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1  Introduction

Management of bumble bees for delivering biocontrol agents has been studied for 
more than 20 years (Peng et al. 1992; Yu and Sutton 1997). Most of the research, 
however, has been done mainly in laboratory or greenhouse conditions (Kevan et al. 
2003; Mommaerts et al. 2011). The reason for using bees as vectors for biocontrol 
agents (BCA) stays in their morphological and behavioural characteristics. Bumble 
bees have relatively large body surface covered with branched hair, which aids trap-
ping and transporting pollen grains (Free and Williams 1972; Batra et al. 1973). 
Similarly to pollen, the spores of microorganisms can stick to the fur, which charac-
teristic has been put in use in entomovector technology to deliver BCAs to the target 
crop (Fig. 1). The commercial availability of bumble bee colonies has enabled the 
increase in usage of the buff-tailed bumble bee Bombus terrestris L. in Europe and 
the common eastern bumble bee B. impatiens Cresson (Hymenoptera: Apidae) in 
North America not only in greenhouse (Mommaerts et al. 2011) but also in field 
conditions (Kovach et  al. 2000; Dedej et  al. 2004; Karise et  al. 2016a). In this 
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chapter the potential of bumble bees as vectors of BCAs in open field conditions 
will be considered. In addition, we talk also about several aspects, which have to be 
taken into account if harnessing bumble bees as vectors in open fields.

2  Bumble Bee Efficacy in Open Fields

2.1  Grey Mould Suppression

The data, collected during BICOPOLL project, confirmed that the bumble bees 
proved to be effective in mediating biofungicide Prestop-Mix (Gliocladium catenu-
latum Strain J1446 as active organism, Verdera OY, Finland) in open field condi-
tions. Prestop Mix is a biological preparation, which is safe both to humans and 
beneficial organisms visiting the fields (Verdera 2015). The infection rate decreased 
approximately 1.5–3 times when pathogen pressure was light or moderate, but no 
change was seen when there was high pathogen pressure due to heavy rain and cool 
temperature conditions (Fig.  2) (Karise et  al. 2016a). Higher rainfall and colder 
temperatures during the fruit maturing period create particularly good conditions 
for the pathogen B. cinerea (Wilcox 1994; Cota et al. 2009) by which the infection 
rate on berries might rise up to 70–80%. In these conditions, also chemical control 
most likely could fail without proper decision supporting systems (Evenhuis and 
Wilms 2009). The efficacy of honey and bumble bee-vectored biocontrol has been 
found to be comparable to synthetic fungicide spraying (Kovach et al. 2000).

Fig. 1 A bumble bee covered all over the body with a large amount of Prestop Mix powder, at the 
time of homing all the powder was gone (Photo: Reet Karise)

M. Mänd et al.



83

2.2  Inoculum Dissemination: Safety and Efficacy

The basis for dissemination task is the ability of the preparations to adhere to and 
get released from the hair of a bee easily. The amounts of powdery preparations, 
stuck to the hairs of the bees exiting the nest box, are variable. Some bees are cov-
ered only ventrally, some others however all over their bodies, although the larger 
amounts of the powders may disturb the vectoring bees, they lose most of it within 
first 60 s (Mommaerts et al. 2010). Both bumble bees and honey bees might suffer 
some-what when covered with larger amounts of the powders containing kaolin in 
closed experimental conditions (Karise et al. 2016b, 2018). Though, the effect was 
never noticed on the field nor in greenhouses when performing the BCA vectoring 
task. In addition, the commercial bumble bee hives have short life-span and are not 
meant to function longer than the time needed for pollination of the target crop. 
Even with the shortened individual life-span, the number of days a bee lived, was 
suitable to fulfil the pollination and vectoring tasks (Fig. 3). Commercial bumble 
bee hives are well suitable also with bioinsecticides, despite some of the entomo-
pathogenic fungi can infect also the vectoring bees (reviewed by Mänd et al. 2010).

The efficient biocontrol can be achieved only when the BCAs are spread evenly 
over the entire field. In this purpose, it is important to study the bumble bee density 
on the flowers of the target crop. According to BICOPOLL project results, the bumble 
bee dispersal over the field was equable over a distance of 100 m (Karise et al. 2016a). 

Fig. 2 Grey mould infection rate on control plots (not treated) and plots treated with bumble bee- 
mediated Prestop-Mix. The means with standard error bars are presented. Asterisks (∗∗∗) indicate 
a significant decrease (P < 0.001) in the infection rate during the years with low pathogen pressure 
(from Karise et al. 2016a)
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The second important aspect is the dispersal rate of the BCAs. The results showed 
also the even distribution of the G. catenulatum on flowers. Indeed, this study was 
conducted on relatively small strawberry fields, but the good distribution of 
Clonostachys rosea (Link) Schroers by B. impatiens has been observed up to 150 m 
(Reeh et al. 2014). Wolf and Moritz (2008) have shown the mean foraging distance 
of B. terrestris being 267 m, whereas 40% of bumble bees foraged within the radius 
of 100 m. Thus the distance between bumble bee hives on larger fields could be 
around 200–300 m to guarantee the good visitation rate for the strawberry.

Fig. 3 Lethal effects of exposure to kaolin, Prestop-Mix, BotaniGard and wheat flour on the sur-
vival on bumblebees (B. terrestris). A and B present the longevity of bumblebees (days) and the 
survival probability (%) at 18 °C, while C and D the respective data at 28 °C. The longevity data 
are expressed as box plots with the minimum, lower quartile, median, upper quartile and maximum 
values. The numbers upon the boxes denote medians and different letters indicate statistically 
significant differences between groups at p < 0.05. From Karise et al. 2016b
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2.3  The Secondary Transmission of BCA

The greenhouse experiments of BICOPOLL project indicate, that bumble bees lose 
about 81% of Prestop-Mix already within the first 60 s of their flight (Mommaerts 
et al. 2010). The sequential visits of any other flower visitors aid the transportation 
of BCAs from flower to flower (Maccagnani et  al. 2009). This phenomenon has 
been called the secondary inoculation and may play important role in efficacy of the 
technology (Nuclo et al. 1998). The rate of newly opened flowers and weather con-
ditions, which favour insect visitation of flowers, affect the efficacy of secondary 
transmission of BCAs (Nuclo et al. 1998; Maccagnani et al. 2009). In the northern 
regions, the strawberry flowering occurs at the time when there are almost no other 
numerous wild bumble bees foraging, since the newly emerged overwintered queens 
are establishing their colonies yet. Still, at that time the numbers of foraging honey 
bees, several solitary bee species and also different species of dipterans might be 
quite high. The BICOPOLL field study showed, that the most abundant groups in 
Estonia were dipterans including syrphid flies which formed 49% of the number of 
all flower visitors, followed by honey bees 29% and solitary bees 13%. Ahrenfeldt 
et al. (2015) showed that the wild bee species diversity and community composition 
on strawberry has a north-south gradient from Mid-Norway through Denmark to 
Germany. The diversity of these insects is higher in the southernmost regions. So, it 
is possible that the effect of the secondary dissemination on the entomovectoring is 
higher in regions with higher insect abundance and diversity.

2.4  Additive Value from Pollination

The additive value from applying the entomovector technique comes through 
enhancing the pollination of target crop. The direct benefit from bee-pollination 
depends on the crop species and cultivar. There are plant species, which give almost 
no yield without animal pollination: for instance, blueberries, raspberries, apples, 
cherries and plums benefit largely from insect pollination. Strawberries, however, 
belong to those species by which the effect from pollination depends on the cultivar 
(Klatt et al. 2014a, b; Tuohimetsä et al. 2014). There are more than 200 stigmas in 
the strawberry flowers (Free 1993; Perkins-Veazie 1995) and each of these needs to 
be fertilized in order to achieve high quality fruits. In some strawberry cultivars the 
pollen grains can be released from the anthers with the help of wind. Other cultivars 
need a high functional insect diversity to get the flowers fully pollinated (Klein et al. 
2007). Fruits from properly pollinated flowers are not only greater but also have 
longer shelf-life and highest commercial value (Klatt et al. 2014a, b). In BICOPOLL 
experiment, still, no increase was found in fruit weight due to insect pollination 
(Karise et al. 2016a). This suggests that the cultivar ‘Sonata’ used in those experi-
ments can cope with wind pollination.

Bumble Bees and Entomovectoring in Open Field Conditions
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3  Bumble Bee Foraging Behaviour

When using bumble bees on open fields it is very important to understand basics of 
bumble bee foraging behaviour in order to find out right solutions.

3.1  Flower Selection

Bumble bee flower preference is based on several aspects. Food plant choice of bees 
depend on the amount and quality of nectar and pollen provided by the flowers pres-
ent in the foraging area. The nectar production of flowers can vary between the 
cultivars (Bertazzini and Forlani 2016) and also depends on the weather conditions 
(Nicolson and Nepi 2005). For example, in moist conditions the nectar sugar con-
tent is low and larger amounts of nectar are needed to satisfy the colony needs 
(Shackleton et al. 2016). The effect of cultivars varies across the years, since differ-
ent weather conditions favour different properties of the cultivars, best seen in 
hybrid lucerne (Karise et al. 2006). The food resource quantity and quality may also 
be manipulated by farmers, as demonstrated by Viik et al. (2012): proper fertiliza-
tion increases both the numbers of flowers and the amounts of nectar per flower, 
which serve as main attractants for bees. In case of toxic compounds, e.g. pesticides 
in bee feed, the behaviour of foragers can be changed (Koskor et al. 2009).

The other important characteristic is the tongue length of the bee, which influ-
ences the flower selection and in turn the breadth of the diet (Teräs 1985). Short- 
tongued bumble bees usually have wider diet compared to long-tongued bumble 
bees, who prefer flowers with narrower and deeper corollas (Alford 1975; Goulson 
et al. 2008). Bees with short tongues do not pollinate properly flowers of red clover 
and field bean for instance, however open flowers of strawberry have no demands 
on the tongue length of the pollinator. The commercial bumble bee B. terrestris has 
relatively short tongue, however, the bee is able to feed on different flower types. In 
order to get access to the nectaries hidden in the bottom of deep corollas, B. terres-
tris often bites holes into corolla tubes and thus robs nectar without pollinating the 
flower. This bumble bee species very easily broadens their forage plant selection to 
non-native garden plants and mass-flowering crops (Goulson et al. 2002). The wide 
diet of B. terrestris enables them easily to react on changes in agricultural landscape 
and human activity. This also provides us the possibility to force bumble bees to 
forage on plant species not naturally in their diet. Some crops flower in the time, 
when there is no B. terrestris foragers available naturally.

M. Mänd et al.
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3.2  Flower and Forage Patch Constancy

Bumble bee B. terrestris is a food generalist visiting several (2–4) plant species 
within the same foraging trip (Carvell et al. 2006; Parmentier et al. 2014; Somme 
et al. 2014). Bumble bees have no innate plant species preference. Unlike honey 
bees they constantly search for new profitable flower types, even in case of plentiful 
food resources, as it happens on large fields. It is suggested, that flower constancy 
may have emerged to save energy and/or time of the foragers (Free 1970; Dukas 
1995; Gegear and Thomson 2004). Compared to honey bees the probability of 
spreading the BCAs on the non-target crop is quite high with B. terrestris.

Bumble bees generally prefer larger patches, and at the same time avoid less 
rewarding patches regardless of size (Makino et al. 2007). They also have shown 
strong constancy on sites, at which they already have found nectar and pollen 
resources (Osborne and Williams 2001; Cartar 2004), and visit same patches repeat-
edly until the site is still rewarding (Makino and Sakai (2007). In purpose of inten-
sification of the forage effort, bumble bees recruit their nest mates to beneficial food 
sources by touching each other and releasing pheromone signals (Dornhaus and 
Chittka 1999, 2001; Ayasse and Jarau 2014). Beside the recruitment behaviour, the 
foragers systematically search for new flower resources. The distribution of foragers 
among patches depends on the relationship of recruitment rate and patch size and 
also on how long the individual forager spends in the particular patch (Renner and 
Nieh 2008).

3.3  Colony Size and Foraging Range

Colony size and flight range of the foragers affects the number of flower visiting 
bumble bees. In commercial crop production, it is very important to gain as much 
pollinating individuals as possible. The large colonies with lots of brood have higher 
need for pollen and nectar. According to this B. terrestris is one of the best succeed-
ing bumble bee species with up to 400 workers in a colony, whereas in the colonies 
of B. muscorum and B. sylvarum e.g. only 20–100 workers are present (Benton 
2006).

Bumble bees are central place foragers, which means that they collect food from 
the surroundings of their nest. B. terrestris has the maximum detected foraging 
range compared to other bumble bee species. Depending on different study meth-
ods, the observed foraging distances of the workers vary greatly even up to 4 km 
from the nest (Goulson and Stout 2001). The mass-marking experiments (Osborne 
et al. 2008) and radio-tracking (Hagen et al. 2011) have shown that B. terrestris 
workers can forage up to 2.5 km, although generally it remains between 500 and 
1750 m from the nests (Walther-Hellwig and Frankl 2000; Westphal et al. 2006). 
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The species with small colonies have usually foraging areas up to 500 m in radii 
(Benton 2006). In context of entomovectoring, however, there is concern, that lon-
ger foraging distance of B. terrestris can cause dispersing of bumble bees on larger 
areas, which in turn will affect the efficiency of the technology.

3.4  Compatibility With Temperate Climate Conditions

Probably commercial bumble bees are most effective at the time there are few other 
pollinators available and the flowering occurs early in the season, when the daily 
temperatures stay cool. Bumble bees are pollinators, who are able to forage in cool 
temperatures. The heat generation ability in bumble bees is different from most of 
insects. During warming-up, bumble bees use their flight muscles without moving 
the wings (Heinrich 1979), thick body hair insulates the temperature into the thorax 
allowing to keep the heat (Newsholme et al. 1972; Peat et al. 2005). Some arctic 
bumble bees are able to forage even when the air temperature is below zero. They 
can forage even with light rain or fog if needed. In temperate regions, the bumble 
bee foraging starts at 5 degrees if there are no food supplies in hives left. A bumble 
bee colony stores very little nectar in the hive (Alford 1975) and this forces bumble 
bees to forage whenever it is possible. They even expand the daily foraging also into 
early morning and late evening periods.

4  Steering Bumble Bees to the Target Crop

Bringing bees as extra pollinators to open fields always holds the risk that they pre-
fer some other plants species over the target crop. Steering them to any crop needs 
some certain knowledge on the behaviour and requirements of the particular bee 
species. Most often honey bees are used as extra pollinators due to their bigger and 
longer-living colonies. Commercial bumble bees, on the contrary, are easier to use, 
their colonies are smaller and perish soon after the pollination task is fulfilled. 
Bumble bees are usually not as aggressive in protection their hive compared to 
honey bees.

4.1  Handling of Bumble Bees

The handling of commercial bumble bees is easy. Bumble bee hive is small and 
compact. The producers supply the hives suitable for outdoor using: hives are placed 
in waterproof and insulaedt boxes. The entrances of the hives can be closed and 
opened, so that the bees can only enter or move in- and out-wards. For example, 
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Biobest Flying Doctors Hive (B. terrestris) has already built-in compartment for the 
BCA preparation.

The commercial bumble bee hives are supplied with liquid sugar solution. When 
taking the hives on field there are pros and cons on eliminating the sugar syrup. 
Eliminating it would encourage bumble bees to forage more actively. However, the 
extra food might be necessary in case of unsuitable weather conditions.

4.2  Synchronizing Pollination Service with Crop Flowering

Using commercial bumble bee colonies allows to synchronize the availability of 
flowers of target crops and insects, by taking the hives onto the fields exactly after 
flowering has started. This is important, because forager bees develop flower con-
stancy and may stick on other plant species, which were in flower before the target 
crop. For strawberry, it is suggested that bumble bees should be taken to the fields 
when 5–10% of flowers are open, thus there is enough available forage for them. 
When there are too few flowers available, bees start searching alternative food 
source and learn to forage elsewhere. For the strawberry grower, it is also important 
to have bees on fields in a very right time, since the first flowers are those giving 
fruits with the highest quality and the protective effect of bumble bee-mediated 
Prestop-Mix was highest for the yield from the first flowers (Karise et al. 2016a).

4.3  Crop and Cultivar Selection

The attractiveness of flowers of different crops vary from cultivar to cultivar. In 
addition, the attractiveness of a crop to bees depends on which alternative food 
plants are available in the foraging area. To guarantee higher visitation rate, it is 
suggested to grow different cultivars within the same field. Varying sugar concentra-
tion of the nectar among cultivars has been seen to affect the bumble bee visitation 
rate (Yu and Sutton 1997; Kovach et al. 2000; Escande et al. 2002).

It is not needed to endeavour a 100% flower constancy. Our results indicate that 
effective disease control was achieved with about 22% strawberry pollen (Figs. 4 
and 5) gathered by bumble bees (Karise et al. 2016a). Taking into account the bum-
ble bee habit to try other plant species for food, it could be suggested to provide 
even some flowering plants nearby the strawberry field. During the 3  years of 
BICOPOLL project, the bumble bee preference for simultaneously gathered pollen, 
which was collected beside strawberry, varied between the years and places depend-
ing on which plants were available. The caragana, white clover, white nettle or 
Rosaceae species were gathered during the same foraging trips. The regional  
differences in environmental conditions within Europe are huge and therefore the 
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region- specific data is needed for successive agricultural practice. The winter oil-
seed rape as a very attractive forage plant is usually suspected to draw bumble bees 
away from other crops. In case of strawberry this effect was not observed. The 
amount of strawberry pollen in bumble bee corbiculae was 20–25% each year inde-
pendent of surrounding plant communities.

Fig. 5 A bumble bee carrying pollen into the hive. (Photo: Reet Karise)

Fig. 4 Strawberry pollen grain. (Photo: Märt Rahi)

M. Mänd et al.
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5  Conclusion

The success of using bumble bees in outdoor conditions depends on several inter-
acting factors. However, knowing the specific behavioural aspects of the bee species 
used and the characteristics of target crop, make it possible to achieve reliable con-
trol of the disease.
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