
Frontiers in Agronomy

OPEN ACCESS

EDITED BY

Ciro Rosolem,
São Paulo State University, Brazil

REVIEWED BY

Anderson De Souza Gallo,
Federal University of São Carlos, Brazil
Fasikaw Belay Mihretu,
Bahir Dar University, Ethiopia

*CORRESPONDENCE

Rathod Sridhar
sridharrathod27@gmail.com

RECEIVED 15 November 2025
REVISED 08 December 2025
ACCEPTED 22 December 2025
PUBLISHED 16 January 2026

CITATION

Sridhar R, Longkumer LT, Pilla A, Bharteey PK,
Jatav HS, Hareesh D, Vilakar K, Singh AP,
Srikar K, Aruna K and Paarshitha Reddy MS
(2026) Diverse �elds for stronger yields: crop
diversi�cation strategies for sustainable
agriculture and climate-resilient ecosystems.
Front. Agron. 7:1746895.
doi: 10.3389/fagro.2025.1746895

COPYRIGHT

© 2026 Sridhar, Longkumer, Pilla, Bharteey,
Jatav, Hareesh, Vilakar, Singh, Srikar, Aruna and
Paarshitha Reddy. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Systematic Review
PUBLISHED 16 January 2026
DOI 10.3389/fagro.2025.1746895
Diverse �elds for stronger yields:
crop diversi�cation strategies for
sustainable agriculture and
climate-resilient ecosystems
Rathod Sridhar 1*, L. T. Longkumer1, Avinash Pilla2,
Prem Kumar Bharteey3, Hanuman Singh Jatav4,
Dhara Hareesh5, Kayitha Vilakar6, A. P. Singh7, Katiki Srikar5,
Kodavath Aruna8 and M. S. Paarshitha Reddy1

1Department of Agronomy, School of Agricultural Sciences, Nagaland University, Medziphema,
Nagaland, India, 2Department of Agriculture, Koneru Lakshmaiah Education Foundation,
Vaddeswaram, Andhra Pradesh, India, 3Department of Agriculture Chemistry, Chaudhary Chhotu Ram
(Post Graduate) College, Muzaffarnagar, Uttar Pradesh, India, 4Department of Soil Science and
Agricultural Chemistry, Sri Karan Narendra Agriculture University, Jobner, Rajasthan, India, 5College of
Post Graduate Studies in Agriculture Sciencies, Central Agricultural University (Imphal), Umiam,
Meghalaya, India, 6Department of Soil Science and Agricultural Chemistry, Babu Jagjivan Ram
Agricultural College, Professor Jayashankar Telangana Agricultural University, Telangana, India,
7Department of Agriculture, School of Agriculture and Development, Central University of South
Bihar, Gaya, Bihar, India, 8Department of Agronomy, Professor Jayashankar Telangana Agricultural
University, Rajendranagar, Hyderabad, India
In the context of altered climate regimes and escalating costs of cultivation, the
conventional and non-cultivation practices have become economically
untenable and unsustainable. This variability/�uctuations highlighting the need
of adapting crop diversi�cation strategies to promote sustainable agriculture
practices and to maintain climate-resilient agroecosystems. Crop diversi�cation
helps to mitigate climate change impacts and supports the development of
resilient and stable farming systems. Its underlying principles being systematic
crop selection, resource conservation, optimal resource utilization,
complementary crop combinations, own �ourishing of the year-round
planning of crop with various species of resources of surplus, not
compromising yield and optimizing yield in resource-deprived drylands and
rainfed areas. A systematic review of 134 diversi�ed systems, obtained using a
PRISMA guided meta synthesis from 2010 to 2025, shows that such systems
produce average yields that are 20-38% better than monocropping and builds
soil organic carbon by 9% with a reduction of 25-40% synthetic inputs. These
study reveales that diversi�ed systems viz., intercropping and agroforestry reliably
boost soil health, increase biodiversity, reduces dependence on chemical inputs
and consequently improve climate adaptation capacity along with socio-
economic conditions. Crop diversi�cation generally reduces the incidence of
pests and disease due to increased poplation of natural enemies which disrupts
the pest activity compared to monoculturing which makes more susceptible to
pests and diseases. Nevertheless, the effectiveness of the diversi�cation is
moderated by regional climatic conditions, policy frameworks and access to
markets. Adoption is further hindered by knowledge de�cit, infrastructural
limitations and lack of risk aversion strategies amongst smallholders. This
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review addresses these gaps by offering a systematic global assessment of the
bene�ts of diversi�cation and the constraints to adoption, highlighting that the
scaling of diversi�cation processes requires context-speci�c policy incentives,
knowledge transfer to farmers and value chain development for non-
traditional crops.
KEYWORDS

biodiversity, ecosystem, mitigation, PRISMA, resource optimization
1 Introduction

Climate change represents one of the major challenges to global
food security by modifying agricultural systems through a variety of
mechanisms, such as rising mean temperatures, unpredictable
monsoon, precipitation variability and enhanced weather
extremes, which creates environmental stress to crop productivity
(Ericksen et al., 2009, Gomez-Zavaglia et al., 2020; Misra, 2014).
Climate change is a major focal point for declining crop
productivity, nutrient depletion, pest and disease infestations due
to deterioration of the natural resources. Consequently, modern
intensive monoculture and chemical farming have become very
susceptible to a wide range of biotic and abiotic stresses leading to
severe yield loss. Crop diversi�cation is the planned strategy and
management of alternative crops/cropping systems in an
agricultural production system on a farm in order to achieve the
highest sustainable bene�ts (Clements et al., 2011). It acts as a
building block of sustainable intensi�cation through restoration of
biotic interactions, mitigation of yield-emission trade-off and
adoption of ecologically complementary species into cropping
systems (Nandi et al., 2024; Dowling et al., 2021). Similarly, it
offers ecosystem services (Tamburini et al., 2020; Beillouin
et al., 2021).
1.1 Crop diversi�cation strengthens
ecosystem resilience to climate change
and biodiversity loss

Crop diversi�cation is an alternate solution in terms of
economic returns while maintaining soil health and sustaining the
livelihood of farmers (McCord et al., 2015). Crop diversi�cation is
now regarded as a game-changer, offering an ecological and
sustainable alternative to the high-risk resource-intensive
monoculture practice (Beillouin et al., 2019; Mortensen and
Smith, 2020). For instance, legume intercropping systems have
been proven to raise signi�cant yields, decrease pest and disease
levels by breaking pest life cycles, enhance soils while decreasing
input (Shah et al., 2021a; Chamkhi et al., 2022; Zou et al., 2024).
Restoration of natural habitats and limitation of synthetic input use
to develop climate smart food production (Lipper et al., 2014;
02
Muhie, 2022). For example, maize alongwith legumes such as
lupine or cowpea in strip cropping system, enhances biological
nitrogen �xation and reduces pest-disease outbreaks (Dowling
et al., 2021 and Maitra et al., 2021, respectively). Results of the
study recommends to select complementary based crop associations
that favours the nutrient use ef�ciency (NUE), crop growth
dynamics, resilience against native pest and diseases, ensuring
crop diversity and ecological balance (Beillouin et al., 2021;
Cozim-Melges et al., 2024; Grahmann et al., 2024; Gawdiya et al.,
2025). Such diversi�cation methods, according to agroecological
principles, help in the sustainability of the ecosystem, development
of governance structures and resiliency of supply chains (Vernooy,
2022). Diversi�cation of crops has emerged as a key strategy for
achieving the sustainability and resilience of agricultural systems, as
shown in Figure 1.
1.2 Monocropping under climate stress and
the adaptive necessity for diversifying
crops

Contemporary monoculture systems have demonstrably
deteriorated the crop yields, soil productivity, ecosystem diversity
and functional integrity (Bybee-Finley and Ryan, 2018; Pretty and
Bharucha, 2014). In the face of growing climate vulnerability, the
need and urgency for the use of adaptive management strategies to
adopt crop diversi�cation, intercropping, crop rotation, agroforestry,
cover cropping, conservation tillage and water-sparing irrigation to
meet the limitations of conventional monoculture, which help to
buffer climatic disturbs through increased resource-use ef�ciency,
moderation of microclimates and yield stabilization.

1.2.1 Temperature changes
Heat waves in the atmosphere are absorbed by infrared-active

gases, mainly carbon dioxide (CO2), ozone (O3), and water vapor
(H2O), which subsequently warm up the Earth in a phenomenon
recognized as the greenhouse effect (Malhi et al., 2021). Since 1850,
the average global temperature has increased by 1.1 to 2 °C which
posed a serious threat to sustainability of agricultural systems and
food availability. Increasing temperatures have impacted
agricultural productivity through multiple processes (Elahi et al.,
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2022), including increased water stress, changed crop phenology,
and increased pest and disease pressure, reduce crop yields, degrade
crop quality and interferes with pollination at crucial growth phases
(Nawaz et al., 2024a). Furthermore, hot weather exacerbates
vulnerability of heat sensitive plants like wheat, rice, and maize
(Ahmed et al., 2019). On the other hand, severe cold occurrences,
especially in Pakistan’s north, have also endangered agricultural
systems because frost and freezing temperatures deteriorates plant
tissues, reducing yields and quality and quantity of crops (Hassan
et al., 2021).

1.2.2 Precipitation changes
Signi�cant shifts in precipitation patterns have the potential to

harm infrastructure and reduce agricultural productivity. Unusual
rainfall has harmed the ripe crops, while droughts cause a decline in
agricultural productivity and food security in many areas (Saleem
et al., 2024). A recent study in Ethiopia reported that decreased
maize and teff yields resulted from increased rainfall variability
(Temesgen et al., 2021). Similarly, reduced rainfall in Sub Saharan
African region led to lesser maize productivity, decreased
precipitation has resulted in a reduction in maize crop yields,
which is the main staple food in the region (Chapman et al.,
2020). Intense rainfall events and �ooding has led to soil erosion,
nutrient leaching and water logging, all of which can hinders crop
health and reduced yields (You et al., 2024).

1.2.3 Long-term repercussions of adverse climate
shifts

Disasters associated with changing climate have the potential to
destroy crucial infrastructure, signi�cant public assets and crops,
Frontiers in Agronomy 03
which would be harmful to both domestic revenue and food
security. The amount and consistency of irrigation water
available, as well as the unpredictable pattern of �oods and
droughts, will all be impacted by the rapid thawing of glaciers
(Davidson, 2018). The aquatic food web is impacted by changes in
the nitrogen cycle, plankton productivity and ocean warming
(Azani et al., 2021). The greatest impact is recorded in low-
income nations and regions that are already prone to food
insecurity; this results in food shortages, a decline in the
nutritional quality of food and long-term negative health effects
(Nawaz et al., 2024b).
1.2.4 Recurring disease outbreak (Frequent
disease outbreak)

It is estimated that an increase of one degree temperature will
leads to a 10–25% rise in losses due to insect pest invasion (Shrestha,
2019). Changing weather has the potential to boost pest numbers
and relocation habitat, which could have deleterious effects on
agricultural viability and production, as the pest population is
mostly reliant on abiotic variables like temperature and humidity
(Bradshaw et al., 2024). As air humidity increases, the fungus
Sclerotinia sclerotiorum becomes more pathogenic; disease growth
in lettuce plants peaks when air relative humidity reaches 80%
(Szyniszewska et al., 2024). Fluctuating temperatures have a greater
impact on several forest diseases (Sturrock et al., 2011). Climate
change has made more places conducive to pest invasion (Saleem
et al., 2024). The habitat appropriateness of the three common
African bug species, Tuta absoluta, Ceratitis cosyra and Bactrocera
invadens, is rising across the entire continent, particularly in regions
near their ideal habitat (Biber-Freudenberger et al., 2016). Climate
FIGURE 1

Diversi�ed cropping system for a resilient ecosystem.
frontiersin.org

https://doi.org/10.3389/fagro.2025.1746895
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org


Sridhar et al. 10.3389/fagro.2025.1746895
change also affects the problem of increased agricultural weed
infestation. C3 weeds respond more violently as the CO2 content
rises (Saleem et al., 2024). The impact of climate change has a
deleterious effect on the weed population as the expansion of
geographic ranges is recorded. The management will only be
possible through development of innovative strategies that
explicitly account for these varied climatic conditions (Malhi
et al., 2021).
1.3 Crop diversi�cation and ecosystem
resilience

Climate change has caused extreme temperatures, frequent and
intensive �oods, cyclones, and other natural disasters, which are
expected to worsen. Crop diversi�cation can protect natural
biodiversity, strengthen the agro-ecosystem’s ability to respond to
these stresses, minimise environmental pollution, reduce the risk of
total crop failure (Lakhran et al., 2017).
1.4 Ecological bene�ts, economical
bene�ts, and social bene�ts

Integration of community practices with new and advancing
technologies, these systems promote a pathway towards sustainable
resource management and livelihood generation (Akther and
Evans, 2024; Koontz et al., 2015). Ecological issues such as
declining biodiversity, disruption of natural species relationship,
change in crop ecosystems, increased greenhouse gases emission
from monocropped ecosystems are some of the issues which
highlight the need of �nding out novel practices and improved
management strategies which shall address such challenges in a new
socio- economical way. Crop diversi�cation is able to diminish
these challenges and thus acts as a strong alternative to mono-
cropping. Economically, diversi�ed cropping helps to alleviate crop
failure and therefore mitigate �nancial risk for farmers while net
returns at the farm level can rise by 15-25% and chemical inputs can
be decreased by 30%, contributing to employment generation
driven by labour-intensive operations on the farm (Adam and
Abdulai, 2024). Socially it supports gender inclusiveness and local
food systems stability.

Traditional knowledge, collaborative decision-making and
policy reforms go a long way in strengthening resilience,
especially when institutional inertia is the challenge when it
comes to progress (Shammin et al., 2022). Grassroots innovation,
often, is the force behind localized solutions where citizen-led work
and social enterprises go hand in hand to bridge gaps in
environmental conservation and economic inclusivity (Roysen
et al., 2024). Harnessing local knowledge and collaborative efforts
is not only a way of solving immediate ecological challenges but can
also set up sustainable opportunities for entire communities
(Gawdiya et al., 2025). Nonetheless, premium incentives are
highly recommended for the government towards stakeholders
Frontiers in Agronomy 04
instead of focusing solely on subsidies (Gawdiya et al., 2025). A
changing environment also makes rural people more vulnerable
since communities have few alternative ways of life and small family
farms cannot afford costly adaptation schemes. Researchers need to
develop resilient agricultural systems through reasonable and
inexpensive approaches to maintain ecosystem functions and
services, along with livelihoods (Lakhran et al., 2017).
1.5 Challenges that are hindering the
adoption

The monocultural dominance is driven by interconnected
social-ecological systems, cultural norms and economic dynamics
(Pretty, 2011; Song et al., 2021; Souissi et al., 2024). Various factors
set the tone for the production of commodity crops, which is
conducive to the increase of wealth, the strengthening of
economic inequalities and the development of agricultural
specialisation through tightly integrated supply chains and a
policy support (Baffes and Nagle, 2022; Briones and Rakotoarisoa,
2013; Kastner et al., 2021). Corporate driven research that favors
input dependent farming has been perpetuating a cycle of Path-
dependency that hinders farmers ability to diversify and ignores
systemic constraints that farmers face (Aare et al., 2021; Whitton
and Carmichael, 2024). Most research on diversi�cation adoption is
individual level based on speci�c aspects, while overlooking the
systemic impacts (Bogado et al., 2024). Depending on the
circumstances, these factors have disparate effects and are less
likely to predict a behavior in adoption models (Bernzen et al.,
2023). This has led to an increased awareness of interconnected
institutional and structural barriers hindering the diversi�cation
(Gawdiya et al., 2025). Continuous monoculture practices often
lead to landscape degradation, degrades landscapes, while
sustainable intensi�cation through diversi�cation enhances yields
over multiple growing seasons and provides signi�cant climate
bene�ts (Crews et al., 2018; Vernooy, 2022). Monocultures may
be more common in the agricultural system because of the
availability of and in�uence of extension agents. Reluctance to
deal with various crops today is due to scarcity of scienti�c
information about suitable agronomic techniques, such as
climate-smart genotypes, environment-management interaction
and its effects on ecosystem services, and poor governance
(Gawdiya et al., 2025). To quantify this analysis, Simpson Index
of Crop Diversi�cation (SICD) was used based on the FAO
production area statistics (1990-2023) for 5 Indian regions
(Kumar and Gupta, 2015). The higher SICD values (> 0.6) denote
diversi�ed patterns, lower values (< 0.3) specialization. Observed
data showed gradual diversi�cation in eastern India or plateauing in
north-western plains dominated by rice-wheat systems as shown in
Figure 2. The present review highlights the ecological and
agronomic bene�ts of crop diversi�cation as a whole sustainable
agriculture. Researchers across the world have emphasised the
importance of diversi�cation in the restoration and maintenance
of ecological balance in farming systems.
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2 Methodology

To synthesize rigorously and comprehensively the role of crop
diversi�cation in boosting ecosystem resilience, a systematic review
literature was carried out per the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) guidelines. The
search strategy was designed to cover as broad a range of peer-
reviewed research as possible relevant to agroecological systems,
climate resilience and diversi�cation practices. Searches have been
conducted in several major academic databases including Web of
Science (Clarivate Analytics), Scopus (Elsevier), Science Direct,
CAB Abstracts (via CABI), PubAg (USDA), Google Scholar,
SpringerLink, Taylor and Francis Online and JSTOR. These
databases were chosen because they have good coverage of
environmental sciences, agricultural research and interdisciplinary
studies on sustainability areas.
2.1 Concepts

A set of boolean search strings was created using combinations
of primary and secondary keywords in order to ensure that the
retrieval of relevant literature was exhaustive. Core search terms
included “crop diversi�cation” , “ecosystem resilience” ,
“agroecological systems”, “climate adaptation”, “intercropping”,
“sustainable agriculture”, “crop rotation”, “soil health”,
“biodiversity”, “carbon sequestration” and “resilience metrics”.
These keywords were searched in different combinations in the
databases and updated monotonically in order to maximize
precision and recall. In order to ensure that the temporal scope is
Frontiers in Agronomy 05
appropriate as well as to capture recent advancements, only studies
published between January 2010 and March 2025 were included.

The systematic search produced an initial corpus of 1,350
records. Of these, there were 1,240 identi�ed by database searches
and 110 identi�ed using manual reference inspection and
retrospective citation search. After removing duplicates (n=170), a
total of 1180 unique articles were taken through the title and
abstract screening process. According to their relevance to study
objectives, 910 records were excluded. The remaining 270 papers
were identi�ed for full text review, along with 100 reports that were
manually identi�ed following an ancillary search process. After
exclusion criteria (non-peer-reviewed materials, lack of an
empirical focus, or lack of methodological detail) were applied,
134 studies met inclusion criteria and were included in qualitative
synthesis. Selection of studies was guided by stated inclusion
criteria: (i) peer-reviewed articles 2010-2025; (ii) English; (iii)
empirical, modeling-based, or synthetic reviews directly relevant
to crop diversity and ecosystem resilience; and (iv) geographical
breadth, including agroecological zones semi-arid tropics, monsoon
climate, temperate, and drylands. Key outcome measures included
soil organic carbon (SOC), microbe biomass carbon (MBC),
nutrient cycling indicators, crop yield stability, pest and disease
resistance, pollination service and climate-stress tolerance. Studies
that were solely monoculture based or whose full texts were not
publicly available were excluded from the analysis. Data were
extracted using a structured coding framework that included
publication metadata (author, year, journal), geographical scope,
agroecological zone, diversi�cation typology (i.e. intercropping,
rotation, agroforestry) and quantitative and qualitative outcome
measures. Data were collated using Microsoft Excel and Zotero was
used for reference management. Theme synthesis of extracted data
FIGURE 2

on index of crop diversi�cation over time by region (1990-2023); Source: Based on authors’Simps calculations (Kumar and Gupta, 2015).
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revealed patterns in ecological, economic and social dimensions
whereas meta-summarization methodology revealed a frequency-
weighted output of crop-diversi�cation policy outcomes. Hence the
�nal set of 134 studies has become a basis of a comprehensive
thematic analysis that allowed for critical evaluation of the role of
crop diversi�cation in ecosystem functions related to soil fertility,
biodiversity conservation and climate mitigation. A PRISMA �ow
diagram is shown in Figure 3 to illustrate the review process and
shows the stages of identi�cation, screening, eligibility assessment
and inclusion. “Quotation marks in the list of keywords were used
solely for highlighting purposes and were not part of the database
search syntax.”
2.2 Data extraction and synthesis

Following a full text screening phase, the chosen studies were
subjected to a well de�ned data extraction process, using a pre-
speci�ed coding scheme that was developed to ensure cohesion,
transparency and reproducibility for the extraction of important
study features and outcomes. Each publication included was
systematically analysed to extract speci�c metadata and
Frontiers in Agronomy 06
contextual information including author(s), year of publication,
geographical focus (e.g. India, Sub-Saharan Africa, Europe),
agroecological zone (drylands, humid tropics, temperate regions)
in which study was located. The type of diversi�cation practice used
(i.e., mixture practices and cropping systems) was noted, as was the
type of crops used such as mixed cropping systems such as maize-
legume, millet-pulse and rice-wheat systems and rotation and
agroforestry. As indicators of environmental and agronomic
performance, a number of soil health parameters were measured
including soil organic C (SOC), microbial biomass C (MBC), and
dehydrogenase activity, which collectively provide an indicator for
dynamics of biological activity and nutrient turnover in the soil.
Signi�cance of yield was expressed as percentage gains or losses
with regard to conventional monoculture baselines. Additionally,
resilience-related metrics including yield stability under stressors
related to climatic in�uences and occurrence of pest and disease
outbreaks were reported in order to capture the adaptive bene�ts of
diversi�ed systems. The extracted data were further organised by
Microsoft Excel, for tabulating and cross-comparison and Zotero
for citation management and referencing. Qualitative thematic
analysis and meta-synthesis were used to extract emergent
patterns and cohesive conclusions among studies. This allowed
FIGURE 3

A PRISMA �ow diagram was employed to detail the systematic protocol followed for study selection in this review. (2010–2025 PRISMA set; n=134
studies).
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for a multidimensional gauge of the potential bene�ts of crop
diversity towards ecological, agronomic and resilience outcomes
across different agroecosystems.
3 Thematic synthesis

3.1 Ecological bene�ts

3.1.1 Biodiversity enhancement:
Diversi�ed cropping systems promote a wider range of �ora,

fauna and bene�cial insect species, soil microorganisms, birds and
pollinators (Altieri, 1999). The area’s biodiversity is a source of key
ecosystem services, including pollination, natural pest control and
nutrient cycling. Intercropping and agroforestry have been
empirically shown to be effective strategies for increasing on-farm
biodiversity (Kremen and Miles, 2012). Diversi�ed cropping
systems can have different ef�ciency in their effectiveness, with
Frontiers in Agronomy 07
agroforestry the most ef�cient in providing multiple ecosystem
services. Diversi�cation of cropping pattern has been found to
increase biodiversity by 24% and promote ecosystem services,
including improvement of water quality (84%), a decrease of pest-
disease incidence (63%) and a better soil quality (11%) (Beillouin
et al., 2021). Besides, a diversi�ed crop system enhances soil organic
carbon and microbial biomass carbon by 9% and 12% compared
with monoculture (Yan et al., 2023). Nitrogen (N)-�xing rotations
have decreased synthetic N inputs through 25-40%, whereas
agroforestry sequestration was 1.2 Mgt CO2 e ha-1 yr-1 more than
single crops (Cardinael et al., 2022). Crop diversi�cation practices
viz., crop rotation, multiple cropping, intercropping and integration
of grain legumes in cereal-based production systems to increase
productivity, stability and providing ecosystem services while also
promoting sustainable production systems (Nasiro, 2024). These
agricultural methods are increasing agro-biodiversity by stabilizing
species richness and ecological interactions in farming systems. As
Figure 4 shows, the diverse cropping systems and agroforestry
FIGURE 4

Monoculture cropping systems vs diversi�ed cropping systems, their roles in the ecosystem and on soil.
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