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Abstract

Vegetables are very important for human health in the era of nutritional security because they are rich in vitamins, minerals, phytochemicals, and
dietary fibers. Inadequate pollination due to the decline of pollinators is a major obstacle in achieving high productivity of vegetables that
adversely affects the quality and quantity of seed production of vegetables. Bee pollination influences the profitability and productivity of several
horticultural crops, especially vegetables. Bee pollination significantly increases crop quality and yield, and it also has widespread nutritional and
monetary advantages. Bees encounter various obstacles that might negatively impact their quality of life, such as habitat destruction, effects of
agrochemicals, insect-pest and diseases, and changing weather scenarios. The inadvertent usage of agrochemicals contaminates the vegetables
and the bee products that are eventually consumed by humans. To meet the pollination demand of cross-pollinated vegetables like cucurbits
and cole crops, 3—5 bee colonies/hectare are sufficient. Aspects like colony conditions, beehive densities, distribution, and time of placement of
bee colonies must be considered to improve bee pollination. Bees are recognized as the most important pollinators because of their effectiveness
and wider availability across the globe. To ensure food security, nutritional security, and to preserve biodiversity, bee pollination must be
enhanced and given prime importance in vegetables. The integrated pollination technique, which recently arose but is in the infancy stage, links
wild and managed bees on more bee-friendly farmlands to provide reliable and sufficient pollination.
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Introduction

Vegetables are horticultural crops that are either annual or
perennial and some of their parts (such as roots, stalks, flowers,
fruits, leaves, etc.) can be eaten either cooked or rawl'l. The
bioactive nutritional elements found in vegetables, such as
dietary fiber, vitamins, minerals, and phytochemicals are crucial
for human nutrition (phenolic compounds, flavonoids, bio-
active peptides, etc.). These nutritional compounds lower the
risk of chronic illnesses like obesity, diabetes, several tumors,
and cardiovascular disorders!?3l. The need for food security is
rising as a consequence of issues including climate change,
altering land uses, habitat destruction, and increasing human
population. The modification of the subsistence system using
commercial production of horticultural crops poses new
challenges in the improvement of crop production and quality.
The major constraint in the low productivity of vegetables is
inadequate pollination due to the absence of pollinators,
which leads to crop failures. The insufficient number of suit-
able pollinators causes a decline in the rate of fruit and seed
productivity>l. Fruits, nuts, oils, vegetables, and other crops
can have higher yields and better quality when pollinated
properlytl,

Insects contribute 80% of the pollination and of these, bees
contribute 85% of the pollination and hence honeybees are
referred to as the best pollinatorsl”l. Among plant pollinators,
bees are the primary ones. The value of produce from agricul-
ture used directly for human consumption was increased by
EUR 153 billion, or 9.5%, primarily due to insect pollination®!,
Honey bees are regarded as reliable and effective pollinators of
several vegetable crops, including radish, cauliflower, broad
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leaf mustard, onion, cucurbits, and cabbage. Because of their
specificity, honey bees are the primary pollinators for cucurbits,
which account for 84%-96% of all pollinators. One-third of
the components of the average person's diet come from bee-
pollinated plants; therefore, honeybees provide us with many
benefitsl. The significance of both pollinators and pollination
activities in achieving sustainable agricultural production can
be seen in terms of enhanced seed production. Most of the
cross-pollinated vegetables (cucurbits and cole crops) are
considered entomophilous, in which the pollination is, to a
large extent, determined by the insects. The role of honey
bees in enhancing the seed production of vegetables is well
documented and the use of bee attractants can augment bee
pollinationt'%-121 (Fig. 1).

Importance of pollination to cross-pollinated
vegetables

Pollination, which is the initial stage in a plant's sexual re-
production, is simply the movement of pollen from the anthers
to the stigma of a flower!3l. In exchange for visiting and de-
livering pollen, pollinating insects receive some sort of dietary
benefit. Consequently, when pollinators and plants come
together for mutual benefit, this process is called pollination.
Pollination is necessary for unisex flowers that display a single-
sex in the plantsl'4, Pollinators increase the reproductive and
genetic diversity of almost 80% of plant species!’>l. There are
several reasons for insufficient pollination, but the most sig-
nificant one is a deficit in both the number and diversity of
pollinators. Pollination with the help of honeybees is one of
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Apis mellifera visiting
radish bloom

Bee pollination in vegetables

Increased seed yield in radish after
bee pollination

Bee pollination in open field conditions

Fig. 1

the economic and ecologically sustainable methods for
increasing the yield of cross-pollinated vegetables!'613l, The
amount of pollen transferred to the female flower represents
the quality of the pollination process; this is influenced by the
activity of the pollinators and their movement between the
flowers of the two lines('7.,

Cole crops are cross-pollinated and can be grown in mild to
cold climates, and most of them have perfect yellow flowers. In
most of the cultivars, nectar secretion is achieved by two func-
tional nectaries situated at the base of small anthers!'8l. Thus, a
large number of managed and wild pollinators are lured to the
blooms for pollen and nectar and the flowers are thus polli-
nated. Cole crops are typically pollinated by honeybees,
however quality as well as quantity of seeds will increase if wild
pollinators are permitted to visit these crops!'9-22,

Most cucurbits have imperfect flowers in which the repro-
ductive structures, i.e., anthers and stigma, are not present on
the same flowers, so these crops essentially need insects for
pollination and fruit formation. There are hermaphrodite (male
and female) flowers on the various plants of cucumber, melon,
and squash. Thus, the fruit formation in these crops heavily
relies on insect pollination. Thus, the absence of these pollina-
tors leads to the loss of productivity of the cucurbit fruits by
up to 95%M23. A female/hermaphrodite flower's stigma with
pollen grains indicates that bees have successfully pollinated
the flowers. The primary source of pollination for the pro-
ducers is wild pollinators, which is insufficient to meet the
crops' pollination requirements4. In commercially grown
cucurbits, insect pollinators are introduced to increase the
pollinator density to obtain enhanced fruit production.

The pollinator-friendly management techniques, such as the
preservation and/or restoration of nearby habitats for insect
pollinators, a reduction in the use of harmful pesticides on bees
and other measures to lessen the negative effects on pollina-
tors should be adapted to maintain the high population densi-
ties of pollinators(2%], Additionally, it is crucial to learn about the
floral biology of cross-pollinated vegetables to establish the
appropriate management strategies for increasing fruit set and
crop yield?¥, In vegetable crops like cauliflower, radish,
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Bee pollination in vegetables under controlled and open field conditions.

Table 1.  Percentage increase in yield of some crops due to bee
pollination.

SrNo Vegetable crop Percent increase in yield

1 Cole 100.00-300.00

2 Radish 22.00-100.00

3 Carrot 9.00-135.00

4 Turnip 100.00-125.00

5 Cucumber and squashes 21.00-6,700

6 Onion 353.00-9,878

7 Cabbage 100-300.00

Adapted from Abrol(2°],

cabbage, broad-leaf mustard, and lettuce the pollination by the
honey bee enhanced the quality as well as the productivity of
the seed2627], Several findings supported the value of bee
pollination and its contribution to enhancing crop yield (Fig. 1,
Table 1).

Pollinators of vegetables

Several species of bees, wasps, ants, butterflies, flies, and
beetles pollinating flowers of cucurbit and cole crops have
been reported28l. However, if an insect visits a flower without
contacting the reproductive organs, it transfers pollen or carries
non-viable pollen, or it visits the flowers when the stigma is not
receptive, then it is not considered a pollinator(?9], Bees are the
most explored pollinators for cucurbit and cole crops world-
widel29] (Table 2). They serve as pollinators for either open-field
or controlled environments!28l,

Bees have outstanding abilities as pollinators of cross-polli-
nated vegetables due to their behavioral and morphological
adaptations such as:

(1) They are non-harmful to plants and their capacity to
ingest pollen and nectar from the cucurbit and cole crop flow-
ers enables them to touch the reproductive parts of plants.

(2) The branching hairs that cover their entire body surface
increase the sticky pollen's adherence to their bodies and trans-
ference on the stigma of flowers that bear fruit3%,
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Table2. Primary bee visitors to flowers of some cross-pollinated vegetables.
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Sr. No. Crop Bee floral visitors Ref.
1 Cucumber (Cucumis sativus) Honey bees (A. mellifera), A. dorsata, A. florea, bumble bees (Bombus spp.), Melipona spp.,  [12,15]
Scaptotrigona aff. depilis, Melissodes spp., Pithitis smaragdula, Xylocopa fenestrata
2 Calabash gourd (Lagenaria siceraria) H.on.ey bees (A. mellifera), A. cerana, bumble bees (Bombus spp.), X. fenestrata, Xylocopa [125]
virginica
3 Sponge gourd (Luffa cylindrica) Honey bees (A. mellifera), X. fenestrata, X. virginica [125]
4 Melon (Cucumis melo) Honey bees (A. mellifera), A. florea, A. cerana, Tetragonula iridipennis, Ceratina [126]
hieroglyphica, Ceratina binghami
5 Pumpkin (Cucurbita spp.) Honey bees (A. mellifera), A. cerana, A. dorsata, A. florea, bumble bees (Bombus spp.), M. [28]
quadrifasciata, Trigona spinipes, Xylocopa spp., Agapostemon virescens, Augochlora pura,
Dialictus sp., Halictus sp.
6  Watermelon (Citrullus lanatus) Honey bees (A. mellifera), A. cerana, A. florea, bumble bees (Bombus spp.), Melipona spp., [38]
Scaptotrigona sp., Trigona iridipennis, Ceratina spp., Dialictus spp.
7 Brocolli (Brassica oleracea var. italica)  Honey bees (A. mellifera, A. cerana, A. Florea), bumble bees (Bombus haemorrhoidalis) [127]
8  Cabbage (Brassica oleracea var. A. cerana [27]
capitata) and cauliflower (Brassica
oleracea var. botrytis)
9  Radish (Raphanus sativus) Apis florea, Apis dorsata, Tetragonula iridipennis, Apis cerana, Lassioglossum sp. [128]

(3) Additionally, they have specialized foraging tactics and
patterns, which enhances the probability of pollen grains
adhering to the stigmal3'l.

Cucurbit flowers attract bees for several reasons. Only a few
cucurbits have blooms that open at night and most of the
cucurbit flowers, with few exceptions, spend all of their anthe-
sis stages during the day, which encourages visits from diurnal
insectsl'. The most often used insect pollinators of cucurbit
crops are honey bees (Apis mellifera) and bumble bees (Bombus
spp.), despite the fact that a variety of social and solitary bee
species have been seen to visit cucurbit blooms frequently and
provide pollination services*2l. Managed honeybees are the
most common pollinator worldwidel33l, They feed on a plethora
of angiosperms, have big colonies with plenty of workers, have
been managed for a long time and are very inexpensive for
producers to rent, making them ideally suited for agricultural
pollination4l. Despite increasing obstacles to this industry,
beekeepers—from the amateur hobbyist to the expert
commercial operator—provide millions of colonies to help
agricultural pollinationt331.

The squash bee (Peponapis pruinosa) is a solitary bee that is
widely recognized for pollinating cucurbits particularly pump-
kin and squash (Cucurbita spp.). The squash bee mainly visits
the flower early in the morning when maximum flowers are
open which is the ideal time for pollination[28], The female bees,
as compared to the males, are more effective, even though
male bees are equally useful because they search for females
inside the cucurbit blossom and enjoy the nectar3¢l, The best
pollinator for large-scale cucurbit production is the squash bee,
which is less abundant in nature. There have been some reports
of wild squash bee populations as good pollinators for the
commercial cultivation of cucurbit crops like pumpkin and
squashB71,

The stingless and solitary bees also play a role in pollination
depending upon the area in which they are adapted. The pro-
ximity of adequate natural habitats to cucurbit crop fields
during flowering presumably increases the abundance of these
unmanaged beesB8l. In some tropical areas, the utilization of
stingless bees (meliponines) to pollinate crops has shown to be
highly effective. Some stingless bee species, such as Melipona
subnitida, Melipona quadrifasciata, Nannotrigona testaceicornis,
Scaptotrigona spp., and Tetragonisca angustula can be
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managed and used for pollination of horticultural crops both in
open fields (e.g. guava) and protected environments (e.g.
pepper, tomato, eggplant, and cucumber). But stingless bees
nonetheless remain in the investigative and development
stage when it comes to commercial pollination9, The poten-
tial use of stingless bees as pollinators in protected areas is
effective since they cannot sting, have perennial colonies that
can increase in number and depending on the species, maybe
able to rear large populations in coloniesB'l,

The structural and physiological adaptations of stingless
bees make them suitable pollinators as they have modified
structures for the collection of pollen and nectar and no sting-
ing behavior makes them easier to handlel*?, especially in net-
houses/greenhouses. Some stingless bees in the genus
Melipona, exhibit vibrational behavior to collect pollen from
plants containing poricidal anthers like tomatol“l. Melipona
quadrifasciata, a neotropical stingless bee, is used for pollina-
tion in tomatoes grown in greenhouses because it produces
more fruit with less mechanical damagel*'l. Additionally, sting-
less bees play a significant role in pollinating greenhouse
cucumber crops, increasing fruit weight and productiont2, The
stingless bee Heterotrigona itama and hand cross-pollination
increased crop yield and fruit quality, allowing cucumbers to
grow bigger, longer, and heavier fruits3. Similar to this,
manual cross-pollination and stingless bee pollination of rock-
melon (Cucumis melo var. reticulatus) exhibited an advantage
over self-pollination in terms of fruit set and the quantity of
seeds per fruit#4],

The carpenter bee, Xylocopa pubescens, has been reported to
pollinate honeydew melons (Cucumis melo Inodorus group)
grown in greenhouses. While this species visited flowers for
shorter periods than the honey bee, it was shown that both
bees' pollination produced a comparable amount of fruit and
seeds, and X. pubescens fertilization tripled the amount of fruit
set compared to honey bee pollination*3],

Aspects of bee colony management to be
considered for bee pollination in vegetables

The number of bee colonies in the field per unit area influ-
ences the pollination quality. The density of bee colonies per
unit area, colony strength, location and time of placement of
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bee colonies as well as weather conditions affect the pollina-
tion process. Strong bee colonies with a lot of uncapped brood
and disease-free workers lead to better outcomes when the
crop is at 5%-10% blossoming stage. The following aspects
should be carefully taken into consideration to enhance bee
pollination efficiency.

Colony conditions

In general, the percentage of the population that forages will
increase as the size of the honey bee colony expands. The
proportion of forager bees in smaller colonies is therefore
lower. Higher numbers of bees as well as a greater percentage
of the population acting as foragers, who are in charge of polli-
nation, are produced by larger colonies!“®l. Forager activity
must also be closely observed in the morning to see whether
the foragers are searching the target vegetable crop for floral
resources!*’l. Colonies that are used for pollination should be
resilient, have a high brood population and the queen should
be under two years old(3l,

There should therefore be a minimum of six frames in the
bee hives, with combs completely packed with brood at diffe-
rent stages of development. Adult bees covering every comb
should accompany this; 25,000 adult bees in total are desired.
Additionally, there must be two honeycombs in each colony“®l,
When there are at least 100 foragers entering or departing the
colony every minute through its entrance, the colony will be
able to provide adequate pollination services28-46],

Introduction and removal of beehives

The identification of a suitable food source (bee flora) is an
essential step before moving the bee colonies. However, the
dominance of species at the new location changes their forag-
ing behavior. Colonies should only be moved to crops that
require pollination once they have started blooming substan-
tially. The colonies should be relocated to the target crop when
bloom is between 5%-10%. That gives sufficient time for
foragers to focus their attention on collecting pollen and nectar
from new bee flora. The crop may not be adequately pollinated
if there are too many flowers blooming, which must be averted.
A few colonies can be moved to the crop at the start of flower-
ing and the remainder after additional flowers have bloomed.

In cucurbit fields, honeybee colonies should be deployed
about a week after the first staminate flowers bloom[“8l. Honey
bees can become unproductive if they are introduced too early
because they can develop flight paths to more plentiful and
appealing food sources, such as wildflowers and divert towards
non-target bee flora. Additionally, the leasing costs for growers
of cucurbits rise each day that beehives are on the field. The

Table3. Summary of pollination management of different crops.

Bee pollination in vegetables

introduction of honey bee colonies into fields must be timed
precisely; if it is postponed for a few days, there won't be
enough pollinators to support the very first fruit-producing
blooms that emerge on plants. Reyes-Carrillo et al.l*8! reported
that for melons, each day that honey bee hives are delayed
from being introduced into a field results in a loss of 3.17
tonnes of fruit per hectare (or 7.16% of the total yield). Insuffi-
cient pollination and fruit set results in a reduction in the
weight, size, and number of melon fruit.

Bee colonies are removed from fields based on whether a
cucurbit crop has reached its maximum yield potential. Few
researchers recommended removing honey bee colonies from
melons 28 d after the first hermaphrodite flowers appeared®8],
but Bratschi’! recommended removing honey bee colonies
from calabash gourds between 6 and 8 weeks following their
introduction to a field.

Beehive densities

For cultivated cucurbits, various honeybee hive densities per
hectare have been recommended!'4-28l, The pollination of the
cucurbit plant can be influenced by several factors, including
the amount and species of the wild pollinators visiting flowers,
the number of the open flowers, the number of the bees in the
behives which is actually and actively foraging, the number of
bees per day per hour pollinating the cucurbit plant and the
attractiveness of the non specific crops and wild flowersB7],

The honey bee population can be affected by many factors:

(1) Due to the subsequent reutilization of the bee colonies
without a recovery period.

(2) Climatic conditions.

(3) The timing of the pesticide application.

(4) Amounts and application frequency of the pesticides!7l.

The honeybee densities for many of the cucurbit and cole
crops that are grown in the open field are shown in Table 3. The
suggested honey bee hives per hectare for some crops like the
Monoceious cucumbers require 2.5 honey bee hives per
hectare, while for the seeded watermelon and sponge gourd
melon are 4.5 and 4 bee hives per hectare. The gynoecious
cucumber and seedless watermelon require 7.5 to more than 9
honey bee hive densities per hectare. Overall, 3-5 colonies/
hectare distributed evenly across the crop are advised. It is
generally advised to have 2.5 colonies per hectare, but this will
depend on a variety of factors, including the abundance of the
flowers, their attraction, and rival pollinators.

Distribution and field placement

Consideration must also be given to the placement of the
honeybee hives on the field. The honey bees' visitation to the
flower also depends upon the distance between the flower and

Vegetable crop Blooming period

No. of A. mellifera No. of A. cerana Time of placement

of the crop colonies (ha) colonies (ha) of colonies
Cabbage (Brassica oleracea var. capitata) February-March 5 8-10 10%-15% flowering
Carrot (Daucus carota) March-April 5-8 10-12 10%-15% flowering
Cauliflower (Brassica oleracea var. botrytis) March-April 5 8-10 10%-15% flowering

Cucumber (Cucumis sativus) June-September

Pumpkin (Cucurbita pepo)

Okra (Abelmoschus esculentus)
Radish (Raphanus sativus)

Turnip (Brassica rapa subsp. rapa)

June-September
June-September
March-April
February-March

2-3 for monoecious;
12-16 for dioecious

1 for monoecious;
8 for dioecious

10%-15% flowering

5-8 10-12 10%-15% flowering
1-2 2-3 10%-15% flowering
2-3 4-6 10%-15% flowering
2-3 4-6 5%-10% flowering

Adapted from Abrol?°],
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its colonies. If the distance is less, they will forage easily, and
ultimately will recruit other foragers to seek the floral resources
in the flower and it will lead to more visitation of the flower per
day®%. Hence, better pollination efficiency is achieved in cucur-
bit and cole crops when the bee hives are near the crop. It
would be better if the honeybee hives were distributed at the
edge of the field, about 30 to 50 m from the first crop row.

In contrast to honey bee hives positioned along one side of
the field, Mussen & Thorpl®'l proposed that 10 to 20 hives
spread 160 m apart around the field's margins would be prefer-
able. To ensure that honey bees are evenly spread across a field
planted for pollination purposes, an even better placement
technique is to introduce the recommended number of
beehives for each target vegetable crop per hectare. Addition-
ally, colonies should have access to clean water close to the
hive area and some kind of shade to prevent bees from inter-
rupting their foraging activity to undertake hive maintenance
tasks, which could otherwise have a detrimental effect on the
total pollination service that is performed(28l,

Focusing on the effects that bees have on crop quality will
allow researchers to gather more comprehensive information
about how bees might change the chemistry of specific crops.

General considerations to be taken into
account for bee pollination in cross-
pollinated vegetables

Pesticide application

The pesticide application should be carried out before the
placement of the beehives.

Use selective pesticides and avoid pesticides with a pro-
longed residual period.

A pesticide application is not permitted during the pollina-
tion period unless it is necessary due to a catastrophe. The
beekeeper must be consulted before using any pesticides.

Whenever a pesticide is to be sprayed, it must be done in the
evening, right after dusk, when the majority of bees are inside
the beehives, in consultation with the beekeeper. If necessary,
advanced safety measures must be implemented, including
covering the hives, locking them, or even removing them from
the field if at all possible.

To prevent harm to bees that could be foraging in neighbor-
ing fields, the producer should attempt to collaborate with
neighbors about pest control in their crops.

Bee pollination for seed production of vegetables

Open field conditions

The beekeeper must ensure all the necessary requirements
before transferring bee colonies to the field. Each beehive in an
open field should contain at least 10 bee-populated frames,
of which seven should contain brood; the requirements are
less stringent for early flowering crops such as oilseed rape
(Brassica napus), for which seven bee-populated frames (four of
which contain brood) are the standard.

If the crop flowers during the swarming period of bees, the
colony shouldn't be oversized unless proper handling and
inspection can be carried out to avert the swarming.

The majority of the bees remain in the hive during dusk,
dawn, or at night; then only the beekeeper should move the
hives to the field.

Usually, around 30% of the hives should be set up initially. As
blooming advances, the remaining stock of the bee hives

Divekar et al. Circular Agricultural Systems 2024, 4: €016
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should be placed in the field a few days later. The majority of
the bee hives should be kept in the field during the initial intro-
duction of the crops or varieties with a pollination duration of
seven days or less.

The flowers of Brassica species typically provide a lot of
nectar, so the hives shouldn't be supplied with sugar syrup. In
carrots, cross-pollination happens more often than self-pollina-
tion because the stamens in each flower and umbel ripen a few
days before the stigma becomes receptive. Along with pollen,
the bloom also makes nectar.

The nectar and pollen that the carrot flower produces are
occasionally insufficient for optimum colony growth. For the
establishment of bumble bee colonies, sugar syrup and pollen
are provided.

Male and female/hermaphrodite flowers are present on the
same plant in the cucumber, melon, and squash. Only male and
hermaphrodite flowers produce pollen; nectar is produced by
both types of blooms. The presence of pollen grains on the
stigma of the female/hermaphrodite flower can be used to
confirm bee visits.

The cucumber and particularly the squash flower, produce
an abundance of nectar, so sugar syrup is not given to the
beehives.

The pollinated crops' nectar production is generally influ-
enced by irrigation. For pollinators to visit throughout the polli-
nation time, enough irrigation is necessary. It is advised to
employ ground irrigation because top irrigation (sprinkler,
pivot, etc.) interferes with pollinator activities and could reduce
the viability of pollen and stigma.

Greenhouse/net house

In confined conditions with a total area of less than 500 m?, a
small colony (nucleus) may be introduced. These hives (around
five bee frames, three with brood) may have smaller numbers
of adults and larvae than beehives in open places.

Colonies should only be relocated during the day since the
older foragers will not adapt to their new surroundings and will
succumb to death outside the hive. The greater part of foragers
could be left at the original apiary, where fresh foragers will
begin to forage in the constrained area and older ones will
revert to the colonies the beekeeper had left in place to serve
as hosts for them.

There must always be sufficient space for collecting honey.

The use of greenhouse coverings that imbibe or disperse UV
light (wavelengths between 320 and 380 nm) should be
avoided.

Honey bees typically do not harvest pollen from certain
crops, such as cucumber (Cucumis sativus), and melon (Cucumis
melo). Therefore, it is important to regularly monitor the pollen
reserves within the beehives (at least every two weeks). If there
is a pollen shortage, alternatives or pollen supplements must
be given.

The bees should constantly have access to drinking water.
The most highly suggested technique is to place a container of
water with floating objects in it or to immerse a clean piece of
burlap in the water so that bees may stand while drinking!71.

Challenges for bee pollination

Pollination is an evolutionary mutualistic process connecting
pollinator insects and plants which is essential to agricultural
production. However, pollination is a system that is under
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threat everywhere, from intensive agriculture to remote wilder-
ness. Pesticides have a negative impact on pollinators, with
insecticides killing them directly and herbicides indirectly by
diminishing the pollinator flora. Pollination in natural areas and
agricultural areas has declined due to the destruction of polli-
nator habitats. Honey bee diseases pose a threat to affect the
demographics of beekeeping and the availability of bees for
pollination. To conserve the biodiversity of pollinators, it is
necessary to support wild pollinators, domesticate under-
utilized potential pollinators, and explore the environment in
an eco-friendly manner. Managed, as well as wild bees that are
actively involved in the pollination of crops directly or indi-
rectly, face different challenges like colony collapse disorder,
adverse effects of pesticides, habitat loss, extreme weather
conditions, loss of genetic diversity, etc. (Fig. 2).

Colony collapse disorder (CCD)

Researchers from several countries are still looking into the
origins of CCD at this time. The current opinion is that there are
several contributing variables to this syndrome and it cannot
be described by a particular cause. The disease CCD is under
investigation by researchers in many parts of the world. The
most often reported contributing factors of CCD are: (1)
Commonly found infections and pests in beekeeping, such as
tracheal mites, chalkbrood, Nosema microsporidian, American
and European foulbrood, and small hive beetles. (2) Improper
management of honey bees, such as stress brought on by
increased pollination voyage and congested apiaries. (3) Use of
pesticides in bee colonies that are excessive or unnecessary. (4)
Queen source (devoid of the genetic diversity and the inbreed-
ing between the queens which makes the bees more sus-
ceptible to the diseases). (5) Improper diets (scarcity of pollen
and nectar with low nutritional value). (6) Overuse of pesticides
harms the physiological condition of bees. (7) Overuse of
chemicals on bee colonies. (8) Varroa destructor mites and simi-
lar pathogens. (9) Increased virulence of the existing patho-
gens. (10) Coordination of the two or more aforementioned
hypotheses5233],

Pesticides and pollination services in vegetables
Honey bees gathering nectar and pollen in agrochemical-
contaminated flowers may succumb to death instantly (lethal

Habitat
destruction -y

Colony
collapse
disorder
O
24
Pesticides ",“‘

¢

Fig.2 Challenges for bee pollination in vegetables.
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effect) or undergo physiological and behavioral alterations that
will have an impact on the bee colony as a whole and adversely
affect the pollination abilities (sublethal effect)>4. Pesticides
have a sublethal effect on honey bees because they limit their
foraging activity and adversely affect their immunity, which
lowers colony survival and pollination services. Neonicotinoids
have an adverse effect on the bee colonies and some enzy-
matic activities that have an impact on physiological functions
such as olfactory learning, taste perception, memory, and
motor activities, which cause issues with orientation and navi-
gation. Insecticides have an impact on the immune systems of
bees, leaving them more vulnerable to infections like Nosema
microsporidian®>¥, These insecticides mixed with some fungi-
cides make them more hazardous to bees.

The sublethal effects of pesticides on the honey bees reduce
their immunity and foraging activity hence it lowers the colony
survival and ultimately affects the pollination services. Insecti-
cides affect the immune system of the bees making them more
susceptible to pathogens like Nosema microsporidian®>¥. To
lessen the death rate of bees and reduce the risk of pesticide
contamination, the introduction of bee colonies only during
blooming and the removal of the colony after fruit set is done
in many places. If pesticide application is necessary, then use
chemicals that are less hazardous to honey bees and apply
them mostly in the late afternoon or early evening when there
are fewer honey bee visitors on flowers. Another possible way
to protect the honey bees from pesticide application is to cover
the hives with moistened clothes (e.g., burlap sacks). If the cloth
consistently remains moist, it will provide a water source for the
honey bees for a period of up to 2 d>4. Pesticide poisoning
must be prevented to maintain the fitness of honey bee
colonies[*8l, For crop protection, it is best to use biopesticides,
biocontrol agents, and/or plant secondary metabolites, which
are generally safer and won't harm pollinating beesl6:55-57],

Increased cost of bee pollination services

The additional costs associated with maintaining high popu-
lation levels in honeybee colonies and the effort required to
recover from substantial colony losses have resulted in many
beekeepers moving away from the business of offering pollina-
tion servicesk8l. As there are fewer beekeepers, there are fewer

Climate
change

Loss of bee
genetic
diversity

Insect pests and
diseases
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beehives available to rent for commercial crop pollination
services. As a result, honeybee pollination rental costs have
surged more than three times in recent years. These costs are
typically determined by several factors, including the distance
between the beekeeper's base of operations and the field
where crop pollination services are required, the number of
hives necessary, the length of time the crop is in bloom, the
number of days the crop is in the field, the nutrition of the
nectar and pollen it produces, and the quantity and price of
honey the crop might produce for the beekeepers. The pollina-
tion costs of cross-pollinated vegetables are comparable to
those of other pollination-dependent crops.

Habitat destruction

The fragmentation and degradation of habitats are causing
fluctuations in pollinator statistics>9. Due to the restriction of
gene flow and increased danger of population and species
extinction, these acts lead to genetic degradation%, Accord-
ing to Naug!®", pathogens and stress on honeybees because of
habitat loss and diminishing foraging resources can lead to
colony collapse. The number of bees, especially honeybee
populations, can be negatively impacted by habitat fragmenta-
tion and degradation because of the loss or segregation of
essential resources for feeding and nesting!®2. Pollinators, such
as honey bees, have suffered due to habitat degradation as the
percentage of semi-natural regions has declined!63],

Climate change

Changes in the climate have a significant impact on bee
populations. Previous records of high, usually unexplained
honeybee mortality have been linked to extended periods of
cold, rain, and heat®¥, Climate may be important for colony
productivity since warmer temperatures tend to reduce the
metabolic demands on foragers, which increases colony
outputl®sl, Enhanced nectar production is linked to prolonged
periods of high temperatures and enough rainfall®, which
results in increased colony productivity®”). The hard, cold
winter is found to be the primary cause of colony mortality[©8l.

Loss of genetic diversity

A single queen's multiple matings with different males is the
source of the genetic variability in honeybees (polyandry).
Genetic diversity has been demonstrated to be crucial for
disease resistance, homeostasis, thermoregulation, and general
colony fitness at the level of the individual colony®. Five
evolutionary lineages include the approximately 26 subspecies
and several ecotypes of western honey bees (Apis mellifera) that
have been characterized based on behavior, morphology, and
genetic data. O is from the Eastern Mediterranean and the Near
and Middle East, Y is from Ethiopia in East Africa, C is from East-
ern Europe and the Northern Mediterranean, M is from North-
ern and Western Europe, and A is from Africal’?l. There may be
apicultural interest in how well colonies perform in terms of
various resistance features against pests, parasites, and
pathogens!’'l. Recent studies have introduced and assessed
other features linked to colony health, such as cleanliness
behavior, mite infestation development, and overwintering
ability, which are increasingly bringing the development of
traits associated with colony strength into focus. The loss of
colonies may be caused by a lack of genetic variety since the
likelihood of disease transmission increases when colonies are
genetically identical and spread out over large distances!®8l.

Divekar et al. Circular Agricultural Systems 2024, 4: €016

Circular
Agricultural Systems

Mitigation strategies to overcome the
challenges faced by bees

Floral resources for conservation of bee colonies
under harsh environmental conditions

The primary reason for the decline in bee populations is
thought to be the loss and degradation of habitats that support
nesting, especially those that provide suitable floral food
resources like nectar and pollenl7273], Therefore, a better under-
standing of the significance of various landscape-level floral
resource availability descriptors (e.g. floral abundance and
diversity) in their contribution to sustaining wild bee pollina-
tors during different times of the year is a prerequisite for
successful bee conservation in agroecosystemsl’4. For honey
bee conservation, the provision of a steady supply of flower
resources is essential. The usefulness of Antigonon leptopus
Hook. & Arn, an attractive creeper, as a long-term bee forage
plant was assessed. The four main native honey bee species
that are drawn to it are Apis cerana, Apis florea, Apis dorsata, and
Tetragonula iridipennis. The Indian bee, A. cerana, and the wild
little bee, A. florea, were the two most important foragers. Both
ecological and aesthetic requirements are satisfied by this
plant, which is easy to multiply from seeds and cuttings.
Promoting evergreen bee flora such as Antigonon will aid in
the conservation of honey bee populations in both urban and
natural environments. Antigonon may be used as a possible
bio-indicator of the honey bee population in a particular habi-
tat because it attracts all kinds of honey bees all year round(75l,
High-quality forage supplies for pollinators could be provided
via seed mixes based on commercially available species that
thrive in nutrient-enriched soils7¢l. New seed mixes that are
complementary to one another in terms of their temporal
persistence in grassland swards must be developed. Certain
non-legume forbs, for instance, may eventually outcompete
short-lived legumes due to their superior persistence.

Habitat restoration, safer pesticides and
ecological approaches for protecting bees

Recent large-scale losses of honeybee colonies in many parts
of the world have been mostly attributed to pollution, new
diseases, and food scarcityl’’). These losses are challenging the
sustainability of beekeeping. Over 30% of annual colony deaths
are not uncommon in several parts of the world[78l, In addition
to these losses, beekeepers confront several technical and
financial difficulties due to a broad range of variations in honey
productionl’9l, Recurrent and significant colony losses®% not
only pose a serious threat to bees but also heighten efforts to
provide a sustainable beekeeping sector and, consequently,
pollination services for several crop systems. Additionally, as
recreational beekeeping is closely associated with raising
public awareness of environmental protection, the disappear-
ance of this ancient practice may have an effect on the avail-
ability of bee products. Nevertheless, no tool exists to evaluate
the sustainability of the systems used for beekeeping at
present or in the futurel®',

To adjust to global climate changes, beekeeping techniques
must undergo significant modifications, and technological
support must be strengthened. Supporting beekeepers with
better Varroa mite control techniques and avoiding losses from
excessive infestation levels is particularly crucial. The majority
of Apis mellifera colonies are infected with the Varroa mite,
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which can be fatal if left untreated!®?l. Besides food supple-
ments or colony transhumance, adjustments to beekeeping
techniques are also necessary to offset resource limitations(é3l,
Beekeepers can estimate the impact of sudden changes in envi-
ronments on colony productivity and manage colony transhu-
mance by using monitoring equipment®4, Increased local floral
resources for bees would be beneficial for both honeybees and
wild bees!®],

Diseases, viruses, and predators that threaten bee health
have proliferated globally as a result of the global exchange
market, particularly about honeybees!®l. As a result, the use of
chemical treatments to combat new pests has intensified,
increasing economic and environmental expenses and depreci-
ating products like royal jelly, honey, and wax. This emphasises
the necessity of (1) studying the risk of bee exchanges in order
to develop regulations, and (2) developing new pest manage-
ment techniques, such as integrated pest management, in
order to prevent or minimize the emergence of pest resistance
and to use fewer chemicals. Additionally, populations that are
naturally resistant to pests, such as Varroa, should be identified
and selected!89],

Bees and beekeepers need to adjust quickly due to the ongo-
ing climate change and its impact on resource availability. In
that scenario, the broad range of local and regional adapta-
tions that honey bee populations naturally possess to different
climatic conditions and patterns of resource availability’®” may
serve as a valuable resource for beekeepers seeking to adapt.
Beekeepers may prefer importing foreign ecotypes®3 if local
genetically native bees are well-adapted to their current
biotopes®89, but exhibit slow environmental adaptability.

Increased usage of agro-chemicals due to agricultural inten-
sification raises the possibility of habitat degradation within
agrosystems and the ensuing disruption of the environment.
For example, insecticides (even at sublethal concentrations)
can reduce bee diversity and abundance locally, cause behav-
ioral impairments, kill bees, and reduce their reproductive
success®0-%3, In contrast, herbicides and fertilizers can indi-
rectly affect bees by reducing the availability of floral
resources4951,

Enhancing habitat in agricultural systems (e.g., introducing
large grasslands and flower strips) has been demonstrated to
have favorable effects on wild bee population and richness,
which allays concerns about the reduction in resource availabil-
ity and biodiversity!l. To create habitats that are as supportive
to bee populations, data must be collected on the nutritional
requirements of bees and the nutrient composition of flowers
in addition to assessing the attractiveness of these new agricul-
tural habitats®7.%8], To ascertain the sustainability of bee popu-
lations in these newly created habitats, data on life-history
parameters and bee health will then be required as assessment
endpointsl®, Recent research suggests that drawing bees to
these resource hotspots may have detrimental effects on bee
health, including an increase in parasite prevalence and trans-
mission['%%, as well as pesticide exposure since wildflowers
could be contaminated with pesticides('?"l, Consequently, to
decrease the use of pesticides, efforts should also be made to
identify and remove plant species linked to high pathogen
transmission from these artificial habitats'92), In addition,
ecosystems (resource and shelter) that support insect pollina-
tor bees and insect natural enemies should be established. In
fact, for ecological engineering techniques like planting
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wildflower strips and other habitat restorations to be success-
ful, there needs to be a concurrent decrease in pesticide use to
save pollinators and naturally occurring beneficial insects.
Furthermore, newly planned habitats should incorporate plant
species with multiple floral phenology to lengthen the bloom-
ing period, since climate change is likely to worsen changes in
floral resource phenology related to land use and conse-
quently plant-pollinator mismatches('93l. Because wildflowers
help sustain bee populations over time, their sustainability in
agro-systems would also benefit crops pollinated by bees.

When considering resource management in agro-systems,
the quality of resources provided by crops has often been
neglected, although it is well-known that nectar composition
can affect bee attraction and fidelity!'¥ and may influence the
severity of pathogen infections!'951061 | Furthermore, a recent
investigation revealed how crop domestication affects the
chemistry of floral rewards, which may lead to increased
pathogen infection in bumblebees!'%7], Thus, it is important to
comprehend how profitable crops are for bees and create crop
breeding initiatives to enhance floral nutritional resources and
crop-pollinator interactions!'%%], This is especially significant in
light of the climate change and increasing atmospheric CO,
levels, which have been shown to lower the protein concentra-
tion of floral pollen, a resource that is crucial for bee growth("08l,

Improving bee habitats by creating artificial pastures may be
appealing to bees, but there is still work to be done to take into
account for the needs of bee habitats, mitigate any unfavor-
able side effects, and finally create a stable colony of bees.
In this regard, restoring, and safeguarding natural and semi-
natural habitats may be more effective and dependable
options for fostering resource diversity and sustainability,
which will eventually improve bee health, as they naturally
increase bee abundance and richness['%9, Before wintering, it
was discovered that semi-natural habitats were twice as good
at enhancing honeybee health as artificial bee pastures®l. This
implies that, rather than being a substitute management stra-
tegy, habitat augmentation should be viewed as a means of
assisting habitat restoration or preservation. There is an urgent
need to restore bees access to food supplies and habitat
through ecological intensification (diversified farming systems)
and by harmonizing the conservation of wild and managed bee
pollinators in a sustainable manner. Financial assistance for
applied research and development will enable scientific
beekeeping, and bee pollination to create management tech-
niques for productive vegetable ecosystems to ensure food
security as well as nutritional security.

Hazards involved with managed pollinators
for crop pollination

A major threat linked to pollinator management is introduc-
ing an alien pollinator species for crop pollination, which may
later become invasivel'9, The following are some of the ways
that native species and ecosystems may be impacted by intro-
duced (but also native) controlled pollinators and their trade:
(1) exploitative or interfering competition for floral resources
and nesting locations!"'", (2) inefficient pollination of native
plants, which alters native plant reproduction!’'2], (3) uninten-
tional pollination of exotic plantsl''3], (4) the introduction of
diseases or parasites into wild or native populations, including
the simultaneous introduction of natural enemiest’'¥, and (5)
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genetic introgression or disruption of native pollinator species'
reproductive  processes!'’>.  When managed pollinators
become superabundant, they may negatively affect crop yields
and wild plant reproductionl'%, For example, fruit set was
negatively impacted by high rates of visits by the invasive
Bombus terrestris to commercial raspberries in Patagonial'®l,
Risk assessments should be carried out before the introduction
of a non-native pollinator species, particularly because
managed species may significantly harm native pollinators['19,
However, the number of manageable pollinator species has
increased over time, indicating the possibility or perceived
necessity of more appropriate pollinator species. These may
have been selected based on characteristics such as their
capacity to buzz-pollinate (as in the instance of tomato pollina-
tion) or build their nests close to a crop being produced in the
field. Crop-pollinator networks may be used to determine
which flowers frequently visit a certain crop in conjunction with
measuring the pollinator efficiency of the species or closely
related species that share similar qualities (e.g., short-tongued
vs long-tongued bumble bees) to achieve successful trait-
matching. The identification of native species using trait match-
ing could help prioritize research and evaluate the threats that
managed species represent to other native pollinators and their
ecosystems if they become invasive.

Enhancing and/or managing multiple native pollinator
species makes sense given the potential risks associated with
pollinator management and the fact that a combination of
species provides better pollination assurance than a single
species!'7]. One way to do this would be to create habitats for
native pollinators in or around crop fields. Protecting and
restoring favorable habitats, raising the value and quantity of
floral resources, cutting back on intensive mechanical practices,
cutting back on chemical inputs, and providing pollinator nest
sites are all goals of habitat enhancement to benefit pollinator
abundance and diversity in agricultural landscapes!''8l. More-
over, habitat may be deliberately constructed to support
targeted bee and non-bee pollinators for increased pollination
by combining information of the most effective pollinators of
certain crops with knowledge of their lifecycle
requirementsl''?l, These methods strengthen and support
native wild pollinator populations, which in turn increases polli-
nation of nearby crops!'20],

Integrated crop pollination

Apis mellifera is an efficient pollinator of several plants[28] but
not necessarily the most practical, so the capabilities of wild
species of native bees are now being increasingly appreciated
in crop pollinationl'2']. A few bee species have traits that make
it possible to manage them for use as agricultural
pollinators('22, providing alternatives for specific crops or serv-
ing as co-pollinators of honeybees. For maintaining consistent
and sustained crop pollination, these insect-mediated diverse
pollination sources offer the opportunity to combine wild and
managed pollinators['23],

The farmland owners have scant knowledge of bee pollina-
tion to decide the best and most efficient ways to assist wild
and managed pollinators for crop pollination. The local or
regional farming system, which includes its pollination system,
the degree of pest management, the available funds, and the
bee species that are practical to align with and integrate into
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the agricultural production system, must all be taken into
consideration when making decisions about bee pollination.
Because agricultural pollination is complex, decision-support
systems are necessary for producers and other land managers
to provide reliable pollination for stable and sustainable crop
productionl'24],

To offer consistent and reasonably priced crop pollination,
integrated crop pollination uses managed pollinator species in
combination with farming practices that boost, maintain, and
protect pollinator populations!'24, No one strategy will be the
best option for every location where a crop is grown due to
variations in the degree of a crop's reliance on pollinators,
managed and wild bee populations, crop variety, regional
economics of production, horticultural practices, and individ-
ual preferences.

Conclusions

Insect pollination is a crucial component of agriculture with
significant economic repercussions. Increased productivity in
cross-pollinated vegetables, especially cucurbits and cole crops,
has been made possible by the management of different polli-
nator species. Though several pollinator species are reported,
only honey bees and bumble bees are intently explored in
cross-pollinated vegetables with honey bees being the most
significant. Pollinator-dependent crops are becoming more and
more important to agriculture, and this trend toward crops
grown permanently under protected cultivation is probably
due to customer demand for pollination-dependent vegeta-
bles. The availability of pollinators for crops that need pollina-
tion services, including cucurbits and cole crops, have drasti-
cally decreased as a result of managed honey bee numbers
dropping in recent years. Natural pollinators can occasionally
aid in agricultural pollination, but they often have low densities
and are unable to establish large field populations to
adequately pollinate a crop. As a result, both controlled and
wild insect pollinators are in poor health and anything that
lowers their populations would undoubtedly affect the output
of cucurbits, cole crops, and other farming systems where fruit
set is dependent on pollinators. There is a problem with food
security and farmer livelihoods because only a few species of
bees are typically used for pollination. The most popular
managed pollinator, A. mellifera colonies, have high mortality
rates. As a result, it is necessary to protect wild pollinators, for
example by managing land in a way that is sensitive to them,
and to take into account a wider range of managed pollinator
species. Crop-specific and sustainable management of a diver-
sity of new pollinator species may help to protect future crop
yields and food security, even though the deployment and
management of novel pollinator species is not without risks,
especially if used in areas where a pollinator is non-native.
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