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Introduction

Tomato (Solanum lycopersicum L.), belonging to the 
family Solanaceae, originated in South and Central America, 
and its domestication and cultivation can be traced back to 
the early Aztecs of Mesoamerica by 700 A.D. (Bergougnoux, 
2014). In the 16th century, colonizers introduced the tomato 
to Europe and its European colonies, and from there, it 
spread to the rest of the world (Smith, 2001; Bergougnoux, 
2014). Tomatoes are now found ubiquitously, with more than 
7,500 varieties, and a global annual value of US$10.8 billion 
(Tridge, 2020). Since 2000, global vegetable production has 
risen by 71 percent, reaching 1.17 billion tonnes in 2022. In 
India, vegetable production amounted to 20.69 million tonnes 
in the same year (Ritchie et al., 2023). Tomatoes were the 
most produced vegetable, totaling 186 million tonnes in 
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2022 (FAOSTAT, 2023). It is an annual plant of significant 
nutritional value due to its content of essential amino acids, 
vitamin C, vitamin A, lycopene, and β-carotene (Ali et al., 2021). 

Tomato flowers, measuring 1.5-2.0 cm in diameter, are 
actinomorphic and arise terminally, positioned either opposite 
or between leaves (Naika et al., 2005). Their structure includes 
a calyx with 5-6 green sepals, a corolla of bright yellow petals 
fused at the base, an androecium with 5-6 stamens forming 
a staminal cone supporting bright yellow anthers, and a 
pistil with 2-9 fused carpels enclosing the ovary. Depending 
on the cultivar, the style may be found within the staminal 
cone (brevistyle flower), at the same level as the stamens, or 
slightly above the staminal cone (longistyle flower) (Ranc, 
2010; Petit, 2013). Tomato flowers do not produce nectar; 
instead, they benefit from nearby nectar-producing plants to 
attract pollinators (Gaglianone et al., 2015).  
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Tomato, S.  lycopersicum, is the best-studied buzz-
pollinated crop, and pollination is vital for fruit set and 
quality (Bailey, 1891). Cultivated tomato plants are usually 
hermaphrodite and self-pollinated (Cauich et al., 2004) with 
poricidal anthers, necessitating vibration to release pollen 
grains through apical pores when the androecium or anther 
cone is shaken (McGregor, 1976; Buchmann, 1983; de Moura-
Moraes et al., 2021). These vibrations are naturally generated 
by wind or insect activities, especially those of bee species, 
which exhibit vibratory behavior or buzz-pollination in open 
fields to induce effective pollination (Free, 1970; Hanna, 1999). 
In greenhouse conditions, tomato pollination often encounters 
challenges that lead to poor fruit set due to the scarcity of 
wind and animal pollination conditions. To achieve adequate 
fruit formation and quality, special interventions, such as 
employing pollinating agents or implementing mechanical 
aids, are essential in these conditions (Neiswander, 1956; 
Banda & Paxton, 1990; Morandin et al., 2001a; Palma et al., 
2008). Therefore, the quality and yield of tomatoes can be 
improved by utilizing supplementary pollination techniques 
(McGregor, 1976; Picken, 1984; Free, 1970) such as the 
mechanically induced vibration and airflow (Bell et al., 2006), 
watch-glass method (Schneck, 1928), emasculation (Fletcher 
& Gregg, 1907; Schneck, 1928), the vibration of trellis wires 
(Short & Bauerle, 1973), acoustically forced vibration (DeTar 
et al., 1968), air blowers (Stoner, 1971; Hanna, 2004), hand 
pollination using a pulsating air jet (Nahir et al., 1984), 
soundwaves (Cawood, 1964), air cylinder vibration (Short & 
Bauerle, 1974), plant hormone application (Verkerk, 1957), 
handheld vibrators (Dasgan et al., 2004; Velthuis & Doorn, 
2006; Dos Santos et al., 2009) and electric bees have 
traditionally been employed but are expensive and less 
efficient than biotic pollinators (Cottrell-Dormer, 1945; Short 
& Bauerle, 1974). However, this increases production costs 
and results in losses to commercial value (Picken, 1984; 
Westerkamp & Gottsberger, 2000), as it requires additional 
labor and can cause damage to flowers and consequently to 
fruits (Van Ravestijn & Van der Sande, 1990; Kevan et al., 
1991; Cribb et al., 1993; Ilbi & Boztok, 1993; Dogterom et 
al., 1998; Hanna, 2004).

As a result, the number of studies on managing pollinators 
in greenhouses has increased steadily over the past few years. 
Pollination in tomatoes relies on the unique process of buzz 
pollination, which non-Apis bees, such as bumble bees, 
stingless bees, and blue-banded bees, are particularly adept 
at due to their specialized physiology. These bees use rapid 
vibrations generated by their flight muscles to dislodge pollen 
from the anthers, making this method highly effective for 
crops like tomatoes that require mechanical pollen release. 
While many pollinators engage in simple contact pollination, 
the ability of non-Apis bees to produce controlled, high-
frequency vibrations gives them an advantage in enhancing 
fruit quality and yield. The introduction of bees, including 
honey bee, Apis mellifera Linnaeus (Dos Santos et al., 2009), 

and non-Apis bees like  Amegilla (Notomegilla) chlorocyanea 
Cockerell (Hogendoorn et al., 2006), A. holmesi Rayment, 
Lestis aeratus Smith,  L. bombylans Fabricius (Hogendoorn 
et al., 2000; Bell et al., 2006; Hogendoorn et al., 2006), 
Bombus spp. Latreille (Morandin et al., 2001a), Melipona 
quadrifasciata Lepeletier (Del Sarto et al., 2005; Dos 
Santos et al., 2009; Hikawa & Miyanaga, 2009; Santos et 
al., 2014; Silva-Neto et al., 2018), Tetragonula pagdeni 
Schwarz (Wongsa et al., 2023), Nannotrigona testaceicornis 
Lepeletier, Partamona helleri Friese (de Moura-Moraes et al., 
2021) and Nannotrigona perilampoides Cresson (Cauich et 
al., 2004; Palma et al., 2008) and Xylocopa (Lestis) Lepeletier 
& Serville (Hogendoorn et al., 2000; Velthuis & Doorn, 
2006). These non-Apis species are often more effective than 
honey bees because tomato flowers do not attract honey bee 
visitors due to the lack of nectar, and honey bees cannot 
produce the vibrations necessary to remove pollen (Dos 
Santos et al., 2009). This review asserts that non-Apis bees 
are vital in pollinating greenhouse tomatoes, significantly 
impacting crop yields and overall fruit quality. Their essential 
contribution cannot be overlooked.

The Unsung Pollinators: A Bibliometric Exploration of 
Non-Apis Bees in Tomato Greenhouse Systems

On June 18th, 2025, an extensive analysis and 
systematic review were conducted using the Elsevier  
Scopus (https://www.scopus.com/) and Google Scholar 
(https://scholar.google.com/) databases to extract bibliographic 
data and establish a network of globally published articles 
related to non-Apis bees in greenhouse tomato pollination. 
The search was performed using the following keywords: 
Solanum  lycopersicum, pollination, pollinators, fruit 
characteristics, managed pollinators, non-Apis bees, Amegilla, 
stingless bees, bumble bees, fruit set, and yield. A total of 
59 articles were initially identified. These were screened to 
exclude duplicates, articles lacking full-text access, and those 
not focused on non-Apis bees. Review papers that contained 
unique data not available elsewhere were also included. 
Following this screening process, the final list consisted of 
49 articles. The bibliometric analysis was performed using 
various indices, including popular keywords, countries of 
origin, and leading journals. This analysis was executed 
and visualized using R Studio software version 4.5.0. The 
bibliometric analysis spans from 1990 to 2025, encompassing 
documents sourced from 30 different journals, books, and 
publications. The analysis identifies 128 distinct Keywords 
Plus (ID) and 80 author-defined keywords (DE), reflecting a 
diverse thematic scope (Table 1).

The bibliometric analysis reveals trends in annual 
scientific production (Fig 1) on pollination research from 
1991 to 2023, characterized by fluctuating patterns with 
noticeable peaks in the early 2000s and 2013, alongside 
periods of reduced activity in the mid-1990s and 2015, 

https://www.scopus.com/
https://scholar.google.com/
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resulting in an overall negative annual growth rate of -2.14 
percent. However, a recovery has been evident in recent 
years, with a marked increase in publications since 2019. 
Key journals contributing to this research (Fig 2) include the 
Journal of Economic Entomology (12 articles), followed by 
the Journal of Pollination Ecology (3) while journals such 
as the Sociobiology, Acta Horticulturae, Applied Entomology 

and Zoology, Journal of Apicultural Research, Journal of 
Horticultural Science and Biotechnology  (2 articles each),  
Apidologie, Canadian Entomologist and others each contribute 
1 article reflect a mix of specialized and general scientific 
platforms. Geographically, the field has seen significant 
contributions from countries such as Canada (28), Brazil (23), 
Australia (17), Mexico (14), and Pakistan (12), reflecting 
strong engagement from regions in the Americas and Asia. 
A moderate representation from Latvia (10), China (9), along 
with smaller contributions from Egypt and Ghana, indicating 
the global interest in this area (Fig 3). Keyword analysis 
highlights Lycopersicon esculentum (21 occurrences) and 
tomato (20 occurences) as the central focus, underscoring the 
prominence of tomato crops in pollination studies. These are 
closely followed by pollination (19 occurrences) and bee (13), 
indicating a strong emphasis on pollinator roles. Also, terms 
such as Apoidea, greenhouse, and Hymenoptera (12 each), 
reflecting a broader interest in bee-mediated pollination (Fig 
4). Thematic visualization positions Lycopersicon esculentum 
and tomato as the core node, connected to clusters reveal 
thematic focuses such as greenhouse ecosystems and plant-
pollinator dynamics (green cluster); the pollination biology 
involving bees like Bombus terrestris and stingless bees (red 
cluster); floral physiology and reproductive biology (purple 
cluster); broader horticultural and agricultural practices (blue 
cluster); controlled environments and bumble bee pollination 
(orange cluster); and the isolated brown cluster hints at niche 
or emerging topics such as self-pollination and colony traffic 
(Fig 5). Co-occurrence analysis strengthens this perspective, 
showing central terms like Lycopersicon esculentum and 
tomato anchoring discussions on crop ecology (green 
cluster), pollination and bees (red cluster), and pollinator 
taxonomy and ecology in cultivation systems (blue) (Fig 6). 

Main information about data
1991:2023
30
49
-2.14
16.40
31
0

128
80

180
1

1
4.27

Timespan
Sources (Journals, Books, etc) 
Documents
Annual Growth Rate %
Document Average Age
Average citations per doc
References

Document contents 
Keywords Plus (ID)
Author’s Keywords (DE)

Authors 
Authors
Authors of single-authored docs

Authors collaboration 
Single-authored docs
Co-Authors per doc
International co-authorships % 12.24

Document types
Article 31
Review 2

Table 1. Main information of data by bibliometric analysis.

Fig 1. Annual Scientific Production. 
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Collaboration analysis identifies prominent contributors such 
as Kevan PG as the central author with strong collaborations, 
especially with Shipp L and Plowright RC and followed 
by Quezada-Euán JJG and Alamri S, who lead smaller, 
dispersed networks offering insights into key contributors and 
foundational studies shaping this field (Fig 7). The analysis 
underscores the dynamic and evolving nature of pollination 
research, with a central focus on Lycopersicon esculentum 
and bee interactions, supported by diverse contributions across 
journals, regions, and authors. While historical trends reveal 
periods of decline, recent years show a strong recovery, 
highlighting growing global significance of pollination in 
agriculture.

Pollination Efficiency by Non-Apis Bees

Pollination efficacy is the contribution of each 
pollinator to a plant’s reproductive success after pollination. 
In contrast, pollination effectiveness is the total contribution 
of a specific pollinator to both male and female reproductive 
success (Freitas, 2013). Pollinator efficiency is the relationship 
between efficacy and the consumption of floral resources and 
pollen wastage. Several studies investigated the efficiency, 
effectiveness, and efficacy of native and exotic pollinators in 
greenhouse conditions. The studies collectively emphasize 
the substantial role that pollinators, primarily bumble bees, 
stingless bees, and blue-banded bees, play in improving the 
yield and quality of greenhouse tomato crops. 

Fig 3. Country Scientific Production. 

Fig 2. Most Relevant Sources. 
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Bumble bee pollination

Bumble bee-pollinated tomatoes consistently 
outperformed methods such as manual pollination and 
mechanical vibration in greenhouse environments, resulting 
in increased fruit weight, higher yields, better fruit quality, 
and cost efficiency. Bumble bee pollination increased fruit 
weight by 41.5 percent, external diameter by 15 percent, and 
seed production by 30 percent compared to controls. Bumble 
bees facilitated faster fruit sets due to their rapid pollination, 
decreasing labor costs, and higher productivity by visiting all 
flowers efficiently, making the method economically viable 
(Hatami et al., 2013).

Comparative studies on pollination methods

An experiment compared four pollination techniques: 
bumble bee(Bombus terrestris Linnaeus) pollination, plant 
growth bioregulator (PGB) (parachlorophenoxyacetic acid), 
hand vibration, and natural pollination. Bumble bee-pollinated 
plants achieved the highest fruit set (99.1 percent) and yield 
per plant, outperforming PGB (96.7 percent), vibration 
(76.7 percent), and natural pollination (65.7 percent). Fruits 
pollinated by bumble bees had superior quality, with harder 
textures, higher specific gravity, and a greater number of 
seeds (177 seeds per fruit compared to 86.5, 61.8, and 89.8 
for vibration, PGB, and control, respectively). In contrast, 

Fig 4. Keyword Analysis.

Fig 5. Thematic Map.
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PGB-treated fruits were larger but puffier, whereas vibration 
produced the largest fruit size, albeit with lower quality than 
bumble beepollination (Nazer et al., 2003).

In Grandella tomatoes, bumble bee pollination yielded 
fruits with an average weight of 104 g/fruit, followed by 
manual pollination (74.4 g/fruit) and self-pollination (20.6 g/
fruit). Bumble bee-pollinated fruits also had the highest seed 
count (126 seeds per fruit), compared to 102 for manually 
pollinated fruits and only 9.63 for self-pollinated ones. For 
Cherry tomatoes, bumble beepollination yielded an average 
fruit weight of 8.5 g/fruit, outperforming manual (6.2 g/fruit) 
and self-pollination (1.9 g/fruit). Bumble bee-pollinated fruits 
also exhibited superior dimensions and roundness (Ahmad  
et al., 2015).

A comparative study in Taiwan found that Bombus 
eximius Smith outperformed A. mellifera by pollinating 

large-sized tomatoes, resulting in lower malformation rates 
and seed counts (Sung & Chiang, 2014). Recent comparative 
studies emphasize the strengths and limitations of various 
non-Apis species in tomato pollination. For example, while 
bumble bees are often favored for their robustness and 
consistent pollination under varied conditions, stingless 
bees like M. quadrifasciata have shown particular promise 
in tropical greenhouses due to their non-aggressive nature 
and high pollen-carrying capacity (Dogterom et al., 1998). 
Innovative research techniques, such as high-resolution video 
analysis and the use of wearable sensors on bees, enable 
scientists to track and quantify the frequency and quality of 
pollen transfers, providing new insights into the nuanced 
roles different bee species play (Ahmad et al., 2015). These 
advancements suggest that combining species might be the 
most effective strategy for different greenhouse environments.

Fig 7. Collaboration Network.

Fig 6. Cooccurrence Network.
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Native and commercial bumble bee efficiency

Globally, bumble bees (Bombus spp.) are crucial 
pollinators for greenhouse tomatoes, boosting fruit weight 
and reducing harvest time compared to non-pollinated plants. 
Over a million colonies are sold annually to meet the demand 
for pollination. Studies now focus on native western North 
American species, such as Bombus huntii Greene and Bombus 
vosnesenskii Radoszkowski, to mitigate the risks associated 
with transporting non-native bees. Bee-pollinated tomatoes 
showed an average increase in fruit weight of 25.2g and a 
nearly three-day reduction in harvest time. Fruit weight was 
strongly correlated with fruit diameter and seed production, 
making it a reliable metric for assessing pollination in future 
studies. These findings suggest that commercializing western 
bumble bees is a viable alternative to non-native bees for 
tomato pollination in western North America (Strange, 2015).

The native Bombus atratus in greenhouse conditions 
increased fruit set by 13-47 percent in Lapatia and Elpida 
tomato varieties compared to unvisited flowers. Additionally, 
fruit weight, size, and seed number were significantly higher 
in bumble bees bee-pollinated flowers (Salvarrey et al., 2020).

In Mexico, experiments using two colonies of 
native Bombus ephippiatus Say, reared in the laboratory, 
demonstrated their effectiveness in pollinating Mallory 
(Hazera ®) tomato varieties, the commercial and practical 
alternative to using imported bumble bees for pollination. 
Bumble bee-pollinated flowers produced fruits with greater 
weight, higher sugar content, and more seeds than manual or 
no pollination (Vergara & Fonseca-Buendía, 2012). Similarly, 
B. vosnesenskii was found to increase fruit size and seed
content in greenhouse-grown tomatoes, further confirming its
efficiency as a pollinator (Dogterom et al., 1998).

Furthermore, studies on bumble bee pollination of 
greenhouse-grown tomatoes have compared the foraging 
efficiency of two species: Bombus impatiens Cresson, native 
to northeastern North America, and B. ephippiatus, native to 
Mexico and Central America. Both species were found to be 
similarly effective in enhancing fruit quality, as evidenced 
by improvements in fruit weight, seed count, and maximum 
fruit diameter. Their foraging behaviors and responses to 
temperature changes were also alike, with pollination rates 
nearing 100 percent throughout the study period. Notably, B. 
impatiens showed higher foraging activity during the first half 
of the 27-day study, while B. ephippiatus increased its activity 
in the latter half. These findings suggest that B. ephippiatus 
is a viable alternative as a managed pollinator. However, 
developing reliable mass-rearing techniques is crucial to 
ensure sustainable use and minimize the ecological impacts 
of unregulated queen collection (Torres-Ruiz & Jones, 2012).

Behavioural and climatic considerations

Environmental factors such as temperature, humidity, 
and light play a pivotal role in the activity of non-Apis bees 

within controlled greenhouse systems. Bumble bees, for 
instance, exhibit peak efficiency at moderate temperatures, 
typically between 20 and 25 °C (Morandin et al., 2001b). 
However, as temperatures rise above this range, their foraging 
activity may decrease due to heat stress, which can impact 
pollen transfer and fruit set (Pressman et al., 1999). 

Research in Ontario, Canada, has demonstrated that 
buzz pollination by bumble bees enhances pollen transfer 
to tomato flowers. The fruit set was highest (100 percent) 
when flowers were pollinated at higher levels of anther cone 
bruising. However, beyond one to two bee visits, further 
increases in quality metrics such as fruit weight, diameter, or 
seed count were negligible (Morandin et al., 2001b). Under 
extreme winter conditions, bumble bees were more efficient 
than electric vibrators, which required daily operation to 
achieve comparable pollination outcomes. Bumble bee colonies 
ensured a consistent fruit set, even under low pollen availability 
(Pressman et al., 1999). Similarly, in the Mediterranean Basin, 
bumble bee pollination increased the yield by 90% and 61% 
compared to vibration and growth regulator applications, 
respectively. Bumble bee-pollinated fruits were 41% heavier 
than those vibrated and nine percent heavier than those 
treated with growth regulators, underscoring their efficiency, 
especially during winter (Dasgan et al., 2004).

Stingless bee pollination

In recent years, the management of stingless bees 
for crop pollination has significantly increased. This growth 
can be attributed to the high diversity of species, their non-
aggressive behavior, and ease of handling and colony 
multiplication (Nogueira-Neto, 1997).

In greenhouse experiments, Neotropical Stingless Bee 
(M. quadrifasciata) demonstrated promising results for tomatoes 
with different growth habits. The pollen loads for creeping 
tomatoes were 433 percent larger in closed environments with 
bees than in greenhouses without bees. Additionally, fruits 
that were pollinated by bees weighed 15 percent more and 
contained 41.1 percent more seeds than those grown in open 
fields. For indeterminate tomatoes, seed production increased 
by 33 percent, while fruit mass increased by 16 percent (Silva-
Neto et al., 2018). Similarly, tomatoes pollinated by M. 
quadrifasciata workers produced 47% more seeds and had 
14% higher sugar content than those pollinated mechanically. 
This highlights its potential for improving both productivity 
and fruit quality (Bartelli & Nogueira-Ferreira, 2014).

 	 However, the foraging period of M. quadrifasciata 
(08:00–11:00 h) did not align with the tomato stigma 
receptivity (10:30–15:30 h), limiting its efficiency. Despite 
this, fruits pollinated by M. quadrifasciata exhibited improved 
quality and reduced mechanical injury compared to those 
pollinated manually (Del Sarto et al., 2005). Additionally, M. 
quadrifasciata and bumble bees exhibited similar pollination 
efficiency when pollen was abundant. However, during 
high-temperature periods (>28 °C), tomato pollen production 
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decreased, resulting in reduced fruit set, seed numbers, and 
yield for M. quadrifasciata compared to bumble bees. This 
finding suggests that M. quadrifasciata is suitable only under 
optimal pollen availability (Hikawa & Miyanaga, 2009).

Another stingless bee species, Tetragonula pagdeni 
Schwarz, is widely used in Southeast Asia for greenhouse 
pollination. In experiments, greenhouses with T. pagdeni 
achieved higher fruit sets (85 ± 4.24 fruits/100 flowers) than 
those using mechanical vibration (79.5 ± 2.12 fruits/100 
flowers) or without pollinators (15 ± 0.00 fruits/100 flowers). 
Fruit weight and seed numbers were also significantly higher, 
with T. pagdeni indicating its potential in tropical regions 
unsuitable for honeybees or bumble bees (Wongsa et al., 2023).

 	 Similarly, three stingless bee species were tested on 
cherry tomatoes: Melipona bicolor Lepeletier, Nannotrigona 
testaceicornis, and Partamona helleri. M. bicolor and N. 
testaceicornis improve fruit weight, seed count, and pericarp 
thickness. However, P. helleri did not collect pollen under 
experimental conditions. While N. testaceicornis did not buzz-
pollinate, its pollination effects were comparable to M. bicolor 
(de Moura-Moraes et al., 2021). Also, N. perilampoides was 
evaluated in greenhouses with treatments of bee pollination, 
mechanical vibration, and no pollination. Greenhouses with 
bees showed higher fruit set percentages, individual fruit 
weights, and seed counts. This study supports N. testaceicornis 
as a viable alternative to Africanized honeybees or non-native 
bumble bees in tropical climates (Cauich et al., 2004).

Blue-banded bee pollination

Amegilla chlorocyanea showed that a single buzz by 
a female increased tomato weight by 11 percent compared 
to pollination using an industrial pollination wand. Multiple 
buzzes further increased tomato weight, while unlimited 
flower visits resulted in a 21 percent increase in fruit weight 
compared to wand pollination. These results, comparable 
to bumble bee pollination, validate A. chlorocyanea as an 
effective alternative for greenhouse tomato pollination in 
Australia (Hogendoorn et al., 2006). Similarly, Anthophora 
holmesi pollinated greenhouse tomatoes significantly improved 
fruit set, size, roundness, and seed numbers compared to no 
supplementary pollination (Bell et al., 2006).

Challenges and Considerations

Despite their advantages, using non-Apis bees poses 
challenges that require innovative solutions. One major obstacle 
is the scalability of mass-rearing techniques, which can be 
complex and resource-intensive (Velthuis & Doorn, 2006). The 
development of semi-automated breeding facilities that mimic 
the bees’ natural habitat is one way to address these challenges. 
Additionally, non-Apis bees can face reduced efficacy 
during off-peak seasons or extreme environmental changes 
(Dogterom et al., 1998). Research into bee species’ genetic 
resilience could aid in breeding bees that are more adaptable 
to changing conditions (Nino & Cameron Jasper, 2015). 

Ensuring genetic diversity in managed colonies can prevent 
inbreeding and support robust bee populations capable of 
maintaining pollination efficiency.

Conclusion and Future Perspective

Non-Apis bees, including bumble bees, stingless bees, 
and blue-banded bees, are recognized for their significant 
contributions to the pollination of greenhouse tomatoes, often 
outperforming traditional methods in terms of fruit yield, 
weight, and seed production (Dogterom et al., 1998; Hatami 
et al., 2013). Their ability to perform buzz pollination by 
vibrating flowers to release pollen is particularly beneficial 
for crops like tomatoes, which require specialized pollination 
for optimal productivity (Buchmann, 1983). While honey 
bees have traditionally been the standard for pollination 
in controlled environments, concerns over their adverse 
effects on wild bee populations highlight the importance of 
prioritizing native non-Apis species to ensure sustainable 
pollination practices (Kevan & Phillips, 2001).

A stronger focus is needed on expanding our knowledge 
and application of non-Apis bees to advance the future of 
greenhouse tomato pollination. This agenda includes efforts 
to optimize mass rearing and commercial use of these 
species, particularly native ones, to bolster effective and 
ecologically sound pollination services (Velthuis & Doorn, 
2006). Conservation of habitats and promoting floral diversity 
within greenhouses and their surrounding areas are vital for 
supporting stable wild bee populations (Nogueira-Neto, 1997).

Research should also delve into the behavioral ecology, 
foraging habits, and colony management of non-Apis bees to 
enhance their efficiency in controlled environments. Given 
the challenges of climate change and intensified agricultural 
practices, integrating non-Apis bees into integrated pollination 
and pest management strategies will be critical for ensuring 
food security. The selection of appropriate pollinators based 
on crop needs, environmental conditions, and regional 
availability is essential. While bumble bees remain the 
primary choice for greenhouse tomato pollination, stingless 
and blue-banded bees can provide effective alternatives under 
specific conditions (Bell et al., 2006; Hogendoorn et al., 
2006). Future studies should focus on refining mass-rearing 
techniques, examining pollinator behavior under diverse 
climate scenarios, and evaluating the long-term ecological 
impacts of these practices.

The integration of technology into pollination strategies 
is poised to redefine sustainable practices. Automated systems 
such as drones that mimic pollinator movements or sensor-
equipped drones for monitoring bee activity can complement 
natural pollination efforts. Using AI and machine learning 
algorithms to track bee behavior and optimize greenhouse 
conditions in real time offers promising potential. Advanced 
imaging technologies can be utilized to map pollinator 
movement patterns and interaction rates, identifying high-
activity areas and inefficiencies.  
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For example, a lightweight, solar-powered flight recorder 
with an application-specific integrated circuit (ASIC) and 
Angle-Sensitive Pixels (ASPs) can be safely mounted on the 
thorax of honey bees without disrupting their natural behavior. 
These devices track the bees flight direction relative to the sun 
and store data for wireless retrieval at the hive (Abdel-Raziq 
et al., 2021). Also, a markerless Computer Vision (CV) based 
system enables real-time, multi-species insect tracking and 
pollination prediction over large farms. It supports scalable, 
data-driven decisions in crop yield optimization, hive 
management, pesticide planning, and precision agriculture 
(Ratnayake et al., 2023). An AI-driven, drone-based pollination 
system will be a sustainable alternative to bees and other 
pollination methods, which integrates autonomous flight, AI-
powered flower recognition, and precision vibration tools to 
identify and pollinate flowers efficiently (Hiraguri et al., 2023).

Additionally, applying micro-sensors to bees allows 
researchers to gather data on individual performance, 
enhancing the understanding of foraging preferences and 
behavioral responses to varying environmental conditions 
(Bell et al., 2006). This data can inform targeted management 
strategies and contribute to developing predictive models for 
greenhouse optimization.

Sustainable pollination extends beyond the selection 
of pollinators to include comprehensive approaches that 
prioritize habitat health and biodiversity. The role of non-
Apis bees is particularly significant, as their presence 
contributes to ecosystem resilience when native species are 
utilized (Kevan & Phillips, 2001). Establishing wildflower 
strips near greenhouses and implementing agroforestry 
techniques can create habitats that sustain wild pollinators 
year-round, reducing the dependency on imported colonies 
(Nogueira-Neto, 1997). Advanced biocontrol strategies, such 
as incorporating flowering plants that attract non-Apis bees, 
further bolster pollinator populations and promote pollinator 
health and productivity (Kevan & Phillips, 2001). These 
sustainable approaches align with agricultural practices that 
balance productivity with ecological stewardship.

Using climate-controlled systems integrated with 
real-time data analytics represents a cutting-edge approach 
to ensuring optimal conditions for pollinator activity. Such 
systems can monitor environmental shifts and trigger 
automated interventions, such as precise temperature regulation 
and humidity control, to create supporting conditions. This 
adaptive management strategy promotes higher pollination 
success and allows for adjustments in response to changing 
climate conditions, ensuring the sustainability of pollination 
services in greenhouse environments. 

In conclusion, integrating non-Apis bees and 
technological advancements offers promising pathways for 
advancing greenhouse tomato pollination. Future research 
should prioritize developing mass-rearing techniques, 
understanding pollinator behavior in diverse conditions, 
and assessing the ecological impact of these practices. 

The convergence of biological research and technological 
innovation is essential for redefining sustainable pollination 
strategies and ensuring long-term food security.
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