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Abstract

Over the past few decades, legume-based intercropping has emerged as a strategic agro-
nomic practice to enhance the sustainability and resilience of agro-ecosystems, thanks
to its ability to perform biological nitrogen fixation and store soil organic carbon. The
present study, given the growing recognition of agroecological practices, aims to analyze
through a global bibliometric analysis the research conducted between 1986 and 2025 on
legume–non-legume intercropping, with particular emphasis on its ecological and agro-
nomic benefits. The investigation, carried out according to the PRISMA protocol on the
Scopus database, selected 167 original English-language articles, excluding reviews, con-
ference proceedings, modeling studies, and meta-analyses. China and India are identified
as the most productive countries. Co-occurrence and bibliographic coupling analyses
highlight thematic clusters centered on soil fertility, microbial communities, productivity,
and the mitigation of environmental impact. Furthermore, management practices such as
integrated rotations, cover crops, and agroforestry systems amplify the benefits in terms
of carbon accumulation and resilience to adverse climate conditions. The distribution of
publications by journal highlights the centrality of journals such as Agriculture, Ecosystems
& Environment and Plant and Soil. Overall, the data confirm the crucial role of intercropping
as a pillar of the agroecological transition, underscoring the need for policies and research
programs capable of amplifying its global adoption. The findings of this study may guide
future interdisciplinary research and evidence-based policy decisions aimed at optimizing
the design of resilient intercropping systems, tailored to address the challenges posed by
climate change and the growing demands of global food security.

Keywords: legume-based intercropping systems; PRISMA protocol; nutrients; sustainable
agriculture; Scopus

1. Introduction
The Fabaceae, commonly known as legumes, is one of the most agriculturally signifi-

cant plant families. With approximately 22,500 species, it ranks as the third-largest family
of flowering plants, following the Asteraceae and Orchidaceae [1]. In 2023, data from the Food
and Agriculture Organization (FAO) [2] reported that the global area dedicated to pulses
(legumes for human consumption) was 96 million hectares. In the same year, the average
yield was 976.2 kg ha−1, culminating in a total production exceeding 94 million tons. India

Crops 2026, 6, 34 https://doi.org/10.3390/crops6020034

https://crossmark.crossref.org/dialog?doi=10.3390/crops6020034&domain=pdf&date_stamp=2026-03-17
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crops
https://www.mdpi.com
https://orcid.org/0009-0003-4599-5996
https://orcid.org/0009-0005-6935-1823
https://orcid.org/0000-0001-5501-0204
https://orcid.org/0000-0003-4340-3697
https://doi.org/10.3390/crops6020034


Crops 2026, 6, 34 2 of 27

stands as the world’s leading producer, consumer, and importer of legumes [3], with a
total cultivated area, production, and yield per hectare of 34,799,630 ha, 25,736,818 t, and
739 kg ha−1, respectively. According to Nigam et al. (2021) [4], the most widely cultivated
and produced legumes globally include common beans (Phaseolus vulgaris L.), chickpeas
(Cicer arietinum L.), cowpeas (Vigna unguiculata L.), lentils (Lens culinaris Medik), pigeon
peas (Cajanus cajan (L.) Millsp.), peanuts (Arachis hypogaea L.), and soybeans (Glycine max
L. Merr.). The capacity of legumes for biological nitrogen fixation (BNF) through a sym-
biotic association with bacteria of the genus Rhizobium spp. [5,6] makes them a valuable
asset for enhancing soil fertility [7] and reducing dependence on synthetic fertilizers. Fur-
thermore, Lassaletta et al. (2014) [8] found that legume BNF achieves higher efficiency
levels than synthetic fertilizers, providing a critical starting point for mitigating the en-
vironmental impacts on global agro-ecosystems [9,10]. The quantity of nitrogen fixed
by legumes typically ranges from 20 to 200 kg N ha−1, with an estimated global total of
20–22 million tons of N annually [11]. These values are influenced by the specific legume
species, the strains of nitrogen-fixing microorganisms present [12], and various environ-
mental and edaphic factors [13,14]. For instance, in a study by Anglade et al. (2015) [15],
the BNF values for forage legumes like red clover (Trifolium pratense L.), white clover
(Trifolium repens L.), and alfalfa (Medicago sativa L.) were reported as 252, 102, and
465 kg N ha−1, respectively. The same study showed lower values for species such as peas
(Pisum sativum L.) and lentils (Lens culinaris Medik.), at 52 and 111 kg N ha−1. This process
consequently aids in reducing nutrient leaching into groundwater, which has a positive ef-
fect on water quality [16]. Legume seeds are notable for their high nutritional value, as they
are naturally rich in proteins, carbohydrates, vitamins, and a broad range of essential miner-
als [17–19]. Their relevance as functional foods for promoting healthy and sustainable diets
in both humans and animals [20] is further enhanced by their biochemical profile, which
includes bioactive phenolic compounds and notable antioxidant properties [21]. A major
challenge in contemporary agriculture is the reliance on fossil fuels, whose widespread
use has historically contributed to increased greenhouse gas (GHG) emissions. Recent
research indicates that the food system alone is responsible for approximately 25% of
global emissions of climate-altering gases, in addition to contributing to soil acidification
and the eutrophication of surface waters [22,23]. Given these documented environmen-
tal consequences, there is a growing urgency to adopt low-impact, eco-sustainable, and
intelligent agronomic and management techniques. This transitional process necessitates
the active involvement of all stakeholders in the sector, including farmers, policymak-
ers, researchers, and extension agents [24,25]. Sustainable agriculture practices, such as
precision and regenerative agriculture, reduce environmental impacts, enhance system
resilience, and improve productivity, supporting climate change mitigation [26]. Among
these, regenerative agriculture (RA) is an innovative and holistic approach that seeks not
only to produce food but also to restore and enhance the health of agricultural ecosystems.
Proposed as a viable alternative for food production with reduced or even positive environ-
mental impacts, RA has been suggested by some studies as a potential method to reverse
the process of climate change [27,28]. RA integrates specific practices, including the use of
cover crops, crop rotation, livestock integration, and reduced or no tillage, with the goal of
achieving measurable results such as improved soil health and increased biodiversity [29].
Legumes integrate seamlessly into the concept of regenerative agriculture, serving as a
cornerstone to support all the aforementioned practices. They contribute notably to the
restoration of biodiversity through the diversification of agro-ecosystems [30] and to the
reduction in GHG emissions by promoting soil carbon sequestration [31]. It is through soil
organic carbon (SOC) that soil health is maintained, which in turn supports food security
through its crucial role in water retention and nutrient supply [32]. Once incorporated
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into the soil, legume residues are readily utilized by edaphic microorganisms due to their
low C:N ratios, thereby minimizing carbon emissions [33]. Through the increased organic
matter, improved soil structure, and enhanced water retention capacity, legumes actively
contribute to mitigating the effects of drought [34]. In the literature, to accurately and
effectively calculate soil organic carbon, specific SOC fractions are used [35]. These frac-
tions encompass dissolved and particulate components, as well as mineral-associated pool.
Collectively, these are distinguished into pools with varying degrees of lability and stability,
often categorized into light and heavy fractions [36]. Despite offering numerous ecological
and health benefits, legumes remain marginal crops in the European agricultural landscape.
Over recent decades, their presence has steadily declined in favor of cereals and oilseed
crops [37]. Intercropping, also known as mixed cropping, is one of the oldest and most
effective agronomic techniques. By cultivating two or more crops simultaneously in the
same field [38], legume-based intercropping aims to increase yields, optimize resource
use [39], and reduce inter- and intraspecific competition [40]. This makes the system more
efficient compared to a monocultural system [41,42]. In their review article, Duchene
et al. (2017) [43] observed that intercropping legumes and cereals increases productivity
and resilience by promoting resource use complementarity and facilitation mechanisms
through the soil microbiota. These interactions enhance the productivity and resilience of
agro-ecosystems, further highlighting intercropping as a fundamental cultivation technique
for sustainable agriculture. Recent studies show that intercropping with perennial legumes
can be a strategic option for improving soil fertility and increasing productivity, even
within tree plantations. In particular, Hu et al. (2023) [44] demonstrated that intercropping
Stylosanthes guianensis (a tropical legume) and Hevea brasiliensis (the rubber tree) signifi-
cantly increased total organic carbon (TOC), labile organic nitrogen, and mineral nitrogen
levels, with direct positive effects on plant growth rates. Similarly, Duan et al. (2023) [45]
highlight that within pastures, intercropping perennial legumes like alfalfa (Medicago sativa
L.) can be an effective strategy to integrate cultivation and livestock farming. This practice
promotes the accumulation of soil carbon and nitrogen, increases nutritional value, and
offers good economic margins, especially in degraded areas. These studies highlight that
intercropping legumes with non-legumes (herbaceous or arboreal) is a modern, scientifi-
cally supported strategy to optimize resources, improve soil fertility, enhance productivity,
and increase the resilience of agro-ecosystems, thereby contributing significantly to en-
vironmental sustainability and food security. This article uses bibliometric methods to
provide a comprehensive overview of global research on legume–non-legume intercrop-
ping conducted between 1986 and 2025, with particular emphasis on biological nitrogen
fixation, soil carbon sequestration and related ecological and agronomic benefits. Biblio-
metric analysis is a systematic study of the scientific literature used to identify patterns,
trends, and impacts within a given field, and it has become increasingly prominent in the
academic landscape [46]. By mapping authors, keywords, topics, and specific themes [47],
this type of analysis is frequently used by researchers, institutions, and policymakers to
evaluate productivity, identify emerging trends, and guide decisions on research funding
and collaborations [48]. The term was coined by Belgian librarian Paul Otlet in 1934 [49],
popularized by Alan Pritchard in 1969 [50], and has since gained widespread use [51].
With the exponential increase in academic publications (articles, reports, and conference
proceedings), scientific knowledge is growing at an unprecedented rate [52]. In this context
of massive knowledge production, adopting quantitative review approaches is essential
for mapping the structure of knowledge, identifying predominant research themes, and
pinpointing promising future directions [53]. Durieux et al. (2010) [54] distinguish three
categories of indicators used in bibliometric studies: quantitative indicators, which measure
scientific productivity; qualitative indicators, which evaluate the impact of publications;
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and structural indicators, which analyze the relationships and connections between authors,
institutions, or research topics. The aims of this bibliometric analysis are: (i) to provide an
overview of the evolution of scientific production and distribution by countries, institu-
tions, and authors; (ii) to analyze the thematic areas of research and scientific sources; and
(iii) to examine keywords analysis, co-occurrence networks, bibliographic coupling and
citation analysis.

2. Materials and Methods
Methodology Design

In our study, the PRISMA (Preferred Reporting Items for Systematic review and Meta-
Analyses) protocol [55] was used to identify and analyze scientific publications from the
past 39 years (1986–2025) on the global intercropping of legumes and non-legumes, with
a specific focus on atmospheric nitrogen fixation and soil carbon sequestration (Figure 1).
This time span was deliberately selected to ensure a sufficiently extended temporal frame-
work for a robust analysis of publication trends, thematic development, and structural
research patterns worldwide. The SCOPUS database was used to retrieve relevant articles.
The screening process was carried out by three authors working independently. On 9 June
2025, a search using a specific query yielded 225 publications for the specified period. These
were selected and downloaded in .csv format for subsequent analysis. The advanced search
query used was: TITLE-ABS-KEY ((“intercrop*”) AND (“legume*”) AND (“carbon” OR
“SOC*”) AND (“nitrogen” OR “BNF”)) AND (LIMIT-TO (SRCTYPE, “j”)) AND (LIMIT-TO
(DOCTYPE, “ar”)) AND (LIMIT-TO (LANGUAGE, “English”). This query was formulated
to select English-language articles that included the terms “intercrop”, “SOC”, and “BNF”
in their title, abstract, or keywords, while excluding conference proceedings, review arti-
cles, and meeting abstracts. The keywords carbon/SOC were selected based on evidence
reported by Wang et al. (2025) [56], who demonstrated that intercropping significantly
enhances soil organic carbon conservation and stability. Similarly, the keywords nitro-
gen/BNF were included following the findings of Villwock et al. (2025) [57], which indicate
that legumes within intercropping systems improve and increase soil nitrate levels and
biologically fixed nitrogen inputs. Subsequently, the free software VOSviewer (v 1.6.19,
Centre for Science and Technology Studies, Leiden, Netherlands) [58] was used to create
and analyze the bibliometric maps from the loaded metadata.

For bibliometric analysis, two main approaches are commonly employed: perfor-
mance analysis and scientific mapping. Performance analysis aims to evaluate the impact
of researchers, institutions, and countries through quantitative and qualitative indicators
such as total number of publications, number of documents per year, author, authors’
institutional affiliation, country, disciplinary area, journal name, keywords, and number
of citations [51]. Scientific mapping, on the other hand, examines the structure and dy-
namics of scientific research by analyzing relationships among publications, topics, and
authors [51,59]. The techniques employed include citation analysis, which identifies the
most influential publications based on the number of citations received; co-citation analysis,
which detects foundational themes by examining works frequently cited together and is
useful for mapping the intellectual structure of a field; co-authorship analysis, used to
study collaboration networks among researchers and institutions; keyword co-occurrence
analysis and bibliographic coupling, which reveals connections between documents and
highlights emerging research trends [51]. The visualization of bibliometric maps was per-
formed using the VOSviewer software. This visualization tool represents elements such
as articles, authors, countries, institutions, keywords, or journals through nodes, whose
size reflects their weight or frequency. The larger the node is, the greater the importance of
the element is. Node colors indicate thematic clusters in the network visualization, while
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lines connecting the nodes represent relationships among elements, such as co-occurrences,
co-citations, or collaborations. Similarly, the thicker the line is, the stronger the relationship
between nodes is.

Figure 1. PRISMA flow diagram of the literature screening and inclusion process for studies on
legume–non-legume intercropping (1986–2025).

3. Results and Discussion
3.1. Evolution of Scientific Production in Years

During the document screening process, 58 publications were excluded as they were
considered off-topic, review articles, meta-analyses, or works lacking experimental activity
and based solely on secondary data. This resulted in a total of 167 articles being used in
our analysis. Chronologically, the first and only work indexed by Scopus was an experi-
mental study conducted in Nigeria in 1986 and published in 1991 in Springer Nature, titled
“Residual effects of natural bush, Cajanus cajan and Tephrosia candida on the productivity
of an acid soil in southeastern Nigeria” [60]. From 1992 to 2008, the number of published
documents was particularly low, with only 13 articles in total and never exceeding three
per year (which occurred only in 2000 and 2006). No publications were recorded for the
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years 1993, 1994, 1995, 1998, 1999, 2001, 2003, 2004, and 2005. Between 2009 and 2020,
the number of published articles was 63 (approximately 38% of the total), while in recent
years (2021–2025), this number increased to 91 (46% of the total), indicating a clear upward
trend. It is in this latter period that a significant increase in editorial output is observed,
with more than 10 publications per year. The peak occurred in 2024, with 28 articles,
while 22 publications have been registered in 2025 (Figure 2). This trend suggests that
intercropping (particularly legume-based) is transitioning from a subject of occasional
interest to a consolidated and rapidly expanding line of research. This shift is likely driven
by the perception that intercropping is one of the most promising levers for simultane-
ously addressing productivity, yield stability, resource-use efficiency, and the reduction in
external inputs.

Figure 2. Annual trend in publications on legume–non-legume intercropping (1991–2025).

3.2. Evolution of Scientific Production by Countries

Figure 3 shows the spatial distribution of documents published between 1991 and 2025.
Among the 56 countries that contributed to the research, the most productive are found
in Asia (China and India), North America (United States and Canada), South America
(Brazil and Argentina), and Europe (Denmark, Germany, and Spain). Figure 4 provides a
more precise look at the top 10 countries with the highest scientific contribution. China
and India are the most productive nations, with 50 and 23 documents, respectively. They
are followed by the United States with 23 articles and Canada with 14. In Europe, the
main contributing countries are Denmark, Germany, and Spain, with 11, eight, and seven
documents, respectively. Overall, a clear overlap emerges between the countries leading
scientific output and those that rank among the major legume producers, suggesting a
potential linkage between production relevance and research priorities. Through the co-
authorship network (Figure 5), it is possible to visualize and analyze collaborations between
authors from different countries and, consequently, the scientific collaboration network.
By setting a minimum of five documents per country in VOSviewer, the number of nodes
identified was 12, while the number of clusters and links was four and 24, respectively.
China, India, and the United States represent the largest nodes, with the highest number of
publications. Analyzing the clusters on the map, the first and second clusters each contain
four countries. The first cluster (red) includes Argentina, Canada, India, and Spain, while
the second (green) contains Brazil, China, the United Kingdom, and the United States.
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The third (blue) and fourth (yellow) clusters contain only two nations each: Denmark and
Germany in the third, and Kenya and South Africa in the fourth. The software clearly
visualizes not only the links between individual countries but also among the clusters,
facilitating the analysis of international collaboration networks. The co-authorship network
indicates that international collaboration is structured around a few highly productive
hub countries (most notably China, India, and the United States) while the remaining
contributors are organized into smaller, more bounded communities. The coexistence of
multi-country, cross-continental clusters alongside two-country clusters suggests a partially
integrated global research landscape, with scope to broaden and diversify collaborations to
improve representativeness across agroclimatic contexts.

Figure 3. Spatial distribution map of scientific production on legume and non-legume intercropping
1991 to 2025.

Figure 4. Top ten countries with the highest scientific production.
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Figure 5. Co-authorship networks of countries (≥5 documents; 12 countries; 4 clusters; 24 links):
1st cluster: red; 2nd cluster: green; 3rd cluster: blue; 4th cluster: yellow.

3.3. Evolution of Scientific Production and Distribution by Institutions and Authors

The productivity of publication is summarized in Table 1, which lists the 15 institu-
tions with the highest contributions. Chinese institutions, such as the Chinese Academy of
Sciences and the University of Chinese Academy of Sciences, are particularly prominent,
with the former having 13 publications and the latter 11. In fact, seven of the 15 institu-
tions are from China, further confirming the country’s position as the most productive
globally. Following China are Argentina and Spain with two institutions each, and fi-
nally Denmark, Canada, Kenya, and Brazil with one institution each. Furthermore, eight
of the 15 institutions in the table are universities, while the rest are research centers or
non-academic institutes. These results highlight a strong institutional concentration of
research output, with China clearly dominating with the Chinese Academy of Sciences
and the University of Chinese Academy of Sciences emerging as the leading contributors,
suggesting a well-established national research ecosystem on legume-based intercropping.
The prevalence of universities alongside research centers indicates that the field is driven
primarily by academic research, while contributions from Argentina, Spain, and a small set
of other countries appear more dispersed and centered on a limited number of key hubs.
Table 2 presents the top ten authors who have contributed most to this research. Among
the 167 documents analyzed, there were 160 unique authors. The most prolific include
two researchers from the Xi’an University of Technology in China, Shi W. and Jing B., and
two Canadian researchers, Oelbermann M. from the University of Waterloo and Chapagain
T., affiliated with the Ministry of Agriculture, Food and Rural Affairs. Oelbermann M.
stands out as the most prolific author on the central theme of this analysis, with a total of
75 documents, five of which were selected for this bibliometric study. Following is Echarte
L., with a total of 46 publications, four of which were selected.

Figure 6 shows the collaboration map, highlighting the relational structure among
authors who contributed to the analyzed corpus. It reveals both the density of scientific
interactions and the presence of established research groups. Authors such as Shi W. and
Wang Y. appear as central nodes, confirming their crucial role within the collaboration
network. After setting the minimum threshold to three documents per author, the map
generated by the software found connections for 37 authors, but only 23 of these (the
central block of Figure 6) form the main collaborative core, representing the largest and
most densely connected group within the network. The map is thus composed of 37 nodes,
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11 clusters, and 69 links. Among the clusters on the map, the first six are distinguished by a
greater number of links and authors involved. The first and second clusters (red and green)
include eight and five authors, respectively, all from China, such as Li l., Li X., Wang J., or
Wang Y. Cluster 3 (blue) comprises four African researchers: three from Kenya (Jalloh A.A.,
Mutyambai S., Subramanian S.) and one from South Africa (Yusuf A.A.). Cluster 4 (yellow)
also includes four researchers from China: Li Z., Pan K., Tariq A., and Wu X. Clusters 5 and 6
(purple and light blue) each contain three authors. Cluster 5 is composed of three authors from
China: Li M., Wang W., and Xiong Y., while cluster 6 includes two Chinese researchers (Chen Y.
and Zhang J.) and one Danish researcher (Olesen J.E.). Figure 7 shows the evolution of author
relationships over time, specifically in the period from 2018 to 2024. Additionally, a color scale
at the bottom of the figure indicates that older relationships (2018–2020) are represented by
cool colors, while more recent ones are shown in warmer, brighter colors. Specifically, clusters
1 and 2 feature more recent collaborations, while clusters 9 and 10 show older ones. This
map highlights, on one hand, the emergence of new authors and research groups and, on
the other, the consolidation of central scholars and figures who maintain an influential role
over time. Through this “visual narrative,” it is possible to follow the evolution of research
and collaboration networks. The observed network configuration suggests that the research
field is characterized by a partial concentration of collaborations within a relatively cohesive
core group. This means that scientific production is driven by a limited number of highly
interconnected scholars, while a peripheral component remains less structurally integrated.
The presence of clearly identifiable central actors indicates the existence of leadership dynamics
within the field. This implies that certain scholars not only contribute significantly in terms of
productivity but also play a strategic role in shaping collaboration patterns and influencing
research directions. The temporal evolution further implies that the field is undergoing a
process of consolidation alongside gradual renewal. This means that established research
groups maintain their influence over time, while new collaborations emerge and progressively
reshape the network structure. Overall, these findings suggest a growing but still partially
fragmented research domain, where stronger cross-cluster and international collaborations
could enhance knowledge circulation and scientific impact.

Figure 6. Author co-authorship network visualization map (threshold: ≥3 documents; 37 authors
identified): 1st cluster: red; 2nd cluster: green; 3rd cluster: blue; 4th cluster: yellow; 5th cluster:
purple; 6th cluster: light blue; 7th cluster: orange; 8th cluster: brown; 9th cluster: pink; 10th cluster:
salmon pink; 11th cluster: light green.
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Figure 7. Author collaboration network over time (2018–2024), with colors ranging from earlier (cool;
2018–2020) to more recent collaborations (warm; 2021–2024).

Table 1. Main universities/research institutes and their editorial production.

Affiliation Country Records

Chinese Academy of Sciences China 13
University of Chinese Academy of Sciences China 11

Ministry of Agriculture of the People’s Republic of China China 10
Aarhus Universitet Denmark 7

Chinese Academy of Agricultural Sciences China 6
University of Waterloo Canada 5

Lanzhou University China 5
Consejo Nacional de Investigaciones Científicas y Técnicas Argentina 4

Instituto Nacional de Tecnología Agropecuaria Buenos Aires Argentina 4
China Agricultural University China 4
Xi’an University of Technology China 4

Kenyatta University Kenya 4
Universidade Federal Rural de Pernambuco Brasil 3

CSIC–Centro de Edafología y Biología Aplicada del Segura CEBAS Spain 3
Consejo Superior de Investigaciones Científicas Spain 3

Table 2. Number of publications and citation metrics of the most influential authors. The affiliation
of author was retrieved from Scopus database through “author search”.

Authors h-Index g-Index m-Index TC NP IA Period Affiliation Country

Oelbermann M. 22 36 0.85 1479 75 5 2000–2025 University of
Waterloo Canada

Echarte L. 25 46 0.96 2507 46 4 2000–2025

Instituto Nacional de
Tecnología

Agropecuaria
Buenos Aires

Argentina

Shi W. 14 31 0.54 1072 64 4 2000–2025 Xi’an University of
Technology China

Bruns C. 17 22 0.77 853 22 3 2004–2025 Universität Kassel Germany

Chapagain T. 13 16 0.81 860 16 3 2010–2025
Ministry of

Agriculture, Food
and Rural Affairs

Canada

Fracetto F.J.C. 13 19 0.81 435 45 3 2010–2025 Universidade Federal
Rural de Pernambuco Brasil
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Table 2. Cont.

Authors h-Index g-Index m-Index TC NP IA Period Affiliation Country

Fracetto G.G.M. 15 21 1.07 546 46 3 2012–2025 Universidade Federal
Rural de Pernambuco Brasil

Jalloh A.A. 6 7 2.00 66 9 3 2022–2024
International Centre
of Insect Physiology
and Ecology Nairobi

Kenya

Jing B. 5 8 1 79 19 3 2020–2025 Xi’an University of
Technology China

Joergensen R.G. 61 130 2.03 19,103 304 3 1996–2025 Universität Kassel Germany

TC: total citation; NP: number of publications; IA: included in the analysis.

3.4. Thematic Areas of Research and Scientific Sources

Based on our Scopus search results, a total of 16 subject areas were identified. Of
these, only nine contained more than five publications (Figure 8). The two primary subject
areas with the highest number of publications are agricultural and biological sciences
(127 articles) and environmental science (54 articles). These two fields collectively account
for over 70% of the documents analyzed in this study, with agricultural and biological
sciences alone representing 49.8% of the total. This is followed by biochemistry, genetics
and molecular biology with 11 articles; immunology and microbiology with nine articles;
earth and planetary sciences, energy, and social sciences with eight articles each; multi-
disciplinary with seven articles; and finally nursing with six articles. It should be noted
that, in many cases, the analyzed articles belong to multiple thematic categories rather than
one. The distribution of publications across subject areas indicates a marked disciplinary
concentration within agricultural and environmental sciences. This pattern highlights
how the research topic is predominantly conceptualized within biological and ecological
frameworks, emphasizing its strong connection to production systems and environmental
dynamics. The inclusion of contributions from fields such as biochemistry, genetics, mi-
crobiology, and earth sciences further underscores the scientific complexity of the topic.
Such diversification suggests that the phenomenon is investigated not only at a systems
level but also through molecular and ecological perspectives, reinforcing its inherently
multidimensional character. Moreover, the overlap among subject categories confirms the
cross-cutting nature of the field. This interdisciplinary distribution supports the view that
integrated analytical approaches are essential to fully capture the systemic implications
and broader sustainability relevance of the topic.

Figure 9 illustrates the scientific productivity over time of the top five journals, all
of which have a high percentile ranking, placing them in the first quartile (Q1). Among
these, Agriculture, Ecosystems & Environment is the most productive, contributing 12 docu-
ments. The first relevant article was published in 2010, and its peak was reached in 2022
with four articles. The journal’s primary themes concern agro-ecosystems, ecology, and
the sustainability of agricultural systems, with a focus on the impacts of climate change
and intensive agricultural practices. According to the 2024 Journal Citation Reports [61],
Agriculture, Ecosystems & Environment has one of the highest percentiles, with a 2024 Journal
Impact Factor (JIF) of 6.4. The JIF, first proposed in 1955 by Eugene Garfield, is calculated
by dividing the number of citations received in the current year for articles published in
the two preceding years by the total number of articles published in the journal during the
same period [62]. According to data from the Scimago Journal & Country Rank [63] web
platform, the journal has an h-index of 224, calculated across all publications in the database
from 1983 to 2025. Plant and Soil, which ranks second with nine total documents, reached
its productive peak in 2025 with three publications. Additionally, with an article dating
back to 1991, it is the journal with the oldest publication in this field. The journal publishes
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both original and review articles with the goal of exploring the mechanisms of plant–soil
interactions from a strong mechanistic approach. Based on documents published between
1948 and 2025, Scimago calculates an h-index of 237. The journal’s 2022–2023 JIF was 4.1,
based on 4851 citations received and 1174 indexed articles. Agronomy follows closely with a
total of seven articles. Its first relevant document was published in 2021, and 2022 and 2025
were its most productive years, with two documents each. Agronomy is an international,
multidisciplinary journal covering topics in agronomy and agroecology, including crop
breeding, sustainability, soil and water management, biotechnology, and agricultural sys-
tems. According to Scimago data (with coverage from 2011 to 2025), the journal’s h-index
is 114. Its 2024 JIF is 3.4, calculated from 20,991 citations received and 6217 documents
indexed in the two preceding years. Scopus registers the first relevant article in the journal
Field Crops Research in 2010, with a peak of two documents in 2014. The total number of
articles for this journal is seven. The journal publishes experimental and modeling studies
on temperate and tropical crops, focusing on plant ecology, physiology, agronomy, and
genetics. Analysis of the aforementioned websites shows that Field Crops Research has an
h-index of 202 (for articles indexed between 1978 and 2025). Its 2024 JIF is 6.4, derived
from 3829 total citations received for 601 documents published in the two preceding years.
Similarly, Science of the Total Environment also contributed a total of seven articles, with the
first dating back to 2016 and a peak in 2024. This international, multidisciplinary natural
sciences journal is dedicated to publishing original, innovative, and high-impact research
on the environment, with a particular focus on the atmosphere, hydrosphere, biosphere,
lithosphere, and anthroposphere. Science of the Total Environment has a calculated h-index
of 399, based on articles published between 1972 and 2025. Its 2024 JIF is 8.0, derived from
133,916 total citations for 16,697 articles. The temporal distribution of publications across
the top journals suggests that the research topic has progressively consolidated within
high-impact, first-quartile outlets. This indicates not only growing scientific maturity but
also increasing recognition of the topic’s relevance within the broader agricultural and
environmental research communities. The presence of historically established journals
alongside more recently active ones points to both continuity and renewal in publication
dynamics. On one hand, long-standing journals with high h-index values suggest a stable
and cumulative scientific foundation. On the other hand, the more recent peaks in produc-
tivity indicate a phase of intensified scholarly attention, likely driven by emerging global
challenges such as climate change, sustainability transitions, and agricultural resilience.

 

Figure 8. Scopus subject area distribution of publications on legume–non-legume intercropping
(9 of 16 areas shown; >5 publications).
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Figure 9. Annual publication trend of the top five journals in the dataset (1991–2025).

3.5. Keywords Analysis and Co-Occurrence Network

From the analysis of keywords in the examined literature, it is evident that the re-
curring themes revolve around sustainable agronomic practices. In particular, Table 3,
which reports the ten most frequent keywords obtained from a co-occurrence analysis
using VOSviewer, shows that “intercropping” (98 occurrences, 698 total link strength),
“legume” (68 occurrences, 526 total link strength), and “nitrogen” (51 occurrences, 466 total
link strength) are highly represented and strongly interconnected across the analyzed
articles, indicating a significant interest in strategies to improve soil fertility and produc-
tion efficiency. Keywords like “maize,” “crop yield,” and “biomass” indicate a scientific
focus on specific crops and measurable agronomic outcomes. The presence of “microbial
community,” though less frequent (23 occurrences), points to a growing interest in the
microbiological aspects of the soil, which are potentially linked to the sustainability and
resilience of agro-ecosystems. For the visual network creation, VOSviewer was set to
display keywords with at least 10 occurrences (Figure 10). The resulting map confirms
these findings by visually representing the relationships between keywords. The central
node, “intercropping,” is clearly visible due to its larger size and higher number of links
(53). This keyword, belonging to the first cluster, is interconnected with all the words listed
in Table 3, underscoring its central role in the topic. The software’s cluster analysis suggests
that the keywords are distributed into three main groups. The red cluster (23 elements)
contains keywords such as “intercropping,” “legume,” “crop yield,” “crop production,”
“soil fertility,” “soil carbon,” “soil nutrient,” “soil nitrogen,” “soil organic matter,” and
“fertilizer application.” This group shows that research is focused on the regeneration of
agricultural soils through the use of nitrogen-fixing crops like legumes and intelligent
soil management techniques like intercropping. The recurring presence of terms such
as “soil fertility,” “soil organic matter,” “legume,” and “nitrogen” indicates a consistent
focus on agricultural practices that aim not only for high yields but also for the ecological
improvement of the agro-ecosystem, in line with regenerative agriculture principles. The
green cluster (19 elements) is oriented toward microbiological and chemical aspects of the
soil, containing keywords like “nitrogen,” “microbial community,” “soil microbiology,”
“rhizosphere,” and “soil chemistry.” The strong interconnections within this cluster point
to intense scientific activity centered on the soil’s biological composition, the carbon cycle,
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and the role of microorganisms in nutrient transformation and ecosystem regeneration. The
focus is on understanding the ecological dynamics that govern soil life, with a particular
emphasis on the role of microbial communities in transforming organic matter and cycling
carbon. The blue cluster (12 keywords) includes terms such as “biomass,” “productivity,”
“cultivation,” “organic carbon,” “microbial biomass,” and “greenhouse gas.” This delin-
eates a research area focused on agronomic efficiency and the environmental impact of
agricultural practices. These keywords are important indicators of the interest in farming
methods capable of enhancing yield, improving soil health, and simultaneously reducing
environmental impact. Finally, keywords such as “Triticum aestivum” or “wheat” suggest
that wheat is frequently used as the main crop in intercropping systems, highlighting
its strategic role. The presence of “China” as a keyword also delineates the prevalent
geographical context of the literature, indicating that a significant portion of the research
on legume intercropping is conducted or published within the Asian context.

Table 3. Ten most frequent author keywords derived from the keyword co-occurrence analysis of the
Scopus-based corpus.

Keywords Occurrences (n) Total Link Strength

intercropping 98 698
legume 68 526
nitrogen 51 466

maize 29 278
soil fertility 29 187
crop yield 28 210

soil 27 307
crop production 26 232

biomass 24 191
microbial community 23 234

Figure 10. Trend analysis and co-occurrence network of keywords in the analyzed literature, including
terms with ≥10 occurrences: 1st cluster: red; 2nd cluster: green; 3rd cluster: blue.

3.6. Bibliographic Coupling
3.6.1. Bibliographic Coupling of Countries

Bibliographic coupling is a scientific mapping technique based on the assumption
that two publications sharing common references are also similar in content. This method
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helps to form recent research clusters and highlight niche studies, thereby providing an
up-to-date representation of the current state of a scientific field [51]. In our study, we
analyzed bibliographic couplings related to countries, journals, and scientific articles using
VOSviewer. By setting the minimum number of articles to 5, the software generated a visual
map (Figure 11) containing 12 countries, which were subdivided into four interconnected
clusters with 66 links. The first cluster (red) contains four elements: Argentina, Canada,
India, and Spain. From the map, India, with 23 documents, represents the largest and most
relevant node in terms of scientific output. The link between Argentina and Canada is the
most pronounced in terms of intensity, suggesting a strong thematic convergence between
publications from these two countries. The second cluster (green) contains four elements:
the USA, China, the UK, and Brazil. China is the primary node with a total of 50 documents
and strong links to the USA. It is also important to note the robust links to countries in
other clusters, particularly Denmark and Kenya, which belong to the third and fourth
clusters, respectively. Similarly, the USA, with 22 documents and a strong link to Brazil,
also shows a close thematic affinity between their publications, suggesting similar research
orientations and potential collaborative pathways. The third cluster (blue) contains only
two European countries, Germany and Denmark, with eight and 11 documents respectively,
and a strong interconnection. Finally, the fourth cluster (yellow) includes two African
countries, Kenya with 13 documents and South Africa with five. Both show a notable
link strength, indicating that researchers from both countries frequently cite the same
sources. The bibliographic coupling analysis at the country level reveals a geographically
differentiated interconnected intellectual structure. The emergence of four clusters suggests
that national research systems tend to develop around shared citation patterns, reflecting
common thematic orientations or policy priorities. Overall, the country-level coupling
structure suggests a field characterized by both regional specialization and cross-regional
intellectual exchange. While leading countries act as bridging hubs within the global
knowledge system, the persistence of distinct clusters indicates that the research landscape
retains identifiable geographic and thematic cores.

Figure 11. Bibliographic coupling map of the selected countries (threshold: ≥5 articles; 12 selected):
1st cluster: red; 2nd cluster: green; 3rd cluster: blue; 4th cluster: yellow.

3.6.2. Bibliografic Coupling of Journals

Turning to journal coupling, the minimum number of articles was again set to five,
and the software mapped the eight journals meeting this criterion, grouping them into
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two clusters (Figure 12 and Table 4), suggesting that the research field is structured around
two main publication arenas. The first cluster (red) consists of five journals: Agriculture,
Ecosystems & Environment, European Journal of Agronomy, Field Crops Research, and Journal of
the Science of Food and Agriculture. A robust link between Agriculture, Ecosystems & Environ-
ment (12 documents) and European Journal of Agronomy (five documents) shows that both
journals are strongly interconnected bibliographically, sharing numerous common citations
and addressing similar topics. The strong bibliographic interconnection among these jour-
nals suggests a consolidated research stream grounded in crop science, agricultural systems,
and applied agronomy. The particularly robust linkage between leading journals within
this cluster indicates that they rely on a common theoretical and methodological foundation,
reinforcing their role as central platforms for knowledge production and dissemination in
the field. The second cluster (green) contains only three elements. The main node in this
cluster is the journal Plant and Soil with 10 documents, followed by Science of the Total Envi-
ronment and Scientific Reports, with seven and six articles respectively. The second cluster,
centered around Plant and Soil, reflects a more soil- and environment-focused orientation,
with connections extending toward broader environmental and multidisciplinary outlets.
This suggests a complementary but partially distinct knowledge base, likely characterized
by a stronger emphasis on soil processes, biogeochemical cycles, and environmental im-
pacts. Table 4, which ranks the aforementioned journals by the number of articles, shows
that Agriculture, Ecosystems & Environment is in first place with the highest number of
documents (12) and citations (416) and the highest link strength (268), indicating that it is
the most influential and centrally connected journal in this field of study. Plant and Soil and
Field Crops Research follow, with a slightly lower number of documents but a high number of
citations. It is interesting to note that total link strength is not always directly proportional
to the number of documents or citations. For example, the Journal of the Science of Food
and Agriculture and the European Journal of Agronomy have a relatively high link strength
(135 and 146, respectively) compared to their number of published documents (six and
five), suggesting a strong interconnection with other publications despite a smaller volume
of output. Overall, the journal coupling network indicates a research domain structured
around interconnected yet thematically distinct publication hubs, suggesting a balance
between specialization and intellectual cohesion.

Figure 12. Bibliographic coupling map of the selected journals (threshold: ≥5 articles; 8 selected):
1st cluster: red; 2nd cluster: green.
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Table 4. Journal ranking based on bibliographic coupling, citations, and total link strength.

Journal Documents Citations Total Link Strength

Agriculture, Ecosystems and Environment 12 416 268
Plant and Soil 10 316 183

Field Crops Research 7 395 141
Science of the Total Environment 7 140 91

Agronomy 7 34 51
Scientific Reports 6 80 131

Journal of the Science of Food and
Agriculture 6 48 135

European Journal of Agronomy 5 77 146

3.6.3. Bibliographic Coupling of Documents

Within the bibliographic coupling analysis of the 167 articles examined, the software
generated a network containing 20 documents, which were selected based on a minimum
threshold of 50 citations per article. Only 18 were interconnected and are present on the
map (Figure 13).

Figure 13. Bibliographic coupling map of the 18 interconnected high-citation documents (threshold:
≥50 citations; 20 selected): 1st cluster: red [64–67]; 2nd cluster: green [68–71]; 3rd cluster: blue [72–75];
4th cluster: yellow [76–78]; 5th cluster: purple [79–81].

The distribution of the analyzed documents across the five identified clusters is as
follows. The first cluster (red) comprises four studies [64–67], while the second (green) and
third (blue) clusters also contain four articles each: [68–71] and [72–75], respectively. The
fourth cluster (yellow) is represented by three publications [76–78] focused on ecological
restoration. Similarly, the fifth cluster (purple) includes three works, specifically two by
Chapagain and Riseman [79,80] and one by Mucheru-Muna et al. [81]. The configuration of
the five clusters reveals distinct yet partially overlapping research streams. The red, green,
blue and purple clusters appear relatively compact and internally cohesive, suggesting that
the studies within each group draw on similar theoretical foundations and methodological
approaches. Their proximity and the density of links among them indicate conceptual
affinity and a shared bibliographic backbone. The yellow cluster, visually positioned more
peripherally and characterized by fewer connections, reflects a more specialized thematic
orientation. Its relative separation from the central clusters suggests that, while related to
the broader research domain, it relies on a somewhat distinct body of literature and may
engage with different disciplinary traditions.

3.7. Thematic Cluster Analysis and Species Categorization

The analyzed documents share a common objective. They evaluate the agroecological
benefits provided by legumes in intercropping systems. This section examines the clusters
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identified through the bibliometric coupling of documents. Species are categorized based
on their potential end-use, such as human food, livestock feed, industrial crop or ecological
functions. This classification is applied even in cases where the specific purpose was not
explicitly stated in the original articles.

3.7.1. Cluster 1

The first cluster (Figure 13) (red) examines intercropping systems involving species of
significant food and industrial interest. Liang et al. (2020) [64] analyzed cotton–mung bean
intercropping in the arid conditions of Northwestern China. Their study demonstrated that
this system significantly improves agricultural productivity, water-use efficiency (WUE),
and nitrogen-use efficiency (NUE). It also enhances overall economic benefits. The re-
searchers identified 390 kg ha−1 as the optimal nitrogen fertilizer rate. In this context,
cotton serves as an industrial crop. Mung bean plays a primary role in human nutrition
as a protein source. Regehr et al. (2015) [65] investigated soil nitrogen mineralization
and immobilization dynamics in maize–soybean intercropping systems in the Argentine
Pampas. The results indicated that the presence of the legume promotes nitrogen storage
and stimulates microbial activity. Nutrient-use efficiency was also improved compared to
monocultures. Both species are primarily used for human food and animal feed. Wang
et al. (2021) [66] demonstrated that sweet maize–soybean intercropping, combined with
300 kg N ha−1 fertilization, enhances productivity. This practice reduces net greenhouse
gas emissions and carbon footprint. In this case, both species are mainly intended for
direct human consumption. However, soybean has a dual purpose. Due to its high protein
content, it is suitable for both food and feed. Finally, Cuartero et al. (2022) [67] evaluated
melon–cowpea intercropping under organic management with a 30% reduction in fertiliza-
tion. The results showed improvements in melon yield, total nitrogen availability, available
phosphorus, and soil organic carbon. Additionally, the microbial community underwent
positive modifications. Both species are primarily produced for human consumption.

3.7.2. Cluster 2

The second cluster (Figure 13) (green) examines intercropping systems ranging from
Mediterranean cereal farming to fodder and agroforestry systems. Scalise et al. (2015) [68]
analyzed the effects of legume–barley intercropping followed by durum wheat in rotation
under Mediterranean rainfed conditions. The results showed that intercropping improves
soil nitrogen availability. It also increases the yield of subsequent durum wheat to levels
comparable with chemical fertilization. Furthermore, the system stimulates microbial
community activity. In this system, durum wheat is primarily intended for human con-
sumption. Conversely, barley, field pea, and faba bean are used as fodder crops. The
legumes also perform a key role in soil nitrogen enrichment. The study by Zhou et al. [69]
examined the effects of rape–Chinese milk vetch intercropping on the rhizosphere microbial
community. Their findings highlighted that this system reduces microbial biomass and
alters its structural and functional composition. Rape is used for both edible and industrial
oil production. Chinese milk vetch is employed as green manure. Hauggaard-Nielsen et al.
(2016) [70] evaluated the effects of different intercropping strategies between perennial
forage grasses and forage legumes under two nitrogen fertilization levels. Life Cycle As-
sessment (LCA) revealed that low-input systems reduce the carbon footprint by 40–50% per
ton of biomass. All species involved (ryegrass, cocksfoot, fescue, white clover, red clover,
and alfalfa) are intended exclusively for fodder. Barley and wheat are used respectively
as a cover crop and a subsequent food crop. Finally, Kremer and Kussman (2011) [71]
analyzed an alley-cropping agroforestry system with pecan trees and kura clover in the
U.S. Midwest. They demonstrated that this intercropping improves soil quality through
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organic and nitrogen enrichment. It also significantly increases microbial enzymatic activity.
In this case, pecan nuts are destined for human consumption, while kura clover serves a
fodder function.

3.7.3. Cluster 3

The third cluster (Figure 13) (blue) examines intercropping systems primarily oriented
toward cereal and legume production for food and fodder. Ghosh et al. (2006) [72]
analyzed a soybean–sorghum intercropping system in Central India over a five-year period.
They evaluated the influence of various organic and chemical fertilization strategies on
inter-specific competition and nutrient-use efficiency. The results showed that sorghum
dominated the intercropping, while soybean productivity was reduced. However, the
system improved soil microbial activity, water-use efficiency, and nitrogen-use efficiency.
It also enhanced the Land Equivalent Ratio (LER) and the Relative Crowding Coefficient
(RCC). Soybean is used for human consumption and oil production. Grain sorghum is
primarily employed in livestock feed. Lithourgidis and Dordas (2010) [73] compared faba
bean–winter cereal (wheat, barley, rye) intercropping at different seeding densities. Their
study highlighted that rye, both in monoculture and intercropped with faba bean, produced
higher forage yields. All species involved in this study are explicitly intended for animal
fodder. Thorsted et al. (2006) [74] analyzed the competition between wheat and white
clover. They demonstrated that root competition for nitrogen affects biomass production
more than competition for light. The system proved advantageous in low-input agriculture,
provided that root competition is adequately managed. In this case, wheat is intended for
human consumption, while white clover serves a forage function. Finally, Sharma and
Behera (2009) [75] evaluated the effects of maize–legume intercropping in Northwest India,
followed by the incorporation of crop residues before wheat sowing. The results showed an
increase in overall system productivity and a nitrogen fertilizer saving of up to 56 kg ha−1.
This led to improved soil fertility and a positive nitrogen balance. The legume species
involved (mung bean, cowpea, peanut, soybean, and black bean) are mainly intended for
human consumption. Peanut and soybean also serve a role in animal feed. Maize and
wheat, which also have a dual-purpose nature, complete a sustainable production system
that is more profitable than monoculture.

3.7.4. Cluster 4

The fourth cluster (Figure 13) (yellow) focuses on intercropping systems with a strong
emphasis on ecological functions and soil fertility restoration. Schipanski and Drinkwater
(2012) [76] compared biological nitrogen fixation in legume–grass intercropping systems
across 15 farms in New York State, covering various soil fertility gradients. The results
showed that red clover intercropped with orchardgrass produces more biomass and fixes
more nitrogen than pea intercropped with oats. Inter-specific competition was found to
indirectly influence fixation in more fertile sites. All species are used exclusively as cover
crops. Furey and Tilman (2021) [77] conducted a long-term, 23-year experiment on poor,
unfertilized soils. They compared monocultures with high-biodiversity systems comprising
up to 16 perennial herbaceous species. These included legumes such as perennial lupine,
lespedeza, and prairie clover. The results revealed significantly higher levels of soil nutri-
ents (nitrogen, potassium, calcium, magnesium, cation exchange capacity, and carbon) in
systems with higher functional diversity. This suggests that such intercropping systems are
highly effective for restoring degraded soils. While these species primarily serve ecological
purposes, they can also function as grazing land. Finally, Liao et al. (2019) [78] analyzed the
influence of biochar on the soil bacterial community in a faba bean–maize intercropping
system. They demonstrated that this soil amendment stimulates bacteria belonging to
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the Firmicutes and Bacteroidetes phyla. These bacteria are involved in nitrogen fixation
and phosphorus solubilization, thereby improving nutrient cycling in the rhizosphere.
Although the specific purpose of the species is not explicitly stated in the article, faba bean
and maize are traditionally cultivated for both human food and animal feed.

3.7.5. Cluster 5

The fifth cluster (Figure 13) (purple) examines intercropping systems primarily ori-
ented toward human food production. These studies focus on resource-use efficiency
and sustainability within low-input systems. Chapagain and Riseman (2014) [79] demon-
strated that barley–pea intercropping, even without fertilizers, increases soil productivity
compared to monocultures. This system also improves nitrogen and carbon content.
A 2:1 ratio proved most efficient for grain quality, biological nitrogen fixation and trans-
fer, and atmospheric carbon sequestration. In this system, barley is intended for malt-
ing (human food use), while pea is primarily employed as animal fodder. Subsequent
research by the same authors (2015) [80] confirmed these findings by extending the anal-
ysis to wheat–faba bean and wheat–common bean intercropping. Using stable isotopes
(15N and 13C), they quantified biological nitrogen fixation, its transfer to wheat, and carbon
accumulation in biomass. Wheat is intended for bread-making and common bean for
human consumption. Small-seeded faba bean serves mainly as a cover crop, though it can
provide high-quality forage residues. Finally, Mucheru-Muna et al. (2010) [81] compared
conventional maize–legume intercropping with the innovative MBILI (Managing Beneficial
Interactions in Legume Intercrops) system in Kenya over seven consecutive seasons. The
results showed increases in yield as well as light- and nutrient-use efficiency. Cowpea
was the only species capable of maintaining a neutral nitrogen balance. Maize, common
bean, cowpea, and peanut are all destined for human consumption. Additionally, maize
stover is used as livestock fodder, and legume residues are incorporated into the soil to
enrich fertility.

3.7.6. Functional Classification and End-Use Patterns

Analysis of the species within the various clusters underscores the pronounced mul-
tifunctionality of the examined legume–non-legume intercropping systems. Both hu-
man consumption and fodder use are equally represented, each occurring in 14 of the
18 analyzed articles; this confirms the cross-cutting nature of these practices across different
production chains. Such overlap is not coincidental, as several of the species involved
(notably maize, soybean, and peanut) possess a dual-purpose nature, being suitable for
either human consumption or livestock feed depending on the specific production and
geographic context. The function of cover cropping or ecological soil restoration charac-
terizes five articles, where primary production goals yield to long-term objectives focused
on fertility regeneration and biodiversity. Industrial applications, limited to two articles,
specifically concern cotton and rapeseed. However, it is noteworthy that while soybean
also has significant industrial applications (e.g., oil and biofuel production), it was classified
within the food and feed categories in the analyzed studies. Overall, the data confirm
that legume–non-legume intercropping represents an agronomic strategy capable of simul-
taneously addressing multiple requirements and adapting to highly diverse geographic,
climatic, and cropping contexts, ranging from the Mediterranean to the Argentine plains,
and from Sub-Saharan Africa to South.

3.8. Citation Analysis

Citation analysis evaluates a scientific work’s impact based on the number of citations
it receives, helping to identify the most influential works and understand a research field’s
dynamics [51]. Table S1 presents the top ten most cited articles from the 167 documents ana-
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lyzed. Figure 14 illustrates the year-by-year citation trend for the top five articles. Beginning
in 2019, a simultaneous increase in citations is observed across all five publications. This
trend suggests that the topics addressed in these works have become particularly central to
the recent scientific literature, likely in response to a renewed interest in sustainable agri-
cultural practices, climate change adaptation, and the exploration of ecological dynamics
between biodiversity and soil fertility. With 168 total citations, the article “A staggered
maize-legume intercrop arrangement robustly increases crop yields and economic returns
in the highlands of Central Kenya” by Mucheru-Muna et al. (2010) [81], published in Field
Crops Research, is the most cited publication among those analyzed. Its peak in annual
citations occurred in 2024, with a total of 24. As previously described, the article discusses
a non-traditional intercropping technique called MBILI, where maize and legumes are
grown in a two-by-two staggered row arrangement to boost yield and efficiency compared
to conventional systems. The second most-cited article is “Plant biodiversity and the re-
generation of soil fertility” by Furey and Tilman (2021) [77], published in the Proceedings
of the National Academy of Sciences of the United States of America (PNAS). In a relatively
short period, the publication has accumulated 163 total citations, with its highest annual
count of 56 recorded in 2024. This demonstrates its significant impact within the scientific
community. Furthermore, its normalized citation score (TCY = 40.75) further attests to its
relevance in the international academic literature. The third article, “Nitrogen fixation in
annual and perennial legume-grass mixtures across a fertility gradient” by Schipanski and
Drinkwater (2012) [76], published in Plant and Soil, has accumulated a total of 125 citations
and a TCY of 9.62. This moderately high TCY for a study published more than 10 years
ago indicates a consistent number of citations over time, suggesting stable scientific rele-
vance and a lasting contribution to the literature. The year 2022 had the highest number
of citations at 19, confirming it as the period of maximum visibility for the publication.
For the study by Chapagain and Riseman [79], published in 2014 in Field Crops Research
and titled “Barley-pea intercropping: Effects on land productivity, carbon and nitrogen
transformations”, 2022 was also the year with the highest number of citations (26). Since its
publication, the study has accumulated a total of 123 citations with a TCY of 11.18. With
117 total citations and a TCY of 7.8, the article “Impact of Gliricidia sepium intercropping
on soil organic matter fractions in a maize-based cropping system” by Beedy et al. [82],
published in 2010 in Agriculture, Ecosystems & Environment, ranks fifth among the most cited
studies. The study analyzes the effects of intercropping maize with Gliricidia sepium on
improving soil fertility, particularly concerning labile organic fractions, nutrient availability,
and long-term agricultural productivity. As highlighted in Figure 14, the trend in annual
citations mirrors that observed in the previously analyzed studies (e.g., Mucheru-Muna
et al., 2010 [81]; Schipanski and Drinkwater, 2012 [76]), with an initial growth phase and a
peak in 2021 with 13 citations, followed by a recent decline.

3.9. Limitations and Future Research

Despite the adopted approach providing a coherent overview of the literature on
legume-based intercropping, several methodological limitations should be acknowledged.
First, the bibliographic search was conducted exclusively in Scopus; although this is a
comprehensive and well-established database, relying on a single source may have resulted
in the omission of relevant contributions indexed elsewhere. In particular, integrating
Web of Science could enable the identification of a larger number of authors, journals, and
conference proceedings, thereby expanding disciplinary and geographical coverage and
reducing the risk of a partial mapping of the field. In this respect, a multi-database strategy
represents a natural step to further strengthen the completeness and robustness of the
review. Second, restricting eligibility to English-language documents may have introduced
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language bias by excluding studies published in other languages (e.g., Italian, French, Span-
ish, or German) that may be especially pertinent to specific European agronomic contexts.
In addition, the synthesis may be affected by potential citation bias, as highly cited studies
tend to be more visible and therefore more likely to be identified and discussed, whereas
recent, regional, or less-indexed works may be underrepresented regardless of their quality
or applied relevance. Finally, as is common in query-based literature reviews, outcomes
also depend on operational choices (such as search strings, keywords, inclusion/exclusion
criteria, and study classification) which can influence the final boundaries of the analyzed
corpus. To mitigate these limitations, future work could (i) adopt a multi-database design
(Scopus plus Web of Science, and potentially additional sources), (ii) implement a broader
language strategy (or at least targeted checks for key geographic areas), and (iii) apply
screening procedures that reduce reliance on citation visibility (e.g., systematic screening by
time period, region, or document type), thereby improving the overall representativeness
of the evidence base.

 

Figure 14. Annual citation trend of the five most-cited articles in the dataset (2010–2025):
blue: Mucheru-Muna et al. (2010) [81]; orange: Furey and Tilman (2021) [77]; gray: Schipanski and
Drinkwater (2012) [76]; yellow: Chapagain and Riseman (2014) [79]; green: Beedy et al. (2010) [82].

4. Conclusions
Our analysis shows a rapidly increasing interest in legume–non-legume intercropping

as a key strategy for improving soil fertility and supporting regenerative agriculture, with a
marked acceleration in publications in recent years. Scientific output is globally distributed
but dominated by China and India, followed by the United States and Canada, with leading
European contributions from Denmark, Germany, and Spain. The core literature is concen-
trated in high-impact journals (most notably Agriculture, Ecosystems & Environment) and
keyword patterns highlight strong links between intercropping, legumes, nitrogen dynam-
ics, and soil-related outcomes. Overall, the available evidence indicates that legume-based
intercropping can enhance crop productivity and yield stability, improve resource-use
efficiency, reduce reliance on synthetic fertilizers, and strengthen agro-ecosystem resilience.
However, its adoption remains uneven and, in many European contexts, is still limited,
highlighting a substantial gap between agronomic potential and practical implementation.
To bridge this gap, future research should prioritize long-term, multi-site field experiments
capable of robustly quantifying the effects of intercropping on soil organic carbon (SOC),
nitrogen dynamics, and crop performance under variable climatic conditions. It is also
essential to develop standardized protocols for measuring agro-environmental indicators,
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including isotopic methods and comparable metrics across diverse cropping systems. At
the applied level, particular attention should be given to site-specific optimization of inter-
cropping systems, including cultivar selection, plant density, spatial arrangements, sowing
windows, and crop residue management. Concurrently, integrated biophysical and eco-
nomic analyses (such as Life Cycle Assessment (LCA) and whole-farm approaches) are
needed to explicitly quantify the benefits, costs, and potential trade-offs associated with
these systems. Finally, socio-economic and innovation studies are crucial to identify and
overcome key operational and market barriers, including mechanization limitations, weed
management challenges, legume product valorization, and farmers’ risk perception, with
the ultimate aim of translating scientific insights into practically transferable solutions for
real-world farming systems. At the level of agricultural policy, it becomes a priority to
formally recognize intercropping within agroclimatic–environmental schemes, ensuring
its inclusion among the practices incentivized at both the national and EU levels. To this
end, it is necessary to support structured transition pathways through de-risking measures,
specialized technical advisory services, and demonstration networks capable of dissemi-
nating best practices within the farming community. Another strategic element concerns
the strengthening of value chains and market demand for legume crops, a prerequisite for
making crop diversification economically attractive and promoting the broader adoption
of intercropping. In this context, policy instruments should reward not only the formal
adoption of the practice but also (where technically verifiable) the achievement of mea-
surable outcomes in terms of reduced nitrogen inputs and improved soil health. Finally,
the consolidation and advancement of the sector require coordinated international efforts
based on the sharing of data, experimental protocols, and knowledge among research
institutions and countries. Such cooperation represents a necessary condition to accelerate
innovation, harmonize evaluation methodologies, and establish intercropping as a concrete,
scalable, and scientifically grounded option for the sustainable management of agricultural
soils in the face of increasing climate and food security challenges.
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