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Abstract

Pollination is the process by which pollen is transferred from the male reproductive organs to the female reproductive organs
of a flower, ensuring fertilization and seed production in flowering plants. Insect pollinators, including bees, butterflies,
beetles, and flies, play a significant role in pollination services and thereby maintaining ecosystem health. In exchange for their
invaluable pollination services, plants provide pollinators with a variety of rewards, including nectar, pollen, oils, and other
nutrient-rich compounds. These rewards are essential for the maintenance and nourishment of these essential contributors to
ecosystems. Pollinators are severely impacted by threats such as habitat destruction, the prevalence of monoculture farming,
pesticide application, environmental contamination, the spread of diseases, and the adverse effects of climate change. Effective
conservation therefore depends on assessing their species diversity, foraging patterns, habitat preferences, and interactions

with floral communities.
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Introduction

Pollination is one of the vital processes in flowering plants,
wherein pollen from the male anther is deposited in the
female stigma, facilitating fertilization (Sukumaran et al.,
2020) M. The external vectors to carry their male gametes
(contained within pollen) are contributed by wind, water and
animals (both vertebrates and invertebrates). Insects are the
original pollinators of angiosperms; approximately 90 per
cent of the 300,000 flowering plant species worldwide rely
on pollinators to mediate their sexual reproduction (Tong et
al., 2023; Stephens et al., 2023) [ 31 Plant-pollinator
interaction plays a major role in the economy as well as in
maintaining a sustainable ecosystem. The major insect
pollinating orders are Hymenoptera (bees, wasp, and ants),
Lepidoptera (butterflies, moths, and skippers), Coleoptera
(beetles and weevils), Diptera (hover flies, blow flies and
bee flies), and Thysanoptera (thrips) (Fig. 1) (Katumo ef al.,
2022; Ollerton, 2017) ™ 3 Among them, the order,
Hymenoptera was the most dominant group of pollinators,
visiting 93 per cent of crops, followed by Diptera (72%),
and Lepidoptera (54%) (Rader et al, 2020) . Among
Hymenoptera, bees represent one of the most diverse, with
20,000 taxa world wide and 796 taxa in India, which were
classified into six distinct families namely Apidae (225),
Colletidae (31), Melittidae (4), Andrenidae (50), Halictidae
(216) and Megachilidae (243) (Pannure and Belavadi, 2019)
. The European honey bee, Apis mellifera Linnaeus,
ranked first in providing highly valued pollination services
at a global level for a variety of economically important
crops (50% crops). It contributes about 13 per cent of all
recorded floral interactions across various ecological
networks. (Hung et al., 2018; Kleijn et al., 2015) 3°1. Crops
like sunflower, cotton, apple, almond, coffee, cucurbits,
Alfalfa etc., are highly depend on insect pollination. Further,
flowers of these plants are gorgeous and luscious to invite a
diverse number of insect pollinators for pollination (Khalifa
et al., 2021) % Non-Apis bee population were increased
attention for their vital role in delivering pollination
services. Recently, a total of nine Nomiinae bee species,
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belonging to four genera, were documented in Kerala. These
bees were reported to forage on 57 plant species, belonging
to 27 families (Athul et al., 2025) ', Dipteran pollinators,
belonging to 71 families, were known to visit over 555
flowering plant species (Orford ef al., 2015) ['2. Adult hover
flies ranked second most important pollinator in the world
next to bees (Rader et al., 2020) 1. A total of 131 species of
hover flies from the southern Indian subcontinent, grouped
into 49 genera across 10 tribes and 3 subfamilies (Ghorpade,
2019) ['31. Butterflies function as essential ecological agents
aiding pollination, nearly 141,604 taxa were recorded as
flower visitors (Wardhaugh, 2015) 4], The role of beetles in
pollination remains relatively understudied. In India there
were around 110 beetles belonging to 15 families that are
known to pollinate 80 plants. Among them, the coccinellids
play a dominant role in pollination (Paul et al., 2021) [,
China accounted approximately 30 to 50 per cent of the
global economic value derived from pollination, positioning
it as the foremost beneficiary among major pollination-
dependent nations, including India, the United States,
Brazil, Japan, and Turkey (Lautenbach et al., 2012) [,
Over the past five decades, the production of pollinator-
dependent crops has surged by 300 per cent, intensifying
reliance on pollination for sustaining livelihoods (IPBES,
2016) ['7], In India, a total of 633 insect species, spanning 60
genera across six families, have been identified as key
pollinators (Monappa and Sekarappa, 2024) U3l Totally 51
agricultural and 126 horticultural crops depend on animal
pollination. Based on their overall economic value of Rs.
1,29,030.05 crores, oilseeds (Rapeseed and mustard) had a
high dependence on insect pollination (34.1%), with an
estimated economic value of pollination of Rs. 43,993.08
crores (Chaudhary and Chand, 2017) '],

Major insect pollinators

The most diverse and abundant pollinators are insects,
which belong to five insect orders Lepidoptera is estimated
to consist of more than 140,000 species, Coleoptera about
77,300 and Hymenoptera around 70,000 species



(Wardhaugh, 2015) U4, Diptera and Thysanoptera are the
least varied groups of pollinators (Eliyahu et al., 2015) 2,

2.FLIES

4.BEETLES

Fig 1: Major flower pollinators

1. Insect pollinators in Hymenoptera

Gaston e al. (1991) ! reported that the order Hymenoptera
is the third largest order of insects and includes bees, ants,
wasps, and sawflies. Approximately 3,00,000 species are
estimated to exist globally, of which more than 1,00,000
have formal descriptions. More than twenty-five thousand
species of bees pollinate crop plants worldwide (Sharma et
al., 2015) 22,

1.1. Family: Apidae

There are over 5700 species in the Apidae, which includes
all of the social bees as well as some solitary and primitively
social forms. There are five major groups viz,
Anthophorinae, Nomadinae, Apinae, FEucerinae, and
Xylocopinae (Udayakumar et al., 2022) 31 Goulet and
Huber (1993) 4 mentioned that Apidae bees consist of
long-tongued without pygidial or basitibial plates. Queens
of highly sociable species lack scopa restricted to metatibia
and consisting of fringe of long hairs surrounding large
smooth area, thus forming a corbicula. Seven different
species of honey bees were reported from Asia viz.,
European honey bee A. mellifera, Indian honey bee Apis
cerana indica (Fabricius), little honey bee Apis florea
(Fabricius), rock bee Apis dorsata (Fabricius) and giant
mountain honey bee Apis laboriosa (Smith) (Yadav et al.,
2017) 1, These honey bees extend their service for
pollination. Giant honey bees consist of two species: The
enormous honey bee, 4. dorsata, lives across lowland
southern Asia, from Pakistan to the Philippines, Sri Lanka,
and the Himalayas. The Himalayan gigantic honey bee, A.
laboriosa, has adapted to greater altitudes and colder
circumstances (Kastberger et al., 2024) 61, Indian honey
bee A. cerana indica, native to much of Asia, has been
utilized for centuries in honey production and as a key
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contributor to pollination (Koetz, 2013) 7. A. florea, which
is otherwise called as red dwarf honey bee, was recognized
by its reddish-brown abdomen and small size, and plays a
crucial role in pollinating both wild and cultivated plants
within its natural habitat (Oldroyd, 2021) 2%, Blue banded
bees were effective pollinators that are fossorial and solitary
soil nesting creatures. Male bees and female worker bees are
floral visitors and collect floral rewards (Jena and Sahoo,
2022) %1 The western honey bee, 4. mellifera offers highly
valued pollination services for a broad variety of
agricultural crops and ranks as the most common single
species of pollinator for crops globally (Garibaldi et al.,
2013) B9 Approximately, about 20 subspecies of A.
mellifera have been identified worldwide (Udayakumar et
al., 2022) 231,

Stingless bees, part of the Meliponini tribe, are the largest
group of eusocial bees with over 500 species. It outnumbers
their rival cousins, the honey bees (4pis sp.), by 50 times.
They have existed for 65 million years, they emerged earlier
than Apis sp. and their honey boasts higher antimicrobial
properties and lower sugar content (Rosli et al., 2020) B,
The genus Xylocopa Latreille, 1802, was represented by
more than 750 species worldwide, including a total of 45
species from India (Sharma et al., 2022) 32,

1.2. Family: Halictidae

Halictidae, commonly known as sweat bees, ranks as the
second largest group of bees, with approximately 4,400
species identified across the globe (Ascher and Pickering,
2017) B3 Goulet and Huber (1993) * mentioned that sweat
bees lacinia consist of a small lobe separated by membrane
from the rest of maxilla. Glossa short to long, pointed.
Basitibial plate present in nonparasitic females and many
males. Pygidial plate present in females but commonly
hidden under tergum 5. Michener (2007) [3*! reported that
sweat bees comprise four subfamilies; Halictinae,
Nomiinae, Nomoidinae and Rophitinae. Nomiinae
represented the second largest subfamily within Halictidae
comprising 600 described species. The subfamily includes
an incredibly diverse group of metallic and non-metallic
species, which are largely solitary, except for a few
communal nesting species (Batra, 1966) 3. Pannure and
Belavadi (2017) B9 reported a total of 48 species from 13
genera of Nomiinae bees, with 16 species newly recorded in
Karnataka, 3 in Andhra Pradesh, 2 in Tamil Nadu, and one
each in Kerala and Telangana.

1.3. Family: Formicidae

Ants typically forage on flowers to obtain nectar and other
resources, inadvertently pollinating the flowers they visit in
the process. A total of 70 ant species, distributed across four
subfamilies viz.,, Formicinae, Myrmicinae, Dolichoderinae,
and Pseudomyrmecinae, have been documented as
pollinators of 41 plant species belonging to 23 botanical
families. Formicinae represents the most dominant group,
accounting about 48 per cent (Das and Das, 2023) B7,
Natsume et al. (2022) ¥ reported the potential role of ant
pollination common buckwheat, Fagopyrum esculentum
(Moench) and found that under the ant-exclusion treatment,
the buckwheat plants showed 30 per cent reduction in seed
set. Syzygium species (Myrtaceae) was grown in the tropical
forests of India's Western Ghats. The ant species,
Technomyrmex albipes (Smith), was reported to be the
dominant floral visitor in S. occidentale (Bourd) (Kuriakose



et al., 2018) 1, Bharti ez al. (2016) Y provided an updated
checklist of Indian ants. India is home to 828 species and
subspecies distributed across 100 genera within 10
subfamilies. Myrmicinae ranked highest in species richness
with 354 species (42.7%), followed by Formicinae with 241
species (29.1%), Ponerinae with 111 species (13.4%),
Dorylinae with 55 species (6.6%), and Dolichoderinae with
30 species (3.6%). The remaining subfamilies collectively
contributed 4.2 per cent of the total diversity.

1.4. Family: Vespidae

Vespidae is the cosmopolitan family of predatory wasps.
They are pollinators and predators are excellent biocontrol
agents (Das and Gupta, 1989) 1. Indian Vespidae fauna is
represented by 288 species belonging to 60 genera and 5
subfamilies (Gawas et al., 2020) [*?1. Borchardt et al. (2024)
431 expressed that wasps transported and delivered a
significant amount of pollen to certain plants. Research
involving controlled single-visit deposition demonstrated
that the paper wasp, Polistes fuscatus (Fabricius) deposited
a comparable number of pollen grains.

1.5. Family: Scoliidae

The Scoliidac are solitary aculeate wasps from the
Vespoidea superfamily, distributed worldwide. There are
over 560 species across 43 genera, grouped into two
subfamilies: Pro Scoliinae and Scoliinae (Pham and
Achterberg, 2023) 4, Scoliid wasps are larval parasitoids of
scarabaeoid beetles and pollinators of many plants, making
them significant in biological control and pollination (Liu e?
al.,, 2021)®,

1.6. Family: Megachilidae

The Megachilidae, recognized for its remarkable diversity,
includes leafcutter bees, resin bees, and mason bees.
Michener (2007) B34 reported that Megachilidae comprised
around 4,000 species found across the globe. It was the
largest bee family in India, with 229 species Spread over 24
genera (Mukhtar and Shankar, 2024) (41, The role of leaf-
cutter bees as major pollinators of blueberries, pigeon pea
and alfalfa well established (Prashanth and Belavadi, 2015)
471, Abrol et al. (2024) ¥ surveyed in Jammu and Kashmir
about non-Apis insect pollinators and reported 16 species of
megachilid bees. Two species of Megachile hera (Bingham)
and Megachile bicolour (Fabricius) contributed major
pollination services in Fabaceae, Malvaceae and
Cucurbitaceae crops

1.7. Family: Crabronidae

Crabronidae wasps play vital ecological roles, serving not
only as pollinators but also engaging in predation and
parasitism (Marchiori, 2023) ™. The Crabronidae is
composed of eight subfamilies, with Crabroninae being the
most diverse. It encompasses about 100 genera and over
1,500 species globally. Pulawski (2023) D% documented
over 100 species of crabronid wasps from India.

1.8. Family: Agaonidae

In India, 115 species of fig wasps from four families have
been documented. Among these, 34 species belong to the
family Agaonidae. There are 28 species in four genera that
pollinate Ficus trees (Premanik and Dey, 2016) B!, Female
fig wasps have wings, compound eyes, and antennae, while
most males are wingless with underdeveloped sensory
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organs. Males live entirely within figs, whereas females
leave to pollinate other fig trees
(Sun et al., 2015) 521,

2. Insect pollinators in Lepidoptera

Compared to bees and flies, butterflies and hawkmoths
served as relatively minor pollinators across nearly all
terrestrial ecosystems (Ollerton, 2017) 1. The moth group
comprised over 127,000 species worldwide. Butterflies,
divided into Hesperioidea and Papilionoidea, include 18,000
global species. Butterflies collected relatively little pollen
on their bodies, with most of it accumulating near their
heads and mouthparts (Barrios et al., 2016) 33, Butterflies
that feed on nectar come into contact with pollen grains
when visiting flowers, but most are unable to consume it.
However, butterflies from the neotropical genera Laparus
and Heliconius have developed a specialized method to
extract amino acids directly from pollen, rather than
acquiring them by chance during nectar feeding (Castro et
al., 2025) B4, Vairagade (2024) 3 mentioned that India
hosts 1,501 species, with notable groups being Hesperiidae
(321), Papilionidae (107), Pieridac (109), Nymphalidae
(521), and Lycaenidae (443). Tercel et al. (2018) D¢
recorded that large butterflies were great for wing
pollination due to their slow flapping and corrugated wings
with prominent veins and scales, allowing for efficient
pollen deposition. Nymphalidae, Papilionidae, and
Hesperiidae families are effective pollinators owing to their
huge body size and movement, whereas Pieridae and
Lycaenidac are more restricted to certain environments
(Zhang et al., 2020) 1371,

3. Insect pollinators in Coleoptera

Beetles have been pollinating plants since the early
Cretaceous period, significantly contributing to the
evolution and variety of flowering plants (Muinde and
Katumo, 2024; Bao et al., 2019) 5% 1. Unlike other insect
pollinators, flower-visiting beetles are not only pollinators,
but also herbivores (Kirmse and Chaboo, 2020) [V, Beetles
were the second most varied group of pollinators, behind
Lepidoptera, with approximately 77,000 species observed
visiting flowers. Many adult beetles are florivores or feed on
pollen, contributing to their significance in pollination
(Ollerton, 2017) 1. Ladybugs played significant roles in
plant ecosystems, acting as both predators and pollinators.
There are more than 6000 species of coccinellids, recorded
world over, of which about more than 400 species have been
recorded from India (Sharma et al., 2015) (2%,

4. Insect pollinators in Diptera

Flies are widely distributed throughout all habitats and
biomes, making them one of the most diversified groups,
but have received far less attention than bees. Flies are
efficient, or better than, bees in pollinating some crops
(Ssymank et al., 2008) . Most important pollinating
families  included the  Syrphidae, = Bombyliidae,
Anthomyiidae, Tachinidae, Calliphoridae, Culicidae,
Bibionidae, Chironomidae, Empididae, and Cecidomyiidae
(Mlynarek, 2022) 1621,

4.1. Family: Syrphidae

Hover flies, also called flower flies or syrphids offer dual
ecological services, including agricultural pollination and
pest management (Dunn et al., 2020) ), Hover fly adults



feed on pollen and nectar, making them the world’s second
most important pollinators after bees (Rader et al., 2020) %4,

4.2. Family: Calliphoridae

Calliphoridae commonly known as blow flies, blue bottle
flies, green bottle flies or carrion flies reported to be an
important pollinator in many crops (Dar et al., 2025) 63,
Blow flies appeared to be potential pollinators that are
regularly visiting flowering plants (Rangel et al., 2023) 161,
They are distributed worldwide, with over 1,000 species and
about 150 genera (Brown et al., 2009) [¢7],

4.3. Family: Muscidae

The Muscidae family has more than 5000 known species
dispersed over 170 genera (Kutty et al., 2008) 8], In India,
the Muscidae family has 263 species divided into 35 genera
(Bharti, 2008) ¥%. Mitra et al. (2010) "1 worked on the
diversity of flower visiting flies (Insecta: Diptera)
documented 19 species of house flies known to visit or
pollinate flowers in India.

Insect pollinators and their economic contribution
Entomophily is estimated to be worth €153 billion annually,
accounting for 9.5 per cent of global agricultural output
(Gallai et al., 2009) "1, The annual value of global crops
directly affected by pollinators ranged from US $ 235 to US
$ 577 billion (Potts et al., 2016) "2, Around 73 per cent of
the world's crops are dependent on bee pollination, whereas
19 per cent come from flies, 6.5 per cent from bats, 5 per
cent from beetles, 5 per cent from wasps and 4 per cent from
moths, butterflies and birds (Bashir et al., 2015) 31, Honey
bees pollinate the majority of the world's angiosperms,
pollinating about 66 per cent of the world's 1500 crop
species, accounting for 15-30 per cent of food production.
(Ollerton et al., 2012) ™, Khalifa et al. (2021) ' stated that
bees contributed to global food security by pollinating a
wide range of crops such as fruits, vegetables, oilseeds,
legumes etc., Five to eight per cent of the world's food
production was lost without bee pollination services. The
direct contribution of insect pollination to Indian agriculture
was 112615.73 crores (USD 22.52 billion) every year,
representing 8.72 per cent, besides spillover advantages of
improvement in quality features, seed output, breeding
efficiency efc., (Chaudhary and Chand, 2017) 1. Insect
pollination enhanced average crop yield between 18 and 71
per cent depending on the crop (Bartomeus ef al., 2014) ],
The value of non-Apis pollinators pollination services was
$3.44 billion USD, but honey bees contributed
approximately USD 11.68 billion by 2009 in USA
(Calderone, 2012) Sl The annual value of hover fly-
mediated pollination has been estimated at $300 billion
USD (FAO, 2017) 77,

Insect pollinators in Agricultural crops

Muhammad et al. (2020) U8 revealed that 4. mellifera was
an effective pollinator in cotton agro ecosystems with 12 per
cent increase in fiber weight and seed set increased 17 per
cent in insect pollinated cotton. Khan et al. (2025) ")
expressed that insect pollinator on maize yield contribution
and the result showed that uncaged crops performed
considerably better than caged crops in each metric,
including the quantity of grains per cob, cob length, and
1000-grain weight, highlighting the advantages of open
pollination (OP). Abrol and Shankar (2015) BY mentioned
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that soybean, pigeon pea and other pulses are self-pollinated
crops but yield increased by bee pollination have been
observed. Navatha and Sreedevi (2012) B! claimed that
castor blooms had twelve different types of insect
pollinators, representing seven families and four orders.
With six species, Hymenoptera had the most diversity,
followed by Lepidoptera with four species. The majority of
pollinators (85.13%) were Hymenoptera. The important
fodder crop lucerne (Medicago sativa Linnaeus) needs,
which required pollinators for seed development through
tripping mechanism. Megachile cephalotes (Smith), M. hera
(Bingham), and 4. mellifera were found to be the most
efficient pollinators regarding seeds per pod and seed
weight (Ejaz et al., 2025) 821, Islam et al. (2022) 3 studied
insect pollinator role in rape seed (Brassica napus Linnaeus)
in Bangladesh and reported that plants with inflorescences
left exposed to flower visiting insects had a 30.8 per cent
greater seed yield compared to those where insect flower
visitors were excluded. Apis bees were found to be the most
abundant pollinator contribute 66.10 per cent. Rani et al.
(2023) B4 Jaid out field experiment at Tamil Nadu
Agricultural University (TNAU), Coimbatore to investigate
the variety and abundance of pollinator fauna on sesamum.
The findings identified 19 pollinators from three orders the
Hymenoptera, Diptera, and Coleoptera across six families.
Among these orders, Hymenoptera was predominant having
15 species with maximum relative abundance. The foraging
behaviour of Apis sp. was more (4.19 individuals/ m? 5
min) and non - Apis sp. was less (1.12 individuals/ m% 5
min). Das and Jha (2019) B carried out research in West
Bengal on pollination exclusion (PE) in sesame and reported
that, in comparison to the pollinator-excluded condition, the
seed production increased by 49.92 per cent and 35.23 per
cent in open and honey bee pollination, respectively.

Padhy et al. (2024) B9 reported eighteen different
pollinators associated with sunflower. The Indian honey
bee, A. cerana indica was the most dominant hymenopteran
pollinator, followed by the rock bee A. dorsata from family
Apidae. The diversity indices showed the mid flowering
stage attracted the most diversified group of pollinators.
Sajjanar and Thippaiah (2021) 7! conducted an experiment
at University of Agricultural Sciences, Raichur and found
that the plots of hand + open pollinated sunflower heads
produced the highest yield of sunflower hybrid seeds
(1284.25 kg / ha), followed by the plots exposed with four
colonies of A. cerana indica. The highest oil content
(36.85%) and benefit cost ratio (2.22) was recorded in plot
treated with three colonies of 4. cerana indica per acre.
Shultz et al. (2022) @ supported that honey bee (4.
mellifera), carpenter bee (Xylocopa micans Lepeletier),
earwig (Doru taeniatum Dohrn), bumble bee (Bombus sp.)
and hover fly (Toxomerus politus Say) were known to
consume sorghum pollen acting as a pollinator in sorghum.
Siede ef al. (2021) B stated that by using bees to pollinate
sorghum, the crop's seed production increased by 2.5 times
and its seed quantity increased in unfavourable weather
conditions.

Insect pollinators in Horticultural crops

Hay crops generated from bee pollinated seeds covered
around 40 million acres. Approximately 6 million acres
were planted to grow fruits, vegetables, and nuts rely on
insect pollination. These plants constituted around 15 per
cent of the human diet (McGregor, 1976) . Elisante et al.



(2020) PV investigated the effects of excluding pollinators
on common beans (Phaseolus vulgaris Linnaeus) in
Tanzania. The yield research showed that open-pollinated
beans produced 1,478 kg per hectare, whereas self-
pollinated beans produced 681 kg per hectare, showing the
essential role of pollinators in enhancing crop yields.
Yogapriya et al. (2018) 2 assessed pollinator diversity in
bittergourd flowers at Tamil Nadu and documented 51
pollinator species, including 19 Hymenopteran species, 15
Lepidopteran species, 7 Dipteran species, and 6 Coleopteran
species. The most prevalent pollinator was Tetragonula
iridipennis (Smith), which was followed by A4. florea,
Halictus sp., and A. cerana indica. Kaushik et al. (2012) 3
reported that among the insects frequently visiting banana
inflorescences; honey bees (4. cerana indica, A. mellifera,
and A. dorsata) were the most dominant visitors, comprising
77.50 per cent of the total. Wasps (Polistes hebraeus and
Vespa orientalis), followed with a visitation rate of 15.53
per cent. Charan et al. (2023) ¥ documented pollinator
diversity in yard long bean in Rajasthan and identified 20
species of insect foragers from Hymenoptera and Diptera.
The most abundant order was Hymenoptera, and the most
abundant family was Apidae. Brinjal (Solanum melongena
Linnaeus) is an important solanaceous crop with a cross-
pollination rate as high as 48 per cent. A total of nineteen
pollinators belonging to Hymenoptera (84.16%) and Diptera
(18.16%) were attracted to brinjal flowers. (Mondal et al.,
2022) ¥3, In snake gourd, Nymphalidae and Papilionidae
families of butterflies were reported as major pollinators
(Balachandran et al., 2017) . According to Ramirez et al.
(2004) P71 coconut self-pollination by geitonogamy
produced almost 19 per cent of the fruit set, but cross-
pollination (xenogamy) was the most important contribution
up to 30 per cent. Anemophilous cross-pollination only
accounted for 10 per cent of fruit set. Entomophily appeared
as the primary method of pollination. Halder et al. (2024) %8
studied the role of pollinators in pointed gourd
(Trichosanthes dioica Roxb) and found that fruits pollinated
by beetles were longer (6.88 cm), width (2.83 cm), fruit
weight (22.63 g), and lesser number of seeds (16.75) than
the hand-pollinated fruits. Singh (2020) P! reported A.
cerana indica was found to be the most efficient pollinator
of guava flowers in Nagaland, followed by A. dorsata. The
highest performance of 4. cerana indica coincided with the
peak of anthesis. Kumari et al. (2014) "% studied pollinator
diversity on mango trees at Andhra Pradesh and reported
pollinators  belonged to the orders Diptera and
Hymenoptera. The important pollinators were A. dorsata, A.
florae, A. cerana indica, Coccinella septumpunctata
(Linnaeus), Musca nebulo (Fabricius) and butterflies. Honey
bee was found to be the major pollinator contributing 30 per
cent.

Umesh (2020) 1% studied on insect pollinator diversity in
pumpkin during Kharif 2019 at Rajasthan and recorded that
among honey bees, the most prevalent one was A. dorsata
(67.40%), which was followed by A. florea (14.28%). A.
dorsata activity was an important pollinator in pumpkin to
obtain more yield under open conditions. Longkumer et al.
(2024)1192] studied pollinator role in pumpkin at Nagaland
and expressed that Indian bees were the most active
pollinator based on foraging behaviour and pollination
efficiency. Plots caged with A. cerana indica had the
greatest fruit setting rate (77.5%), greater fruit length (20.17
cm), and healthy fruit percentage (89.73%), as well as
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increased seed count (162) and seed weight (15.63 g).
Thakur and Rana (2008) %] studied the role of insect
pollinators in cucumber during Summer 2007 at Solan,
Himachal Pradesh and recorded that fruit set increased
significantly, with hand pollination having the greatest rate
(75.68%), followed by honey bee (74.96%) and open
(62.09%) pollination. The insects visiting blooms of
cucumber included, Xylocopa vulga (Gerstaecker), A.
cerana indica, A. mellifera, Bombus impatiens (Cresson),
Megachile atrata (Smith) and Eristalis arbustorum
(Linnaeus). Among these insect’s honey bees were the
major pollinators of cucumber (Hanif et al., 2022) [1%4],
Singh et al. (2017) 1'% studied pollinator diversity in okra
flowers at Chandigarh, India. and recorded 10 major insect
pollinators i.e., Eristalis sp., Pieris canidia (Sparrman),
Papilio demoleus (Linnaeus), Ropalidia flavolineata
(Cameron), Polistes hebraeus (Fabricius), A. dorsata, A.
cerana indica, A. florea, A. mellifera and Megachile sp.
Subbanna et al. (2024) 1% evaluated okra yield related
parameters of insect pollinated flowers in mid Himalayan
region, and reported that superior quality fruits with better
capsule length (17.4-20.9 cm), capsule girth (6.56-7.84
cm), seeds/capsule (51.4—60.6), test weight of 100-seeds
(7.05-8.38 g) and even the seed yield (1.86-3.04
tonnes/hectare) than closed control and hand pollination.

Insect pollinators and weed flora

Weeds provide floral rewards which increase pollinators
chances of surviving. Weed species play a significant role in
sustaining the populations of social and wild bees that
provide vital pollination services for the maintenance of
biodiversity and enhancing crop yields (Deeksha et al.,
2022) [197], Insect pollinated weeds are also frequently found
in agricultural ecosystems. The ecological significance of
weed populations for pollinator biodiversity is essential
(Benvenuti, 2024) 1%l Kleiman et al. (2021) 0%
investigated the relationship between weeds and insect
pollinators in a mango field in the United States. The fruit
production in the weedy condition was much higher than
that in the weed-free ecosystem, and the weedy mango trees
had significantly more pollinators.

Role of colour and shape of flower in insect pollinator
preference

Flowers attract pollinators through various features, based
on their colour, shape, flower size, fragrance, nectar and
pollen offerings (Shrestha et al., 2013) 119, The attributes of
pollinators, such as their body size, unique morphology,

behavioural tendencies, and foraging preferences,
profoundly shape the dynamics of plant-pollinator
relationships. For instance, bees, with their highly

specialized mouthparts and meticulous grooming habits, are
exceptionally adept at gathering and transferring pollen. On
the other hand, butterflies and moths, equipped with their
elongated and slender proboscises, are remarkably suited for
extracting nectar from deeply structured floral tubes
(Tekulsky, 2023) 111,

Pollinators rely on floral rewards, such as nectar and pollen,
as their primary food sources (Vaudo et al., 2020) U2,
Nectar is rich in carbohydrates and amino acids whereas
pollen provides essential proteins and lipids (Borghi and
Fernie, 2017) U3l Reverte et al. (2016) M4 stated that
pollinators rely heavily on colour to identify flowers. Bees
were attracted by purple flowers, whereas ants preferred



ultra violet yellow and green blooms. UV yellow blooms
attracted primarily wasps and dipterans. Coleopterans were
drawn to two colours: white and yellow flowers. Wang et al.
(2024) U151 stated that disk/bowl and flag flowers were
preferred by honey bees. Solitary bees favoured horizontal,
lip, or flag flowers. Lepidoptera favored horizontal, funnel-

shaped flowers or flower heads, while Diptera most often
visited upward-facing flower heads. Beetle-pollinated
flowers have broad, flat shapes similar to plates or bowls,
offering a convenient landing spot and often serving as a

sheltered resting area for the insects (Weber et al., 2020)
[116]

Table 1: Insect pollinators and flower characters

Pollinator Preferred Colours Preferred Flower Shapes Key Traits References
Bees Blue, Purple, Yellow, Complex, tubular, or Need a landing platform; attracted USDA Forest Service:
Ultraviolet (UV) disc-shaped by "nectar guides" (UV patterns). Pollinator Syndromes [!!7]
. Red, Pink, Orange, Flat-topped, clustered, or Use a long proboscis; require a . (18]
Butterflies Yellow, Purple tubular with wide rims sturdy landing pad for feeding. Ujjawala et al., (2025)
Flies White, Cream, Simple, open, shallow, or Short mouthparts require Garcia et al,, (2022) 1)
Yellow, Green bowl-shaped easy nectar access.
Beetles White, Cream, Large, bowl-shaped, or Clumsy fliers needing a broad landing | USDA Forest Service: Beetle
Dull Green, Pale flat/disc-shaped area; often feed on pollen. Pollination [12%]

Weather parameters and their role in pollinator activity
Temperature, relative humidity, solar radiation, and wind all
had a significant impact on honey bee activity. As
temperature rise, honey bees increased their activity while
decreasing their fighting behaviour in response to higher
relative humidity and stronger wind speeds. Honey bee
activity was lowered when solar radiation levels were lower
because there was less morning sunshine or less visibility in
cloudy conditions (Karbassioon et al., 2023) [!2!1. Ansari et
al. (2017) 122 reported that climatic factors like
temperature, rainfall, relative humidity, and cloudiness
showed a negative correlation with hoverfly abundance.
Gautam and Kumar (2018) 2% revealed that foraging
activity of pollinators were significantly impacted by

temperature. Most pollinators relied on powered flight to
travel between flowers, and rainfall affected their flight
performance in various ways (Lawson and Rands, 2019)
(241 Turshak et al. (2023) 1?3 stated the influence of
primary weather factors viz., temperature and wind speed on
butterfly abundance, both showing an inverse relationship
higher levels lead to fewer butterflies.

Decline of insect pollinators

Pollinator populations around the world have been declining
at an alarming rate in recent decades due to habitat loss,
pesticide use, pests, pathogens, pollution, and climate
change, which result in reduced pollination services and
disturbs ecosystem (Fig.2) (Dainese et al., 2019) [126],

R INSECT POLLINATOR DECLINE

N

POLLUTION

Fig 2: Major threat for pollinators

Conclusion

Cross-pollinated and often cross-pollinated crops in
agriculture and horticulture largely depend on insect
pollinators for successful pollination. Without the visits of
insect pollinators, these crops are unable to transfer viable
genetic material from the parent generation to subsequent
generations. Moreover, greater diversity of pollinators
within an ecosystem enhances crop yield and overall
productivity. Conservation efforts for insect pollinators
should be undertaken by studying the diversity of pollinator
species, their foraging behaviours, habitat preferences, and
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interactions with various floral communities. (Nath et al.,
2023, Brunet and Fragoso, 2024) [127: 1281,
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