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ARTICLE INFO ABSTRACT
Keywords: Climate change (CC) is a global issue, with effects felt across nations, including India. The in-
Adaptation strategies fluences of CC, such as rising temperatures, irregular rainfall, and extreme weather events, have a

Bibliometric analysis

Climate change impacts

Climate-related agricultural productivity
Sustainable agriculture

Vulnerability of farmers

direct impact on agricultural productivity, thereby affecting food security, income, livelihoods,
and overall population health. This study aims to identify trends, patterns, and common themes in
research on Climate Change and Resilience, Adaptation, and Sustainability of Agriculture in India
(CCRASAI). It also seeks to illuminate potential future research directions to guide subsequent
research and policy initiatives. The adverse impacts of CC could push farmers into poverty and
undernourishment, underscoring the imperative to focus on the resilience, adaptation, and sus-
tainability of agriculture in India. A bibliometric review was conducted using Biblioshiny and
VoSviewer software to analyze 572 articles focused on CCRASAI from the Scopus and Web of
Science databases, published between 1994 and 2022. There was an evident upward trend in
CCRASAI publications during this period, with steady growth appearing after 2007. Among the
States and Union Territories, Delhi, Tamil Nadu, West Bengal, Andhra Pradesh, and Karnataka
have the highest number of published research articles. Research on CCRASALI is most concen-
trated in the southern plateau, the trans-Gangetic and middle Gangetic plains, and the Himalayan
regions. The frequently used terms—’climate change impacts,” ‘adaptation strategies,” and ‘sus-
tainable agriculture’—in CCRASAI research emphasize the focus on analyzing the effects of CC,
creating adaptation strategies, and promoting sustainable agricultural practices.

1. Introduction

Climate change (CC) has emerged as a global issue, impacting food security, human health, water availability, and overall societal
progress across different countries [1,2]. As agriculture relies on rainfall, temperature, and soil conditions, CC manifests in the form of
monsoon irregularities, droughts, and floods, affecting agricultural productivity and farmers’ income [3]. The negative impact of CC
could lead to a reduction in the productivity of various crops by 3-7 % for every one-degree rise in mean temperature [4,5], thereby
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increasing the risk of hunger and undernourishment [6]. Small and marginal farmers constitute approximately 86 percent of the total
number of farmers in India [7]. The impacts of CC affect small farmers more significantly than large farmers [8]. With large farmers
having a greater capacity to adapt to CC than small and marginal farmers, the latter group is more vulnerable to CC [9].

CC significantly impacts labor productivity, not only within the agricultural sector but also across various other economic sectors.
Srinivasa Rao et al. [10] estimated that global warming might result in a loss of around 5.8 % of working hours, potentially leading to
the loss of approximately 34 million full-time jobs, primarily in the construction and agricultural sectors. Additionally, the recent
COVID-19 pandemic has caused further disruptions in the agricultural sector, exacerbating the situation created by the adverse impact
of CC [11]. The impact of the COVID-19 pandemic on farmers, particularly small-scale farmers, was more pronounced in contexts
characterized by less mechanization in the agricultural sector and a weak procurement system for agricultural produce [12].

The impacts of CC on agriculture vary across different regions in India [13]. Projections suggest an increase in extreme rainfall
events in western and south-central areas [14]. Summer monsoon rainfall is expected to decline, while winter rainfall is anticipated to
increase in northwestern regions, such as arid western Rajasthan and adjacent areas in Punjab and Haryana [15]. This could lead to
higher incidences of droughts and floods, affecting both the rainy season crops (kharif), typically sown from June to July and harvested
from September to October, and the winter season crops (rabi), usually planted from October to December and harvested from April to
June [16]. A perception study in the Brahmaputra basin in India found that farmers believe CC contributes to recurring floods,
landslides, droughts, and crop and livestock diseases [17]. The adverse impact of CC could potentially reduce agricultural yields in
India 4.5-9% annually during the 2020-2039 period [18]. If translated into monetary terms, this could result in an annual GDP
reduction of between 0.7 % and 1.35 % [10,19]. The impact of CC can be significantly mitigated with proper CC adaptation [20].

Recently, the need to build resilience, adaptation, and sustainability in India has been increasingly realized to ensure food security
and sustainable development [21]. Few bibliometric studies have been undertaken to explore research and development and identify
gaps within these themes, likely attributable to the increased focus on these areas of research only in the past decade and a half. To
better understand research trends and knowledge gaps, we conducted a bibliometric review analyzing literature on Climate Change
and Resilience, Adaptation, and Sustainability of Agriculture in India (CCRASAI).

The goal of this study is to identify key research themes, publication patterns, and knowledge gaps to guide future research and
policy initiatives. This bibliometric review aims to answer the following research questions (RQs) related to CC and resilience,
adaptation, and sustainability of agriculture in India, which were not addressed previously: (a) RQ1: What are the trends and patterns
of research in relation to climate resilient and sustainable agriculture in India, based on a bibliometric analysis of scientific publi-
cations? (b) RQ2: What are the common themes across the research studies related to climate-resilient and sustainable agriculture in
India? What are the major research findings across these studies within these common themes? (c) RQ3: What are potential future
research directions in the field of climate resilient and sustainable agriculture in India?

2. Material and methods

Bibliometrics, a well-established research methodology, is commonly employed to evaluate scientific publications, citation pat-
terns, and the overall impact of research in various fields [22]. The adoption of bibliometric analysis as the research methodology was
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Fig. 1. Workflow of CCRASAI study.
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essential in identifying key research themes, publication patterns, and knowledge gaps. It aids in recognizing current research trends in
the field through both quantitative and qualitative approaches. A significant volume of bibliographic records data was analyzed to
identify patterns, trends, and the most recent research topics related to the domain of interest. To conduct the bibliometric analysis, the
steps proposed by Mishra et al. [23] were followed (Fig. 1). The bibliometric analysis was structured into three primary phases, as
delineated in the subsequent subsections.

2.1. Selection of the database and development of the search strategy

In this paper, Scopus and the Web of Science core collection databases were chosen to collect literature related to the study area.
These databases are the two most used academic databases in bibliometric analyses, covering a wide range of academic disciplines.
They offer comprehensive coverage of published literature, including peer-reviewed journals, conference proceedings, and other
scholarly materials, thus ensuring that no relevant articles were overlooked [24]. The search terms utilized in the study included
‘adaptation strategies,” ‘climate change impact,” ‘climate-smart agriculture,” ‘climate resilient,” ‘drought management,” ‘sustainable
agriculture,” ‘climate change adaptation,” and ‘climate change risk mitigation,” among others. Details of the search strategy are pre-
sented in Fig. 2. The literature search, conducted on December 19, 2022, focused exclusively on articles and reviews in English
published from 1994 to 2022, offering a comprehensive snapshot of relevant literature up to that date. A search was conducted in both
databases using the outlined search strategy (Fig. 2), yielding 506 records from Scopus and 341 records from Web of Science,
respectively. The bibliographical data were retrieved by extracting Scopus data in the form of *.bib’ format and Web of Science data in
the form of ".txt’ format.

2.2. Merging and cleaning of retrieved data

Upon retrieving bibliographical data from both Scopus and Web of Science databases, records were merged into a single dataset
using RStudio software [25]. To ensure data quality, any duplicate records from the merged dataset were removed, resulting in 602
records. Each record was then screened, and articles irrelevant to the study, based on pre-defined inclusion and exclusion criteria, were
removed. This screening process reduced the number of records to 572. Finally, data cleaning was performed to eliminate in-
consistencies, errors, or missing information from the dataset. The resulting dataset contained only high-quality records relevant to the
research question, preparing it for further analysis.

© Clarivate
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2.3. Analysis of the data

To glean insights from the dataset, a bibliometric analysis was conducted using Biblioshiny [26] and VoSviewer software [27].
Utilizing Biblioshiny enabled the analysis of the performance of the most prolific authors, institutions, journals, citation patterns, and
countries in the domain. This helped answer research question RQ1. Additionally, VoSviewer software was used to perform cluster
analysis and identify themes and subthemes in the domain. Each cluster was then discussed in detail, considering the major findings
and suggestions of the papers within the cluster. This approach allowed for answering research question RQ2, granting a deeper
understanding of the key themes and research areas in the field and providing insights for future research in the domain. The major
trending topics identified are used to answer research question RQ3, supplying a comprehensive review on trending topics by iden-
tifying all cited articles on each topic. By employing this data analysis approach, a comprehensive understanding of current research
trends, knowledge gaps, and future directions in the field of climate-resilient and sustainable agriculture in India can be achieved.

To address research questions RQ2 and RQ3, a co-word analysis utilizing author keywords was implemented to elucidate the
knowledge structure within the CCRASAI field. This method provided insights into the predominant themes and subjects foundational
to research in this domain. Following this, a network analysis of keyword co-occurrences, executed with VOSViewer software,
facilitated the identification of prevalent themes (clusters) and subjects within the CCRASAI literature. Such an analytical technique is
widely recognized in bibliometric studies for pinpointing the core elements that constitute the basis of research fields [28]. For the
construction of the keyword network, only author keywords that appeared a minimum of five times within the dataset were
considered, yielding a selection of 54 keywords. This study’s analysis delineated seven distinct clusters from these keywords, with each
cluster symbolizing a recurrent subject across the CCRASAI literature.

In this research, the authors also focused on studying CCRASAI at the national level, covering globally and encompassing nearly
fifteen broad agro-climatic regions of India. These regions include the Western Himalayas, Eastern Himalayas, Lower Gangetic plains,
Middle Gangetic plains, Upper Gangetic plains, Trans-Gangetic plains, Eastern Plateau and hills, Central Plateau and hills, Western
Plateau and hills, Southern Plateau and hills, East coast, West coast, Gujarat plains and hills, and Island regions. Additionally, various
bibliometric indicators, including the Hirsch index (h-index), total citations, impact factor, and the number of articles, have been
utilized for ranking purposes.

3. Results and discussion
3.1. Trend in publication outputs and citations in India

A total of 572 articles pertaining to CCRASAIL published between 1994 and 2022, were retrieved from the Scopus and Web of
Science databases. Table 1 presents their bibliometric characteristics. These articles, contributed by 1644 authors and encompassing
1544 keywords, predominantly originated from India. The average citation per CCRASAI article stood at 17.1. Metrics such as the
number of authors per article, co-authors per article, and the collaboration index were 2.87, 4.43, and 3.11, respectively.

Fig. 3 depicts a year-by-year distribution of CCRASAI research articles. Overall, the number of publications in CCRASAI research
exhibits an upward trend from 1994 (1) to 2022 (572), with a peak in 2021 & 2022. However, certain years showed fewer publications
than in previous years. In 1994, there was only a single publication related to the problems and prospects of development in the Indian
arid zone, and until 2007, there were only a few publications on this topic.

Moreover, the growth pattern of CCRASAI research grew steadily after 2007, which was accelerated in the past decade. This in-
crease reflects the growing realization of the importance of research related to the impact of climate change on resilience and sus-
tainability in the agriculture sector across different countries, including India. This might be due to the repeated occurrence of drought,
flood, cyclone, unseasonal rainfall, and an increase in temperature in various parts of the world and in India. Efforts to achieve climate-
resilient agriculture have been initiated both at the national and state level. For example, at the national level, the National Innovations

Table 1

Key information about the dataset.
Description Results
Timespan 1994-2022
Sources (journals, books, etc.) 272
Documents 572
Average citations per document 17.1
Keywords Plus (ID) 2379
Author’s keywords (DE) 1544
Authors 1644
Author appearances 2535
Authors of single-authored documents 53
Authors of multi-authored documents 1591
Single-authored documents 61
Documents per author 0.348
Authors per document 2.87
Co-authors per documents 4.43
Collaboration index 3.11
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Fig. 3. Year-wise trend of CCRASAI research.

on Climate Resilient Agriculture (NICRA) in India under the Indian Council of Agricultural Research (ICAR) was established in 2011 in
this direction. Various State Governments have also initiated special projects on climate-resilient agriculture, such as the Project on
Climate Resilient Agriculture (PoCRA) implemented by the Government of Maharashtra and World Bank to achieve climate-resilient
agriculture in the Vidharbha and Marthwada region of Maharashtra [29].

In terms of total citations (TC), the most cited articles were published in 2018 (TC = 962) and 2015 (TC = 1920), indicating that
these publications significantly shaped this domain. The increase in publications in recent years might be due to heightened awareness
about issues related to CCRASAL Furthermore, the United Nations Climate Change Conferences held in Paris in 2015, Bonn in 2017,
and most recently in Sharm-el-Sheikh, Egypt in 2022, likely fostered increased interest and commitment towards climate change
research.

The paper titled “Mapping vulnerability to multiple stressors: Climate change and globalization in India” by O’Brien et al. [30]
garnered the highest number of citations. Published in 2004, it likely garnered more citations because it provided a systematic
methodology to study the regional variation of vulnerability due to climate change from multiple stressors. The vulnerability analysis
is also helpful in preparing and implementing government policies and interventions, both by government and non-government
agencies, to achieve climate resilience.

3.2. Most influential authors

The dataset was analyzed to identify the most productive authors based on their publication count. Table 2 presents the top 10 most
productive authors, alongside the number of citations received and their Hirsch index (h-index) for each. The h-index is a metric that
aims to measure both the productivity and citation impact of the publications of a scientist or scholar. It is based on the set of the
scientist’s most cited papers and the number of citations that they have received in other publications. Mangi Lal Jat, affiliated with the
Climate Change, Agriculture, and Food Security (CCAFS) in New Delhi, emerges as the most prolific author, having published 22
articles focused on climate change in agriculture (Table 2). Following this comprehensive overview of the most productive authors in
the field, Table 3 elucidates the major research focuses of these top authors. This table provides insights into the specific domains
within climate change and agriculture that have been the primary focus of their academic contributions.

The most productive authors were identified from the dataset based on their publication count. Table 2 displays the top 10 most
productive authors, including the number of citations each has received and their Hirsch index (h-index). The h-index is determined by
the number of papers (N) an author has published that have each been cited at least N times, thus reflecting both productivity and
impact. Mangi Lal Jat, from the Climate Change, Agriculture and Food Security (CCAFS) in New Delhi, stands out as the most prolific
author, having contributed 22 articles focused on CC in agriculture (Table 2). Following this comprehensive overview, Table 3

Table 2
Ranking of top 10 most productive authors in climate change and agriculture research.
Rank  Author Articles TC h- Institute
index
1 Mangi Lal Jat 22 330 9 Climate Change, Agriculture and Food Security, New Delhi
2 Pramod K. 16 743 11 International Maize and Wheat Improvement Center, New Delhi
Aggarwal
3 Hanuman Sahay 12 83 5 Central Soil Salinity Research Institute, Haryana
Jat
4 Parbodh C. 12 96 5 Central Soil Salinity Research Institute, Haryana
Sharma
5 Dil Bahadur Rahut 10 152 5 International Maize and Wheat Improvement Center, New Delhi
6 Tek B. Sapkota 9 231 7 International Maize and Wheat Improvement Center, New Delhi
7 P. K. Joshi 7 282 6 Jawaharlal Nehru University, New Delhi
8 Suhas Pralhad 7 79 6 International Crops Research Institute for the Semi-Arid Tropics, Patancheru
Wani
9 Firoz Ahmad 7 48 4 Vindhyan Ecology and Natural History Foundation, Uttar Pradesh

10 Bhawna Anand 7 41 3 Indian Council of Agricultural Research - National Institute of Agricultural Economics and Policy
Research, New Delhi
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Table 3
Major research focus of top 10 authors.

Research focus

Climate change South Asia Ex ante risk

Climate-smart agriculture Rice wheat system Climate resilient
Indo-Gangetic plains Smart agriculture practices Recent climate extremes
Conservation agriculture Bihar India Climate extremes evidence
Climate change adaptation Agricultural sustainability Food security
Climate-smart agriculture practices Adaptation greenhouse gas Past climate extremes
Cereal-based systems Soil enzymes Soil organic carbon

Soil enzymes activity Greenhouse gas mitigation Ante risk coping

Cropping systems Impacts of climate change Haryana India

Economic efficiency Global warming Turbo happy seeder

elucidates the major research focuses of these leading authors, offering insights into the specific domains within climate change and
agriculture that have garnered their scholarly attention.

3.3. Top institution and state

Fig. 4 depicts the research activity of Indian states during the last 26 years, based on the number of articles published. This analysis
was conducted with a focus on the details of the corresponding authors. The results show that New Delhi has the highest number of
publications, followed by Tamil Nadu, West Bengal, Andhra Pradesh, and Karnataka. This may be due to the presence of prominent
agricultural research institutions in New Delhi and in these states. Also, it may be because these institutes have received more funding
from the central Government and international donors to conduct research on climate resilient and sustainable agriculture.

During the study period, the states with the highest publication output were New Delhi, West Bengal, Karnataka, and Telangana.
Interestingly, despite the relatively late start of CCRASAI research in West Bengal, the significant number of published papers ranks it
third, indicating the considerable attention CCRASAI research has garnered in the region.

Fig. 5 presents the top ten institutes involved in CCRASAI research. The International Maize and Wheat Improvement Center in New
Delhi, with 41 publications, is the most productive institution. This is followed by the Indian Agricultural Research Institute in New
Delhi and the Indian Council of Agricultural Research in West Bengal, each with 31 publications. Notably, the list includes nine Indian
institutions and one from the United States, underscoring their significant contribution to CCRASAI research.

While a major share of research on CCRASAI comes from central Government or international donor-funded research institutes
such as the International Maize and Wheat Improvement Center in New Delhi, the Indian Agricultural Research Institute in New Delhi,
the Indian Council of Agricultural Research in West Bengal, and the Indian Council for Agricultural Research, the share of research
conducted by other universities, primarily at the state level, is relatively less. This suggests that these universities, which currently
have fewer publications, should receive more funding and better infrastructure for research, and should also focus more on research on
CCRASAL

3.4. Topmost multiterm used in climate resilience research

In India, the terms most frequently used in research on CCRASAI are “climate change impacts,” appearing 198 times, followed by
“adaptation strategies,” used 123 times, and “sustainable agriculture,” mentioned 93 times (Table 4). These terms indicate that Indian
researchers place great emphasis on analyzing the effects of climate change, devising adaptation strategies, and promoting sustainable
agricultural practices. These aspects are viewed as crucial for societal development compared to other research areas.
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Table 4

Most frequently used multiterm in CCRASAI research.
Multiterm Occurrences Multiterm Occurrences
Climate change impacts 198 Climate models 32
Adaptation strategies 123 Study area 30
Sustainable agriculture 93 Resilient agriculture 30
Water resources 57 Climate change on agriculture 30
Climate resilient 48 Climate smart agriculture 29
Future climate 48 Greenhouse gas 29
Adaptive capacity 45 Cropping system 28
Climate risk 40 Minimum temperature 26
Climate-smart agriculture 37 Farm households 25
River basin 36 Climate scenarios 25
Production system 36 Indo-gangetic plains 23
Management practices 35 Conservation agriculture 22

3.5. Top influential journals

A total of 572 articles related to CCRASAI were published across 272 different journals. Table 5 ranks the journals based on the
number of their publications related to CCRASAIL This ranking includes the publication count for each journal, the total citations
received for the published articles, and the journal’s impact factor in 2023. The journal Climatic Change is identified as the most
relevant for CCRASAI research, featuring 20 publications and receiving a total citation count of 625. Following closely behind are The
Science of the Total Environment and Current Science, with 19 and 13 publications and citation counts of 519 and 532, respectively.

3.6. Geographical area of focus

Upon analyzing the geography of agro-climatic zones within India, it is observed that 572 articles related to CCRASAI analyzed, 177
were conducted at the national level, covering nearly all agro-climatic regions, and 36 were conducted globally, encompassing studies
in India as well as other countries. The remaining 359 articles focused on one or several agro-climatic zones within India.

Table 5

Leading journals in climate change resilience, adaptation, and sustainability in agriculture in India (CCRASAI) research.

Journal NP TC h-index Impact Factor
Climatic Change 20 625 11 4.8
Science of the Total Environment 19 519 14 9.8
Current Science 13 532 7 1.169
Climate and Development 11 138 7 4.3
Environmental Monitoring and Assessment 11 157 8 3.0
International Journal of Climate Change Strategies and Management 11 147 6 3.6
Theoretical and Applied Climatology 10 138 6 3.4
Irrigation and Drainage 8 44 3 2.9
Journal of Agrometeorology 8 51 4 0.484
Agricultural Systems 7 255 7 6.6
Ecological Indicators 7 221 7 6.9
Sustainability 7 28 3 3.9
International Journal of Climatology 6 92 3 3.9
Journal of Water and Climate Change 6 34 4 2.8
Mausam 6 32 4 0.906
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Among these 359 articles, the highest number of publications (56 articles) were conducted in Zone 10, the Southern Plateau and
Hills region, which includes parts of Karnataka, Tamil Nadu, and Telangana states. As depicted in Fig. 6, this region emerged as the
primary geographical area of focus. It was followed by Zone 6, encompassing the Trans-Gangetic plains covering New Delhi, Punjab,
and Haryana states, with 48 articles. Zone 4, the Middle-Gangetic Plains, covering most parts of Uttar Pradesh, had 46 articles, and
Zone 2, the Eastern Himalayan region, had 40 articles. In contrast, the number of CCRASAI publications is relatively low in Zone 15
(the Islands region), Zone 13 (the Gujarat plains and hills), and Zone 14 (the Western Dry region), with only 23 articles combined.

The reason for more research in the Trans-Gangetic and Middle-Gangetic plains might be due to the increased attention these
regions have received as a result of higher crop production after the Green Revolution. It could also be attributable to the presence of
numerous research institutes and government offices in these regions, particularly in New Delhi and its surrounding areas. Similarly,
the higher number of research studies in the Southern Plateau and Hills region, which covers parts of Karnataka, Tamil Nadu, and
Telangana, might be due to an increased focus on dry land agriculture and drought, and the presence of agricultural academic and
research institutes in these areas. The regions where there has been less research on CCRASAI are also vulnerable to CC, suggesting a
need for more research in these agro-climatic regions and states in India.

3.7. Knowledge structure of climate resilience research: Co-word analysis

The keyword network is represented in Fig. 7, where the size and color of each circle indicate the frequency and type of the cluster,
respectively. Details of each cluster are discussed below. The proximity of the circles indicates the frequency of co-occurrence, while
the thickness of the connecting lines (links) represents the strength of co-occurrence between the two circles. VOSViewer software was
utilized to assign different colors to the clusters based on their weight or significance. The colors range from yellow (very low score)
through blue (low score), green (average score), to red (high score) [27].

3.8. Sustainable agriculture (cluster 1)

The sustainable agriculture cluster is a critical research area that aims to develop agricultural practices that are environmentally
sustainable, socially responsible, and economically viable. One of the clusters identified in the analysis is “sustainable agriculture,”
represented by the red color in Fig. 7. This cluster comprises nine sub-topics: food security, irrigation, sustainability, water resources,
biodiversity, climate resilience, dryland agriculture, the green revolution, and water scarcity. The sub-topics within this cluster address
various aspects of sustainable agriculture, such as enhancing food security, managing water resources, preserving biodiversity, and
adapting to CC.

The statistical information about this cluster is presented in Table 6. Most articles in this cluster underscore the importance of
sustainable agriculture practices in mitigating the impacts of CC [31,32] and promoting food security. Some of the initial articles focus
on the importance of climate-smart agriculture and its potential to provide farmers with advanced weather information, knowledge
about resilient technology and practices, and the means to use these technologies. These articles emphasize the need for effective
resource management to ensure sustainable agriculture [33,34]. They also explore the potential of solar and wind energy sources in
reducing carbon emissions and increasing resilience in the agricultural sector [35].

Other articles in the collection examine specific issues related to sustainable agriculture, such as the challenges faced by
marginalized farmers [36] and the use of technology to control agronomic variables in crop production [37]. They also highlight the
importance of collaboration and the use of innovative technologies, such as nanotechnology [38] and ICTs [39], in building resilience
and promoting sustainable agriculture practices. Some articles even underline the need to diversify crop production to include CC
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Fig. 7. Keywords used in articles in the domain of CCRASI.

Table 6

The statistical information about the cluster “Sustainable Agriculture".
Cluster Keywords Links Occurrences
1 Sustainable agriculture 14 23
1 Food security 23 20
1 Irrigation 13 13
1 Sustainability 8 13
1 Water resources 10 8
1 Biodiversity 5 5
1 Climate resilience 7 5
1 Dryland agriculture 9 5
1 Green revolution 6 5
1 Water scarcity 6 5

resilient crops like millets and sorghum. Lastly, the articles address the impact of agriculture-emitted black carbon on CC and the need
for policies that consider nutrition, climate, and the environment in addition to maximizing production [40].

3.8.1. Food security

The loss of agricultural production due to CC is a serious concern due to the need for increased food quantity to feed the growing
population. A study predicts a potential food shortage in India by 2030 due to the negative impact of CC [37,41]. Sustainability and
resilience in production, processing, and trading of agricultural items are crucial to minimize greenhouse gas emissions [42].

The rise of greenhouse gas in the atmosphere might reduce the nutritional value of crops, which could detrimentally affect the
nutritional status of human beings [43]. Therefore, adverse impacts of CC can lead to temporary food shortages among farming
households [17,44]. The CC-induced crop loss or intensification of crop and livestock can influence food availability [45]. Conser-
vation agriculture is a good option as it helps achieve better yields, crop diversification, and improved soil quality [46]. For sustainable
and climate-resilient agriculture, a mix of modern climate-resilient technologies and traditional practices might be beneficial [47]. To
achieve food security, adapting to and mitigating the impact of climate change, along with the adoption of climate-smart agriculture, is
vital [48].

3.8.2. Water resources, water scarcity, and irrigation

Recent research has demonstrated that the sustainable use of irrigation water can reduce up to one-tenth of the adverse impact of
climate change [49]. The role of groundwater in building resilience is significant. If groundwater is depleted, the impact of increased
variability could escalate [34]. Climate change could affect water resources by reducing their availability and reliability, leading to
water scarcity in some parts of India. Implementing adaptation strategies could help mitigate groundwater depletion in India [50]. The
Indian Council of Agricultural Research is endorsing various practices to manage land and water in many agriculturally vulnerable
districts [33]. Agriculture in dry and semi-arid areas, heavily dependent on irrigation, makes them more susceptible to climate change
[51].

Smart water management solutions aid in the sustainable use of water and contribute to achieving resilience [52]. Overexploitation
of water resources and drastic land-use changes impact the hydrological cycle in many parts of India [53]. Therefore, a policy
framework for implementing strategies for farmers’ adaptation to climate change is crucial to mitigate its adverse impacts [54].
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Confidence-building through locally adaptable solutions and the holistic efforts of stakeholders is crucial to mitigate the impact of
climate change on water resources [55].

3.8.3. Sustainability and climate resilience

Sustainable agricultural practices blend traditional and modern methodologies to conserve resources, thereby achieving climate
resilient agriculture [56]. Improved management and biodiversity conservation can create sustainable and productive systems while
decreasing environmental pollution [57]. Gender inclusion is essential in decision-making processes to assist women in managing the
impacts of climate change [58].

To devise an action-oriented model for sustainable agriculture in India, sustainability indicators specific to different agro-climatic
regions are utilized [59]. Training representatives of both men and women in every local self-governing body can enhance the coping
capacity of farm families [60].

Intercropping has significant potential to improve vegetable production sustainably, while a comprehensive approach to creating
systems perspectives is urgently needed to mitigate the negative effects of edaphic factors [61]. Different regions of India face varying
climatic challenges and necessitate distinct approaches for achieving resilience and sustainability [62]. In areas with a high and very
high risk to crops due to water shortage, increasing temperatures, and precipitation variation, climate-smart agriculture practices
should be adopted [63].

Cultivation of crops resilient to climate change is another method for achieving resilience and sustainability. For instance, finger
millet can aid farmers in achieving adaptation and resilience [63]. Integrating disaster management and agricultural risk is vital to
enhancing climate resilience among farming communities in flood plains [64]. Policymakers should encourage training for livelihood
diversification, increased use of digital technologies, and the practice of conservation agriculture to reduce climate risk [65].

The promotion of local insects and bees by growing hedges, flowering plants, and cooling ponds can help maintain biodiversity
[66]. Combined soil-water-vegetation efforts can fortify water resilience in the agricultural sector [67]. Donors should support sus-
tainable seed innovation, and the Farmers’ Rights Act should encourage the protection of plant and sustainable innovations through
incentives to farmers [68].

3.9. Climate change (cluster 2)

The second cluster, referred to as CC (Fig. 5), is denoted by green-colored nodes, and the articles in this cluster mainly focus on the
impact of climate change on agriculture and food systems in India, as well as perceptions and mitigation strategies related to CC. This
cluster consists of eight sub-topics, namely adaptation strategies, resilience, wheat, perception, Decision Support System for Agro-
technology Transfer, rainfed agriculture, maize, and impacts. A summary of the statistical information related to this cluster is pre-
sented in Table 7.

3.9.1. Perception of CC and adaptation strategies

The reviewed studies suggest that farmers recognize the impact of CC on their livelihoods and endeavor to adapt to the evolving
conditions [69]. Farmers perceive alterations in climatic patterns, such as rising temperatures and prolonged dry spells, and have
noticed changes in crop phenology and livestock productivity [70].

Factors like crop diversification, adoption of heat-resistant crops, adjusting planting dates, agroforestry, and modification of water
management strategies have been employed by farmers to minimize the risks linked to climate change [69]. However, barriers to
adaptation exist, such as high input costs and limited awareness of effective adaptation technologies [31]. Farmers’ perceptions of risk
and their decisions to adopt specific adaptation strategies are influenced by various factors, including economic status, age, education,
and farm landholding size [71,72]. Capturing ground-level evidence is essential for preparing adaptation strategies and identifying the
shortcomings in achieving resilient and sustainable agriculture [73]. While promoting adaptive behavior, the perceptions of farmers to
identify risks in varying socio-economic conditions should be considered. Moreover, the adoption of water management strategies is
crucial in areas with water scarcity, high climate sensitivity, and constant socio-economic dynamic changes [74]. Using systematic
tools to collect local knowledge can aid scientists in testing various hypotheses, which in turn helps policymakers prepare climate
adaptation strategies [75].

Table 7

The statistical information about the cluster “Climate change".
Cluster Keywords Links Occurrences
2 Climate change 49 205
2 Adaptation strategies 13 16
2 Resilience 13 13
2 Wheat 11 10
2 Perception 11 9
2 DSSAT 5 7
2 Rainfed agriculture 9 7
2 Maize 9 6
2 Impacts 8 5

10
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3.9.2. Climate change impacts

The impacts of CC vary depending on the region and specific crop but are anticipated to significantly affect agriculture worldwide
[76]. CC influences agriculture in multiple ways, including an increased occurrence of floods, sea-level rise, salt intrusion, and changes
in rainfall patterns [77]. A study in the Ganges Basin, a major contributor to India’s food supply, showed that CC has affected yields in
the region [78]. These impacts threaten farmers’ food security and may result in heightened food scarcity [60]. CC also affects the
physiological mechanisms that regulate plant and animal productivity, which could lead to reductions in crop yield and groundwater
depletion [79]. However, certain adaptation measures and enhanced agricultural practices, like early planting, nutrient management,
and heat-tolerant varieties, can help mitigate some of these negative impacts [80].

3.10. Temperature and rainfall (cluster 3)

The third cluster, denoted by blue-colored nodes (see Fig. 5), is titled “temperature and rainfall.” It encompasses nine sub-topics:
temperature, rainfall, remote sensing, climate variability, agroforestry, Geographical Information Systems (GIS), trend analysis, global
warming, and Normalized Difference Vegetation Index (NDVI). The statistical information about this cluster is presented in Table 8. In
the subsequent sections, we discuss key findings and suggestions from articles related to this cluster.

High rainfall variability adversely influences agricultural specialization and household occupational choices. Better access to
credit, irrigation facilities, education, roads, and communication is associated with greater emphasis on agriculture-related employ-
ment and lesser adoption of other types of employment within a household [81]. Concurrently, increases in warm extremes, specif-
ically the daily minimum temperature, lead to reductions in cold extreme events in major areas of India [82]. A study found thata 1 °C
increase in temperature results in a 3 % reduction in wheat yield. This finding does not consider potential increases in physical inputs
and short-term adaptation strategies that farmers might employ to mitigate the impacts of climate change [83].

Adaptation to extreme heat is challenging for crops, as found in a case study in the Janjigir-Champa district of Chhattisgarh. Here,
erratic rainfall patterns and delayed monsoons have affected food security and livelihoods, leading to migration as the most common
coping strategy [84]. In southern peninsular India, a study discovered that the minimum, maximum, and mean monthly temperatures
over different annual periods have decreased while rainfall has increased in the past 20 years [85]. Understanding long-term rainfall
and temperature trends at regional scales is crucial for planning adaptation strategies. Mapping observed rainfall trends and their
association with large-scale modes of circulation can assist policymakers in prioritizing mitigation and adaptation strategies [86].

3.11. Climate change adaptation and carbon sequestration (cluster 4)

The fourth cluster, represented by yellow-colored nodes (see Fig. 5), is known as CC adaptation and carbon sequestration. This
cluster encompasses seven sub-topics: carbon sequestration, climate change adaptation, conservation agriculture, crop diversification,
crop yield, Himalayas, and soil health. The statistical information about this cluster is presented in Table 9, and we review some of the
key articles related to this cluster in the following sections.

Soil organic carbon (SOC) levels in various agro-ecological regions in India have drastically decreased due to extractive farming
practices, uncontrolled grazing, shifting cultivation, and other factors [87]. Carbon sequestration projects can potentially reduce
greenhouse gas emissions and aid in climate change adaptation, but trust-building measures are required to promote the adoption of
these projects [88]. The introduction of drought-resistant crop varieties can help farmers adapt to climate change and boost food
production [89], but resource conservation methods like non-tillage-based systems and conservation agriculture play a significant role
in SOC sequestration and in mitigating negative environmental and social effects [90]. Mangrove-rice systems offer potential
ecosystem services for carbon sequestration but face specific challenges such as sea-level rise, cyclones, floods, and poor management
practices that impede productivity [91].

3.12. Vulnerability assessment (cluster 5)

The fifth cluster, depicted by purple-colored nodes (see Fig. 5), represents the topic of vulnerability assessment. This cluster consists
of six sub-topics: climate, crop yields, impact, Indian agriculture, sensitivity, and vulnerability. Table 10 provides statistical infor-
mation about this cluster. In the following sections, key findings and recommendations on agricultural vulnerability in India to climate

Table 8

The statistical information about the cluster “Temperature and Rainfall".
Cluster Keywords Links Occurrences
3 Temperature 18 15
3 Rainfall 13 11
3 Remote sensing 10 11
3 Climate variability 13 10
3 Agroforestry 10 7
3 Geographical Information Systems (GIS) 4 7
3 Trend analysis 7 7
3 Global warming 9 6
3 Normalized Difference Vegetation Index (NDVI) 6 5

11
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Table 9
The statistical information about the cluster “Climate change adaptation and carbon sequestration".
Cluster Keywords Links Occurrences
4 Carbon sequestration 5 11
4 Climate change adaptation 10 12
4 Conservation agriculture 7 12
4 Crop diversification 5 6
4 Crop yield 10 6
4 Himalaya 5 6
4 Soil health 4 5

change, as discovered in the articles, will be discussed.

Studies on the vulnerability of the agricultural sector show significant spatial, temporal, and thematic differences in India [92].
Most studies emphasize climate-induced external stressors over internal ones, often neglecting the socio-cultural-politico-economic
and physical dynamics of agriculture that generate agricultural risks and vulnerabilities. Vulnerability assessments conducted at
macro spatial scales cannot adequately evaluate vulnerability at micro-levels, where small and marginal farmers dominate, thereby
impeding the implementation of efficient mitigation strategies at the grassroots level [93].

The impacts of CC cause crop losses and affect crop intensification and livestock production, which in turn influence the food
supply. However, these impacts vary at the household level depending on the household’s livelihood strategies and the degree of
farming diversification [45]. To mitigate the effects of climate-induced droughts, the government needs to adopt a more proactive
approach to developing micro-level adaptation strategies to safeguard livelihoods in the agricultural and dairy sectors [94]. Inte-
grating climate change into development planning is crucial to minimize the risk of maladaptation [95]. Moreover, it is vital to address
farmers’ distress by developing a multidimensional Farmers’ Distress Index (FDI) at the farmer, district, and sub-district levels. This
index could serve as a planning tool to devise strategies to address the causes of farmers’ distress [96]. Finally, adopting a participatory
approach to collect local knowledge, integrating this knowledge into vulnerability assessments, and then using these findings in policy
recommendations can help achieve climate resilience [75].

3.13. Climate smart agriculture and drought (cluster 6)

The sixth cluster, indicated by nodes colored light blue in Fig. 5, represents the topic of climate smart agriculture and drought. This
cluster includes six sub-topics, namely resilient agriculture, climate smart agriculture, drought, livestock, and rainwater harvesting.
Table 11 provides statistical information on this cluster. Selected key findings and recommendations regarding climate-smart agri-
culture and drought, as found in the associated articles, are discussed in the following sections.

The articles discuss various technologies to manage drought, particularly in dryland regions. Measures such as rainwater har-
vesting, moisture conservation and recycling, adoption of climate resilient crops and practices, and mixed farming systems are rec-
ommended [20]. Small and marginal farmers, who constitute the overwhelming majority in India, are significantly impacted by
climate change [9]. To address this issue, it is suggested that the government focus on developing micro-level adaptation strategies
[94]. There is also a call for the development of institutions that assist farmers in managing risks, promoting better access to credit,
building capacity, and preparing communities to mitigate climate change [97]. A few articles emphasize the importance of practicing
climate-smart agricultural approaches [98], and laser land leveling [99] to improve soil productivity, water use efficiency, and reduce
risks due to weather variability. However, it is also noted that the implementation of these strategies requires robust institutional
support, government policies, and convergence among various institutions [100].

3.14. Climate change adaptation in agriculture (cluster 7)

The seventh cluster, represented by grey-colored nodes in Fig. 5, is titled “Climate Change Adaptation in Agriculture.” This cluster
comprises four sub-topics: adaptation, agriculture, livelihoods, and water. Statistical information about this cluster can be found in
Table 12. Key findings and suggestions from some significant articles related to this cluster will be discussed in this section.

Approximately half of India’s agricultural land depends on rainfall, and climate change affects crop yield and the status and dy-
namics of soil, water, and pests [101]. Farmers adopt various climate adaptation methods to mitigate the impacts of climate change,
which can vary in different geographical areas and over time [102]. Major risks include unseasonal rainfall, drought, and other factors
such as crop diseases and pests [103]. Both central and state governments should emphasize planned adaptation and mitigation
measures to achieve long-term sustainability [5].

The traditional method of rice-wheat rotation cultivation in the Indo-Gangetic Plains involves tillage and extensive use of water and
energy, which are capital intensive [104]. This conventional agricultural method impacts climate change through increased green-
house gas emissions, and agriculture in these regions is also affected by climate change and the degradation of soil conditions.
Mangrove forests and their agricultural ecosystems are also under threat due to extreme events such as cyclones and floods, and human
interference [91]. Climate impacts continue to reduce crop yields, threatening the food security of farmers [77].

The promotion of suitable conservation agriculture (CA) practices is a viable strategy for mitigating the impact of climate change on
agriculture [105]. CA offers many benefits, including an increase in yield and production and improved ecology, to achieve sustainable
agriculture and enhance the household income of farmers [46].

12
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Table 10
The statistical information about the cluster “Vulnerability assessment”.
Cluster Keywords Links Occurrences
5 Climate 10 10
5 Crop yields 4 5
5 Impact 10 10
5 Indian agriculture 4 5
5 Sensitivity 6 7
5 Vulnerability 20 20
Table 11
The statistical information about the cluster “Climate smart agriculture and drought."
Cluster Keywords Links Occurrences
6 Climate resilient agriculture 4 5
6 Climate smart agriculture 10 11
6 Drought 14 10
6 Livestock 5 7
6 Rainwater harvesting 2 5
Table 12
The statistical information about the cluster “Climate change adaptation in agriculture.”
Cluster Keywords Links Occurrences
7 adaptation 32 54
7 agriculture 31 67
7 livelihoods 5 5
7 water 6 7

4. Conclusions

This study has conducted an extensive bibliometric analysis of research publications in the field of CCRASAI spanning from 1994 to
2022. It has delineated seven primary themes: sustainable agriculture, climate change, temperature and rainfall, climate change
adaptation and carbon sequestration, vulnerability assessment, climate-smart agriculture and drought, and climate change adaptation
in agriculture. Notably, the research is concentrated in specific agro-climatic regions, underscoring the urgency for intensified research
efforts in more vulnerable areas. This necessitates enhanced support from State Governments and the Government of India in terms of
funding and infrastructure to foster research in these critically undercovered regions.

The findings underscore the critical need to comprehend the impacts of climate change, formulate effective adaptation strategies,
and promote sustainable agricultural practices, particularly for small and marginal farmers. The study advocates for the development
of a framework focused on multi-stressor vulnerability research, risk assessment, and the transformation of research findings into
actionable solutions. This is aimed at bolstering awareness and facilitating the adoption of climate-resilient practices. Additionally, it
recognizes the contributions of various initiatives, highlighting the imperative to leverage research outcomes to diminish the impacts
of climate change and enhance climate resilience and sustainability in the agricultural sector of India.

4.1. Limitations of the research work

While the bibliometric analysis undertaken in this study covered a vast array of research conducted in the area of CCRASAL it does
present some limitations. The keywords selected for the bibliometric analysis are based on a scientific literature review and are used to
retrieve data on research in these areas. Relying on these keywords for data retrieval may introduce some bias. Furthermore, the
keyword search was only performed within the Scopus and Web of Science databases and only included works published from 1994 to
2022. Although these two search engines cover a wide scope of scientific publications, the study’s reliance on these databases within a
specific timeframe might have resulted in the exclusion of some publications.

The bibliometric analysis primarily focuses on scientific publications; however, it may not have included other types of literature,
such as governmental and regulatory documents. Therefore, while this study provides valuable insights into the trends and gaps in
CCRASAI research, it might not capture the full breadth of knowledge and developments in this domain.

4.2. Future directions for CCRASAI research

Despite these limitations, this study points to several promising directions for future research on CCRASAI. One of the significant
directions can be exploring the practical application of advanced digital technologies to achieve climate resilience and sustainability in
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agriculture. Research should also focus on agro-climatic regions which are under-studied and are likely to be more impacted by climate
change.

Furthermore, there is a need to foster research that prioritizes the needs of small and marginal farmers, who constitute the majority
of India’s farming population. Along with this, the conversion of research into actionable products for creating awareness and
providing last-mile connectivity to farmers is of paramount importance. Lastly, a more significant emphasis should be placed on how
research findings can be practically utilized by the Government and end-users to mitigate climate change impacts. Such efforts can
pave the way for achieving better climate resilience and sustainability in the agriculture sector in India.
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