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Abstract This review entails a critical appraisal
on the potential of plants as alternatives to synthetic
chemicals for crop protection, aligning with the
global shift towards green-based approaches in agri-
culture. Utilising a defined set of inclusion and exclu-
sion criteria, 235 papers were extracted from Sco-
pus. These articles were analyzed to address specific
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research questions related to plant-based biocontrol
methods. Approximately 25% of the literature was
published in journals such as "Industrial Crops and
Products”, "Journal of Agricultural and Food Chem-
istry", "Pest Management Science", and "Frontiers
in Microbiology". Thematic analysis identified core
focus areas, including the chemical properties of
antifungal agents, bioactive compounds, environmen-
tal protection, and the use of fungicides. Italy and
China emerged as countries with the most represented
authors, while China, India, and USA led in scien-
tific production, corresponding authors’ publications,
and citation impact. We identified 91 plant species
from 28 families, notably from the Lamiaceae, with
strong potential as biocontrol agents. The most prom-
ising plants were Platycladus orientalis (L.) Franco,
Mentha piperita L., Foeniculum vulgare L., Corian-
drum sativum L., and Allium ascalonicium L. This
study offers valuable insights and practical applica-
tions in the field of plant-based biocontrol, thereby
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underscoring the relevance and efficacy of green-
based approaches in contemporary agricultural prac-
tices. There is an increasing scientific interest in sus-
tainable crop protection strategies and the potential
of plant-based biocontrol agents in addressing biotic
stresses in crops. Overall, this review contributes to
the understanding of plant-based biocontrol for crop
protection, providing a foundation for further research
and application in sustainable agriculture.

Keywords Antifungal - Biodiversity - Biotic stress -
Botanicals - Food security - Sustainability - UN SDGs

Introduction

Addressing the global challenge of meeting the
escalating food demands of an increasing popula-
tion remains a pivotal concern (Hall et al., 2017,
Willett et al., 2019). While increasing crop yields
is vital, protecting the current agricultural outputs
is equally crucial toward alleviating prevalent food
insecurity (Nxumalo et al., 2021; Ogunnupebi et al.,
2020). To combat crop losses for food sustainability
and security, their protection against plant pathogens
and shelf-life extension remains pertinent (Nxumalo
et al., 2021). Pests are estimated to cause a reduc-
tion in global crop production by 20 to 40%, lead-
ing to losses in food production worth hundreds of
billions of dollars (Flood, 2010; Hollis, 2022; Rizzo
et al., 2021). In addition, the Consultative Group on
International Agricultural Research (CGIAR, 2018)
alluded to the predictions from the Intergovernmen-
tal Panel on Climate Change (IPCC) that suggest a
projected decrease in the yields of major crops by
2% per decade until 2050. The prevalent reliance of
the agricultural sector on synthetic agro-chemicals
(e.g. fungicides, synthetic coatings and preserva-
tives) raises increasing concerns about their toxi-
cological impact on human health, environmental
sustainability, and the emergence of microbial
resistance (Dayan et al., 2009; Katz & Baltz, 2016;
Nxumalo et al., 2021; Ogunnupebi et al., 2020). Par-
ticularly in developing countries, the affordability
and adherence to proper application protocols exac-
erbates these issues (Carlini & Grossi-de-S4, 2002;
Gozzo, 2003; Katz & Baltz, 2016). In response to
these concerns, several green alternatives, includ-
ing plant extracts and associated products, are
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increasingly being explored for the control and pro-
tection of plants against pests and pathogens (Cat-
ani et al., 2022; Nxumalo et al., 2021; Ogunnupebi
et al., 2020; Pilkington, 2022).

Historically, the use of local floras, underpinned
by indigenous knowledge, has played a pivotal role
in addressing agricultural challenges (Mwinga et al.,
2023). The diverse local floras hold great potential
as a new environmentally friendly and sustainable
entity for protecting crops. Inherently, the diverse
secondary metabolites/phytochemicals are relevant
for their survival and protection against naturally
occurring pests and pathogens (Dayan et al., 2009).
The biological effects of plants used as biocontrol
agents against pests and pathogens are often attrib-
uted to the diverse classes of phytochemicals such
as alkaloids, coumarins, flavonoids, phenolics, and
terpenoids (Gebashe et al., 2022; Ogunnupebi et al.,
2020; Pilkington, 2022). Researchers have recog-
nised the importance of unlocking the potential in
plants as sustainable biocontrol agents (Copping &
Duke, 2007; Dayan et al., 2009; Isman et al., 2011;
Pilkington, 2022). In recent years, innovative techno-
logical approaches, such as nano-based techniques,
have gained interest in leveraging plant materials for
crop protection in the agricultural sector to meet food
demands (du Plooy et al., 2009; Mohammadi et al.,
2015; Ogunnupebi et al., 2020; Palou et al., 2015;
Sekhon, 2014).

With the increasing global interest in the poten-
tial of plants as sustainable agents for crop protec-
tion, there is an increase in the number of publica-
tions (review and research articles) that are generated
annually. In addition, a few appraisals on the poten-
tial of plants for crop protection and preservation and
related aspects currently exist (Nxumalo et al., 2021;
Ogunnupebi et al., 2020). Even though these exist-
ing reviews generally provide a broad perspective
on a topic, their objectivity with respect to the selec-
tion and inclusion of existing literature is debatable
(Manoj Kumar et al., 2023; Vargas et al., 2022). A
comprehensive and unbiased assessment of contem-
porary developments and emerging trends is impera-
tive for a holistic approach toward utilising plants in
crop protection. A robust understanding of the value
of plants as an alternative to agro-chemicals for crop
protection against pathogens is essential, especially
with bibliometry. The application of bibliomet-
ric tools offers a robust means to comprehensively
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analyze the existing knowledge domain objectively
and systematically (Aria & Cuccurullo, 2017; Manoj
Kumar et al., 2023; Vargas et al., 2022). The popular-
ity of this approach is evident in diverse fields such as
natural science (Vargas et al., 2022), medicine (Kokol
et al., 2021; Manoj Kumar et al., 2023), and human-
ity/business (Donthu et al., 2021) as well as in general
research evaluation (Szomszor et al., 2021). Given
the increasing importance of plants for the protec-
tion of crops against pests and pathogens, we applied
bibliometric tools to analyze existing peer-reviewed
studies on this subject quantitatively. This was impor-
tant to gain a better understanding of the advance-
ments and track the evolution of knowledge on the
trends and patterns associated with the use of plants
for the protection of crops. In addition, mapping the
evolution of a particular field is crucial for academ-
ics and organizations and assessing its underlying
knowledge framework is necessary to understand
its dynamics and progress. This review critically
assessed the potential of plant-based alternatives to
synthetic agro-chemicals (pesticides, fungicides, bac-
tericides, and insecticides) in crop protection, guided
by the following research questions.

What is the current state and progression trend of
research regarding the utilisation of plants for bio-
control in crop protection?

Based on empirical evidence, which plant species
emerge as the most promising candidates for bio-
control applications?

How can we harness the full potential associated
with plant-based biocontrol?

Methodology

To meet the scope of this review study, relevant aca-
demic publications on plant-based crop protection
were retrieved from an online dataset. The Scopus
database, renowned for its comprehensive coverage
and high-quality content, was selected as the primary
source for this review. A best-evidence methodology
was also used.

Literature search strategy: bibliographic method

The data for this study, from the bibliometric search
conducted on Scopus database, was gathered on

March 29, 2023, at approximately 3 p.m. The data
spans a period of 53 years, from 1970 to 2023. Sco-
pus incorporate numerous publications from reputa-
ble publishers such as Springer, Elsevier, Multidisci-
plinary Digital Publishing Institute (MDPI), Taylor &
Francis, and EmeraldInsight (Fadiji et al., 2023; Gha-
leb et al., 2022). The search strategy applied Boolean
operators (COR’, ’AND’) in a structured search string
to identify literature on biocontrol strategies against
phytopathogens. The specific search string were as
follows: TITLE-ABS-KEY ( ( "plants" OR "plant
extract*" OR "essential 0il*") AND ( "crop protect*"
OR "crop quality*" OR "crop deteriorat*" OR "fruit*
quality*" OR "fruit* preserv*") AND ( "natural prod-
uct*" OR "synthetic chemical*" OR "fungicide*"))
AND ( LIMIT-TO ( LANGUAGE, "English")) AND
( EXCLUDE ( DOCTYPE, "ed") OR EXCLUDE (
DOCTYPE, "bk") OR EXCLUDE ( DOCTYPE, "er"

OR EXCLUDE ( DOCTYPE, "no") OR EXCLUDE (
DOCTYPE, "tb")). The result brought about 797 doc-
uments from the Scopus search, of which the raw data
of only 235 papers were saved in BibTeX and CSV
formats for further analyses.

Network models: scientometric analysis

Scientometric method uses bibliometric data to gen-
erate a network model and identify research subjects.
Bibliometric software including VosViewer and the
‘Bibliometrix’ package software was utilised to ana-
lyse the data (Aria & Cuccurullo, 2017; Sganzerla
et al., 2021; Van Eck & Waltman, 2010). Network
models generated from the scientometric analysis
were utilised to visualize the intellectual landscape
of plant-based biocontrol, aiding in the resolution
of research questions and objectives of this review.
The following analysis was conducted to reveal the
research pattern: Keyword co-occurrence analysis,
thematic evolution and mapping, influence network
analysis, and forecasting via the 4Q analysis. In the
keyword selection and analysis, both singular and
plural forms of certain keywords, such as ‘essen-
tial oil’ vs. ‘essential oils’ and ‘fungicide’ vs. ‘fun-
gicides’ were included. The singular form implies a
specific type, while the plural form denotes multiple
types or the general concept. This approach allowed
for a comprehensive capture of the varied contexts in
the literature. These scientometric methods provide

@ Springer



Eur J Plant Pathol

a comprehensive view of the research field, helping
researchers to understand the past and present land-
scape, identify trends, predict future developments,
and make informed decisions about their research
strategy (Adetunji et al., 2022; Ghaleb et al., 2022).

Best-evidence review selection: inclusion and
exclusion criteria

In a bid to address two of the research questions
(What is the current state and progression trend of
research regarding the utilisation of plants for biocon-
trol in crop protection? Which plant species emerge
as the most promising candidates for biocontrol appli-
cations?), the papers from the bibliometric data were
accessed and assessed. The titles and abstracts of the
papers were manually reviewed to eliminate those
irrelevant to the subject matter. Any papers discuss-
ing bio-nanocomposites, plant ingredients (isolated
or fractionated) other than natural compounds, plant
mixtures (binary or polyherbal), or natural prod-
ucts for anti-phytopathogenic crop protection were
excluded. Studies that exclusively investigated the
effect of plant on the preservation quality of crop
without considering specific pathogens were also
excluded in this review.

Moreover, we scrutinized pertinent articles to
verify their alignment with the selection criteria of
this study. The specific criteria for inclusion encom-
pass the evaluation of percentage inhibition of
crop pathogens in in vitro, in vivo, or/and in planta
experiment(s). Papers that investigated plant-based
coatings, extracts, and essential oils (either distilled or
purchased) that could be traced to a specific or iden-
tified plant material were considered. Ultimately, we
selected empirical studies pertaining to certain crop
spoilage or diseases caused by identified pathogens,
including fungi, bacteria, nematodes, and insects.

Data extraction

The process of data extraction from selected studies
for the best-evidence review was conducted over the
course of 9 weeks. Specific data were grouped into
several main themes. Anti-phytopathogenic plants
were extracted from each study based on their supe-
rior effects. We targeted plants with the least concen-
tration that elicited the greatest effect amid varying
concentrations as determined by the most effective
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extraction solvent or/and plant material(s) amid other
itemised ones. Only plants that exhibited >50% effect
were retrieved. Additionally, the most effective plant
samples against a pathogen among several other path-
ogens was considered for extraction in each study,
while plant sample efficacy against pesticide-resistant
pathogens was prioritised over conventional patho-
gens. All botanical names were verified using the
World Flora Online (www.worldfloraonline.org).

Data analysis

This dataset was compiled in Microsoft (MS) Excel,
analysed with tables (conditional formatting) and
appropriate charts, and narratively summarized. This
empirical analysis was conducted to determine the
most important plants utilised as biocontrol agents in
crop protection against pathogens.

Results and discussion

Identification of research hotspots: Relevant terms
and knowledge structure in the research field of
plant-based crop protection

Co-occurrence network of keywords

Keyword co-occurrence network analysis is a valu-
able tool for researchers to identify the core content
of literature and visualize the structure of knowledge.
It identifies “keywords” that appear together in at
least two publications within a certain period, playing
a crucial role in information retrieval and research.
This scientometric method forms clusters that provide
a comprehensive view of various research focuses
within a specific knowledge domain (Adetunji et al.,
2022; Fadiji et al., 2023; Sabe et al., 2023; Zhou
et al., 2023). Each cluster represents a group of key-
words that frequently appear together in the same
research context. This visualization helps identify
frequently used keywords, their relationships, and
underrepresented research areas. In a co-occurrence
network, nodes represent keywords, and links repre-
sent co-occurrence relationships. The proximity of
nodes indicates the frequency of co-occurrence, while
the node colour and size represent different clusters
and keyword frequencies, respectively. A high total
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link strength represents the strength of the co-occur-
rence relationship among keywords in the same stud-
ies (Lozano et al., 2019).

We identified various types of co-occurrence net-
works in the research area, focusing on plant appli-
cation for biocontrol (Fig. 1). Each type provides a
different perspective on research trends and hotspots
in this field. Co-occurrence of all keywords provides
an overview of all-keywords used in a field, while co-
occurrence of author-keywords focuses on the key-
words chosen by authors to describe their research.
Co-occurrence of index-keywords provides insight
into how a field is indexed and categorized by data-
bases and indexing services.

Co-occurrence network of all-keywords The
keyword co-occurrence network provided a compre-
hensive overview of all-keywords used in the field of
plant-based crop protection, including those appear-
ing in titles, abstracts, and author keyword lists of a
set of publications (Fig. 1A). In this study, we used
VosViewer to analyze all keywords (using the full
counting method), setting the minimum number of
keyword occurrences as 5. Out of 2511 keywords,
180 met this threshold, resulting in five distinct word
clusters (Fig. 1A). In the keyword co-occurrence net-
work analysis, we noted an interesting pattern related
to the use of singular and plural forms of certain key-
words. For example, ‘fungicide’ was often used when
a specific fungicide was the focus, while ‘fungicides’
when the discusson involved multiple types of fungi-
cides, including essential oils, or the concept in gen-
eral. The red cluster indicated a group of keywords in
a research context of “pest control” or “pesticides”,
with “crop protection” being the most frequent key-
word. The yellow cluster suggested a research focus
on nanotechnology engaged in crops. “Nonhuman”
and “chemistry” had the highest incidence of key-
words in the blue and purple clusters, respectively.
The proximity of some keywords could indicate a
significant overlap in the research contexts of these
keywords, potentially highlighting a common theme
or trend in the literature.

Supplementary Table S1 compares the frequency
of occurrence and total link strength of the top 10
keywords. The most frequently occurring keywords
from each cluster (Fig. 1A) were included in this top
10 list. The total link strength signifies the degree
of co-occurrence of each keyword with others in the

same publications. The keyword "fungicide" had the
highest occurrence (54), followed by "crop protec-
tion" (52) and "nonhuman" (50). The term "article",
potentially referring to the publication type, occurs 39
times. "Essential oil" was noted 37 times, while "anti-
fungal activity" and "fungi" both occurred 36 times.
The keywords '"chemistry", "essential oils", and
"unclassified drug" had frequencies of 32, 31, and
26 occurrences, respectively. Despite having a lower
occurrence frequency than "fungicide", the keyword
"nonhuman" (possibly referring to non-human sub-
jects or models such as crops or plants) exhibited the
highest total link strength. This indicates that occur-
rence frequency and total link strength are independ-
ent metrics, each providing unique insights into the
data.

Co-occurrence network of author-keywords
Figure 1B illustrates the co-occurrence network of
author-keywords in the field of plant-based crop pro-
tection. The nodes represent keywords that appear in
a set of publications provided by the original authors,
with a minimum occurrence of 5. Out of 792 key-
words, 22 met this criterion, and the network com-
prised 5 clusters, each displaying a few keywords. The
most frequent keywords in the red and green clusters
were “‘crop protection” and ‘“‘essential oil”, respec-
tively. In the yellow, blue, and purple clusters, the
most frequent keywords were “plant extract”, “anti-
fungal activity” and ‘“natural products”, respectively.
The overlap of keywords across different clusters sug-
gests interconnected or bridging topics among various
research themes in the field.

The top 10 author-keywords based on occurrence
frequency and total link strength are shown in Sup-
plementary Table S2, these contained the key trends
in the clusters represented in Fig. 1B. "Essential oils"
was the most frequent keyword (21 occurrences) and
had the highest link strength (20). However, these
metrics are independent, as shown by "fungicides",
which, despite fewer occurrences, demonstrated
higher interconnectedness than “fruit quality”.

Co-occurrence network of index-keywords In
terms of the co-occurrence network, the nodes rep-
resent index-keywords assigned to a set of publica-
tions by Scopus, a database that uses standardized
vocabularies derived from thesauri owned or licensed
by Elsevier. Unlike author-keywords, index-keywords

@ Springer



Eur J Plant Pathol

Fig.1 Term maps of
all-keywords (A), author-
keywords (B), and index-
keywords collected from
Scopus (C) in the field of
study focusing on plant-
based crop protection
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consider synonyms, alternate spellings, and plu-
rals, enhancing the precision and breadth of article
retrieval (Fadiji et al., 2023; Golub et al., 2020; Soto,
2017). A minimum occurrence of 5 was selected for
the index-keyword analysis, and out of the 2003 key-
words, 155 met this criterion, which yielded a net-
work comprising five clusters (Fig. 1C). The green
and yellow clusters suggest research contexts of pes-
ticides and plant oils, with “fungicide” and “chemis-
try” being the most prevalent keywords. The red clus-
ter portrays a context of experimental activity in line
with pest control, while the purple cluster shows key-
words in the research context of “chemical structure”
and “experimental effect”. Notably, the blue cluster
has “nonhuman” as its most frequent keyword.

Based on their frequency of occurrence and total
link strength, a comparative analysis of the top 10
index-keywords is shown in Supplementary Table S3.
The four most frequent keywords, similar to Supple-
mentary Table S1, are “fungicide” (51 occurrences),
“nonhuman” (50), “article” (39), and ‘“crop protec-
tion” (37). Other notable keywords include “chem-
istry” (32 occurrences), “fungi” (32), “essential o0il”
(31), “unclassified drug” (26), “plant extract” (24),
and “fungicides” (22). It is important to note that
occurrence frequency and total link strength are inde-
pendent metrics.

Key research themes and trends of topics in the field
of crop protection

The treemap depicts the distribution of keywords
across different categories (Supplementary Fig-
ure S1). The categories were represented by vari-
ous square sizes, which reflect the percentage
frequency of each keyword used in the research
literature. Among 50 categories, “fungicide,” “non-
human,” “crop protection,” “article,” “fungi,” and
“essential oil” had the largest distribution, with
relative frequencies of occurrence at 6, 5, 5, 4, 4,
and 3%, respectively (Supplementary Table S3).
The keyword usage trends and patterns varied
from 1999 to 2023 (Supplementary Figure S2).
All keywords, including “article”, “crop protec-
tion”, “fungicide”, and “nonhuman” maintained
minimal usage until around 2011. The occur-
rence of terms such as “essential oil”, “fruit”,

99 <

9 <

“fungicides”. “chemistry” and “unclassified drugs”
only increased significantly around 2015, possibly
reflecting the times when research on these topics
became more prevalent.

A diverse pattern of the distribution of topics over
time in research investigating the use of plants for
biocontrol in crop protection was evident (Fig. 2). It
represents various terms related to agriculture, such
as “sustainable agriculture”, “crop protection”, “pest
control” and “biological product” as well as key-
words associated with experimental/scientific topics,
such as “gas chromatography-mass spectrometry”,
“chemistry”, “antifungal agents”, “microbiology”,
and “nanoparticle” from 2000 to 2022. The horizon-
tal lines represent the progressive occurrence of each
term within a given time, with the starting and end-
ing points of each line signifying the first quartile (the
year when a quarter of the incidences of a topic have
been recorded) and third quartile (the year by which
75% of the occurrences of a topic have appeared),
respectively. The position and size of the dots or bub-
bles within a given time represent the median quar-
tile (the year marking the point at which 50% of the
topic occurrences have taken place) and occurrence
frequency of the term, respectively. This increasing
trend reflects the growing emphasis on developing
more effective and environmentally sustainable fungi-
cides. Recent advancements in this area have led to
the development of bio-based fungicides, which are
derived from natural sources and offer a more eco-
friendly alternative to traditional synthetic fungicides.
Furthermore, this indicates a rising interest in explor-
ing essential oils as natural biopesticides. Recent
studies have demonstrated the potential of essential
oils in controlling a range of crop pathogens, offering
a promising alternative to chemical pesticides due to
their biodegradability and lower toxicity.

Bacillus thuringiensis is the earliest term, with
50% of its occurrence frequency already in 2000,
while nanotechnology is the latest term in the field of
research on the use of plants as an alternative control
against crop pathogens, with its starting incidence
in 2022 and 50% occurrence frequency in the same
year. This visualisation provides a clear and informa-
tive representation of the trends in crop protection
research, gaining insights into how different terms
have evolved and identifying emerging trends and
patterns.
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Fig. 2 The trend of topics over time in the research area focusing on the application of plants for biocontrol in crop protection

A thematic map plotting the development degree
(density) against the relevance degree (centrality) of
Keyword Plus (index keywords) revealed the Niche
Themes, Emerging or Declining Themes, Basic
Themes, and Motor Themes (Fig. 3). Each four-quad-
rant displayed different coloured ovoids represent-
ing various themes or topics within this field. Niche
Themes are specialized areas of research important
within their specific context. Keywords in this quad-
rant, such as “antifungal agents”, “drug effect”, and
“chemical structure” suggest a focus on the chemical
properties and effects of certain antifungal agents.
The keyword “microbial sensitivity tests” overlap-
ping into the Emerging Themes quadrant revealed
that this area is gaining more attention. Emerging
Themes represent areas of research currently gaining
prominence. The keywords suggest a focus on bioac-
tive compounds, health risks, antioxidant activities,
essential oils, certain plants and fungi, and specific
plants such as clove and garlic used for crop protec-
tion. The relatively small size of some themes in the
quadrant suggests that they are still in the early stages
of emergence.

@ Springer

Motor Themes are fundamental areas of study
that drive the research in this field. The associated
keywords suggest a focus on environmental protec-
tion, sustainable agriculture, nanotechnology, and the
impact of crop protection methods; antifungal activ-
ity; and a review of pesticides and insecticides used
for pest control. The keyword “fungicide” from the
Basic Themes extrapolating into this quadrant could
indicate its increasing importance in driving research
in this field. Basic Themes form the foundation of the
field, with keywords focusing on fungicides that may
include the use of essential oils and their chemistry.

Research and influence networks: Drivers of
scientific progress in the field of crop protection

Research and influence networks are pivotal in scien-
tometric analysis, visually depicting relationships and
collaborations among various entities. They facilitate
the identification of key publications, their origins,
authors, and associated countries within a specific
research field (Akwu et al., 2023; Ghaleb et al., 2022;
Sabe et al., 2023; Schifermeier et al., 2023).
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Trends in publications and citation metrics: Scientific
track over-time

The temporal analysis of publications in the field
of plant-based biocontrol for crop protection, with

235 articles from 1970 to 2022, reveals significant
insights into the evolution and current trends in this
research area (Fig. 4). From 1970 to 2009, the field
experienced modest activity, indicating that while the
concept of plant-based biocontrol was recognised, it

Fig. 4 Annual scientific
publications from 1970 to
2023 in the field of study 40
focusing on plant-based
crop protection
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was not the primary focus in crop protection research.
The average annual growth rate of 4.1% during this
period reflects an early stage of development in this
field. The cumulative total of 32 papers by 2009 sug-
gests initial exploratory research efforts, possibly
laying the groundwork for future advancements. The
notable increase in publication volume from 2009
onwards, particularly the surge from 2019 to 2022
with a growth rate of 51%, signifies an increasing
interest and recognition of the importance of plant-
based methods in crop protection. This increase in
research activity can be attributed to several factors,
including growing environmental concerns, the push
for sustainable agricultural practices, and advance-
ments in understanding plant-pathogen interactions.
The peak of 42 articles in 2022 suggests the field’s
dynamic nature and its alignment with global sustain-
ability goals.

The distribution of publications across seven dis-
tinct periods, from 1970 to 2023 (Supplementary
Table S4) further illustrated the evolving nature of
this research field. The paradigm shift observed in the
fourth period (2015-2017) and the subsequent sharp
increases in publication volume highlight a growing
scientific consensus on the potential of plant-based
biocontrol methods. These periods coincide with sig-
nificant advancements in biotechnology, nanotech-
nology, and the identification of new bioactive com-
pounds, reflecting a more integrated and innovative
approach to crop protection.

The citation metrics, particularly the high cita-
tion rates in 1999, 2007, 2009, and 2016, with a peak
index in 2002 (Supplementary Figure S3), indicate
the important contributions and lasting impact of
research conducted during these years. High citation
rates often suggest that the research has either intro-
duced novel concepts, methodologies, or has signifi-
cantly influenced the direction of future studies in the
field.

Relevance of publication sources and their dynamics
in the field of research on plant-derived biocontrol

Journals The selection of the most relevant jour-
nals in the field of research on the use of plants
as biocontrol for crop protection is based on the
number of published articles (Supplementary Fig-
ure S4). These journals have collectively published
58 articles, constituting approximately 25% of the
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total 235 publications related to the scope of the
current review. The journal "Industrial Crops and
Products" leads with 9 articles, followed by "Jour-
nal of Agricultural and Food Chemistry" and "Pest
Management Science", each with 7 articles. "Fron-
tiers in Microbiology" has contributed 6 articles.
The relevance of the top three journals to this field
is likely due to their agriculture- or crop-related
names. The common theme across most of these
journals is a focus on scientific research related
to agriculture and biology. More specifically, they
cover topics such as the industrial use of crops,
the chemistry of agricultural products, pest man-
agement strategies, and microbiological research.
These journals contribute significantly to under-
standing and improving agricultural practices and
products.

We highlighted the trends in cumulative pub-
lication occurrence over time in the top journals
with>5 published articles within the research
field of plant-based crop protection (Fig. 5; Sup-
plementary Figure S4). Despite the establish-
ment of sources such as “Journal of the Science of
Food and Agriculture”, “Journal of Agricultural
and Food Chemistry”, and “Pest Management Sci-
ence” in 1950, 1953, and 1973, respectively, none
of these journals disseminated any articles in this
field until 2000. This is consistent with the observa-
tion that only 13 articles were published in this field
prior to the millennium (Fig. 5). The reasons for
the absence of publications within this period are
unclear. Perhaps the research field centred on plant-
derived biocontrol for crop protection against path-
ogens was not well established or recognized at that
time. Other potential factors include technological,
theoretical, and practical considerations. Further-
more, most of the journals that published papers in
this field before the year 2000 had a relatively low
impact factor, which was often<3 (Anaya, 1999;
Firman & Hoskin, 1970; Foy, 1993; Ingham, 1972;
Jespers & Waard, 1993; Williams, 1985). Among
the top recognised journals (Fig. 5), “Pest Manage-
ment Science” was the first to publish papers (3) in
this research field in 2000. This was followed by
“Journal of Agricultural and Food Chemistry” with
one paper in 2003. About nine years later (2012),
articles within the scope of this review were pub-
lished in “Acta Horticulturae” and “Industrial Crops
and Products”.
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Cumulate occurrences

Fig. 5 Dynamics of journal publication occurrences over time in the research area focusing on the application of plants for biocon-

trol in crop protection

In terms of the impact (H-Index) of relevant
sources in the field of plant-based crop protection
against pathogens, the value of the journal ranged
from 2-7 (Supplementary Figure S5). The leading
journals in terms of publication count (>5, Sup-
plementary Figure S4), such as “Industrial Crops
and Products”, “Journal of Agricultural and Food
Chemistry”, “Pest Management Science”, “Frontiers
in Microbiology”, and “Journal of the Science of
Food and Agriculture”, which also ranked highly in
terms of impact, with H-indices of 7, 5, 5, 5, and 5,
respectively.

Academic institutions In this study, the top 20 aca-
demic affiliations were identified on the basis of their
relevance to the research field and their contributions
to published articles in this field (Supplementary Fig-
ure S6). All affiliations from each of the 235 research
literature data generated by the bibliometric analysis
were considered, resulting in a total of 505 affiliation
occurrences. These top 20 affiliations have contrib-
uted to 90 articles, accounting for 17.8% of the total
505 incidence of academic institutions in all research

literature in this field. Tshwane University of Tech-
nology in South Africa leads with 9 publications.
Federal University of Paraiba in Brazil contributed
to 6 publications. Cyprus University of Technology,
Virginia State University in the United States, North-
west A&F University in China, Instituto Politécnico
Nacional in Mexico, and Ferdowsi University of
Mashhad in Iran follow with 5 publications each. It
is noteworthy that among the top 20 affiliations, 50%
are located in Asia (China, Iran, and Thailand); 20%
are based in Europe (Cyprus, Serbia, Germany, and
Romania); while Africa (Egypt and South Africa),
North America (USA and Mexico), and South Amer-
ica (Brazil) each account for 10%.

Over time, the various universities had diverse
research outputs (Fig. 6). It specifically highlights
the trends in articles produced by the top academic
institutions with > 5 research outputs (Supplemen-
tary Figure S6). Interestingly, none of these affili-
ations contributed any articles in this field until
2009. This observation underscores the intermittent
contribution of certain affiliations to earlier publica-
tions in this field (Adejumo., 2005; Almada-Ruiz
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Fig. 6 Dynamics of affiliation contribution over time in the field of study focusing on plant-based crop protection

et al.,, 2003; Anaya, 1999; Carlini & Grossi-de-S4,
2002; Chu et al., 2001; Firman & Hoskin, 1970; Foy,
1993; Gozzo, 2003; Ingham, 1972; Jespers & Waard,
1993; Jourand et al., 2004; Kiran et al., 2007; Kor-
sten, 2004; Santino et al., 2005; Sturz et al., 2006;
Williams, 1985). Among the universities that top
the affiliation chart (Fig. 6), Tshwane University of
Technology was the first to contribute a paper in this
field in 2009. Ferdowsi University of Mashhad made
its initial contribution of one paper in 2011, followed
by Instituto Politécnico Nacional in 2013 and Vir-
ginia State University in 2018. The first contributions
from Cyprus University of Technology and North-
west A&F University were made in 2021 and 2017,
respectively. Each institution contributed two papers
to the field.

Authors’ contributions: Productivity, influence,
and collaborations
Authors’ productivity and impact Analysing the

research outputs of leading authors in the field pro-
vides valuable insights into the intellectual landscape
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and the evolving focus areas within plant-based bio-
control (Fig. 7). The prolific publication record of
authors such as Sivakumar D. and Zhang Y. high-
lights the dynamic nature of research in this field.
Sivakumar D.’s highest publication count in a sin-
gle year (2013) and the consistent output by Zhang
Y., Chrysargyris A., Tzortzakis N., and Xylia P. in
recent years (2021 and 2022) indicate an intensify-
ing research interest in plant-based methods for crop
protection. This productivity pattern reflects a grow-
ing scientific community’s engagement with the chal-
lenges and opportunities in this domain. The high
citation counts of articles including those published
in 2009 on natural products in crop protection by
Duke S.O. (Dayan et al., 2009) and those published
in 2014 on essential oils for postharvest decay con-
trol by Bautista-Bafios S. and Sivakumar S. (Sivaku-
mar & Bautista-Bafios, 2014) illustrate the significant
impact these works have had on the field. This is an
indication that these topics are highly interesting, rel-
evant, and applicable to crop protection strategies.
The application of Lotka’s law and the obser-
vation of authors’ productivity patterns following
this inverse power law distribution (Supplementary
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Fig. 7 Authors’ productivity and research impact over time from 2007 to 2023 in the research field centred on utilising plants as a

biocontrol method for crop protection

Figure S7), signify a typical academic productivity
trend in this specialized field. The steep decline in
the percentage of authors with increasing publica-
tion count suggests that while many researchers con-
tribute to the field, fewer authors are highly prolific,
driving significant advancements in plant-based crop
protection.

The H-index data (Supplementary Figure S8) fur-
ther suggested the influence of these key researchers,
with an H-index of 5 for Sivakumar D., along with
Aminifard M. H., Wang Z., and Zhang Y., each with
an H-index of 4, indicating that their research is pro-
lific and also impactful. This metric reflects their
sustained contributions to advancing knowledge and
practical applications in the field.

Co-authorship networks: Researchers’ collabora-
tions and countries The collaborative and fraction-
alized contributions of top authors with high publi-
cation counts (>3) in the research field investigating
the use of plants for biocontrol in crop protection is

shown in Table 1. The fractionalized count system, as
reported by Mutz and Daniel (2019), considers each
article by multiple authors as ‘one unit” of work, and
the count for that article is divided among them. This
approach results in an average co-authorship count for
Aminifard M. H., Sivakumar D., Zhang Y., Bautista-
Bafios S., Chrysargyris A., and Mohammadi S. of
2.45, 3.37, 6, 3.57, 4.21, and 2.35, respectively. On
the other hand, fractionalized contribution refers to
the allocation of authorship credit, which could be
influenced by the order of authors in the byline or
the type of contribution such as research design, data
analysis, writing, and critical review (Hagen, 2008;
Sundling, 2023). This approach provides a more equi-
table representation of authorship in scientific publi-
cations, acknowledging the varied roles and contribu-
tions of authors in research articles (Sivertsen et al.,
2019). Aminifard M. H. contributed six articles, but
their contribution to these articles was fractional-
ized in such a way that it is equivalent to 2.45 articles
(Table 1). This suggests that they played a substantial
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Table 1 Collaborative and fractionalized contributions of
researchers with >3 publications

Authors Articles Articles
fractional-
ized

Aminifard M.H 6 2.45

Sivakumar D 6 1.78

Zhang Y 6 1.00

Bautista-Bafios S 4 1.12

Chrysargyris A 4 0.95

Mohammadi S 4 1.70

Tzortzakis N 4 0.95

Wang Z 4 0.61

Xylia P 4 0.95

Chen J 3 0.54

Combrinck S 3 0.92

Duke S.O 3 1.17

Kumar A 3 0.67

LiJ 3 0.39

Regnier T 3 0.92

Romanazzi G 3 1.03

Singh P 3 1.03

Taghavi T 3 0.67

Wang Q 3 0.54

role in more than two articles. Similarly, Sivakumar
D. contributed to six articles, but their contribution
was split into portions equivalent to 1.78 articles,

indicating that their role was significant but not as
extensive as the research outputs by Aminifard M.H.
Zhang Y., who also contributed to six articles, had
their contribution fractionalized to an equivalent of
1.00 article, suggesting that their contributions were
more evenly distributed among these articles.

The Sankey diagram provides a visual representa-
tion of the relationships among authors, their affili-
ated countries, and frequently used keywords in the
field of crop protection (Supplementary Figure S9).
This visualisation offers insights into the intercon-
nectedness of research in the field based on authors’
contributions and their countries’ affiliations to rel-
evant keywords. The diagram shows that Italy (with
authors Sivakumar D., Tzortzakis M., Xylia P., and
Chrysargyris A.) and China (with authors Wang Z.,
Zhang Y., and Chen J.) are the countries with the
most represented authors. The keywords “nonhuman”
and “unclassified drugs” appear to be less popular
among authors. However, keywords such as “fruit”,
“fungicide”, “fungi”, “essential oil”, and “crop pro-
tection” are common among authors affiliated with
Italy, South Africa, and Mexico. This suggests that
these authors focus on research related to the poten-
tial use of essential oils as fungicides for crop pro-
tection. Authors connected to China, Iran, and USA
(represented by only one author) cover all the key-
words in this visualisation. This implies that these
authors’ research interests align with investigating the

pakistan

%W

brazil

china

=
united states Wnce |

Fig. 8 Co-authorship network of countries in the research field centered on utilising plants as a biocontrol method for crop protec-

tion
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efficacy of essential oils as antifungal agents, from a
chemistry perspective to actual crop protection.

A network of co-authorship across different
countries was evident in the current review (Fig. 8).
According to Loépez-Pernas et al. (2023), collabora-
tion among authors and research institutions in vari-
ous countries are explored through co-authorship
network of countries. The minimum criterion for
inclusion was a 3-publication contribution (docu-
ments) per country. Out of 51 countries, 29 met the
threshold. The size of the nodes indicates the number
of publications from each country, while the thickness
of the links represents the strength of the co-author-
ship relationship between two countries, i.e., the num-
ber of co-authored publications. India, China, Italy,
USA, and South Africa are identified as the coun-
tries with the most papers (Fig. 8; Supplementary
Table S5). The network is divided into six clusters,
each representing groups of countries that frequently
collaborate with one another. The United Kingdom,
Italy, and Mexico are the most prevalent in terms of
publications within their respective clusters (blue,
red, and green). Similarly, USA, China, and India led
in terms of publication frequency within their respec-
tive clusters (purple, yellow, and turquoise).

The publication contribution and impact of the
top 10 countries are compared with their total link
strength in Supplementary Table S5. The ‘Docu-
ments’ column indicates the number of research
papers contributed by the authors from each coun-
try. The ‘Citations’ column shows the total number
of times these documents have been cited by other
researchers, indicating their impact on the field. The
‘Total Link Strength’ column represents the strength
of the co-authorship network within each country,
indicating the interconnectivity of the authors from
each country. It is noteworthy that USA maintains a
central link with China, France, Mexico, and South
Africa. This suggests strong co-authorship relation-
ships between researchers from these countries (Sup-
plementary Table S5; Figure S9). For example, with
23 documents, 2588 citations, and a total link strength
of 10, USA was the major contributor to this field
of research. Moreover, the publication contribution
and impact of countries are independent of their co-
authorship network. For example, China contributes
high number of documents (25) but has fewer cita-
tions (494) and a lower total link strength (5) com-
pared to USA and Mexico; while India contributed

the most documents among these countries (30) and
had a high number of citations (956) as well as among
the countries with the least strength of co-authorship
network (2).

Country-wise publication output and citation impact

The analysis of global research output in plant-based
crop protection reveals significant geographic trends
and disparities (Fig. 9). A comprehensive geographic
heat map covering 51 countries highlights the inten-
sity of scientific production across these nations, with
China, Italy, USA, Brazil, and South Africa leading in
publication counts of 60, 38, 35, 34, and 28, respec-
tively. The predominance of high-income and upper-
middle-income countries in this productivity cat-
egory, as observed in most of these leading nations,
aligns with broader patterns in global scientific out-
put (Hamadeh et al., 2022). This observation aligns
with several bibliometric reviews of various fields
that have also identified China as a leading country
in terms of scientific productivity (Akwu et al., 2023;
Fadiji et al., 2023; Oyewola & Dada, 2022). How-
ever, India (47), Iran (39), Egypt (13), and Pakistan
(11) were prominent as the only low-middle-income
countries within the higher productivity category.
Conversely, about 60% of the countries with lower
publication count (< 10) fall within the lower-middle-
income and low-income levels (Fig. 9). These insights
offer a valuable perspective on global research pro-
ductivity in this field (Hamadeh et al., 2022).

The analysis of the research outputs from the top
5 countries revealed that USA, Italy, India, Iran, and
China have significantly contributed to the knowledge
generation in the field over time (Supplementary Fig-
ure S10). The late start of China in this research area
(first publications in 2014) yet leading in total pub-
lications by 2023, illustrates a rapid acceleration in
scientific productivity. The USA was the first to con-
tribute to this research field with two papers in 1986,
which increased to 35 by 2023. Italy followed with its
first paper in 2003 and had contributed 38 by 2023.
India’s contributions began with two papers in 2007
and increased to 47 by 2023. The contributions from
Iran started with five papers in 2010 and reached
39 by 2023. Despite being a leading contributor (by
2023) with a total of 60 papers, China only started
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Scientific production

Fig. 9 Geographic heat map of scientific production across different countries in the research area focusing on the application of

plants for biocontrol in crop protection

contributing to this field in 2014 with its first set of 10
publications.

The analysis based on the corresponding authors’
publications provides insights into international col-
laborations (Supplementary Figure S11). Each bar
in the visualisation represents a country, with the bar
length indicating the number of publications by cor-
responding authors from that country. The red bar,
labelled as MCP (multiple country publications),
represents inter-country publications of correspond-
ing authors, while the blue bar, labelled SCP (single
country publications), represents intra-country publi-
cations. Corresponding authors play a significant role
in facilitating correspondence between the co-authors
of a manuscript and the target journal during the pub-
lication process and with readers after publication
(Helgesson, 2021). India had the highest correspond-
ing authors’ publications (26) in this field. Generally,
for all the selected countries with a mix of SCP and
MCP, SCP was higher than MCP when considering
the nationality of the corresponding author. The high-
est MCP is seen in China (5), Italy (5), and France
(4), suggesting that these countries have relatively
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high levels of international collaboration in this
research area. In contrast, Brazil, Nigeria, Serbia,
and Germany had only SCPs, indicating a focus on
domestic research collaborations.

Supplementary Table S6 covers a comprehen-
sive view of the top 20 countries based on their total
citation count of publications attributable to them in
the field of crop protection. The USA leads with the
highest number of citations (1710), followed by India
(906), South Africa (776), and the United Kingdom
(752). This indicates that these countries have a high
level of research impact in this field. Despite having
fewer total citations than these four countries, Ger-
many stands out with the highest average number of
citations per article (213.67). This suggests that, on
average, articles from Germany are more influen-
tial in this field. Hence, there is no direct correlation
between a country’s total citation count and the aver-
age citation count per article. Nigeria, despite having
a relatively low total number of citations (38), had the
lowest average number of citations per article (7.60).
This indicated that Nigeria’s research output in this
field is relatively recent and with limited citations
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thus far. Countries such as Brazil, Italy, and Iran,
despite having a moderate number of total citations,
have relatively low average citation counts. This sug-
gest a need for authors associated with these coun-
tries to focus on improving the impact and reach of
their research.

Research advances on the use of plants as an
alternative to synthetic agro-chemicals for crop
protection

Top 25 most cited papers

In identifying the 25 most cited documents in the
field of plant-based crop protection against patho-
gens (Table 2), we uncover crucial research that has
significantly influenced the trajectory of this field.
These papers, spanning from 1972 to 2019 and accru-
ing citations ranging from 67 to 862, represent foun-
dational works and key advancements in the use of
plants for crop protection. The output by Dayan et al.
(2009) on natural products in weed, insect, and fun-
gal management, had the highest citation count of
862, illustrating the profound impact and relevance
of comprehensive studies in this area. Similarly, the
substantial citations accrued by authors such as Sek-
hon (2014), Henkel et al. (1999), and Katz and Baltz
(2016) indicated that their research has become
important in the field, shaping on-going discus-
sions and future research directions. The top-cited
papers are predominantly published in journals such
as "Bioorganic & Medicinal Chemistry", "Journal of
Industrial Microbiology and Biotechnology", "Ange-
wandte Chemie International Edition", "Nanotechnol-
ogy, Science and Applications" and "Toxicon".

Research overview of the most-cited papers

The critical evaluation of the top 25 most-cited docu-
ments reveals significant trends and advancements in
the field of plant-based crop protection. These trends
encompass a broad spectrum of research directions,
reflecting the evolution in the field over time and its
current focus on sustainable and innovative solutions.

Historical trends and advancements in crop pro-
tection Russell (2005) provided a historical per-
spective on pest control, highlighting the initial reli-
ance on inorganic compounds such as sulphur and

copper sulphate. The era marked the beginning of
systematic approaches to crop protection, laying the
groundwork for future advancements. The develop-
ment of homemade fungicides and the better under-
standing of plant pathology and epidemiology during
this period demonstrate an early interest in integrating
plant science with pest control methods.

The mid-twentieth century witnessed a shift
towards chemical solutions, with the introduction of
systemic fungicides including blasticidin S and thia-
bendazole. This period signifies a transition to more
sophisticated and targeted approaches to crop protec-
tion. The rapid expansion of the crop protection mar-
ket and the establishment of the Fungicide Resistance
Action Committee (FRAC) reflect the growing com-
plexity and challenges of managing crop diseases.

From the 1970s onwards, the increasing regula-
tory requirements and development of widespread
resistance led to a search for new pesticide sources.
Olson (2015) highlighted the increasing significance
of biopesticides, including microbial, biochemical,
and plant-incorporated protectants (PIPs). The pro-
jection that biopesticides would constitute a signifi-
cant portion of the crop protection market by 2023
underscores a major shift towards more sustainable
and environmentally friendly alternatives to synthetic
pesticides.

Katz and Baltz (2016) described the evolution of
natural product discovery from phenotypic screening
to genome mining and the activation of silent genes.
This evolution represents a cutting-edge approach to
discovering new biopesticides, leveraging advances in
genetics and biotechnology. The shift towards genetic
engineering and the exploration of unexplored
sources and biosynthetic pathways indicate a forward-
looking, innovative approach for crop protection.

Natural products in pest management The uti-
lisation of natural products in crop protection repre-
sents a critical area of innovation and development
within the field. These products, known for their effi-
cacy against human pathogens, are equally vital in
managing agricultural pests and diseases, owing to
their rich diversity of biologically active compounds
(Balakumbahan et al., 2010; Henkel et al., 1999).
Natural products have been integral to organic and
conventional agriculture, showcasing their versatil-
ity across various applications. Their role in manag-
ing a broad spectrum of agricultural threats, including
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Table 2 Top 25 most cited papers in plant-based crop protection research

Paper (Author)

Title

Journal

Total citation

Dayan et al. (2009)
Katz and Baltz (2016)

Henkel et al. (1999)

Sekhon (2014)

Carlini and Grossi-de-Sa (2002)

Copping and Duke (2007)

Isman et al. (2011)

Sivakumar and Bautista-Bafios (2014)

Gozzo (2003)

Russell (2005)
Anaya (1999)

du Plooy et al. (2009)

Mohammadi et al. (2015)

Combrinck et al. (2011)

Olson (2015)
Palou et al. (2015)
Stetter and Lieb (2000)

Kenyon et al. (2014)

Natural products in crop protection

Natural product discovery: past,
present, and future

Statistical investigation into the struc-
tural complementarity of natural
products and synthetic compounds

Nanotechnology in agri-food produc-
tion: An overview

Plant toxic proteins with insecticidal
properties: A review on their poten-
tialities as bioinsecticides

Natural products that have been used
commercially as crop protection
agents

Commercial opportunities for pesti-
cides based on plant essential oils in
agriculture, industry and consumer
products

A review on the use of essential oils
for postharvest decay control and
maintenance of fruit quality during
storage

Systemic acquired resistance in crop
protection: From nature to a chemi-
cal approach

A century of fungicide evolution

Allelopathy as a tool in the manage-
ment of biotic resources in agroeco-
systems

Essential oil amended coatings as
alternatives to synthetic fungicides
in citrus postharvest management

Nanoencapsulation of Zataria
multiflora essential oil preparation
and characterization with enhanced
antifungal activity for controlling
Botrytis cinerea, the causal agent of
gray mould disease

In vitro activity of eighteen essential
oils and some major components
against common postharvest fungal
pathogens of fruit

An analysis of the biopesticide market
now and where it is going

Antifungal edible coatings for fresh
citrus fruit: A review

Innovation in crop protection: Trends
in research

Virus diseases of peppers (Capsicum
spp.) and their control

Bioorganic & Medicinal Chemistry

Journal of Industrial Microbiology
and Biotechnology

Angewandte Chemie International
Edition

Nanotechnology, Science and Appli-
cations

Toxicon

Pest Management Science

Phytochemistry Reviews

Crop Protection

Journal of Agricultural and Food
Chemistry

Journal of Agricultural Science
Critical Reviews in Plant Sciences

Postharvest Biology and Technology

Innovative Food Science and Emerg-
ing Technologies

Industrial Crops and Products

Outlooks on Pest Management
Coatings
Angewandte Chemie International

Edition

Advances in Virus Research

862
587

540

529

399

371

350

263

230

199
155

154

150

144

118

104

86

85
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Table 2 (continued)

Paper (Author)

Title

Journal

Total citation

Ingham (1972)

Balakumbahan et al. (2010)
Marpudi et al. (2011)

Sellamuthu et al. (2013)

Chen et al. (2019)

Bautista-Baiios et al. (2013)

Phytoalexins and other natural
products as factors in plant disease
resistance

Acorus calamus: An overview

Enhancement of storage life and
quality maintenance of papaya fruits
using Aloe vera-based antimicrobial
coating

Thyme oil vapour and modified
atmosphere packaging reduce
anthracnose incidence and maintain
fruit quality in avocado

Inhibition of key citrus postharvest
fungal strains by plant extracts in
vitro and in vivo: A review

A review of the management alterna-
tives for controlling fungi on papaya

Botanical Review

Journal of Medicinal Plants Research
Indian Journal of Biotechnology

Journal of the Science of Food and
Agriculture

Plants

Crop Protection

79

76
75

75

73

70

fruit during the postharvest supply

chain
Tembo et al. (2018)

Pesticidal plant extracts improve yield Frontiers in Plant Science 67

and reduce insect pests on legume
crops without harming beneficial

arthropods

weeds, insects, roundworms, nematodes, and fungi,
is well-documented (Copping & Duke, 2007; Dayan
et al., 2009). This broad-spectrum utility highlights
the potential of natural products to address diverse
challenges in crop protection. Some natural products
have inspired the development of synthetic fungicides
and herbicides. The transition from natural lead com-
pounds to synthetic variants underscores the impor-
tance of natural products as a source of innovation in
crop protection (Dayan et al., 2009). Products such
as corn gluten meal, acetic acid, fatty acids, essential
oils, and allelopathic compounds have been employed
for weed control, demonstrating their effectiveness
in non-chemical weed management. Insect control
strategies have leveraged natural products such as
pyrethrum, rotenone, spinosad, avermectins, milbe-
mycins, ryania, and sabadilla, as well as neem, garlic,
and essential oils as insect repellents or antifeedants.
Additionally, products such as chitin, harpin, and
essential oils are utilised for fungal control, enhanc-
ing disease resistance in crops (Dayan et al., 2009).
Ingham (1972) proposed the significant role of post-
infectional antifungal compounds and phytoalexins in
plant disease resistance, suggesting the possibility of

developing their synthetic analogues for crop protec-
tion. This foresight points to the ongoing potential for
natural products to inspire new, more effective, and
environmentally friendly crop protection solutions.

Plant defense mechanisms and crop protec-
tion The general reaction of plants to infection
has been explained in the concept of oxidative burst
which produces high levels of reactive oxygen species
and leads to hypersensitive cell death around the sites
of attempted invasion (Gozzo, 2003). The author fur-
ther described Systemic Acquired Resistance (SAR)
as a coordinated action of several gene products that
are induced by salicylic acid (an organic compound
found in natural products) or synthetic inducers and
provide resistance against a broad spectrum of patho-
gens. The involvement of jasmonic acid and ethylene
in plant defences, especially in response to wounding
and insect feeding as well as the signal transduction
pathway between sensitization by inducers and patho-
genesis-related protein expression are also discussed.
Despite research gaps in the prospects and costs of
using SAR as a nonbiocidal alternative to pesticides
in crop protection, virus co-infection resistance and

@ Springer
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transgenic crop development are potential areas of
applicability. Kenyon et al. (2014) noted that vec-
tor management is crucial as aphids, whiteflies, and
thrips, which transmit the main virus groups infecting
peppers, can quickly develop resistance to commonly
used insecticides, thereby instigating virus co-infec-
tion, resulting in increased symptom severity and
potential genetic recombination, and enhancing virus
aggressiveness and virulence. Hence, the authors pro-
posed the integration of various measures for future
crop protection such as making judicious use of bio-
control agents to induce plant resistance and devel-
oping polygenic resistances against virus sources to
mitigate vector spread.

Allelopathy, a defence mechanism in plants,
involves the release of bioactive compounds (alle-
lochemicals) that can inhibit or promote the growth
and development of neighbouring organisms, and
has potential benefits in natural resource manage-
ment despite the challenges with bioassays in allel-
opathy research and the fate of allelochemicals in
soils (Anaya, 1999). On the other hand, Carlini and
Grossi-de-Sa (2002) noted that various plant pro-
teins involved in defence mechanisms against insect
pests, including lectins, arcelins canatoxin, ureases,
proteases, and ribosome-inactivating proteins (RIPs),
offer potential for developing new bioinsecticides or
transgenic crops with enhanced resistance. Proteases
play a role in plant defence against insects by reduc-
ing their starch digestion, while arcelins, a family of
seed storage proteins derived from wild beans, confer
resistance to bruchid beetles in postharvest storage.

Postharvest handling and preservation Bautista-
Baiios et al. (2013) compared the advantages and dis-
advantages of traditional methods such as fungicides,
waxes, heat treatments, and irradiation. This compari-
son highlights the need to balance efficacy with safety
and environmental considerations. Chen et al. (2019)
evaluated innovative applications of plant extracts on
citrus fruits, including coatings, fumigations, dips,
and sprays. Their work emphasised the efficacy and
stability of these methods and factors such as cost and
consumer acceptance, which are crucial for the prac-
tical implementation of these techniques.

Research findings suggest the potential of natural
products, including plant extracts and edible films,
in preserving fresh fruits and mitigating major post-
harvest losses (Marpudi et al., 2011; Palou et al,,

@ Springer

2015; Tembo et al., 2018). The successful use of
plant extracts in field trials, which showed efficacy
in reducing pest count without harming beneficial
arthropods and even increasing crop yields, is par-
ticularly noteworthy (Tembo et al., 2018). The con-
cept of integrated technologies combining biological,
natural, and modified atmosphere methods represents
a promising direction for crop protection and pres-
ervation. Bautista-Bafios et al. (2013) explored the
potential of combining antagonists, plant extracts,
essential oils, chitosan, organic salts, ozone, and
volatiles. Sellamuthu et al. (2013) provided a practi-
cal example of this approach by studying the effects
of modified atmosphere packaging (MAP) combined
with plant essential oil on fruit preservation. Their
findings on various parameters, including disease
incidence, fruit quality, and antioxidant activity, vali-
date the effectiveness of such integrated approaches
in maintaining fruit quality. Despite these advance-
ments, challenges such as the lack of standardization
of plant extracts and the need for more in vivo trials
persist. Chen et al. (2019) recommended that future
research should focus on developing strategies for
managing crop postharvest diseases more effectively,
improving extraction techniques, and understanding
the molecular mechanisms of extracts derived from
medicinal plants, edible plants, and essential oils.

Essential oils in crop protection Essential oils
offer a multifaceted approach to crop protection with
their rich composition of terpenes, sesquiterpenes,
aldehydes, ketones, and phenolic compounds. These
components disrupt cell membranes, inhibit spore
germination, alter enzyme activity, and induce oxi-
dative stress in fungal pathogens while also affecting
insect nervous systems and behaviour (Isman et al.,
2011; Sivakumar & Bautista-Bafios, 2014). The use of
essential oils in crop protection brings several advan-
tages, such as low mammalian toxicity, environmental
non-persistence, compatibility with biological control
agents, and, in some cases, exemption from regulatory
approval. However, they also face drawbacks such as
limited persistence, phytotoxicity, and reduced effi-
cacy against larger chewing insects. This dichotomy
highlighted the need for a balanced approach in their
application and further research into enhancing their
efficacy and stability (Isman et al., 2011). Research
have demonstrated the effectiveness of essential oils
from various sources in completely inhibiting the
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growth of pathogens including Alternaria citrii, Bot-
rytis cinerea, Colletotrichum gloeosporioides, Lasi-
odiplodia theobromae, and Penicillium digitatum at
minimal concentrations (Combrinck et al., 2011; du
Plooy et al., 2009). This indicates the high efficacy
of essential oils against a broad spectrum of fungal
pathogens. The stability and activity of essential oils
can be significantly enhanced through innovative tech-
niques such as nanoencapsulation, particularly in chi-
tosan nanoparticles (Mohammadi et al., 2015). This
advancement opens up new possibilities for effectively
applying essential oils in crop protection.

Innovations in crop protection The challenges in
crop protection, including the need for increased food
production and pest resistance, have catalysed various
innovative solutions. These include precision agricul-
ture techniques, the discovery of novel compounds,
the integration of biotechnology with natural prod-
ucts, and biocontrol agents (Stetter & Lieb, 2000).
A key innovation in this arena is the application of
nanotechnology. The development of nano-sized
particles and delivery systems for agrochemicals
represents a significant advancement in crop protec-
tion and food processing (Sekhon, 2014). Nanofoods,
nanoemulsions, nanocoatings, and nanoencapsula-
tion are examples of how nanotechnology is being
leveraged to enhance food products, focusing on effi-
ciency, safety, specificity, and potential environmental
impacts (Sekhon, 2014).

Empirical studies on plant-based biocontrol
in the field of crop protection

Plants utilised in crop protection experi-
ments We recorded 91 plant species from 28
families used as biocontrol agents against decay
pathogens in crop protection experiments (Table 3).
These plants were selected based on their outstand-
ing effect against certain crop pathogens at minimal
concentrations. The plants were sub-categorised into
three groups: in vitro experiment (84 plants from
25 families), in vivo experiment (22 plants from 11
families), and in planta experiment (10 plants from 7
families). Families with the most representation were
Lamiaceae (16 plants, 17.6%), Solanaceae (11 plants,
12.1%), and Apiaceae (7 plants, 7.7%). Even though
some authors failed to specify the plant parts utilised
(13%), the leaves (31%), aerial parts (23%), seeds

(9%), flowers (4%), and bulbs (4%) were the most
frequently used plant materials for controlling crop
pathogens in these experiments. The frequent use of
aerial parts could be due to their inclusion of multiple
plant components, potentially translating to a higher
concentration of beneficial bioactive compounds.
However, it should be noted that the specific plant
materials used for the extraction of essential oils were
not detailed in some source papers (Table 3). Many of
these plants fall into categories such as grasses, herbs,
or subshrubs, including plant species such as Thymus
spp., Cymbopogon spp., Ocimum spp., Mentha spp.,
and Origanum onites being commonly studied.

Dominant pests and pathogens in the field of
research on crop protection Based on the eligi-
ble studies included in this review, the distribution
was fungi (93.9%), insects (4.5%), nematodes (0.6%),
oomycete (0.6%) and bacteria (0.4%). This aligns
with Anand and Rajeshkumar (2022), who identified
fungi as a significant challenge to global food secu-
rity and agricultural sustainability, causing up to 14%
of annual crop yield losses. As shown in Fig. 10 and
Table 3, B. cinerea, found colonizing various fruits,
is the most common pathogen (16.3% frequency),
followed by Mycosphaerella fijiensis (15.6%), P.
digitatum (11.3%), and Fusarium culmorum (6.3%).
These pathogens represent about 70% of those evalu-
ated in this review. Monilinia fructigena, Monilinia
laxa, Alternaria alternata, and C. gloeosporioides are
other common crop pathogens evaluated in this study
for their susceptibility to plant extracts. These patho-
gens account for approximately 70% of the total crop
pathogens involved in the anti-phytopathogenic eval-
uation in this review. B. cinerea, a significant necro-
trophic plant pathogen, causes devastating diseases
on more than 500 plant species, particularly on fresh
fruits and vegetables. Globally, this results in eco-
nomic losses ranging from $10 — $100 billion (Hua
et al., 2018). Black sigatoka, caused by M. fijiensis,
is considered the most destructive foliar disease. It
has the potential to cause a 50% yield reduction and a
100% loss of production in banana crops due to qual-
ity degradation (Arango Isaza et al., 2016).

The most promising anti-phytopathogenic plants
in crop protection experiments Based on the
assessment of the recorded plants (Table 3), 12 plants
demonstrated exceptional biocontrol effects against

@ Springer
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Fig. 10 The most occur-
ring crop pathogens based
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Fig. 11 The most promising plants for controlling decay pathogens in crop protection
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certain crop pathogens at relatively minimal concen-
trations (Fig. 11). These plants were chosen due to
their significant biological effects (>50%) at low con-
centrations (<0.01%, w/v or v/v in vitro; < 1%, w/v or
v/v in vivo).

In the in vitro experiments, four plants were chosen
for the outstanding antifungal and insecticidal prop-
erties as their essential oils effectuate. Essential oil
from the bulbs of Allium ascalonicium L. and Allium
cepa L. exhibited ICy, values of 0.01 mg/mL and
0.1 mg/mL, respectively, against F. culmorum when
incubated in PDA medium at 20 °C for 7 days (El-
Alam et al., 2020). Essential oil from the aerial parts
of Coriandrum sativum L. showed a 50% insecticidal
effect against Bemisia tabac isolated from tomato at
a concentration of 0.023 pL/mL after 1 day at 25 °C.
The same oil in its vapour phase demonstrated a
50% and 90% insecticidal effect against Ephestia
kuehniella and R. dominica, respectively, both at a
concentration of 0.057 pL/mL. Additionally, the oil
extracted from the seeds inhibited mycelial growth
(ICsy) of Zymoseptoria tritici isolated from cereals
by 0.001 mg/mL. Essential oil from Salvia sclarea L.
flowers exhibited an IC, value (insecticidal effect) of
0.057 pL/mL against E. kuehniella and an IC, value
(mycelial growth inhibition) of 0.08 mg/mL against
Z. tritici (Raveau et al., 2022). Lastly, essential oil
from the aerial parts of Thymus vulgaris L. com-
pletely inhibited mycelial growth of A. citri at a con-
centration of >0.4 uL/mL (Ramezanian et al., 2016).

In the in vivo studies, four plants were selected
due to the exceptional antifungal potential exhibited
by their essential oils. Essential oil from Carum carvi
L. seeds inhibited the growth of B. cinerea on sweet
cherry fruits by 80% at a concentration of >0.4 pL/
mL after 40 days of incubation at 4 °C, and when
mixed with Tween-80 (5%), it completely inhibited
the growth of P. digitatum on Blood orange fruits at
a concentration of 0.8 pL/mL after 60 days of incu-
bation at 6 °C (Aminifard & Bayat, 2017). Essen-
tial oil from Foeniculum vulgare L. fruit sprayed on
tomato fruits infected with A. alternata resulted in
a 75% infection incidence inhibition at a concentra-
tion of 0.5 pL/mL after 10 days of incubation at
13 °C (Abdolahi et al., 2010), and the oil extracted
from its seeds led to an 80% infection incidence inhi-
bition against B. cinerea on sweet cherry fruits at a
concentration of >0.4 pL/mL after 40 days of incu-
bation at 4 °C (Aminifard & Mohammadi, 2013).

Essential oil from Mentha piperita L. aerial parts
led to an infection incidence inhibition with an ICs,
value of 0.18 pL/mL against A. alternata on Verna
lemon fruits after 7 days of incubation at 24 °C in its
vapour phase (Sumalan et al., 2020), and the same oil
extract led to an 80% infection incidence inhibition
against B. cinerea on sweet cherry fruits at a concen-
tration of >0.4 uL/mL after 40 days of incubation at
4 °C (Aminifard & Mohammadi, 2013). Essential oil
extracted from the aerial parts of 7. vulgaris L. mixed
with PDA medium demonstrated complete infection
incidence inhibition in ‘Washington Navel’ orange
fruits infected with A. citri, at a concentration of > 0.5
uL/mL after 60 days of incubation at 5 °C (Rameza-
nian et al., 2016), and the same oil was used to treat
sweet cherry fruits infected with Monilinia fructicola,
resulting in a 57% infection incidence inhibition at a
concentration of 0.6 uL/mL after 50 days of incuba-
tion at 0 °C (Hassani et al., 2012).

In the in planta experiments, four plants were
chosen for the relatively substantial antifungal prop-
erties their various extracts elicit. The aqueous
seeds extract of Crotalaria virgulata subsp. granti-
ana (Harv.) Polhill applied on tomato root infested
by nematode (Meloidogyne incognita second-stage
juveniles) resulted in 96% inhibition of root infesta-
tion at a concentration of 5 mg/mL after 42 days of
treatment (Jourand et al., 2004). The aqueous leaf
extracts of Costus afer Ker Gawl. and Passiflora
foetida L. both demonstrated 100% disease incidence
inhibition at a concentration of 100 mg/mL after
42 days of treatment on ‘egusi’ melon seed infected
with C. gloeosporioides and Colletotrichum trunca-
tum, respectively (Ogunsola & Ogunsola, 2023). The
hydro-methanolic leaf and stem extracts of Platycla-
dus orientalis (L.) Franco applied on plantain/banana
leaf infected by the fungal pathogen Magnaporthe
oryzae resulted in a 90% disease incidence inhibi-
tion at a concentration of 3 mg/mL after 5 days of
treatment.

Potential trends for future research

As highlighted by Kastrin and Hristovski (2021), scien-
tometric analysis is instrumental in deducing the most
prominent and emerging research themes in a field. This
approach provides a holistic perspective of the research
landscape, thereby facilitating the identification of trends,
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gaps, and potential future trajectories in a specific domain
(Kastrin & Hristovski, 2021; Lopez-Pernas et al., 2023;
Oyewola & Dada, 2022; Schifermeier et al., 2023).

As represented in Fig. 12, the thematic evolu-
tion of Keyword Plus (index keywords) in the
research area focusing on the application of plants
for biocontrol in crop protection offers valuable
insights into the progression of research topics and
themes over time (1970-2023). This visualisation
categorizes index keywords obtained from Scopus
into seven periods based on significant shifts in
research themes and noticeable changes in publi-
cation volume. In the first period (1970-2000),
the keyword is exclusively centred on ‘“agricul-
ture.” This aligns with trends observed in Fig. 2,
which show a focus on plant-based crop protec-
tion themes beginning from the year 2000. It is
evident that the research field focusing on plant-
based crop protection was not distinctly defined
until the turn of the millennium (Fig. 4). Moreo-
ver, the link between the keywords of the second
and third periods suggests a transition in research

focus. Initially, research centred on studying dis-
eases affecting crops including tomatoes (Lycoper-
sicon esculentum), with an emphasis on enhanc-
ing their resistance to fungal pathogens including
the genus Penicillium. However, the focus appears
to have shifted towards the use of fungicides for
crop protection, including fennel (F. vulgare),
in subsequent periods. Based on keywords in the
fourth period, it can be inferred that chemical
evaluation of plant-derived fungicides commenced
around 2015. The presence of keywords such as
“concentration(composition)” and “chemistry”
in the fifth period indicated the sustained inter-
est in chemical analysis and experimental consid-
erations within this field. The recurring appear-
ance of “fungi/fungus” and “fungicide(s)” across
various periods underscores the primary focus of
experimental research on combating crop patho-
gens. Although there were limited publications
in the seventh period at the time of bibliometric
data extraction (March 29, 2023), the research
in this field was already transitioning towards

1970-2000 2001-2010 2011-2014
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Fig. 12 Timeline chart of thematic evolution of Keyword Plus in the field of crop protection
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incorporating nanoparticles/nanotechnology in
biological products.

Future perspectives

The scientometric analysis of the research field focus-
ing on the application of plants for biocontrol in crop
protection revealed several promising trends and poten-
tial areas of future research (Fig. 12). These future per-
spectives highlight the dynamic and evolving nature of
the research field. They provide a roadmap for future
research and development efforts and set the stage for
the next phase of innovation in plant-based crop protec-
tion. Some of the envisaged aspects worth pursing are
briefly highlighted below.

Nanotechnology in biological products One of
the emerging trends is the incorporation of nanoparti-
cles and nanotechnology in biological products. This
advancement in technology is expected to enhance
the effectiveness of plant-based biocontrol methods
(Fig. 2).

Sustainable and environmentally friendly prac-
tices The future of pest control methods appears
to be moving towards more sustainable and environ-
mentally friendly practices (Fig. 2). This shift aligns
with the global trend towards sustainability and the
need to reduce the environmental impact of agricul-
tural practices (United Nations, 2024; Green Journal,
2023; Nchu, 2024).

Integrated approach to crop protection An inte-
grated approach to crop protection is expected to
become more prevalent. This approach combines
pest and pathogen control methods to provide a more
effective and holistic solution to their management. It
includes the use of plant-based biocontrol methods,
chemical fungicides, and advancements in biotech-
nology (FAO, 2024; Franco, 2020).

Chemical evaluation of plant-derived fungi-
cides The chemical evaluation of plant-derived fun-
gicides is another area of potential future research.
This includes the identification of new bioactive com-
pounds and the study of their effectiveness in control-
ling crop pests and pathogens (Thind, 2021).

Limitations of the current review

Bibliometric review: Bibliographic coupling
and co-citation of research literature in the field
of crop protection

Although this review provides a comprehensive
bibliometric analysis of the field of crop protection,
it does not incorporate bibliographic coupling and
co-citation analysis. These two key scientometric
methods offer deeper insights into the relationships
within the research community and the structure
of the field. Bibliographic coupling occurs when
two documents reference a common third docu-
ment, indicating a topical similarity between them.
This method is instrumental in uncovering the the-
matic connections and intellectual lineage within
a field, as it reflects the shared knowledge base of
the coupled documents. Conversely, co-citation
happens when two documents are cited together
by a third document, suggesting a relational link
between them (Kleminski et al., 2020; Tan, 2022).
This method is valuable in identifying emerging
trends and networks of collaboration or influence
within the research community. The absence of bib-
liographic coupling analysis in this review means
potentially overlooking unique insights and nuanced
relationships that go beyond direct citations or co-
citations. Such analysis could reveal underlying
thematic connections between studies that are not
immediately apparent through direct citation analy-
sis alone (Kleminski et al., 2020).

The exclusion of co-citation analysis limited our
ability to map out the network of relationships and
influences within the field. Co-citation can high-
light clusters of related work and trace the evolu-
tion of ideas, identifying key papers or authors that
have significantly shaped the research landscape.
One way to address this limitation is by using cat-
egory-based co-citation analysis, as suggested by
Liu and Hsu (2019). This approach mitigates the
primary limitation in bibliometric analysis, where
two related articles might cite different references,
by assuming that references can be related if cited
within the same categories on specific topics. It
offers a more nuanced view of the interconnections
in the field.
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Research database

Secondly, while Scopus is a comprehensive and
widely used database for bibliometric and sciento-
metric analyses, relying solely on it presents certain
limitations. Other databases including Web of Sci-
ence and Dimensions might offer additional relevant
articles not indexed in Scopus, which could provide a
broader view of the field of plant-based crop protec-
tion. The exclusive use of Scopus may limit the scope
of the review, potentially overlooking significant stud-
ies and trends that are present in other databases. Fur-
thermore, citation data can vary across different data-
bases, and therefore, a citation analysis based solely
on Scopus might not fully capture the citation impact
of articles in this field. Future studies should consider
incorporating data from multiple databases to achieve
a more comprehensive and nuanced understanding of
the field. A multi-database approach would enhance
the robustness of bibliometric analyses, ensuring a
wider coverage of relevant literature and citation data.

Research gap

The review identified a significant gap in the current
literature regarding the detailed mechanisms and fac-
tors influencing the anti-phytopathogenic activity of
plant-based biocontrol agents. There is an absence of
comprehensive and critical investigation into the spe-
cific mechanisms through which plant-based agents
exert their anti-phytopathogenic effects. This limits
our ability to fully understand and optimize these
biocontrol agents for more effective use in crop pro-
tection. Another potential gap that emerged during
our review process was the omission of plant patho-
genic viruses from our search criteria. Viruses, as
a significant group of plant pathogens, can impact
crop health, yield, and quality, including effects from
sublethal infections on fruit quality and shelf-life
(Krenz et al., 2024; Tatineni & Hein, 2023). Exclud-
ing viruses from our search criteria inherently limit
the comprehensiveness of this review. Future reviews
could enhance their scope by including plant patho-
genic viruses in their search criteria for a more holis-
tic overview of plant-based crop protection strategies.

Additionally, the potential risks and challenges
associated with the use of plant-based biocontrol
agents, such as impacts on non-target organisms and
the development of resistance were insufficiently

@ Springer

discussed in the current literature. Regulatory con-
siderations related to the use of these agents were
not adequately addressed, which is crucial given the
increasing interest in sustainable and environmentally
friendly crop protection methods. There are several
other underexplored areas in the current literature,
which present opportunities for future research. These
include the role of seed treatment in plant protection,
the use of the liquid fraction of digestates for plant
protection, and the phytoprotective properties of
plant-based fertilizers. Future studies could focus on
these areas to develop more effective plant protection
strategies, thereby filling these inherent gaps in the
literature.

Conclusion

This bibliometric and scientometric analysis, com-
bined with a best-evidence literature review, has
comprehensively addressed the research questions
pertaining to plant-based crop protection. This study
analysed 235 documents from the Scopus database,
spanning from 1970 to 2023, and successfully iden-
tified significant research hotspots, trends, themes,
influential publications, authors, institutions, and
countries in the field. The analysis has pinpointed
significant publications, sources, authors, institutions,
and countries contributing to the scientific progress
in plant-based crop protection. From the existing in
vitro, in vivo and in planta experiments, we identi-
fied 91 plant species from 28 families highlighted for
their potential as biocontrol agents and applications.
The Lamiaceae as a plant family and aerial parts of
plants were predominantly used in the eligible stud-
ies. Some of the most promising anti-phytopatho-
genic plants included P. orientalis, M. piperita, F.
vulgare, C. sativum, and A. ascalonicium. The pre-
dominant keywords shaping the knowledge structure
in this field were "fungicide", "nonhuman", and "crop
protection”, with a thematic focus on chemical prop-
erties of antifungal agents, bioactive compounds, and
environmental protection. A paradigm shift was noted
around 2015-2017, followed by a substantial increase
in publication volume, signaling a growing scientific
interest and commitment to this research area. An
emerging focus on nanotechnology suggests an inno-
vative trajectory for developing sustainable biocontrol
methods.
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Further research is necessary to elucidate the
mechanisms and factors influencing the efficacy of
plant-based biocontrol agents, thereby enhancing our
understanding of their mode of action, safety, and
environmental impact. Comparative studies are rec-
ommended to assess the effectiveness, cost-efficiency,
and potential synergies of plant-based biocontrol
agents in various crop protection scenarios. These
future studies will be crucial in providing evidence-
based recommendations for agricultural practices,
informing policy decisions, and advancing the field of
sustainable crop protection.
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