Alipurduar belongs to the agro-climatic zone of the 
Eastern Himalayan Region of the Lower Gangetic Plain, 
Coochbehar belongs to the Tarai agro-climatic zone of 
the southern tail of the sub-Himalayan West Bengal. Ali-
purduar has warm and humid climate with temperature 
varying from  380C in summer to  60C in winter with average 
rainfall of 350cms. Topography of this district has a mixed 
hilly area and undulates a vast plain and the nature of soil 
varies from alluvial to sandy and hard black clayey [28]. On 
the other hand, Coochbehar has a flat topography with a 
slight southeastern slope and is dominated by fine loamy 
and coarse loamy soil. A highly humid atmosphere and 
abundant rains are the main characteristics of this district 
[70]. Insights from such diverse agro-climatic conditions 
of the two districts and the study villages located therein 
provide the necessary directions for modeling strategies 
for efficient groundwater management and sustainable 
intensification in agriculture in this paper.

3  Results and discussion

3.1  Changes in irrigation intensity, crop 
diversification and agricultural intensification

It is evident that appropriate farming practices can help 
in arresting the adverse impact of modern agricultural 
practices on ecology and economy [26]. For example, 
since sustainable agriculture requires less input-intensive 
methods [54], adoption of natural production processes 
would rationalize resource use [66]. However, while com-
bining ecologically conducive agricultural systems with 
traditional farming practices would be imperative, the 
presence of many smallholder farmers in different parts 
of India may limit such transition [5]. Under these circum-
stances, crop diversification may become a useful strat-
egy [27, 40],7 particularly for reducing dependence on 

monoculture cropping [65] and its influence on environ-
mental degradation.

Furthermore, impact of crop diversification and irriga-
tion on intensification is quite complex and ambiguous 
as it also depends on other factors such as crop types, 
seasons of cultivations, local agro-ecological conditions 
and policy and institutional supports. For instance, shift-
ing from water-intensive crops (e.g., paddy or sugarcane) 
to pulses in Rabi season may not require much irrigation 
facilities leading to an inverse relationship between the 
two, whereas crop diversification from pulses to paddy or 
sugarcane season would require more irrigation. Similarly, 
the direction of association between crop diversification 
and cropping intensity is also unclear. For example, diver-
sification from paddy/sugarcane to less water-intensive 
pulses or vegetables may result in larger cropping inten-
sity (primarily due to less requirement of irrigation) and 
vice-versa.

Given this backdrop this sub-section examines the 
trends and variations in cropping intensity, crop diversifi-
cation and irrigation intensity across major Indian states. 
The extent of diversification in crop basket varies widely 
across the selected states (Fig. 3). For example, it is very 
low in Assam, Odisha and West Bengal, but considerably 
high in Gujarat, Maharashtra, Karnataka and Madhya 
Pradesh. Even the state like Punjab that experienced Green 
Revolution lags behind many other states on this front. 
Similarly, there are variations in respect of cropping inten-
sification and irrigation intensity as well across the states. 
Importantly, relative differences in respect of cropping 
intensity and crop diversification are also evident for many 
of the states. For example, West Bengal has cropping inten-
sity as high as Punjab, but crop diversity is very low in the 
state. Similarly, although decreased over time, there are 
wide interstate differences in irrigation intensity vis-à-vis 
agricultural intensification and crop diversification. Thus, 
the impact of irrigation and crop diversification on crop-
ping intensity appear to be misnomer possibly because 
of diverse agro-climatic conditions, policies, institutional 
supports, culture-driven farming practices and food con-
sumption habits.

Differences in changes in the nature and extent of crop 
diversification across the states are also evident (Fig. 3). 
Such variations may largely be caused by both supply (e.g., 
technology, infrastructure, technology, relative income, 
rainfall resource disposal, institutional supports, etc.) as 
well as demand (e.g., urban population, per capita income, 
preferences, etc.)-related factors along with various exter-
nal causes such as climate change [7]. It is commonly 
perceived that greater access to markets and improved 
communication networks (connectivity) can promote 
diversification toward growing high-value cash crops such 
as jute, potato, oilseeds and vegetables. Increase in per 

7 Appropriate crop diversification can also increase agricultural 
income, provide employment, eradicate poverty, and conserve soil 
and water [61]. In addition, farmers and their families benefit from 
greater diversity in their diet and hence better nutrition.
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Fig. 3  Spatiotemporal changes in irrigation, crop diversification and intensification 
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capita income can also enhance the ability and willingness 
of people to spend more on such high-value food crops 
and create their market. In addition, many northern and 
eastern Indian states, farmers were traditionally cultivat-
ing wheat and sugarcane. However, water draft regulation 
in the upper Ganga basin and policy interventions have 
shifted the focus toward less water and fertilizer inten-
sive crops such as pulses and oilseeds widely. Besides, the 
states like Madhya Pradesh, Gujarat, Andhra Pradesh, Kar-
nataka and Maharashtra have diversified crop basket for 
better water management practices along with its conser-
vation, artificial recharge and integrated watershed devel-
opment. Such differences in approaches and interventions 
have also les to the variations in crop diversification.

In this context, crop diversification can potentially bal-
ance available irrigation with cropping intensity. A diver-
sified crop basket helps in coping with production risks 
[77].8 For example, in many cases, pulses have been inte-
gral part of crop basket primarily because of their ability 
to stabilize nitrogen in soil, carbon sequestration, soil iso-
lation and low water requirement [4].9 In Indian context, 
Kar et al., [33] found that diversification in crop basket 
mitigates drought in upland areas, enhances water use 

efficiency and increases yield. Similarly, studies in Papua 
New Guinea [14] showed significant improvement in tech-
nical efficiency following crop diversification. Further, crop 
diversification in favor of non-food grains can also result in 
higher farm income and lower market-related risks [73].10 
Although it is more prevalent in commercial farms, inter-
ventions in respect of price protection, crop insurance, 
research and extension services, subsidized inputs, avail-
ability of technologies, etc., can promote crop diversifica-
tion even in peasant farms [38, 51]. In addition, availability 
of all-weather accessible roads, irrigation, electricity and 
market infrastructure are also necessary for changes in 
cropping patterns and crop diversification [38].

Nevertheless, increasing irrigation intensity seems to 
have resulted in excess pressure on groundwater. Fig-
ure 4 shows that Haryana, Punjab and Rajasthan recorded 
higher gross groundwater draft vis-à-vis the availability 
in 2014–2015. Notably, while Punjab and Haryana have 
high cropping intensity and the farmers following large-
scale input-intensive farming practices owing to the Green 
Revolution, Rajasthan has vast stretch of desert. What is 
more concerning is that irrigation intensity is higher than 
net groundwater availability for future irrigation in all the 
major Indian states except Assam (Fig. 5). In particular, the 
gap is quite wide in the Green Revolution region of Punjab, 
Haryana and Uttar Pradesh. It is also seen that some states 
like Assam, Karnataka, Madhya Pradesh and Maharashtra 

Fig. 4  Net groundwater availability and gross groundwater draft, 2014–2015 

9 In addition to water, sustainable management of agricultural 
land restricts degradation in physical, chemical, biological and eco-
logical features in soil [11].

10 Thus, diversification in crop basket can lower impact of associ-
ated risks [8].

8 Such production risks are often caused by crop diseases, pests, 
varying weather conditions and irregular rainfall [46].
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could bridge or narrow down the gaps through crop 
diversification.

Thus, the extent and changes in irrigation, cropping 
intensity and crop diversification and their relationships 
appear to be very complex and dynamic. Understanding 
the impact of irrigation and crop diversification on inten-
sification in agriculture, therefore, requires systematic 
exploration in a dynamic context as well as controlling 
influence of other variables. The vision of climate justice 
requires actions to help resource poor farmers who are 
predicted to be adversely affected by climate. In many 
developing countries the design and operation of agricul-
tural subsidies can be greatly improved, and the objectives 
need to be set within this broader policy framework [81]. 
Nevertheless, in order to design appropriate intervention 
strategies, it is necessary to systematically examine the 
impact of modern farming practices including irrigation 
and crop diversification on cropping intensity. The next 
sub-section of the paper attempts for the same through 
panel data modeling.

3.2  Impact of irrigation and crop diversification 
on cropping intensity

Based on the above discussion, the impact of irrigation 
and crop diversification on agricultural intensification is 
examined systematically by estimating panel data mod-
els and controlling the influence of other aspects such 
as variations in rainfall, use of chemical fertilizers, yield, 
crop diversification and  share of  GSDP in agriculture. 

While selection of these variables is based on the frame-
work for accelerating agricultural growth suggested by 
Behera and Mishra, [10], their potential influence is well 
documented in the literature. Broadly, intensification in 
Indian agriculture requires expansion of irrigation facilities, 
but this often leads to greater extraction of groundwater 
causing serious ecological threats. Intensification through 
diversification of crop basket can potentially rationalize 
water use in irrigation, enhance its efficiency and reduce 
production- and market-related risks [62]. While such a 
strategy can make intensification in agriculture profitable, 
socially inclusive and ecologically sustainable, the nature 
and extent of crop diversification are often influenced by 
geophysical setup, agro-climatic conditions, irrigation sys-
tem, farming practices and various social, economic and 
institutional factors. Following Behera and Mishra [10], the 
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Fig. 5  Crop diversification, irrigation intensity and groundwater availability, 2014–2015 

Table 5  Results of Levin–Lin–Chu panel unit-root test

**significant at 5 percent; ***significant at 1 percent

Variables Adjusted t-statistic

Cropping intensity −2.0080***
Rainfall variations −4.8120***
Irrigation intensity −2.5315***
Consumption of fertilizer −1.9352**
Share of GSDP in agriculture −6.5934***
Yield −2.2318**
Crop diversification −3.4852***
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model envisaged here is based on the premise that crop-
ping intensity depends on economic, ecological (climatic), 
technological and policy aspects.

Since the present study uses the balance panel dataset 
of 15 states over 25 years, stationary nature of the vari-
ables is confirmed by carrying out Levin–Lin–Chu (2002) 
test for the presence of unit roots. Here, it is hypothesized 
that all the panels have a unit root and its rejection sug-
gests stationary nature of at least one of the panels. The 
results are presented in Table 5. The adjusted t statistics 
(with trends and panel-specific constants) confirm no pres-
ence of unit root.

This paper estimates both the FEM and the REM along 
with the pooled regression model. Table 6 presents the 
regression results. The appropriate model is chosen using 
statistical test as presented in Fig. 1b. While all the esti-
mated models are statistically significant (Table 6),11 results 

of these tests suggest that the FEM is best suited for the 
present dataset. Hence, statistical significance of the indi-
vidual variables and their impact are analyzed using the 
results of the FEM. From the regression results of the FEM, 
it is evident that agricultural intensification is influenced 
directly by irrigation facilities, use of chemical fertilizers, 
yield and the extent of crop diversification. While higher 
irrigation intensity and greater use of chemical fertiliz-
ers facilitate agriculture intensification, higher extent of 
crop diversification widens scope for the same in respect 
of both production and market. More specifically, crop 
diversification facilitates intensification through mitiga-
tion of production- and market-related risks and creating 
new market opportunities. This eventually results in higher 
cropping intensity. Similarly, higher yield encourages farm-
ers to increase intensification. In particular, higher yield 
encourages farmers toward greater intensification as it 
enhances the possibility of greater returns.

Thus, water availability through improved irrigation 
facilities and more use of chemical fertilizers facilitate 
multiple cropping and brings additional land under cul-
tivation leading to greater intensification. Nevertheless, 
this may lead to excessive extraction of groundwater 

Table 6  Results of panel data regression

**significant at 5 percent; ***significant at 1 percent

Variable Estimated models

Pooled regression model Random effect model Fixed effect model

Methods of estimation (robust results)

Ordinary least squares (OLS) method Generalized least squares (GLS) 
method 

Least squares dummy variable 
(LSDV) method 

Coefficient t-statistic Coefficient z-statistic Coefficient t-statistic

Rainfall variations 0.0334 1.21 0.0025 0.12 -0.0002 -0.01
Irrigation intensity 0.0628 4.54*** 0.0649 4.73*** 0.0672 4.81***
Consumption of fertilizers -0.0328 -2.32** 0.0209 2.08** 0.0268 2.63***
Share of GSDP in agriculture 0.1197 6.49*** 0.0105 0.67 0.0067 0.42
Yield 0.1359 8.09*** 0.0533 3.03 0.0445 2.51***
Crop diversification − 0.5042 -12.07*** 0.1245 1.41*** 0.2656 2.78***
Constant 3.6509 18.32*** 4.0854 22.32*** 4.0501 22.38***
F statistics F (6, 368) = 63.96*** χ2

(6) = 94.76*** F (6,354) = 16.81***
Overall R square 0.50 0.0484 0.0073
Within R square 0.2171 0.2218
Between R square 0.0396 0.0032
Number of observations 375
Restricted F test F (14, 354) = 147.80***
Breusch and Pagan Lagrangian 

multiplier test
χ2

(6) = 2678.91***

Hausman test χ2
(6) = 15.38**

Tests of endogeneity Durbin (score) χ2
(1) = 0.249528

Wu-Hausman F(1,371) = 0.24703

11 Table 6 also reports the results of the statistical tests for endoge-
neity. It is evident that the estimated models have no endogeneity 
problem. Further, low value of the variance inflation factors (VIFs) 
suggest no severe multicollinearity.
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(this is particularly so as many chemical fertilizers require 
adequate water for their effective use) and hence pose 
threats to sustainability of the system [45]. Further, use of 
quality chemical fertilizers and proper skills are crucial for 
intensification [3], whereas efficiency becomes low and 
adverse effects are observed when marginal farmers use 
low quality fertilizers without having proper knowledge 
about the same.

However, the impact of rainfall variations on cropping 
intensity is not significant and hence surprising. In a recent 
study in Ghana by Kyei-Mensah [43], it is found that greater 
variations in the rainfall reduced both crop production and 
intensification. However, the variable may behave differ-
ently with rainwater harvesting, surface water irrigation 
and efficient infrastructure.

Thus, irrigation has significant impact on cropping 
intensity. Given the findings that increasing intensifica-
tion requires greater irrigation facilities, more pressure 
on groundwater is very likely. In order to make the inten-
sification sustainable, it is, therefore, necessary to assess 
existing groundwater potential and design strategies to 
enhance it further. However, since there are diversities on 
these facets across the states, deriving the policy direc-
tions from the findings requires scenario building under 
different context and exploring the potential relationships.

Existing studies suggest water use efficiency and pro-
ductivity should be enhanced. According to Aggarwal [2], 
there is a need for appropriate policies and approaches to 
balance groundwater extraction with its recharge for sus-
tainable and inclusive intensification. It is also realized that 
there should be greater emphasis on surface irrigation as 
the traditional sources like tanks, ponds and wetlands have 
largely been neglected with the advent of lift irrigation 
system, [15]. In order to restrict over-extraction of ground-
water, these surface sources should be renovated and 
used in irrigation [15, 45]. Restricting the depth of irriga-
tion wells would also be crucial in this regard [74]. In addi-
tion, use of drip and sprinkler irrigation techniques would 
reduce evaporation of water in the process.12 Besides, the 
problem of inefficiency in use of irrigation water should be 
addressed through introduction of water-saving farming 
practices and crops [25]. Existing studies also suggest for 
treatment of waste water for its reuse in crop production 
[17]. However, strategic interventions designed in specific 
to landholding size would be crucial for this purpose [64]. 
There is also a need for judicious use of chemical fertilizers 
as their excessive use raises requirement of sufficient water 
causing further pressure on groundwater level. Besides, 

excessive use of chemical fertilizers can also reduce soil 
fertility in the long run [63].

Often it is suggested that the policy of supplying sub-
sidized/free electricity for irrigation should be reviewed 
and the farmers should be guided to follow proper agro-
nomic practices to avoid indiscriminate and irrational use 
of water and other inputs [67]. This requires integration of 
the decision support systems with government policies, 
geographical information systems and information tech-
nology [16]. Decisions should also be based on detailed 
information about users, water usage, groundwater extrac-
tion, aquifer conditions and depth of groundwater and its 
quality. Besides, successful implementation of policies 
should be reflected in potential gains [56].

3.3  Scenario building for sustainable agricultural 
intensification

As such, this paper also attempts to build alternative 
scenarios for policy inputs through FCM. Application of 
FCMs as a simulation tool in scenario planning can aid in 
the visualization and evaluation of possible scenarios in 
a problem domain. Evaluation of a scenario is facilitated 
through the analysis of state changes that the factors 
undergo in the corresponding FCM at each time step. Its 
ability to learn from past experience enables an FCM to 
discover any missing causal links between factors in the 
scenario. Scenario planning offers a framework for devel-
oping more resilient ecological policies to counter such 
situations where there is uncontrollable, irreducible uncer-
tainty [83].

It is well recognized that, although its share in GDP has 
decreased over time, a large section of the country’s work-
force is still engaged in agriculture for their livelihoods 
[80].13 Although the policies in the past broadly aimed at 
accelerating growth of the sector, conservation of critical 
natural resources including water, land and biodiversity 
lacked adequate emphasis causing serious concerns about 
sustainability of the growth process. This is alarming given 
that the contemporary development initiatives have led to 
excessive exploitation of natural resources in many coun-
tries [58]. The problem appears to be very critical in Indian 
context due to existence of many small landholder farm-
ers, declining investment, sluggish technological advance-
ment and depletion of important natural resources [32].

According to the experts and different stakeholders, 
major components of groundwater dynamics are rainfall 
variations, groundwater recharge, surface water irrigation, 

12 However, the choice of irrigation system is influenced by its 
potential impact as well [34].

13 Such prevalence of disguised employment has reduced labor 
productivity in the sector leading to relatively higher incidence of 
poverty in rural India (Sharma [75]).
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well irrigation, crop diversification, technology, GSDP, 
government expenditure, user group participation, 
yield, fertilizer use, groundwater level, policies and eco-
system services. Further, the panel data modeling sug-
gests that irrigation and crop diversification have sig-
nificant influence on cropping intensity. Accordingly, 
an attempt is been made here to model the dynamics 
of sustainable intensification in Indian agriculture using 
the FCM for building probable scenarios. This is based 

on inter-relationships across different factors influencing 
farming practices.

Based on Özesmi and Özesmi [55], Table 7 provides a 
summary of the FCM statistics. Given the number of vari-
ables, the presence of more concepts implies larger com-
ponents. This paper uses 25 components. Higher number 
of connections (total 44 connections here) between the 
variables indicates larger degree of interactions between 
the components. Further, higher density stands for poten-
tially stronger management policy.

Furthermore, the ratio of receiver to transmitter vari-
ables shows the outcomes of the driving forces. The com-
plexity score stands for the complex systems of thinking. 
Components in receiving functions are influenced by other 
components, though they do not have any impact. Fur-
ther, the receiving components indicate how many con-
cepts are affected by others. Besides, the degrees (both in 
and out degrees of the components) and their centrali-
ties are reflected in Table 8. According to Gray et al. [23], 
absolute value of overall influence and that of individual 
concept imply total impact in the system and importance 
of individual concepts, respectively. A higher value here 
means greater importance or impact.

Table 7  Summary of FCM statistics. Source By authors (using men-
tal modular) based on [41]

FCM properties Value

Total number of components 25
Total number of connections 44
Extent of density 0.073333
Number of connections per component 1.76
Number of driver components 5
Number of receiver components 1
Number of ordinary components 19
Complexity score 0.2

Table 8  In degree, out degree, 
centrality and type of concepts 
in the FCM. SourceBy authors 
(using mental modular) based 
on [41]

Type Component In degree Out degree Centrality

Ordinary Private investment 0.25 0.5 0.75
Ecosystem services 0.75 0.25 1
Policy 0.25 0.75 1
Farm size 0.75 0.5 1.25
Rainfall variations 0.75 0.75 1.5
GW recharge 0.75 0.75 1.5
Cash crop 1.25 0.25 1.5
Subsidy in inputs 0.5 1.25 1.75
Modernization in agriculture 0.5 1.5 2
Land productivity 1.25 0.75 2
Technology 1.25 0.75 2
Crop diversification 0.5 1.75 2.25
Surface water irrigation 1.5 0.75 2.25
Yield 2 0.5 2.5
Fertilizer consumption 1.75 1 2.75
Govt expenditure on agriculture 1.25 1.5 2.75
Well irrigation 1.75 1 2.75
Groundwater (GW) availability (level) 2.25 1.25 3.5
Irrigation intensity 1.25 3 4.25

Driver GW used in household and industry 0 0.25 0.25
Population 0 0.5 0.5
Local user group governance 0 0.75 0.75
GSDP in agriculture 0 1.25 1.25
Agro-climatic setup 0 1.5 1.5

Receiver Cropping intensity 2.5 0 2.5
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Notably, the causal relationship, magnitude and direc-
tion of relationships between the concepts are extracted 
from the literature and triangulated through visits to the 
study villages and interactions with the farmers, other 
stakeholders and experts along with the researchers 
associated with the SIAGI. The nature and complexities of 
the relationships are summarized in Fig. 6. Given the dif-
ficulties in quantifying many of these variables, we have 
designed a matrix and interlinking framework through 
the FCM using modular mental software based on infor-
mation extracted from the literature, field visits, informal 
interactions and random discussion with different stake-
holders, government reports and policy-related papers. 
The method is helpful because it enables one to have a 
broad understanding of the subject under investigation. 
The informal interactions and random discussion with dif-
ferent stakeholders not only generate information on col-
lective views but also reveal a rich understanding of the 
experiences and beliefs that lie behind those views.

Overall, it is evident that the extent and nature of rela-
tionships vary across different pairs of variables. Besides, 

intersections of the arrows indicate interactions across the 
concepts and hence their overlapping relationships. Here, 
the blue and orange arrows show positive and negative 
causality between the concepts, respectively. Factors at 
the arrow points are the independent concepts, whereas 
the nock side factors are the dependent ones. The values 
of the weight (causality) determine the breadth of the 
arrows.

This paper designs the policy implications for sustain-
able intensification in agriculture in three steps. First, 
extensive literature review covering the above-mentioned 
aspects in both Indian and global context is carried out 
to frame the initial conceptual model. Next, significant 
explanatory variables identified through the panel data 
modeling and the insights gathered from the study vil-
lages are used to design the FCM. Finally, filtration of infor-
mation and model validation are done in the presence of 
the famers, development practitioners and researchers in 
the project’s workshops. The weights assigned to the coef-
ficients imply weak (0.25), moderate (0.50), high (0.75) and 
very high (1.00) relationships between the concepts. These 

Fig. 6  Correlation inter-linkages among the parameters. Source: Designed by authors based on literature and field experiences
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three steps of the FCM are repeated several times until a 
suitable model is arrived at.

Based on the FCM framework, as presented in Fig. 6, 
three alternative scenarios are designed. Given that rainfall 
has decreased by over 10 percent in recent years and avail-
ability of groundwater for future cultivation is at the critical 
stage in the states like Punjab, Haryana, Odisha, etc., the first 
scenario (Fig. 7) is designed to understand the impact of 
policies and other interventions on intensification. This sce-
nario captures over-extraction of groundwater with intro-
duction of advanced technologies. The scenario shows that 
lack of irrigation facilities can force the farmers toward culti-
vation of the less water-intensive cash crops and as a result 
cropping intensity may decrease by around seven percent.

The Price Policy Commission for Kharif Crops of the 
Government of India (2015–16) recommended quantita-
tive restrictions on use of water and electricity in agricul-
ture. It also suggested encouraging the farmers toward 
use of drip irrigation and other agro-management tech-
niques to increase production per single drop of water.14 

Nevertheless, while improving efficiency and productivity 
of irrigation water is crucial [29, 72], private invest in such 
technologies requires well-defined water rights to incen-
tivize the users [69]. Further, both the formal and informal 
institutional arrangements should be based on hydrologi-
cal and economic conditions [9].

In order to overcome this problem of low intensifica-
tion, government can invest on modernization of the sec-
tor through better access to efficient irrigation systems 
such as implementation of micro-irrigation projects, 
providing less water consuming seeds, etc. Nevertheless, 
there should be necessary corrective measures to address 
the potential decline in land productivity, groundwater 
recharge and surface water irrigation in the process. In 
addition to modernization of farming techniques, initia-
tion of public–private partnerships and focus on enhanc-
ing farm productivity and resource efficiency, there is 
also a need for institutional innovation. Scenario II (Fig. 8) 
shows the state of agriculture after these measures 
are introduced. It is seen that there would be 3 percent 
improvement in cropping intensity if irrigation expands 
by more than 20 percent. Further, although there is a pos-
sibility of 20 percent increase in yield with improvements 

Fig. 7  Scenario I—Policy and other interventions by the government 

14 Enhancing efficiency of water in agriculture is crucial in areas 
with water scarcity [48].
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farming technologies, fertilizer use and crop diversifica-
tion, it can also cause a negative growth in groundwater 
availability because of a decrease in surface irrigation.

Importantly, about 78 percent of available freshwater is 
diverted to agriculture [47, 49], whereas only 48 percent of 
total cropped area is under irrigation in India [52]. Further, 
paddy and sugarcane constitute one-fourth of the gross 
cropped area, consuming more than 60 percent of irriga-
tion water and thus limiting its use for other crops [1, 79]. 
Hence, efficient water management is necessary to bal-
ance irrigation potential with its appropriate utilization. 
This requires recalibration of cropping patterns toward 
maximization of crop production per unit of water used for 
irrigation. Such an approach would be crucial to increase 
food production, farm income and productive employ-
ment in water scarce regions [47].

Agricultural intensification is a development practice 
and agricultural sustainability is a strategy for agricultural 
development. Agricultural intensification is not against 
sustainability, and the former is not at all conservative. 
Both are the unity of the opposition. The contradiction was 

that the natural resources were depleted and the areas 
polluted with agricultural intensity, and so on. But organi-
zations remain a double standard of response between 
agricultural and environmental consolidation. [87]. The 
sustainable intensification (SI) approach involves increas-
ing food production from existing farms in ways that have 
a low impact on the environment and do not undermine 
our ability to continue producing food in the future [22]. 
Stability, without a focus on sustainability, has led to many 
problems around the world. SI does not mean that food 
production as normal and further improvements in sus-
tainability, but rather re-evaluation of food systems not 
only to reduce environmental impacts but also to improve 
water and food flow and support rural economy and sus-
tainable development [24].

Hence, for sustainability of agricultural intensification, 
there is a need for improvement of the potentiality of 
surface irrigation which would increase both intensity of 
irrigation and availability of groundwater. This is shown 
in scenario III (Fig. 9). Focus on surface irrigation may not 
necessarily raise the rate of growth of cropping intensity, 

Fig. 8  Scenario II—Investment for modernization of agriculture 
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whereas improvement in irrigation intensity and ground-
water potentiality may be marginal, but it is likely to make 
the process sustainable. This scenario essentially high-
lights the tradeoff between irrigation-based intensification 
in agriculture and its sustainability.

The three scenarios suggest that, given the enormous 
diversity of agro-climatic conditions, it is necessary to 
design separate norms and regulations to cater to the 
region-wise heterogeneities in irrigation-intensification 
relationships. It is seen that the well owners and those 
who buy water, use more of chemical fertilizers, labor and 
other inputs. It also appears that pump irrigation performs 
better in respect of intensification, input use and yield. As a 
result, proportion of land under groundwater irrigation is 
relatively high. On the other hand, higher benefits can be 
reaped on sustained basis from groundwater recharge and 
proper management of surface water through community 
participation. This approach can potentially foster changes 
in farming and water conservation practices. Moreover, 
policy interventions and farm planning in accordance with 

local agro-ecological conditions would be crucial for effi-
cient groundwater management and its use in irrigation.

4  Summary and conclusions

This research attempts to model the relationships 
among agricultural intensification, irrigation intensity 
and crop diversification and their potential implications 
for groundwater dynamics in major Indian states. Using 
secondary data and carrying out panel data modeling, 
it is found that greater irrigation facilities, more use of 
chemical fertilizers, higher yield and diversified crop bas-
ket increase cropping intensity, whereas rainfall varia-
tions, share of GSDP in agriculture, have no significant 
impact on intensification. Thus, increase in cropping 
intensity requires greater irrigation facilities along with 
greater use of chemical fertilizers, but when it is based 
on groundwater, there are potential threats to sustain-
ability of intensification. In this connection, the fuzzy 

Fig. 9  Scenario III—Focus on surface irrigation 
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cognitive modeling shows that appropriate policies and 
institutions toward modernization of agriculture and 
promotion of surface irrigation can improve groundwa-
ter potentiality and make intensification sustainable.

While there is a need for further detailed investigation 
of the impact of chemical fertilizers and rainfall varia-
tions on intensification, the findings of panel data and 
fuzzy cognitive modeling here provide important policy 
directions in respect of modernization of agriculture sec-
tor, surface water centric irrigation practices and efficient 
functioning of the water user groups along with cultiva-
tion of less water-intensive crops. More specifically, the 
findings suggest that there is a need for more rational 
use of groundwater along with storage of surface water 
and its use in irrigation to enhance future groundwater 
potentiality. There is also a need for enhancing efficiency 
of irrigation structures and water productivity in agricul-
ture. The National Water Policy (NWP) also focuses on 
optimizing the effectiveness of the existing irrigation 
systems. It is expected that appropriate incentives can 
potentially facilitate recharge of wells, whereas water 
neutral and water positive technologies and introduc-
tion of drip, sprinkler, and ridge and furrow irrigation 
can reduce its wastage.

The paper also finds that crop diversification enhances 
cropping intensity and helps in mitigating various produc-
tion- and market-related risks. More importantly, diversi-
fication toward less water-intensive crops facilitates more 
rational use of water. Hence, there is a need for promot-
ing appropriate diversification of crop basket. However, 
extent of intensification through crop diversification may 
be limited for the smallholder farmers, particularly when 
agriculture is a secondary source of livelihoods for them 
and there are times, skill, scale and capacity-related con-
straints to grow high-value cash crops.

Further, the policies should facilitate to restoration of 
the traditional water harvesting systems. Amid the advan-
tages of various artificial refill techniques, groundwater 
recharge through percolation tanks, 30–40 model, hapa 
and contour trench is less expensive, particularly in respect 
of the preliminary construction costs. Although there 
exist several innovative structures in the country, many 
of them are silted up and their reuse requires cleaning of 
the earthen structures and promotion of participatory 
approach to management. Besides, water-saving micro-
irrigation techniques should be introduced to reduce its 
uncontrolled use. Since the recent developments have 
enhanced focus on the socially marginal groups, primi-
tive classes, landless laborers and smallholder farmers, 
the socio-technical practices relating to water conserva-
tion and agricultural intensification need to be strength-
ened to create alternative pathways for inclusiveness and 
sustainability in agricultural intensifications in the line of 

the Sustainable Development Goals (SDGs) of the United 
Nations.
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