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Abstract: Bumblebees (Bombus spp.) are pivotal to sustaining biodiversity and enhancing
agricultural productivity, thanks to their unique pollination mechanisms, including “buzz
pollination”. Their ability to operate under adverse conditions—low temperatures and dim
light—makes them essential for crops like tomatoes, peppers, and blueberries. This study
synthesizes the ecological and behavioral traits of bumblebees, such as floral fidelity and
vibration pollination, and explores their indispensable role in agricultural systems, partic-
ularly in greenhouse and open-field farming. By employing a bibliometric analysis, this
review identifies critical research trends and emerging frontiers in bumblebee pollination,
including their integration with precision agriculture technologies like remote sensing and
artificial intelligence. Notably, there is increasing research on the impacts of climate change
on bumblebee behavior and distribution, with studies focusing on how environmental
stressors influence pollination efficiency. Additionally, the potential of using bumblebees in
agroecological approaches and their role in enhancing crop resilience in changing climates
are gaining traction. Moreover, it highlights the challenges posed by habitat loss, pesticide
exposure, and climate change, emphasizing the urgency of conservation efforts. This study
proposes interdisciplinary strategies for optimizing bumblebee pollination services, aim-
ing to support sustainable agriculture and strengthen ecosystem resilience. The findings
provide theoretical and practical insights for leveraging bumblebee pollination to achieve
global food security and ecosystem stability.

Keywords: bumblebees; pollination; sustainable agriculture; climate adaptation;

population conservation

1. Introduction

Pollination is a cornerstone of ecosystem functionality and agricultural productivity,
playing an indispensable role in plant reproduction and global food security. Among
the diverse pollinators, bumblebees (Bombus spp.) hold a unique position due to their
exceptional biological traits, such as a large body size, long tongue, and capacity for “buzz
pollination”—a mechanism that enables effective pollen release through rapid muscle
vibrations. These characteristics allow bumblebees to maintain a high pollination efficiency
even under suboptimal environmental conditions, such as low temperatures and dim
light [1-3]. Consequently, bumblebees are particularly suited for pollinating crops with
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complex floral structures, such as tomatoes, sweet peppers, and strawberries, especially in
controlled environments like greenhouses [4,5].

The extensive use of bumblebees in agricultural systems has significantly enhanced
crop yields and quality, solidifying their status as key contributors to sustainable agricul-
tural practices. However, the alarming decline in global pollinator populations has raised
critical concerns within academic and public spheres. Bumblebees, as vital pollinators, are
not immune to this trend. Factors such as widespread pesticide use, habitat destruction,
and climate change have led to significant reductions in their population size, jeopardizing
both the stability of natural ecosystems and the productivity of pollination-dependent
crops [6-8]. These challenges necessitate a comprehensive understanding of bumblebee
ecology and behavior to inform effective conservation strategies and mitigate the ongoing
pollination crisis [9-11].

Bibliometric analysis offers a systematic and innovative approach to evaluating re-
search progress and identifying emerging trends in bumblebee pollination. By analyzing
publication patterns, research hotspots, and knowledge gaps, this methodology enables
researchers to trace academic developments and predict future directions [12-14]. Over the
past two decades, bumblebee pollination research has expanded significantly, spanning
disciplines such as ecology, agriculture, and environmental sciences. However, a holis-
tic synthesis that integrates these advancements and aligns them with the principles of
sustainable agriculture remains scarce.

Bumblebees (Bombus spp.) are essential pollinators, critical to ecosystem health and
sustainable agriculture due to their unique “buzz pollination” behavior, adaptability to low
temperatures, and specialization in complex floral structures. Studies show that bumblebees
outperform honeybees in pollinating crops like tomatoes and blueberries, improving
yields by 20-30%, enhancing fruit sugar content by 8-10%, and reducing malformed
fruit rates by 40%. However, their populations are increasingly threatened by climate
change, pesticide overuse, and habitat fragmentation, necessitating research to optimize
their ecological services. While existing studies focus on bumblebees” biological traits
and agricultural potential, gaps remain in integrating precision agricultural technologies
with ecological conservation. This study employs a bibliometric analysis to synthesize
research trends from 2005 to 2024, addressing bumblebees’ role in enhancing crop resilience,
reducing chemical dependence, and tackling climate challenges. By analyzing these trends
and the intersection of bumblebee pollination with technological advancements, such as
remote sensing and artificial intelligence, the study aims to provide actionable insights for
sustainable agriculture and ecosystem resilience.

2. Bumblebee Biological Characteristics
2.1. Behavior and Pollination Characteristics

Bumblebees (Bombus spp.) are crucial pollinators in natural ecosystems and agri-
cultural systems, owing to their unique behavioral and ecological traits that make them
indispensable for pollination efficiency and ecosystem functionality. Their pollination
behavior reflects not only their physiological needs but also their close association with
plant reproduction and genetic diversity.

2.1.1. Floral Visitation Behavior and Preferences

Bumblebees (Bombus spp.) are considered one of the most efficient pollinators due to
their high frequency of floral visits and exceptional pollination efficiency. Compared to
other pollinators, such as honeybees (Apis mellifera) and butterflies, bumblebees exhibit
several key advantages. Their larger body size and unique ability to perform “buzz
pollination”—a mechanism that releases pollen through rapid muscle vibrations—make
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them particularly effective for crops with complex floral structures like tomatoes, peppers,
and blueberries. Moreover, bumblebees are more adaptable to suboptimal environmental
conditions, including low temperatures and dim light, which limits the effectiveness of
other pollinators, such as honeybees, under these conditions. These attributes enable
bumblebees to maintain a high pollination efficiency even during cooler mornings or in
high-latitude regions, making them indispensable in certain agricultural environments,
such as greenhouses and open-field farming. By contrast, honeybees, while also important
pollinators, tend to be less effective in colder conditions and for certain crops requiring
vibration pollination. This distinction highlights the unique and irreplaceable role of
bumblebees in sustaining crop productivity, especially for agricultural systems that depend
on pollinators under challenging conditions [15-17]. More importantly, bumblebees exhibit
a notable behavior known as “flower constancy”, where they preferentially visit flowers
of the same plant species over a certain time. This behavior enhances the efficiency of the
pollen transfer between conspecific flowers, minimizes interference from heterospecific
pollen, and optimizes fertilization success and seed production [3].

In addition to flower constancy, bumblebee visitation behavior demonstrates precise
resource utilization patterns influenced by floral traits such as color, scent, and nectar con-
centration. These selective behaviors not only improve energy efficiency during pollination
but also strengthen the co-evolutionary relationships between plants and pollinators [18,19].
Such unique ecological strategies make bumblebees pivotal contributors to maintaining
plant diversity.

Another critical advantage of bumblebees is the diversity in their tongue lengths,
which enhances their adaptability to various floral morphologies. Long-tongued bumble-
bees (e.g., Bombus hortorum) are specialized for accessing deep tubular flowers, such as
those of legumes and Lamiaceae, filling an ecological niche for plants that require specific
pollinators [20]. In contrast, short-tongued bumblebees (e.g., Bombus terrestris) are more
efficient at pollinating shallow or open flowers [21]. This tongue-length differentiation
grants bumblebees flexibility to adapt to a broad range of floral resources, ensuring a
balanced pollination network for diverse plant communities [22].

Moreover, the diversity in tongue lengths exemplifies an essential aspect of bumblebee
ecological adaptation and drives co-evolution with plants. For instance, studies have shown
that long-tongued bumblebees and plants with deep tubular flowers exert significant
selective pressure on each other, resulting in tight functional matches during evolution [23].
Meanwhile, short-tongued bumblebees act as generalist pollinators by adapting to a wide
variety of floral forms [24]. This niche differentiation enhances bumblebee population
resilience while promoting ecosystem plant diversity and stability.

2.1.2. Pollen Collection and Buzz Pollination

The importance of bumblebees in pollination ecology extends beyond their frequent
floral visits to their unique ability to perform “buzz pollination”. This specialized pollina-
tion mechanism enables bumblebees to efficiently collect and transfer pollen, providing
essential pollination services to plants requiring vibrational pollination, such as those in
the Solanaceae, Ericaceae, and berry-producing crops [25,26].

Buzz pollination is achieved through rapid wing (also known as “buzzing”) and tho-
racic muscle vibrations that create resonance. These vibrations cause pollen to be released
from narrow or porous anthers and adhere to the dense hairs covering the bumblebee’s
body. Unlike the passive pollen collection observed in honeybees, buzz pollination is an
active and highly efficient process, particularly for plants with complex floral structures or
small pollen openings, such as tomatoes, peppers, and blueberries [27,28]. This vibration-
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driven behavior increases both the quantity of pollen collected and the efficiency of pollen
transfer, ultimately enhancing fertilization success and crop yields [29].

Another key advantage of bumblebees lies in their larger body size and dense body
hair, which significantly enhance pollen attachment and transport. These traits enable
bumblebees to transfer more pollen in a single visit, while their larger bodies facilitate
greater pollen release from the anthers, boosting overall pollination efficiency [30,31].

Bumblebees also demonstrate remarkable environmental adaptability, as their activity
is not confined to ideal climatic conditions. They can forage and pollinate in adverse condi-
tions such as low temperatures, dim light, and even wind or rain. This adaptability provides
them with a significant advantage in cold mornings and high-latitude regions, where other
pollinators, such as honeybees, may be less active [32,33]. For instance, in temperate
and arctic ecosystems, bumblebees often dominate pollination networks, underscoring
their critical role in regulating pollination processes in extreme environments [34]. The
agricultural implementation potential of this vibration-mediated pollination mechanism
will be further discussed in Section 3.2 within the context of crops requiring specialized
pollination strategies.

2.2. Ecological Characteristics of Bumblebees
2.2.1. Co-Evolution with Plants

The long-term co-evolution between bumblebees (Bombus spp.) and flowering plants
highlights the intricate ecological interactions between pollinators and plants. This re-
lationship is evident in the adaptive evolution of plant morphological structures and
bumblebee behavioral patterns, which collectively contribute to ecosystem stability and
functionality [35].

To attract bumblebees as vital pollinators, many plants have developed specialized
traits. For example, bumblebee-preferred floral colors, such as blue and purple, increase
flower visibility [36]. Additionally, large and sturdy corollas provide stable landing plat-
forms, while anther structures are optimized for buzz pollination. Anthers with porous
or slit-like openings, common in many Solanaceae plants, facilitate efficient pollen release
through bumblebee vibrations [37]. These traits not only enhance pollination success but also
reduce pollen waste, optimizing plant reproductive strategies and ensuring genetic stability.

Bumblebees influence plant evolution through their efficient pollination behaviors,
driving sexual reproduction and genetic diversity in plants. For instance, their “flower
constancy” allows for precise pollen transfer between conspecific flowers, increasing fer-
tilization success and population stability [37]. On the other hand, bumblebees’ ability to
visit multiple plant species promotes genetic exchange between plant populations, which is
crucial for enhancing genetic diversity and adaptive capacity in response to environmental
changes [38]. This gene flow plays a vital role in improving plant populations’ resilience to
stress and mitigating the ecological impacts of environmental pressures, thereby maintain-
ing ecosystem functionality and stability [39].

The co-evolutionary relationship between bumblebees and plants is not confined to
individual species but also reflects broader ecological processes. Bumblebee pollination
drives the formation of complex plant-pollinator networks, which promote plant com-
munity diversity and provide the foundation for ecosystem energy flow and nutrient
cycling [40]. Efficient pollination not only increases crop yields but also supports animal
communities dependent on plant resources for survival and reproduction [41].

This co-evolutionary dynamic holds significant agricultural and ecological value. In
agriculture, bumblebees demonstrate a superior pollination performance in crops requiring
buzz pollination (e.g., tomatoes and blueberries), significantly enhancing both their yield
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and quality. In natural ecosystems, their interspecies pollination behavior supports plant
population resilience and drives long-term plant community evolution [42].

2.2.2. Population Dynamics and Environmental Impacts

Bumblebee (Bombus spp.) populations are significantly affected by environmental
factors and human activities, posing threats not only to their survival but also to plant
reproduction and ecosystem services [43]. The widespread use of pesticides, habitat
loss, and increased agricultural intensification have led to a sharp decline in bumblebee
populations, particularly in areas with highly intensive agricultural practices. This decline
directly impacts the yields and quality of pollination-dependent crops, such as tomatoes
and blueberries [44].

Neonicotinoid pesticides, in particular, have been widely documented to harm bum-
blebees by contaminating nectar and pollen, adversely affecting their health, cognitive
abilities, foraging behavior, and reproduction [45]. Habitat loss, driven by urbanization
and agricultural expansion, has further fragmented the natural landscapes bumblebees
depend on. This habitat fragmentation isolates bumblebee populations, reducing their
genetic diversity and survival capacity [46]. Additionally, agricultural mechanization poses
direct threats to bumblebee nests, particularly ground or subterranean nests, through land
leveling and mechanical operations.

Climate change presents yet another challenge, as rising temperatures and extreme
weather events are altering bumblebee activity patterns, foraging behavior, and floral
visitation timing. For instance, higher temperatures can desynchronize bumblebee activity
with plant flowering periods, resulting in “phenological mismatches” that reduce the
pollination efficiency. Extreme weather events, such as heavy rains and droughts, further
threaten bumblebee nests and resource availability [8,47,48]. These impacts are especially
severe in temperate and arctic ecosystems, where bumblebees play a dominant role in
maintaining pollination networks [49,50].

Efforts to address bumblebee population declines include habitat restoration, pesticide
reduction, and promoting ecologically friendly agricultural practices. Creating flower-rich
ecological corridors, restoring natural grasslands, and implementing adaptive strategies to
climate change can provide critical support for bumblebee survival. Additionally, ecological
agriculture and diversified crop planting can provide stable food resources and alleviate
environmental pressures on bumblebees [51,52].

2.2.3. Contribution to Ecosystem Services

Bumblebees (Bombus spp.) are essential pollinators whose behaviors significantly
enhance plant reproduction, ecosystem stability, and agricultural production. Through
efficient pollination, bumblebees increase seed production, forming the foundation for
food webs and nutrient cycles. For instance, in forest ecosystems, bumblebee pollination
promotes seed and fruit production, which in turn serve as key food resources for birds,
mammals, and other organisms. This resource transfer underscores bumblebees’ role as
critical “ecological engineers” that drive ecosystem productivity and diversity [53].

In agricultural ecosystems, bumblebee pollination services directly impact the yield
and quality of economically important crops. Their unique buzz pollination mechanism
is particularly effective for Solanaceae (e.g., tomatoes and eggplants) and berries (e.g.,
blueberries and strawberries). Studies have shown that bumblebee-pollinated fruits exhibit
a larger size, more uniform shape, and higher developmental quality compared to their
wind-pollinated or other-insect-pollinated counterparts [54].

Moreover, bumblebees’ ability to function under adverse environmental conditions,
such as low temperatures and weak light, makes them critical to agricultural system
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resilience. This functionality enables bumblebees to act as keystone species in natural
ecosystems while supporting agricultural stability and sustainability.

Bumblebees also contribute to ecosystem diversity and resilience through interspecies
pollination behavior. By facilitating the gene flow between plant populations, bumblebees
enhance genetic diversity and improve plant adaptability to environmental changes. This
role is particularly vital in mitigating the effects of climate change and habitat fragmenta-
tion, where isolated plant populations face increased risks of genetic erosion. Bumblebee-
mediated gene flow strengthens plant community succession and ensures long-term ecosys-
tem functionality [55].

3. Application of Bumblebees in Agriculture

3.1. Applications in Greenhouse and Open-Field Crops
3.1.1. Greenhouse Crops

Bumblebees have demonstrated exceptional pollination capabilities in greenhouse crop
production, especially for crops requiring vibration pollination, such as tomatoes, peppers,
blueberries, and strawberries. Compared to traditional methods such as manual pollination
or the use of other pollinators, bumblebees are more efficient due to their unique buzz
pollination mechanism. By rapidly vibrating their thoracic muscles, bumblebees stimulate
pollen release from the anthers, significantly improving the pollination efficiency and fruit
quality. Moreover, bumblebees adapt well to the unique environmental conditions of
greenhouses, such as low temperatures, weak light, and fluctuating humidity, allowing
them to maintain high productivity, even during winter or under unfavorable conditions.

For instance, in tomato cultivation, studies have shown that bumblebee pollination
produces fruits with more uniform shapes, better firmness, and higher seed set rates com-
pared to wind or manual pollination. These improvements lead to increased crop yields
and economic value while reducing the high costs associated with manual pollination,
making bumblebees an indispensable biological tool in greenhouse agriculture [56]. Simi-
larly, in strawberry production, bumblebee pollination not only enhances fruit weight and
sweetness but also reduces the proportion of misshapen fruits, thereby supporting greater
market competitiveness [57].

The use of bumblebees in greenhouses also contributes to the sustainability of agricul-
tural systems. On the one hand, their efficient pollination reduces the need for chemical
growth regulators to promote fruit set, lowering the use of chemicals and production
costs [58]. On the other hand, the sensitivity of bumblebees to pesticide residues encour-
ages farmers to adopt more eco-friendly management strategies, such as reducing pesticide
usage or using environmentally safer alternatives. This shift achieves a balance between
ecological benefits and economic profitability.

3.1.2. Open-Field Crops

In open-field agriculture, bumblebees are highly valuable pollinators due to their
adaptability and efficient pollination behavior. Their role is especially prominent in high-
value crops such as blueberries and strawberries, where they improve not only crop yields
but also the size, sweetness, and uniformity of fruits, offering producers competitive
market products.

The significance of bumblebees in open-field crops is particularly evident under
extreme environmental conditions. Compared to honeybees, bumblebees are more tolerant
of cold temperatures and high wind speeds [59]. For example, during cold mornings or in
windy conditions, when honeybee activity is limited, bumblebees can continue to forage
and maintain stable visitation rates. This trait is especially important in high-latitude
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regions or environments with unstable climates, making bumblebees a key species for
maintaining pollination services under adverse conditions [60].

For instance, studies on blueberry cultivation have demonstrated that bumblebee
pollination significantly enhances fruit set, fruit weight, and seed distribution, thereby
improving the overall market quality of the fruits [61,62]. Similarly, in strawberry produc-
tion, bumblebee pollination reduces the proportion of deformed fruits while increasing the
percentage of marketable fruits and their sweetness, directly boosting the economic value
of the crop [63]. Additionally, bumblebee pollination provides a natural solution to crop
pollination needs, reducing reliance on artificial pollination, lowering production costs,
and enhancing the sustainability of agricultural ecosystems [64].

In the context of global climate change and the increasing frequency of extreme weather
events, the application of bumblebees in open-field agriculture enhances the resilience of
agricultural systems. Their broad pollination range not only ensures stable crop yields but
also supports the pollination of edge crops and wild plants, thereby promoting the stability
and health of farmland ecosystems.

3.2. Applications in Crops Requiring Vibration Pollination

The unique buzz pollination behavior of bumblebees is crucial for many crops requir-
ing vibration pollination. These crops often have anthers with pore-like or slit-like openings,
from which pollen can only be effectively released through vibrations. By vibrating their
thoracic muscles to generate high-frequency resonance, bumblebees can efficiently release
pollen from the anthers, which then adheres to their bodies, significantly increasing both
pollination efficiency and quality [65].

This advantage stems from the ability of bumblebees to precisely target the structure
of anthers, releasing more pollen and ensuring effective pollination. For example, in sweet
pepper production, bumblebee pollination not only enhances fruit uniformity and internal
quality but also shortens the time to fruit maturity, providing farmers with higher economic
returns [2].

Similarly, bumblebees excel in pollinating leguminous crops, such as peas and beans.
Due to the complex structure of their anthers, which makes pollen release challenging,
bumblebees are the most effective pollinators for these crops [66]. Compared to manual or
wind-mediated pollination, bumblebee pollination significantly increases seed yield and
quality while reducing labor costs and time investment.

More importantly, bumblebee buzz pollination not only improves the crop yield and
quality but also reduces the reliance on chemical agents, such as plant hormones and
pollination stimulants [67]. This eco-friendly pollination method drives the transition
toward sustainable agricultural production. In the context of pollination crises exacerbated
by global climate change, the buzz pollination capability of bumblebees provides reliable
pollination services for many economically important crops, contributing to the stability of
food production and the sustainability of agricultural economies.

3.3. Bumblebee Rearing and Commercial Applications

The increasing demand for bumblebees in agriculture has driven significant ad-
vancements in artificial rearing and commercial application technologies. As detailed
in Section 2.2.3, regarding their ecological adaptability to environmental stressors, ad-
vances in artificial rearing technologies now enable the targeted enhancement of bumblebee
resilience to climate extremes and pesticide exposure, while maintaining pollination effi-
ciency. Modern bumblebee breeding techniques not only meet the high demand for efficient
pollinators in large-scale agricultural production but also enhance the sustainability of agri-
cultural ecosystems through optimized management and release strategies. For example,
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in regions such as India, the commercial rearing of bumblebees has been widely adopted
for high-value crops like tomatoes and peppers, providing reliable pollination services for
both greenhouse and open-field agriculture [68].

A key advantage of bumblebee rearing lies in its ability to deliver tailored pollina-
tion services for specific crops and environmental conditions. Using artificial breeding
techniques, farmers can adjust the density of bumblebee populations based on the crop
type and the planting area, maximizing pollination efficiency. This not only significantly
improves the crop yield and quality but also reduces dependence on manual pollination,
drastically lowering labor costs. For instance, the introduction of commercial bumble-
bees in greenhouse tomato production has led to more uniform fruit development and
increased sweetness, while also shortening harvest cycles, further enhancing agricultural
profitability [69].

Advances in bumblebee rearing also offer opportunities to reduce pesticide use and
promote sustainable agriculture. Because bumblebees are highly sensitive to pesticides,
their widespread use encourages farmers to adopt more environmentally friendly pest
management practices, such as biological control techniques and reduced pesticide applica-
tions. Unlike mechanical pollination, bumblebee pollination avoids physical damage to
crops, further enhancing the ecological benefits of agriculture [70].

The commercial rearing of bumblebees also carries significant ecological and economic
value. On the one hand, artificial rearing provides a buffer for wild bumblebee populations
by reducing reliance on them, thereby mitigating the risks of overharvesting and habitat
destruction. On the other hand, bumblebee rearing has become a high-value industry in
regions reliant on agricultural production, contributing to local economic growth.

In the future, with the further optimization of bumblebee rearing technologies and
the expansion of the pollination market, commercial bumblebees are expected to play
an increasingly important role in agricultural ecosystems. Particularly in the context of
climate change and frequent extreme weather events, the artificial rearing of bumblebees
can enhance agricultural resilience, ensuring global food security and ecosystem stability.

3.4. The Role of Bumblebees in Sustainable Agriculture

Bumblebees play a crucial role in sustainable agriculture by providing efficient and
eco-friendly pollination services, making them essential ecological tools for promoting
green agricultural practices. Compared to manual and mechanical pollination, bumblebee
pollination is not only more cost-effective and precise but also reduces the negative envi-
ronmental impacts of agricultural activities. Their pollination behavior enhances gene flow
and promotes biodiversity, offering key support for ecological agriculture [71].

Moreover, long-term field studies have shown that bumblebees play a critical role in
advancing sustainable agriculture. Specifically, bumblebees are vital pollinators for both
crops and wild plants, especially in the process of agricultural intensification, effectively
enhancing crop yield and ecological diversity. Several field studies have found a strong
correlation between bumblebee habitat richness and the diversity and population size of
bumblebees. For example, a long-term study in the UK found that field boundaries pro-
viding floral and nectar resources significantly increased bumblebee numbers and species
richness, particularly in natural habitats surrounding agricultural plots [72]. Additionally,
another study showed that in complex agricultural landscapes, bumblebee populations
were up to 30 times higher than in simpler landscapes, suggesting that increasing agricul-
tural landscape complexity has a positive effect on bumblebee populations [73]. Moreover,
studies have shown that crop rotation and ecological farming practices (such as agricultural
environmental management schemes) improve floral resources, providing better foraging
environments for bumblebees, thus promoting bumblebee diversity and abundance [74].
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These studies indicate that protecting and restoring bumblebee habitats, particularly within
agricultural systems, can effectively contribute to the sustainable development of ecologi-
cal agriculture.

The economic and environmental benefits of bumblebee pollination are particularly
evident in modern agriculture. Manual pollination requires significant labor input, while
mechanical pollination incurs high equipment costs and energy consumption. In contrast,
bumblebee pollination is a natural process that requires no additional energy input and
reduces the use of chemical pollination stimulants. This lowers production costs while
also reducing greenhouse gas emissions and other forms of environmental pollution as-
sociated with agricultural production [75]. Additionally, the adaptability of bumblebees
to conditions such as low light and low temperatures enables them to provide efficient
pollination services across a wide range of agricultural ecosystems, further enhancing
agricultural sustainability.

To further quantify the pollination effects of bumblebees across different crops, the
following field data are presented (Table 1), comparing the yield, pollination rate, and
fruit quality under bumblebee and honeybee pollination services. These data comparisons
more clearly highlight the unique advantages of bumblebees in enhancing the crop yield
and quality in agricultural production, particularly in response to extreme weather events
driven by climate change, where bumblebees have demonstrated stronger adaptability
and effectiveness.

Table 1. Comparative pollination performance of bumblebees and honeybees across various crops.

Crop Indicator Bumblebee Honeybee References Notes
Performance Performance
Bumblebee pollination Honeybee polhn.atlon
. . . shows weaker yield Bumblebees excel
Yield increases yield by - S [27,56,69] L
20-30% (greenhouse) increase (no vibration at buzz pollination.
Tomato °'& ' pollination capability).
Brix value increases by s . Greenhouse
. . o No significant increase )
Fruit Quality 8-10%, more in Brix value [56] environment
uniform fruits. ’ experiment.
?nd1v1dual frul’f) weight Bumblebee
. increases by 15%, o
Yield . . [2] pollination is
misshapen fruits hi -
o ighly efficient.
Sweet Pepper decrease by 40%.
Pollen deposition Pollen deposition
Pollination Rate  significantly higher lower than [2]
than honeybees. bumblebees.
Bumblebee pollination
results in fruit ripening L .
Yield 5-7 days earlier, Honeybee POHII\ath(I)’l [34,67] Ope.n—ﬁeld
N . increases yield by 15%. environment.
Blueberry individual plant yield
increases by 25%.
Fruit diameter increases  No significant
Fruit Quality by 10%, better improvement in [67]
sugar-acid ratio. fruit quality.
Bumblebee pollination Honeybee pollination Commercial hive
Yield increases fruit weight by  increases fruit weight [57] comparison
Strawberry 12-18%. by 5-8%. experiment.
Misshapen Rate Misshapen fruit rate Misshapen fruit rate 57]

decreases by 30%.

decreases by 15%.
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Table 1. Cont.
Crop Indicator Bumblebee Honeybee References Notes
Performance Performance
Pollination Fewer flower visits, but Mgre frequent flower aneybees more
Apple .. . L visits, but lower pollen [38] reliant on
Efficiency high pollen deposition. - .
transfer efficiency. frequent visits.
S L Open-field
Pumpkin Pollination Rate Bumblebee polhr;atlon Honeybee lellnitlon [76] environment
success rate is 85%. success rate is 70%.
(Japan).

. Bumblebee pollination Sustainable
Highbush . . .
Blueberr Economic Value increases market value [67] alternative to

y of fruit by 20%. managed hives.
L Bumblebees are more Honeybees are limited Weather
Pollination . . T
Canola .. active under low in activity under [49] dependency
Efficiency i
temperatures. low temperatures. differences.

Bumblebees also contribute to the health and diversity of agricultural ecosystems
through their cross-species pollen transfer capabilities, which increase genetic diversity
and improve the adaptive capacity of plant populations. For example, in agroecosystems,
bumblebees not only pollinate major economic crops but also support the reproduction of
marginal and wild plants, forming more stable agricultural ecological networks [77]. This
diversity is crucial for the long-term stability of agriculture and its ability to withstand
extreme environmental conditions.

Moreover, bumblebees play a positive role in reducing pesticide dependency. Their
sensitivity to pesticides encourages farmers to adopt more eco-friendly practices, such as
reducing chemical pesticide use and incorporating biological control measures. This shift
improves the agricultural environment and provides consumers with healthier food prod-
ucts. By reducing resource waste during pollination, bumblebees also enhance resource-use
efficiency in agriculture, supporting the development of resource-saving and environmen-
tally friendly farming systems.

4. Bibliometric Analysis in Bumblebee Pollination Research
4.1. Methodology

This study conducted a bibliometric analysis using the Web of Science Core Collec-
tion (WoSCC) database on 31 October 2024. The search query, TS = (Bumblebee AND
pollination), covered publications between 2005 and 2024, yielding a total of 1428 records.
Only English-language articles were included, while other document types were excluded
(139 items), such as corrections (n = 1), letters (n = 3), data papers (n = 3), early access items
(n = 13), editorial materials (n = 15), book chapters (n = 14), proceeding papers (n = 20),
review articles (n = 62), and non-English articles (n = 8). After screening, 1289 articles
remained. Following a review of titles and abstracts, 899 unrelated articles were excluded,
resulting in 390 articles being analyzed in this study. The final dataset was processed and
visualized using bibliometric tools, including Microsoft Excel 2019, ArcGIS 10.1, VOSviewer
1.6.17, CiteSpace 6.1.R3, Charticulator 1.0, and Scimago Graphica 1.0.34.

4.2. Result
4.2.1. Overview of Research

Changes in the annual number of publications within a specific field reflect its devel-
opment and research trends over time. Figure 1 illustrates the annual publication trends
in bumblebee pollination research from 2005 to 2024. Although fluctuations in annual
publications are observed, the overall trend is upward. The polynomial fitting of the
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cumulative publication volume (2005 to present) revealed a coefficient of determination
of R? = 0.9985 (represented by the blue dashed line), indicating a consistent growth trend.
Based on this trend, it is predicted that publication volumes in this field will continue to
rise, demonstrating that bumblebee pollination research is in a phase of rapid development
with increasing attention from the academic community.
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Figure 1. Annual publication trends in bumblebee pollination research. (The dark blue line represents
annual publication volume, the light blue bars represent cumulative publications, and the blue
dashed line shows the polynomial fitting curve of cumulative publications).

The 390 analyzed articles span 37 research categories. Figure 2 presents an overlay
analysis of these categories, highlighting ecology as the most frequently studied category,
with 165 articles, emphasizing its role as the core direction of bumblebee pollination
research. Other significant fields include plant sciences (96 articles), entomology (67 articles),
evolutionary biology (41 articles), and multidisciplinary sciences (38 articles). These fields
collectively form the academic framework of bumblebee pollination research, illustrating
its clear interdisciplinary nature.
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Figure 2. Overlay of research categories. (Nodes represent research categories, and the size of the
nodes indicates the number of articles in each category. All research categories are divided into
5 clusters, with different colors representing each cluster.).

Ecology, as the central field of bumblebee pollination research, primarily focuses on
the pollination behavior and efficiency of bumblebees and their roles in various ecosys-
tems. For instance, studies have extensively examined the pollination services provided
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by bumblebees in greenhouses, farmlands, and forests, highlighting their diversity and
adaptability as key ecosystem pollinators [78]. Research in plant sciences emphasizes
the impact of bumblebee pollination on plant reproductive processes, particularly in en-
hancing seed production and maintaining genetic diversity. Applications in crops like
tomatoes and strawberries underscore the importance of bumblebee pollination in agri-
culture [4]. Meanwhile, studies in entomology and behavioral sciences delve into the
biological traits and behavioral patterns of bumblebees, including foraging behavior, floral
visitation preferences, and pollen-carrying efficiency, providing theoretical support for
optimizing pollination management strategies [79].

As research advances, bumblebee pollination studies are expanding into intersecting
fields, such as agricultural sciences and climate change. For example, how bumblebees
adapt to environmental changes under the influence of climate change has become an
emerging research topic [78]. Cluster analyses further revealed that the 37 research cat-
egories can be grouped into five major domains: biology and medicine, chemistry and
physics, ecology and environment, psychology and social sciences, and engineering and
mathematics. Most research is concentrated in the ecology and environment domain, with
limited representation in biology and medicine, indicating a relatively constrained degree
of interdisciplinarity.

Figure 3 presents the top 10 most-cited articles and their annual citation frequencies,
where the bubble size corresponds to the number of citations. The most-cited article is
Stanley, Dara A., et al. (2015), published in Nature, titled “Neonicotinoid pesticide exposure
impairs crop pollination services provided by bumblebees”. This groundbreaking study
provided the first experimental evidence that neonicotinoid pesticides not only negatively
impact bee health but also significantly diminish the pollination services provided by
bumblebees. The research showed that pesticide exposure reduced the number of seeds in
apples, subsequently affecting the crop quality and economic value. This article addressed
a global hotspot issue related to pollinator decline and filled a critical gap in understanding
the effects of pesticides on pollination services, offering theoretical and practical guidance
for pesticide policies, pollinator protection, and food security research [80].
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Garratt, M. P. D.; 2014; BIOLOGICAL CONSERVATION
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Figure 3. Bubble plot of the most-cited articles. (The left side of the figure lists the top 10 most-cited
articles, including the first author, publication year, and journal. The node size corresponds to the
annual citation frequency of each article.).

Other highly cited articles include Gill, Richard J., et al. (2014), published in Functional
Ecology, titled “Chronic impairment of bumblebee natural foraging behavior induced by
sublethal pesticide exposure”. This study innovatively used radio-frequency identification
(RFID) technology to monitor bumblebee foraging behavior over time, providing precise
data that distinguished acute from chronic pesticide exposure. The findings revealed how
chronic exposure impaired foraging efficiency and altered flower preferences, emphasizing
the importance of chronic pesticide risks in ecological assessments [81].
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Additionally, Gervasi, Daniel D. L., et al. (2017), published in Nature Communications,
titled “Real-time divergent evolution in plants driven by pollinators,” demonstrated how
pollinators drive rapid plant morphological and mating system divergence, confirming the
core hypothesis of the Grant-Stebbins model. This study used experimental evolution to
provide direct evidence of adaptive plant evolution under pollinator-driven selective pres-
sures, showcasing the profound evolutionary influence of pollinators like bumblebees [82].

These highly cited articles highlight significant breakthroughs in the ecological effects
of pesticides, pollinator behavior, and plant adaptive evolution, filling theoretical gaps and
offering innovative methodologies for future research in pollination ecology, agricultural
management, and evolutionary biology.

4.2.2. Keyword Co-Occurrence Analysis

Research hotspots in pollination ecology have gradually shifted over time, from
traditional topics to more complex and dynamic mechanisms. A keyword co-occurrence
network analysis revealed that studies in this field primarily focus on four key directions:
evolutionary ecology, pollinator behavior and population dynamics, climate change and
habitat impacts, and ecosystem services and biodiversity. These directions are reflected

in core keywords, such as “evolution”, “bumble bees”, “populations”, and “Bombus”, as
shown in Figure 4.
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Figure 4. Keyword co-occurrence network. (Nodes represent keywords, and the size of the nodes
indicates the frequency of the keyword’s appearance. The lines between the nodes show that the two
connected keywords have co-appeared in the same article. The different colors of the nodes represent
different clusters, with 4 clusters in total.).

The “evolution” cluster examines the micro-level mechanisms of evolutionary selection
and gene flow affecting co-evolution between pollinator insects and plants; the “bumble
bees” cluster focuses on behavioral traits, population recovery, and habitat interactions;
the “populations” cluster represents studies on population dynamics and their role in
ecosystem stability; and the “Bombus” cluster emphasizes the interactions between plants
and pollinators in the context of climate change and their adaptive strategies.

A temporal weighting analysis (Figure 5) further revealed how research hotspots have
evolved over time. Between 2006 and 2016, keywords such as “seed set” and “reproductive
success” dominated, reflecting a focus on pollination limitations and the importance of
reproductive strategies for population maintenance (Table 2). However, in recent years,
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keywords like “pollinators” and “responses” have gained prominence, particularly in
the context of global change. Emerging topics such as “climate change” and “habitats”
highlight the profound impact of climate change on pollination networks, such as how
habitat fragmentation disrupts pollination services and how global warming alters the
temporal synchrony between plants and pollinators [83].
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Figure 5. Temporal trends in keyword occurrences. (Nodes represent keywords, and the size of
the nodes indicates the frequency of the keyword’s appearance. The lines between the nodes show
that the two connected keywords have co-appeared in the same article. The 4 groups of keywords
correspond to the 4 clusters shown in Figure 4. The node color transitions from dark blue to light
yellow, indicating that the concentration of the keyword appearance has become more recent).

Table 2. Keyword bursts. Note: The light blue bars represent the time range from 2005 to 2024, the
dark blue bars indicate the time periods when the keywords appeared, and the red bars highlight the
periods when the keywords experienced bursts. For example, “seed set” appeared every year from
2006 to 2024, with a burst occurring from 2006 to 2013. Therefore, the dark blue bar spans from 2006
to 2024, while the red bar covers the period from 2006 to 2013.

Keywords Year Strength  Begin End 2005-2024
seed set 2006 6.23 2006 2013 ——
reproductive success 2007 3.54 2007 2016 EE——
bombus-terrestris 2006 3.57 2008 2010 —
floral display size 2011 3.13 2011 2013 —
pollen 2008 3.49 2014 2017 —
ecology 2005 3.08 2016 2020 —
honey bee 2017 3.5 2017 2021 ——
bees hymenoptera 2006 3.11 2020 2021 —
pollinators 2021 5.6 2021 2024 —
responses 2022 3.48 2022 2024 —

4.2.3. Co-Citation Analysis

Based on the g-index (k = 25 k = 25 k = 25), 660 references were identified from the
390 articles for the co-citation and cluster analyses to explore the core knowledge and
emerging hotspots in the field. Figure 6 depicts the co-citation network, with the top
10 most-cited references highlighted. The most-cited reference, Garibaldi, Lucas A., et al.
(2013), published in Science, titled “Wild Pollinators Enhance Fruit Set of Crops Regardless
of Honey Bee Abundance”, received 21 citations. This study innovatively synthesized data
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from 600 field experiments worldwide to compare the contributions of wild pollinators and
honeybees to crop pollination. The results demonstrated that wild pollinators contribute
more significantly to fruit set than honeybees, challenging the conventional notion that
honeybees can replace wild pollinators. This finding underscored the importance of polli-
nator diversity for crop stability and provided actionable recommendations for integrating
wild pollinator management with honeybee population strategies [54].

\RSoroye P (20206
15) R-Core Team (2020)

Figure 6. Co-citation network. (Nodes represent references, with labels showing the first author and
publication year. The size of the nodes represents the citation frequency of each reference. The lines
between the nodes show that the two references were co-cited in the same article. A purple circle
around the node indicates that the node’s centrality is greater than 0.1.)

The co-citation clustering analysis (Figure 7) identified 11 clusters, with the largest
clusters labeled using log-likelihood ratio (LLR) algorithms. The clustering structure was
significant (Q = 0.8483 > 0.3 Q = 0.8483 > 0.3 Q = 0.8483 > 0.3), with high reliability (S = 0.9167
>0.75=09167 > 0.7 S = 09167 > 0.7). Key clusters include #0 “highland agricultural
ecosystem”, #2 “highbush blueberry”, #4 “neonicotinoid pesticide”, and #5 “tomato fruit
composition”. Earlier clusters, such as #15 “spatial analyses”, represent traditional research
topics, while recent clusters, such as #7 “floral scent”, reflect emerging hotspots.

The burst detection analysis (Figure 8) further highlighted influential references and
emerging trends. The strongest burst reference, Potts et al. (2010), published in Trends
in Ecology & Evolution, systematically summarized global pollinator declines and their
drivers. This study identified key factors such as land-use changes, pesticide use, and
climate change, providing a comprehensive framework for understanding and mitigating
pollinator declines [84].

This bibliometric analysis reveals a dynamic evolution in bumblebee pollination
research. The field has transitioned from traditional ecological questions to addressing
agricultural applications, pollination network stability, and responses to climate change.
Emerging hotspots, such as optimizing pollination services for crop quality and exploring
interactions under environmental stress, highlight the growing significance of pollination
ecology in achieving global agricultural sustainability.
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Figure 7. Co-citation clustering network. (Each colored block represents a reference cluster. The
smaller the cluster label, the larger the cluster, meaning it contains more references. The color gradient
from dark blue to light green indicates that the clustering occurred more recently.)

Figure 8. Reference burst detection. (In the reference co-citation network, the nodes with bursts are
marked in red).

5. Future Research Directions and Challenges

Bumblebee populations are in rapid decline due to a combination of factors, such as
pesticide exposure, habitat loss, climate change, and intensive monoculture farming. Re-
search shows that neonicotinoid pesticides impair bumblebee navigation and reproduction,
while pathogen spillover from commercial colonies is a contributing factor to population
declines [85]. For instance, over a 21-year period, the probability of occupancy for the
western bumblebee in the U.S. dropped by 93% [86]. Additionally, agricultural practices
such as monoculture farming are associated with habitat fragmentation, which decreases
the floral diversity critical for bumblebee survival. However, targeted interventions, such
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as pollinator-friendly agri-environment schemes, have shown significant positive effects,
with research indicating up to a 47% higher nest density on farms that adopt such strategies
compared to conventional ones [87]. These findings underscore the importance of habitat
restoration, diversified farming practices, and the protection of natural habitats to support
bumblebee populations and their crucial pollination roles [88]. Additionally, optimizing
artificial rearing techniques [89] and leveraging remote sensing and big data platforms
for the dynamic monitoring of bumblebee populations will offer more effective methods
for population conservation and recovery. For instance, remote sensing tools, such as
satellite imagery and drones, have been employed to map floral resource availability, track
habitat fragmentation, and predict pollination service efficiency in agroecosystems [90].
Studies by Krishnasamy et al. demonstrated how multispectral sensors and GIS-based
models can identify optimal foraging habitats for pollinators [91], while Ariza et al. linked
remote sensing data to pollination service quantification in agricultural landscapes, reveal-
ing correlations between floral diversity and bumblebee visitation rates [92]. Similarly,
Willcox et al. integrated crop phenology data with pollinator activity patterns using re-
mote sensing, enabling precision agriculture strategies that align flowering cycles with
bumblebee foraging periods [93]. Emerging technologies, such as the Al-driven analysis of
drone-captured imagery, further enhance the real-time monitoring of bumblebee colonies
and their floral interactions, providing actionable insights for habitat restoration [94]. These
advancements underscore the transformative potential of combining remote sensing, big
data analytics, and ecological modeling to safeguard bumblebee populations and their
critical ecosystem services.

While the high efficiency of bumblebees in pollination is widely recognized, their
behavioral dynamics remain insufficiently understood. For example, how do individual be-
havioral differences impact pollination efficiency? How do environmental factors, such as
temperature, humidity, and light, influence bumblebee pollination performance [49]? Stud-
ies indicate that temperature significantly affects bumblebee flight activity, with optimal
activity observed between 19.6 °C and 24 °C and reduced flight observed at extremes [95].
However, comprehensive research on the combined effects of temperature, humidity, and
light is limited. Humidity also influences foraging behavior, with higher humidity reduc-
ing pollen collection efficiency and lower humidity increasing collection frequency [96].
Although some studies suggest bumblebees’ adaptability to environmental changes in
temperate and alpine ecosystems [97], the interactive effects of temperature, humidity, and
light have not been systematically studied. Future research should explore how these fac-
tors collectively impact bumblebee pollination efficiency, especially in the context of climate
change. Investigating these questions will not only provide theoretical support for the use
of bumblebees in agricultural production but also uncover insights into their learning and
memory capabilities. Exploring how bumblebees remember floral characteristics and adapt
to agricultural environments will help optimize their ecological service functions more
comprehensively.

Climate change poses significant challenges to bumblebee behavior and population
distribution, making it a critical research focus. As global temperatures rise and extreme
weather events become more frequent, bumblebee activity seasons, habitat ranges, and
pollination efficiency are likely to undergo substantial changes. Studying bumblebee adap-
tation to varying climatic conditions will provide crucial insights for ecological conservation
in the context of climate change. Research has shown that bumblebees, especially in alpine
ecosystems, are significantly affected by rising temperatures, with changes in community
composition and reduced species diversity observed due to warming springs [98]. More-
over, studies have indicated that some bumblebee species, such as Bombus vosnesenskii,
show minimal population structure, suggesting flexibility in adapting to environmental
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pressures, but this adaptability may not be sufficient to counteract severe climate shifts [99].
Such research can inform agricultural policies to help bumblebees better cope with envi-
ronmental changes. Exploring management strategies to assist bumblebees in surviving
extreme conditions, such as drought or severe cold, is another important direction for
future research.

Current methods for assessing pollination efficiency are often limited to laboratory
settings or small-scale field experiments, which may not fully capture bumblebee per-
formance across diverse environments and large-scale agricultural production. Future
studies could incorporate drones, remote sensing technologies, and big data platforms to
monitor bumblebee activity in real-time, including metrics such as foraging routes and
floral visitation frequencies [76]. For instance, research on Bombus terrestris flight distances
revealed that bees can forage up to 1.5 km from their colonies, providing valuable data for
optimizing pollination strategies in large-scale farming environments [100]. Establishing
quantitative models that link bumblebee pollination with crop yields and quality will clarify
the economic benefits of bumblebee pollination, providing valuable decision-making tools
for farmers and policymakers [101].

In ecosystems, bumblebees are not the sole pollinators; their interactions with other
pollinators, such as honeybees and butterflies, are equally important. When flowering
plants are plentiful, such as in well-managed urban gardens, bumblebees and honeybees
exhibit more frequent visits, supporting the idea that floral diversity enhances pollination
services and reduces competition [102]. Understanding the competitive and cooperative
relationships between bumblebees and other pollinators in diverse agroecosystems could
optimize pollination efficiency. Investigating the complementary and synergistic effects
among pollinators will help maintain stable ecosystem services and explore alternative
solutions for sustaining pollination services during bumblebee population declines [103].

As bumblebee applications in agriculture expand, it is also essential to examine
their socioeconomic impacts. Quantifying the contributions of bumblebee pollination to
improving crop yields, enhancing quality, and increasing farmer income can help integrate
agricultural and ecological conservation policies. Moreover, implementing sustainable
practices, like pollinator-friendly habitats, can enhance both biodiversity and profitability,
ensuring long-term agricultural productivity [104]. Moving forward, integrating bumblebee
pollination services with agricultural policies and environmental protection measures to
promote sustainable agriculture will be a key area of focus for researchers.

6. Conclusions

This study elucidates the irreplaceable ecological value of bumblebees (Bombus spp.)
in advancing sustainable agriculture. Through their unique buzz pollination mechanism
and environmental adaptability, bumblebees not only overcome adversities, such as low
temperatures and insufficient light, but also significantly enhance the yield and quality
of high-value crops, including tomatoes, peppers, and blueberries. Empirical data reveal
that bumblebee pollination improves fruit uniformity by 15%, shortens ripening cycles
by 5-7 days, and reduces pesticide usage by 30%, effectively diminishing the reliance on
manual pollination and chemical agents. These ecological efficiencies position bumblebees
as keystone species for boosting agricultural productivity, improving crop quality, and
maintaining ecosystem stability.

The bibliometric analysis highlights that current research focuses on the dual threats
of climate change and pesticide exposure to bumblebee populations. Addressing these
challenges necessitates integrating innovative technological frameworks. We propose estab-
lishing a remote sensing—AI-big data dynamic monitoring network—for instance, deploying
drones to track bumblebee foraging routes and applying machine learning algorithms to
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optimize pollination resource allocation. Such systems will serve as critical technological
pillars for synergizing precision and ecological agriculture, particularly under escalating
extreme climatic conditions.

To achieve agricultural sustainability, we recommend a multidimensional strategy:
(1) constructing bumblebee-friendly agroecological landscapes by connecting fragmented
habitats through ecological corridors and promoting diversified cropping systems; (2) en-
forcing stringent controls on neonicotinoid pesticides and implementing dynamic chemical
risk assessment protocols; and (3) advancing commercial bumblebee rearing via policy
incentives to ensure stable pollination services. These measures must be embedded within
global agricultural policy frameworks and refined through interdisciplinary collaboration.

Future research should prioritize elucidating environmental stress response mech-
anisms and developing intelligent monitoring and early-warning systems to position
bumblebees as central biological agents in climate-smart agriculture. Only through the
integration of technological innovation, policy coordination, and public engagement can
we ensure the long-term sustainability of agricultural ecosystems.
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