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Abstract

Insect-vegetable relationships provide mutual benefits through key ecological services such as pollination and biological
pest control. Insects, particularly pollinators like honey bees and hoverflies, play a critical role in enhancing crop yields
and quality by facilitating pollen transfer. Pollination has been shown to significantly increase yields in crops like
tomatoes, squash, and bell peppers. Additionally, insects such as hoverflies and ground beetles contribute to biological
pest control by suppressing harmful pest populations, reducing the need for chemical pesticides. The integration of
habitat manipulation strategies, like intercropping and planting insectary plants, supports both pollination and pest
control, fostering sustainable agricultural systems. Floral traits, including nectar composition and flower size, attract
pollinators and sustain their populations, while mycorrhizal fungi improve soil health, influencing both plant growth and
insect interactions. However, challenges such as climate change and landscape simplification can disrupt these mutual
benefits, requiring adaptive agricultural practices. Practical applications, including neem-based pest control and
intercropping systems, illustrate the potential for enhancing pollinator diversity and crop yields, thereby promoting the

sustainability of insect-vegetable interactions in agriculture.
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Insect-vegetable relationships play a vital role in
maintaining ecological balance and enhancing agricultural
productivity. These relationships provide mutual benefits, with
insects offering essential services such as pollination and
biological pest control [1], while vegetables contribute to the
sustenance of these beneficial insect populations. Pollination, a
critical service provided by various insect species, ensures the
successful reproduction [2] of many vegetable crops, leading to
increased seed yields [3] and improved fruit quality [4]. While
some plants can self-pollinate or rely on wind or water, a
significant number of vegetable crops require cross-pollination,
where pollen from one plant is carried to another. Insects are
the most effective vectors for this. As they forage for nectar and
pollen, these insects inadvertently pick up pollen grains on their
bodies and transfer them to other flowers, ensuring fertilization.
Pollinators, such as honey bees, hoverflies, and squash bees, are
crucial in transferring pollen between flowers, enabling the
production of fruits and seeds, which are fundamental for
vegetable crops [5-7]. In parallel, insects like hoverflies [8] and
parasitic wasps [9] contribute to biological pest control,
reducing the reliance on chemical pesticides and fostering
healthier, more resilient ecosystems. Additionally, insects also
contribute to natural pest control, reducing the need for harmful
chemical pesticides [5] and supporting sustainable farming

practices. This interplay between insects and vegetables not
only improves crop productivity but also helps maintain
biodiversity, enhance soil health, and promote overall
ecosystem stability. This review explores the benefits of insect-
vegetable interactions in modern agriculture, emphasizing the
importance of pollination, pest control, and the mechanisms that
sustain these mutual relationships. Understanding and fostering
these insect-vegetable partnerships will be crucial in securing
the future of global food production while promoting ecological
health and resilience.

Mutual benefits of insect- vegetable relationships
Pollination services

Insects are primary pollinators of many vegetables,
facilitating the transfer of pollen between flowers, which is
essential for fruit and seed production. For example, in pumpkin
cultivation, honey bees (Apis dorsata) are the dominant
pollinators, contributing significantly to crop yield and
quality [6]. Similarly, hoverflies (Eupeodes corollae) provide
pollination services in greenhouse-grown crops like tomatoes,
melons, and strawberries, enhancing fruit set and weight [8].
The importance of pollination extends beyond individual crops
to entire cropping systems. Intercropping industrial hemp and
cowpea with squash, a pollinator-dependent crop, has been
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shown to increase pollinator abundance and diversity, leading
to higher squash yields [7]. Pollination enhances vegetable
yields significantly, as seen in tomatoes and chilies [10], while
improving fruit quality in bell peppers through intercropping

with flowering plants. Vegetables also support pollinators by
providing crucial nectar, pollen, and foraging habitats [11],
thereby contributing to the ecology of agricultural landscapes.
Effect of pollination in different crops represented in (Table 1).

Table 1 Key pollinators and their impact on vegetable crops

Crop Key Pollinators Yield impact References
Squash Squash bees (Peponapis limitaris) Increased yield by 155-161% compared to monocrop [7], [12]
Cucumber Honey bees, native bees Pollination accounted for 75% of yield increase [13]
Tomato Stingless bees (Tetragonula laeviceps)  Increased fruit set by 2-3 times compared to self- [10]

pollination
Bell pepper Paratrigona lineata, Apis mellifera Heavier and larger fruits due to pollination [14]
Onion Apis cerana indica Higher seed yield through open pollination [15]
Pumpkin  Diverse pollinator species Functional diversity improved seed set [16]

Biological pest control

In addition to pollination, insects play a critical role in
biological pest control. Hoverflies, for instance, not only
pollinate crops but also suppress aphid populations, reducing
the need for chemical pesticides [5]. Similarly, ground beetles
and parasitic wasps contribute to pest control in vegetable
crops, protecting crops from damage caused by herbivorous
insects [17]. The integration of pest control and pollination
services is a key aspect of sustainable agriculture (Table 2).
Studies have shown that these services can interact in complex
ways, with pollination enhancing the effectiveness of pest
control and vice versa [18]. For example, in cotton production,
pollination has been shown to mitigate the negative effects of
pests on crop yield, particularly under high pest pressure [18].
Habitat manipulation, such as the use of insectary plants, can
attract and support populations of beneficial insects. For
example, planting Phacelia tanacetifolia in the margins of
cereal fields has been shown to enhance the biological control

of aphids by hoverfly larvae. This approach provides a source
of pollen and nectar for adult hoverflies, which in turn increases
their oviposition rates and the subsequent predation of aphids
by their larvae [19-20]. Similarly, the use of trap crops in
combination with insectary plants can concentrate pest
populations and suppress them through enhanced natural enemy
activity, as demonstrated in organic cabbage agro-
ecosystems [21]. Certain plants can serve dual roles as both
habitat manipulation tools and sources of botanical insecticides.
They often contain compounds that are toxic or repellent to
pests. Unlike many synthetic pesticides, botanical insecticides
tend to be more biodegradable and have a lower impact on the
environment. Importantly, many are less harmful to beneficial
insects than their synthetic counterparts. For example, plants
from the families Apiaceae, Asteraceae, and Lamiaceae have
been used for both habitat manipulation and insecticidal
purposes. This dual functionality can enhance pest control
while providing resources for natural enemies [22].

Table 2 Comparison of crops, pollinators, and pest control methods

Crop Pollinators Pest control methods References
Pumpkin Honey bees (Apis dorsata) Neem-based botanicals [6]
Squash Sweat bees, bumble bees Intercropping [7]
Tomatoes Hoverflies (Eupeodes corollae) Augmentative biological control [8]
Okra Bees, flies, wasps Soil fertilization [23]
Cabbage Bees, parasitic wasps Companion planting (basil) [9]

Mechanisms sustaining mutual benefits

Floral traits and floral rewards

Floral traits such as nectar composition, flower size,
shape, color, and scent play a critical role in attracting
pollinators and facilitating mutualistic interactions. These traits
are often finely tuned to meet the needs of specific pollinators,
ensuring efficient pollination and energy transfer. Nectar is one
of the most important floral rewards, primarily composed of
sugars, amino acids, and secondary metabolites. The quantity,
concentration, and chemical composition of nectar influence
pollinator attraction and foraging behavior. For instance,
flowers visited by birds often produce dilute nectar with high
volumes, while insect-pollinated flowers tend to produce more
concentrated nectar [24]. The chemical composition of nectar,
including secondary metabolites like alkaloids and phenolics,
can also protect nectar from theft by non-pollinating insects and
enhance pollinator memory and foraging efficiency [25]. The
size and shape of flowers are critical for facilitating pollinator
access to nectar and pollen. For example, long, tube-shaped
flowers are often associated with pollinators like hummingbirds
and certain bees, which have long proboscises [24]. Similarly,
the symmetry and orientation of flowers can influence the
efficiency of pollen transfer during pollinator visits [26]. Floral

color and scent are key signals that guide pollinators to flowers.
Volatile organic compounds (VOCs) emitted by flowers are
complex signals that convey information about nectar quality
and quantity. These signals are often used by pollinators to
evaluate the rewards offered by a flower before landing [27].
Floral color, on the other hand, is often tuned to the visual
preferences of specific pollinators. For example, flowers
pollinated by bees tend to have UV-reflecting colors, while
bird-pollinated flowers often exhibit red or orange hues [24].
Floral rewards, including nectar and pollen, are essential
for sustaining the mutualistic relationship between plants and
pollinators. These rewards not only provide pollinators with
energy and nutrients but also influence their behavior and
health. Nectar is the primary energy source for many
pollinators, such as bees and butterflies. The sugar
concentration and volume of nectar are critical for meeting the
energy demands of pollinators. For example, flowers with high
nectar rewards often attract pollinators that require large
amounts of energy, such as hummingbirds [24]. Pollen is a rich
source of proteins and lipids, which are essential for pollinator
health and reproduction. Bees, in particular, rely on pollen to
feed their larvae and sustain colony growth [28]. The chemical
composition of pollen can also influence pollinator health by
providing antioxidants and other beneficial compounds [25].
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Floral rewards can also influence pollinator behavior and
health. For example, certain secondary metabolites in nectar,
such as alkaloids, can enhance pollinator memory and foraging
efficiency [25]. Additionally, the antioxidant properties of
floral rewards can protect pollinators from oxidative stress,
thereby improving their overall health [25].

Soil health and mycorrhizal fungi

Soil health plays a crucial role in mediating plant-insect
interactions. Mycorrhizal fungi improve plant nutrient uptake,
particularly phosphorus and nitrogen, which are critical for
plant growth and defense. For instance, studies have shown that
arbuscular mycorrhizal fungi (AMF) increase plant biomass
and reproductive potential [29-30]. This enhanced growth can
lead to changes in leaf and root chemistry, making plants more
or less susceptible to herbivores. Mycorrhizal fungi, which form
symbiotic relationships with plant roots, can alter plant traits
such as tissue nutrients, defensive chemicals, and floral traits,
influencing both herbivory and pollination [30]. For example,
mycorrhizal fungi from organic farms have been shown to
increase root cucurbitacin C, a defensive chemical in cucumber,
which may influence herbivore preference and population
dynamics [30]. Similarly, other studies have found that
mycorrhizal colonization can lead to the production of
phenolics and other secondary metabolites, which play a role in
plant defense [31]. The performance of herbivores on
mycorrhizal plants can vary depending on the fungal species
and the type of herbivore. For example, chewing insects tend to
perform better on mycorrhizal plants, while sucking insects,
such as aphids, may be negatively affected [32]. These
differences highlight the complexity of mycorrhizal-plant-
herbivore interactions.

Landscape management and habitat diversity

Agricultural landscapes with high structural and
compositional heterogeneity provide a variety of resources and
habitats for pollinators and natural enemies. For instance,
landscapes with diverse land-use types, such as a mix of
croplands, grasslands, and seminatural habitats, support greater
biodiversity and ecosystem service delivery [33]. The presence
of seminatural habitats, such as hedgerows, woodlots, and
flower-rich areas, is particularly important for sustaining
pollinators and natural enemies [34-35]. Seminatural habitats,
such as woody habitats and flower-rich areas, provide refuge
and foraging resources for beneficial insects, supporting both
pollination and pest control [36]. For example, in pumpkin
fields, the abundance of natural enemies and pollinators has
been shown to be positively related to the supply of flowers in
adjacent habitats [36]. In California almond orchards, wild
pollinators play a crucial role in pollination, even in the
presence of managed honey bees. The abundance of wild
pollinators, such as hoverflies and wild bees, is higher in
orchards with adjacent seminatural habitats or vegetation
strips [37]. Organic farming practices and the restoration of
high-quality habitat strips along field edges further enhance
pollinator diversity and abundance, ensuring robust pollination
services [37-38].

Factors influencing mutual benefits

1. Agricultural practices

Agricultural practices, such as crop rotation,
intercropping, and soil management, can enhance or disrupt the
mutual benefits of insect-vegetable relationships. For example,
intercropping cabbage and basil has been shown to reduce aphid
densities and increase parasitism, highlighting the potential of

companion planting for biological pest control [9]. Similarly,
the use of organic farming practices has been associated with
higher pollinator diversity and abundance in some cropping
systems [36]. However, the benefits of organic farming can
vary based on landscape context and specific crop types,
indicating a need for tailored approaches [39]. Techniques like
no-till farming and mulching enhance the survival of beneficial
insects, further supporting pest management [40].

2. Biodiversity and species richness

Pollinator and natural enemy richness directly support
ecosystem services, such as pollination and pest control,
independent of their abundance, with up to 50% of the negative
effects of landscape simplification on these services arising
from losses in species richness, adversely affecting crop yields
[41]. Diversified farming systems can increase species richness
by 26% on average, enhancing the abundance of beneficial
species while reducing pest populations, particularly when
located near natural habitats, which bolster natural enemies,
while those situated farther away enhance pollinator abundance
[42]. Additionally, landscape heterogeneity, characterized by
high edge density, improves pollination and pest control
services, resulting in higher crop yields [43]. The availability
and diversity of floral resources are crucial for supporting wild
bee populations and enhancing pollination [44], as flower-rich
habitats and intentional plant selection can significantly boost
the diversity of pollinators and natural enemies, promoting vital
ecosystem services [45]. However, despite the well-
documented importance of biodiversity in supporting these
services, challenges in implementing biodiversity-friendly
practices on a large scale persist, influenced by factors such as
economic profitability, landscape context, and specific farm
needs. Additionally, the variability in pollinator responses to
organic farming and other conservation strategies suggests that
tailored approaches may be necessary to achieve optimal
outcomes [39].

3. Climate change and environmental factors

Climate change can cause phenological mismatches
between plants and their pollinators, leading to reduced
pollination success. For example, warming can advance plant
flowering times without a corresponding shift in pollinator
emergence, resulting in fewer interactions and reduced seed
production [46-47]. Insect phenology is also affected, with
some species experiencing advanced spring emergence and
delayed winter diapause, which can alter their abundance and
interactions with plants [48]. Rising temperatures and altered
precipitation patterns can reduce the abundance and
effectiveness of pollinators. For instance, bumblebee
populations are sensitive to changes in temperature and
precipitation seasonality, which can lead to declines in their
populations and reduced pollination services. Changes in
environmental conditions, such as increased temperatures and
drought, can affect the quality and quantity of floral resources,
further impacting pollinator health and behavior [49-50].
Climate change can increase pest pressure by expanding the
geographic range of pests, increasing their survival rates, and
altering their synchrony with host plants. This can lead to
increased crop damage and challenges in pest management [51-
52]. The effectiveness of biological control methods may be
reduced due to mismatches between pests and their natural
enemies, necessitating adaptive management strategies [53].
While climate change poses significant challenges to
pollination and pest control services, it also presents
opportunities for adaptation. Strategies such as climate-smart
integrated pest and pollinator management (CSIPPM) can help
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mitigate these impacts by incorporating climate resilience into
agricultural practices [54].

Effect of insecticides on insect pests within the vegetable
ecosystem

Insecticides play a crucial role in managing insect pests
in vegetable ecosystems, but their use must be carefully
considered due to potential environmental and ecological
impacts. This response explores the effects of various
insecticides on insect pests, their efficacy, and their broader
implications for the vegetable ecosystem. Chlorantraniliprole
and spiromesifen have been shown to be highly effective
against fruit borers (Helicoverpa armigera) and two-spotted
spider mites (Tetranychus urticae) in tomato crops.
Chlorantraniliprole, when applied at 0.15 ml/liter, significantly
reduced fruit borer larvae and damage, while spiromesifen at
0.5 ml/liter effectively controlled spider mite populations. The
combination of these two insecticides provided the most
effective control [55]. Chlorantraniliprole has shown superior
efficacy against H. armigera, with significant reductions in
larval populations and increased yield in tomato crops [56]. It
also demonstrated the highest cost-benefit ratio and yield
increase when used against shoot and fruit borers in brinjal,
outperforming other application methods like soil drenching
[57]. Emamectin benzoate has also been effective against H.
armigera, significantly reducing larval counts and increasing
fruit yield [58]. Chlorantraniliprole and flubendiamide, have
been evaluated for their efficacy against shoot and fruit borers
(Leucinodes orbonalis) in brinjal. Foliar applications of these
insecticides were found to be more effective than soil drenching
or seedling dipping, with chlorantraniliprole showing the
highest cost-benefit ratio and yield increase [59]. Spinosad,
methoxyfenozide, and diflubenzuron have been tested against
Spodoptera littoralis in tomatoes. Spinosad demonstrated the
highest toxicity, with 91.38% mortality in the initial effect and
100% mortality in the residual effect. The pre-harvest intervals
for these insecticides were 3, 7, and 10 days, respectively,
ensuring safety for consumption [60].

Practical applications

Pumpkin cultivation: In pumpkin cultivation, the use of
neem-based botanicals has been shown to effectively manage
the red pumpkin beetle (Raphidopalpa foveicollis) while
conserving pollinators [6]. The active ingredient azadirachtin
impacts insect metabolic processes, including protein synthesis
and chitin formation, which are critical for pest survival [61].
Neem-based pest control aligns with sustainable pest
management (SPM) principles, which aim to reduce ecological
disturbances and promote biodiversity. The preservation of
pollinator diversity, particularly honey bees, is essential for
maintaining the mutual benefits of insect-vegetable
relationships in pumpkin cultivation [6]. While neem-based
botanicals are effective in managing pests and conserving
pollinators, their economic viability compared to synthetic
pesticides can be a concern. Studies indicate that neem products
may offer lower profit margins due to their relatively lower
efficacy in some cases, such as in bottle gourd cultivation [62].
This highlights the need for further research and development
to enhance the cost-effectiveness of neem-based solutions in
diverse agricultural contexts.

Intercropping systems: Intercropping industrial hemp
and cowpea with squash significantly increases pollinator
abundance compared to monocropping systems. The study
found that intercropped systems recorded a 79.1% increase in
pollinator abundance, whereas monocropped systems only
showed a 21.9% abundance [7]. This substantial increase
highlights the potential of polyculture systems to attract a
higher number of pollinators, which is crucial for pollinator-
dependent crops like squash. In addition to abundance,
intercropping also enhances pollinator diversity. Sweat bees
and bumble bees were identified as the most abundant
pollinators in the intercropped systems. The Squash + Cowpea
intercropping system exhibited the highest diversity of
pollinators, indicating that the combination of these crops
creates a more attractive habitat for wvarious pollinator
species [7]. This diversity is essential for maintaining
ecosystem services and ensuring robust pollination for all crops
involved. The increased pollinator abundance and diversity in
intercropped systems directly translate to higher crop yields.
Squash, a pollinator-dependent crop, showed a significant
increase in yield when intercropped with hemp or cowpea.
Specifically, the Hemp + Squash system resulted in a 155%
increase in squash yield, while the Squash + Cowpea system
achieved a 161% increase compared to squash monocrop [7].
Similarly, hemp yields improved by 64% in the Hemp +
Cowpea system and by 165% in the Hemp + Squash system,
demonstrating the mutual benefits of intercropping for both
squash and hemp [7].

Greenhouse horticulture: The presence of diverse
pollinators, including hoverflies, supports functional
complementarity, enhancing pollination success and crop
output [63]. Hoverfly larvae are effective predators of aphids,
significantly reducing aphid populations in crops like
strawberries, melons, and tomatoes. In controlled experiments,
hoverflies reduced aphid numbers by up to 99% in melons and
70% in strawberries [8]. Augmentative releases of E. corollae
in greenhouses have been shown to increase fruit set and weight
while controlling aphid populations effectively. For example,
specific release rates led to 95% fruit set in tomatoes and
significant aphid suppression in melons and strawberries [8].
The development of efficient breeding methods for E. corollae
facilitates their large-scale application in greenhouse
horticulture, promoting their role in sustainable agriculture [5].

CONCLUSION

The mutual benefits between insects and vegetables are
foundational to sustainable agricultural practices, offering
enhanced productivity, improved crop quality, and ecological
resilience. Insects, through their roles as pollinators and natural
pest controllers, provide indispensable services that support
vegetable growth and health. Practices like intercropping,
habitat conservation, and organic farming support these
interactions, fostering biodiversity. However, climate change
and agricultural intensification threaten these partnerships. By
adopting innovative strategies and adaptive management,
farmers can protect and enhance insect-vegetable relationships.
Emphasizing these connections is vital for securing food
production and environmental health, ensuring resilient and
productive agricultural systems for the future.
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