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PREFACE

It is estimated that by 2050 the world population will increase by approximately 30 percent to
9.1 billion people, which will invariably increase the demand on global food supply. Meeting
this challenge of addressing current and future global food demands is reliant upon our ability
to sustain, or increase, agricultural food production from the same area of land in a way that
does not intensify the negative impacts on the environment. To add to this, the influence of
climate change on agricultural production systems and associated ecosystem services, such as
nutrient cycling, pest regulation and pollination, is largely unknown.
Many innovative and feasible opportunities and methods exist that can increase food
production sustainably. In this context, the management of agricultural landscapes, so as
to optimize the use of natural ecosystem services, will contribute to sustainable agricultural
production while maintaining and encouraging bbiodiversity. Pollinators provide an essential
ecosystem service by ensuring production of fruit, seeds, nuts and vegetables; pollination
services are also important for biofuel and fodder cropping systems.
Apple, as one of the most widely cultivated fruit tree crops in the world, unsurprisingly,
is a top global commodity. China produces approximately half of the total apple production,
followed by the United States, Turkey and Poland. Apple production depends on insect
pollination - therefore, understanding pollinators, their requirements and behaviours within
and around apple orchards, at both small and large-scale production levels, will allow for
better pollination management strategies and increase apple production.
In its role as coordinator and facilitator of the International Pollinator Initiative (IPI) of
the United Nations Convention on Biological Diversity, FAO established a Global Action on
Pollination Services for Sustainable Agriculture. Within this Global Action, and through the
implementation of a GEF/UNEP-supported project on the ‘Conservation and Management of
Pollinators for Sustainable Agriculture, through an Ecosystem Approach’, FAO and its partners
in seven countries developed tools and guidance for the conservation and management of
pollination services to agriculture.
In April 2014, a workshop in Daman, Nepal was organized in collaboration with the
GEF/UNEP/FAO Global Pollination Project, the Marin Community Foundation (United States),

v

the Royal Saskatchewan Museum (Canada) and York University (Canada), on ‘Natural pollination
services for agricultural production in apple orchards in the Hindu-Kush Himalayan region’.
The objective of the workshop was to share information with apple growers and agricultural
extension workers on the theory and methods involved in the discovery, encouragement, and
management of native pollinators to enhance apple pollination.
Workshop participants, representing experts on apple pollination in the Hind-Kush Himalaya
region came from India, Nepal and Pakistan. Following the workshop, the decision was taken
to prepare an information manual on apple pollination. The present Manual is a result of this
collaboration of experts.

Alison Hodder
Senior Officer, Horticulture
Plant Production and Protection Division, FAO
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SECTION 1
INTRODUCTION

Apples (genus Malus, a member of the Rosaceae or rose family) have been part of the human
diet for thousands of years (Hancock et al., 2008), as demonstrated by the discovery of
‘fossilized’ fruit (presumably Malus sylvestris, the European wild apple) in human dwellings in
Switzerland (Elzebroek and Wind, 2008). Indeed, the importance of apples to human culture
and nutrition over the millennia is demonstrated by their presence in art, mythology and the
religions of many regions, including Norse, Greek and European Christian traditions, as well
as in the Muslim world (Hancock et al., 2008). The earliest recorded cultivation practices
took place in Central Asia, perhaps around the Caspian and Black seas (Hancock et al., 2008),
where the main wild ancestor of all cultivated apple, Malus sieversii (the Asian wild apple),
and other wild species (including M. sylvestris and M. pumila) still grow today.
It is presumed that the place of origin and centre of diversity of the genus Malus is Central
Asia around Turkestan, which today is Kazakhstan, Kyrgyzstan, Uzbekistan, Turkmenistan and
Tajikistan (Hokanson et al., 1997; Harris et al., 2002; Velasco et al., 2010). Thus, apple trees
were one of the earliest to be cultivated and over thousands of years selection has improved
the fruit (Morgan and Richards, 2002; Hancock et al., 2008).
Recent genetic studies suggest that the domestic apple (Malus x domestica), although
largely originating from the Asian wild apple (Valesco et al., 2010), received genetic material
from several wild apple species from both Asia and Europe (Cornille et al., 2012), which
arrived over the trade routes and by way of human migration and settlement. Apples enjoyed
today share their ancestry with several of the approximately 30 primary Malus species (i.e.
wild apples), as a result of a long history of travel and hybridization (Hancock et al., 2008).
Today apple is one of the most widely grown and important tree fruit crops in temperate areas
of the world (Zohary and Hopf, 2000; Cornille et al., 2012) (Figure 1).
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Figure 1

THE MAJOR APPLE PRODUCING COUNTRIES (SHOWN IN GREEN; DARKER SHADES INDICATE HIGHER
LEVELS OF APPLE PRODUCTION).

APPLE PRODUCTION 2013 (1000t)
No data
0 - 375
375 - 1250
1250 - 39700

Source: FAO, 2013 production data

Old World apple seeds first arrived in the Americas in the seventeenth century. Before that time,
only crab apples were native to North America (Hancock et al., 2008). The first apple orchards in
North America were probably planted in New England on colonial farms in the early 1600s, but
apple seeds from Europe were also spread along the trade routes of First Nation communities.
Thus, orchard production in North America began and, by the mid-1800s, many apple cultivars,
many of which had been newly developed in North America, were being sold from the catalogues
of successful apple nurseries (Hancock et al., 2008). In this way, a large industry emerged, and
North America (the United States and Canada) came to lead world apple production during most
of the twentieth century (Canadian Food and Inspection Agency, No Date).
Similar patterns of human migration and settlement promoted the spread and establishment
of apple throughout the world. Apple seeds were carried to most areas settled by Europeans,
including South Africa, where orchards were established in the mid-1600s. In the 1700s
and 1800s, apples were introduced to Australia and New Zealand, respectively, with markets
developing later in South America (Hancock et al., 2008).
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Apple production, in the quantities seen today, required intensive research on cultivar
development and selection (e.g. for localized climate, human taste preferences, pest and
disease resistance), propagation methods and planting strategies. Intense management
of apple as a horticultural crop is recent, with much research on the development of new
cultivars, and advancement in production occurring within the last half century (see Westwood,
1978; Childers, 1983; Morgan and Richards, 2002; Hancock et al., 2008; Brown, 2012). Apple
production has expanded considerably, by approximately 50 percent over the last 20 or more
years (Brown, 2012), particularly in China, where production has grown rapidly from about
5 million tonnes in 1990, to 17 million tonnes in 1997 (Papademetriou et al., 1999), to over
30 million tonnes today.
Currently, China dominates global apple production, where about five times more apples are
grown than for the next leading producer, the United States which, as stated above, led world
production during the last century, and accounts for over 50 percent of global production (US
International Trade Commission (USITC), 2010; 2011; FAOSTAT, 2015). Other major producers
include Turkey, Italy, Poland, India and Iran, with other producers in South America and
Central Asia (Figure 1).
Today, there are more than 6 000 apple cultivars (Hancock et al., 2008), each having been
developed for specific human preferences such as taste, size, different uses including cooking,
eating and cider production, and for physiological reasons for example resistance to crop disease,
harvest time, climate suitability and storability (King et al., 1991). Apples are available yearround across the globe as a result of advancements in cold storage technology, production in
both hemispheres and, in some regions such as Ecuador, at high altitudes crop production can
occur twice a year because of the year-round uniform temperate conditions.
Apple breeding and development has traditionally been based on controlled cross-pollination,
which results in seed formation, as a means to acquiring traits within the fruit and/or trees. Most
new apple cultivars still originate as seedlings, mainly as a result of deliberate cross-pollination
of varieties or cultivars that have promising characteristics (discussed below). For example, the
terms ‘seedling’, ‘pippin’, and ‘kernel’ in the name of an apple cultivar suggest that it originated
as a seedling. Less commonly, apples can form ‘bud sports,’ which is a morphological mutation
that is clearly different from the rest of the plant and sometimes has desirable characteristics
that can be used to propagate new cultivars or improved strains of the parent cultivar.
Apple seeds are unsuitable for propagation as seedlings, as apples display ‘extreme
heterozygosity’ in that they do not breed true from their parents in displaying cultivar
characteristics. For example seeds from a McIntosh apple do not grow into a McIntosh tree.
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Thus, propagation of apple as a crop is not from seed, but from grafting, which is an asexual
horticultural process where tissues from one plant are inserted into those of another. In
this case, the stem is inserted into a suitable rootstock and the vascular tissues of both
components are joined.
Reproduction and propagation have been topics of horticultural investigation throughout
the long history of the apple industry (see Brittain, 1933; McGregor, 1976; Westwood, 1978;
Pratt, 1988; Sedgley and Griffin, 1989; Free, 1993; Delaplane and Mayer, 2000; Sharma et al.,
2006). Despite this long history of research and development, there is still much to be learned
about apple reproduction, including flower form and function with respect to influences upon
the formation and distribution of seeds in the fruit, which contribute to fruit quality; and the
reproductive requirements of new cultivars (Sheffield et al., 2005).
The first objective of this Manual is to review pollination and apple flower morphology to
promote better understanding. Certainly, much of the story of apple pollination - the movement
of pollen from one flower to another - involves insect pollinators that transport pollen from
flower to flower. This Manual summarizes basic bee biology in relation to apple, and discusses
ways to maintain or improve apple pollination by considering the needs of bee pollinators.
Finally, apple orchard structure and genetic composition are reviewed, and how these aspects
relate to optimizing cross-pollination, fruit development and ultimately apple quality and yield.
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SECTION 2
POLLINATION AND APPLE
FLOWER MORPHOLOGY

In order to appreciate the rationale behind options related to pollination and apple production,
it is important to understand pollination, apple flower morphology and the affect these have
upon each other. The development of an individual fruit is a complex process and, from the
time a flower opens until the fruit ripens, several key steps must occur (Abrol, 2012). The first
step, pollination, involves the transfer of pollen (i.e. the male sex cells of higher plants), from
the anther to the stigma (i.e. the pollen-receiving part of the female sex organ, or gynoecium)
(see Figure 2).
Pollination does not refer to the subsequent steps that include pollen tube growth down
the style and the resulting fertilization of the ovule, or the development of seeds or the
fruit(s), which are all components of fruit production that occur after pollination. As such,
it is possible to have excellent pollination, represented by a sufficient amount of pollen

Figure 2

POLLINATION OCCURS WHEN POLLEN GRAINS ARE DEPOSITED ON THE STIGMA(S) OF A FLOWER.

Pollen grains

Source: Danae Frier
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being delivered to the stigma, yet fail to have fruit develop. When this happens, it is often the
pollinators - bees, butterflies, flies and other flower-visiting animals - that are held responsible
for poor fruit yield in crop systems. Sometimes this is the case if climatic conditions have been
poor during flowering, which reduces pollinator activity thereby preventing pollination, or if the
pollinators are not present and/or abundant enough to provide full pollination to all the flowers,
thus resulting in a pollination deficit.
Pollinator abundance can be affected by several factors, which are discussed below, that
include the lack of floral or nesting resources required by insect pollinators in the local landscape,
and the use of agricultural chemicals. Non-pollinator-related factors are also important for
fruit development and, in some cases, more so. These include pollen viability and the genetic
compatibility of pollen(s) from the cultivars in an orchard, both of which can reduce fertilization
and subsequent fruit set, leading to reduced yield and fruit quality (Kendall, 1973; Jana, 2001;
Kron et al., 2001a; 2001b; Sharma et al., 2004; 2006).
Many fruit crops, including apple, require cross-pollination meaning that in order to set fruit
they need to receive pollen from a genetically different compatible individual (Figure 3). Therefore,
‘pollenizers’ (i.e. compatible pollen donors) or a mix of compatible cultivars are required to
produce apples (Brittain, 1933; Kendall, 1973).

Figure 3

FLOWERS FROM DIFFERENT APPLE CULTIVARS CAN LOOK DIFFERENT AND CAN PRODUCE POLLEN THAT
IS GENETICALLY DIFFERENT.

Source: Cory Sheffield
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Figure 4

A TYPICAL APPLE FLOWER, SHOWING THE MAJOR EXTERNAL PARTS RELATED TO POLLINATION.

Petals
Anthers
Stigmas

Source: Cory Sheffield

In this section, flower and fruit morphology is discussed to further understanding of how
pollination is linked to fruit development in apple. Apples have perfect flowers, meaning both
female and male reproductive organs are present that contain the ovules and produce the pollen,
respectively (Figure 4).
The female organ of the flower, the gynoecium, comprises five carpels; each has a stigma, a
style and an ovary (Weberling, 1989; Endress, 1994; Raven et al., 1999) that normally contain
two ovules (McGregor, 1976; Westwood, 1978; Faust, 1989; Free, 1993). In apple, the styles
have a solid core of transmitting tissue through which the pollen tubes grow among or between
cells (Cresti et al., 1980; Sedgley, 1990), and each style is basally fused with the other styles
along a portion of their total length (Figure 5). Apple flowers, therefore, have been described
as syncarpous, or as having fused carpels, though the level of inter-carpel communication by
way of the compitum, which is a shared area of internal communication (see Figure 5), varies
among cultivars.
Until recently (see Sheffield et al., 2005), the apple flower carpels were thought to be
‘imperfectly syncarpous’, or without a compitum (Carr and Carr, 1961; Cresti et al., 1980; Anvari
and Stösser, 1981; Pratt, 1988; Weberling, 1989), with each fruit being able to form up to ten
seeds (i.e. two seeds per carpel), with variations among cultivars (McGregor, 1976; Westwood,
1978; Faust, 1989; Free, 1993). Where cultivars have flowers with no compitum, viable pollen
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Figure 5

THE INTERNAL STRUCTURE OF A MCINTOSH FLOWER, SHOWING THE POLLEN TUBE GROWTH PATHWAY
(I.E. STIPPLED AREA) DOWN EACH STYLE.

Pollen tube transmitting tissue

3 mm

Compitum

Vascular tissue
Ovule

Source: adapted from Sheffield et al., 2005

grains must be transferred from a compatible cultivar to each of the five receptive stigmatic
surfaces (Torchio, 1985) to produce an apple with a full complement of seeds (i.e. seed(s)
present in each carpel). For these cultivars, differences in the levels of pollination among the
five stigmas can directly affect fruit quality and quantity, because of the resulting variable
production and distribution of seeds (Carr and Carr, 1961; Sheffield, 2014).
Many apple cultivars, however, are known to possess a compitum, as discussed below, which
allows for inter-carpel growth of pollen tubes (Sheffield et al., 2005). As such, an individual
stigma can be pollinated and still result in full fertilization with seeds being produced and
evenly distributed within the fruit. The number and distribution of seeds within a developing
apple affects its shape and weight (Brittain, 1933; Brittain and Eidt, 1933; Free, 1993; Brault
and de Oliveira, 1995; Keulemans et al., 1996; Sheffield, 2014).
Furthermore, flowers and developing fruit that are not pollinated, or are poorly fertilized,
usually drop soon after they have bloomed (Free, 1993). Most immature fruit dropped within a
few weeks of flowering typically have fewer developing seeds than fruit that remains on the tree
(Brittain and Eidt, 1933; Brain and Landsberg, 1981), although the relationship is not always
straightforward (Lee, 1988; Ward et al., 2001), as many mature fruits do not contain a full
complement of seeds (Sheffield, 2014).
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Several factors may result in pollination differences among the five stigma surfaces of apple
flowers. Not all surfaces will receive pollen if the stigmas are separated from each other at
the time a pollinator visits the flower, or if the length of each style is different because the
gynoecium has been damaged or deformed (Figure 6). These morphological factors could result
in asymmetric fertilization and seed distribution in cultivars with imperfectly syncarpic flowers
(i.e. those without a compitum), which can lead to early fruit drop or misshapen fruit.
Pollinator foraging behaviour may also be a factor in contributing to asymmetric pollination.
Among apple cultivars, the colour and external form of apple flowers can vary considerably
(refer to Figure 3) (Stott, 1972; Kendall and Smith, 1975; Ferree et al., 2001); some of these
differences can negatively affect the foraging behaviour of pollinators and can lead to inefficient
or inadequate pollination.
The structure of the apple flower facilitates pollinators, namely bees, as they access the
floral nectaries and move through the anthers, where they come into contact with each of the
stigmas (i.e. top-working bees) (Figure 7). In contrast, they can enter through the side of the
flower, where they access the nectaries through the base of the anthers (i.e. side-working bees).
Side-working bees are less likely to touch the stigma than top-working bees (e.g. for honey
bees, side-working behaviour is well documented in ‘Delicious’ apples (see Robinson, 1979;
Degrandi-Hoffman et al., 1985; Schneider et al., 2002). The differences in internal morphology,
as outlined above, particularly the presence of a compitum (Sheffield et al., 2005), may differ
among cultivars. In cultivars without a compitum, the pollen must be distributed evenly among
the stigmas in order to obtain a full complement of seeds (Visser and Verhaegh, 1987).

Figure 6

FIVE STIGMAS

A DEFORMED APPLE FLOWER, WITH UNEVEN STYLE LENGTHS, RESULTS IN STIGMA SURFACES
THAT ARE NOT EQUALLY ACCESSIBLE TO POLLINATORS.

Source: Cory Sheffield
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Figure 7

A SOLITARY BEE (ANDRENA SP.) COVERED WITH POLLEN WORKING THE CENTRAL PART OF AN APPLE FLOWER.

Source: Cory Sheffield

Intensive apple cultivar development, which has contributed to variations in fruit morphology
(Bultitude, 1983), has also likely resulted in the modification of the external and internal floral
form, with resulting implications for pollination, seed set and fruit quality (Sheffield et al.,
2005; Sheffield, 2014). Considering the over 6 000 known cultivars, and the trend for developing
more, it is important to fully understand all factors that affect apple fruit yield and quality,
which are not always linked to lack of pollination.
Despite this, pollinator foraging behaviour, floral attractiveness to pollinators, pollination
requirements (i.e. compatibility), pollen viability, pollen tube growth pathways, and other flowerbased characteristics of the resulting cultivars have seldom, if ever, been considered or selected
for during new cultivar development. All of these factors ultimately influence fruit quality and
yield in apple. With recent knowledge of the cultivated apple genome (Velasco et al., 2010;
Evans et al., 2011), it may soon be possible to select from lineages having both favourable floral
features for pollinators to promote pollination, in addition to other characteristics of interest.
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SECTION 3
CONSERVATION OF WILD BEES
FOR APPLE POLLINATION

Bees (Hymenoptera: Apoidea, Apiformes) are specialized wasps that have relinquished their
habit of hunting insects and other arthropods to secure food for their offspring and, instead,
have become vegetarian, using pollen, nectar and other floral resources for food. As such,
bees are entirely dependent on flowering plants, and the presence and abundance of these
insects within any habitat is largely dependent on the availability of floral resources. This
dependence on flowers makes bees the most important pollinators (Figure 8), and apple, like
many of the most important food crops, requires pollination by bees to produce fruit (Free,
1993; Delaplane and Mayer, 2000; Sharma and Gupta, 2001; Sharma et al., 2012).

Figure 8

A SOLITARY BEE (ANDRENA SP.) LOADED WITH POLLEN VISITING AN APPLE FLOWER.

Source: Sean Michael Webber
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Globally, the honey bee (Apis mellifera) is considered to be the most important pollinator
of apple, and is managed as a commercial pollinator in all apple-growing regions of the world
(Brittain 1933; Free, 1993; Gupta et al., 1993). Managed honey bee colonies are moved into
apple orchards for pollination during the flowering period, and then removed to lower the risk of
exposure to agricultural chemicals and other management practices following pollination. This
practise also allows for the colonies to be placed in other crop settings, or in habitats rich in
other floral resources.
This general pattern is followed in almost all settings where honey bees are used as commercial
pollinators. The future availability of managed honey bees to meet crop pollination requirements
has, however, become uncertain largely because of rapid colony losses over the last decade,
which have been attributed to Colony Collapse Disorder (CCD). Currently, the losses sustained by
honey bee industries have varied from region to region, possibly as a reflection of beekeeping
management methodologies or pollination services, and/or the extent of agrochemicals used
near colonies (Pettis et al., 2013).
Several factors are known to cause losses in managed honey bees including, in some areas,
specific aspects of management such as long distance, migratory beekeeping as well as high
parasite and pathogen levels. Other factors are known to have a more general, though no
less severe, negative effects on all pollinators, including honey bees, such as the use of some
pesticides, invasive species, and habitat loss, including reduction and/or loss of floral resources
and others required in the local habitat.
Historic evidence suggests that wild bee species make an important contribution to crop
pollination (see Brittain, 1933; Kendall 1973; Ganie et al., 2013), and recent data suggests that
wild bees may be responsible for large proportions of the pollination services that have been
attributed to managed honey bees (Breeze et al., 2011). The consensus is that, in almost all
cases, pollination services are better when there is high pollinator diversity and abundance, and
that in some cases wild bees are better pollinators than honey bees per single flower visit (see
Javorek et al., 2002; Garibaldi et al., 2013).
It is known that managed honey bees continue to be the most valuable contributor to crop
pollination, but it is also becoming clear that they should not be the only species of pollinator
considered when it comes to discussing pollinator conservation and/or encouragement. To
ensure that future crop pollination services are met, there is not only the need to ensure that
the main managed pollinator remains a viable component of agriculture, but also that native
pollinator populations are kept intact (Vaughan et al., 2007). This includes the indigenous Apis
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species found in many Old World apple-growing regions and a large number of other pollinating
taxa (Radar et al., 2015).
Globally, there are over 20 000 species of bee (Michener, 2007), and many, but not all may
show promise for future encouragement and/or commercial management of pollination. An
obvious exception, for instance, are the cleptoparasitic bees, the females of which do not collect
pollen for their own offspring, but instead lay their eggs in the nests of other bee species. As
these bees only visit flowers for nectar, not pollen, their potential for significant pollination is
limited. However, a cleptoparasitic life style is only one of several found in bees. Thus, diversity
of traits related to life history is high among bees, and knowledge of the biology of local species
can provide insights into the best ways they can be conserved and encouraged, and hint at the
likelihood of the potential for the management of bees as crop pollinator1.

3.1 NESTING BIOLOGY
Generally, the nesting biology of bees dictates how easy it is to encourage them to nest within
a habitat and provide pollination services to crops. For instance, cavity-nesting bees will often
accept a range of natural or artificial nesting substrates within the local habitat, and all species
that are presently managed globally for pollination share this nesting habit. These include the
highly eusocial (i.e. living as colonies throughout the year) honey bees, Apis mellifera and A.
cerana, which naturally nest in hollowed-out trees or other similar large cavities; other species
of Apis nest in the open (Alexander, 1991).
A range of artificial cavities, commonly called ‘hives’, have been developed for use around
the world to encourage honey bees with this nesting habit (see Crane, 1999), as they have made
harvesting honey and wax relatively easy (Figure 9). Subsequently, these managed hives have
facilitated the use of honey bees for pollination, making them the most important managed
pollinator of all crops. Similarly, some species of the closely related, highly eusocial stingless
bees (Meliponini) are also kept in ‘hives’ in tropical areas for similar reasons (Kwapong et al.,
2010). As both groups make and store honey, there is a long history of close association with
their human beekeepers. Stingless bees are also important pollinators of crops (Heard, 1999).

1

Of interest could be guidance on the natural history of wild bees and their potential exposure to pesticides, which can be found
in the FAO publication ‘Pollinator Safety in Agriculture’. (Available at: http://www.fao.org/3/a-i3800e.pdf, from the website:
www.fao.org/pollination/resources).
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Figure 9

© N. Azzu

“BEE VILLAGE” MUD HIVES DESIGNED BY THE YS PARMAR UNIVERSITY OF HORTICULTURE AND
FORESTRY, SOLAN (HP) TO REVIVE DECLINING INDIGENOUS BEES (APIS CERANA) IN KULLU VALLEY,
HIMACHAL PRADESH, INDIA.

Most bumble bees are primitively eusocial, with a solitary stage during the life cycle of the
mated queen; the exceptions include the social parasitic bumble bees of the subgenus Psithyrus
that use colony-building bumble bee species as hosts. In temperate regions, where bumble bees
are most common, colonies do not store honey in their nests for the winter months, as most of
the colony, excluding new queens, dies off towards the end of the active season.
In the wild, newly emerged queens will select abandoned rodent burrows, cavities in trees and
other similar places to start a colony. Some bumble bees may accept artificial nesting cavities
(Fye and Medler, 1954; Donovan and Wier, 1978; Kearns and Thomson, 2001; Evans et al., 2007)
if they are large enough to sustain colony growth throughout the summer. The acceptance of
such artificial nesting substrates has facilitated detailed studies of bumble bee colony life (see
Hobbs et al., 1962). More recently, artificial bumble bee colonies have been made available yearround for crop pollination (Van Heemert et al., 1990; Thorp, 2003). This means that some species
of bumble bee are ideal for year-round production of greenhouse crops in temperate parts of the
world, and for field crops that are better pollinated by bumble bees; the crop pollination services
resulting from this industry are substantial.
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In addition to these social species, many solitary bees nest in a variety of smaller, preexisting cavities. In natural settings, such nesting cavities include emergence holes of woodboring beetles and other similar insects, within pithy plant stems, abandoned snail shells, or
crevices under stones (Michener, 2007; O’Toole, 2013). The abundance of these cavities, in most
terrestrial habitats, contributes to the diversity of these bees within a given region.
Conversely, habitats lacking such potential nesting sites will have a lower diversity and
abundance of these bees (Sheffield et al., 2008a; 2013) as the availability of nesting sites is
one of the main factors limiting populations of some bee species. However, as with the social
species mentioned above, many cavity nesting bees will accept artificial nesting substrates
(Krombein, 1967; Sheffield et al., 2008a), especially masons of the genus Osmia, and leafcutter
bees of the genus Megachile, which are among the most promising wild bees for management
as crop pollinators. In fact, one such species, the Alfalfa Leafcutter Bee (Megachile rotundata)
is second only to the honey bee for the extent of its use as a pollinator (Pitts-Singer and Cane,
2011). By providing nesting sites, solitary cavity nesting bees can be encouraged to nest in a
range of habitats (Sheffield et al., 2008a). Moreover, artificial nests facilitate the collection of
important biological data on the occupants that are required for understanding factors affecting
their diversity, their specific requirements or partialities (see Sheffield et al., 2008a), their floral
preferences (see Cripps and Rust, 1989a and b; MacIvor et al., 2014), and nesting associates (see
Krombien, 1967; Sheffield et al., 2008a; Barthélémy, 2012).
Cavity nesting bees use a range of natural, pre-existing cavities for nesting, and agricultural
landscapes containing woodland or other non-managed habitat adjacent to crop systems often
have more diverse and abundant bee communities (see Watson et al., 2011), as they provide
ample nesting habitat (Sheffield et al., 2008a; 2013). Consequently, crops with natural habitat
nearby receive better pollination (Morandin and Kremen, 2013).
Many bees will nest in any readily available sites, and thus accept any suitable cavity.
Therefore, increasing the number of available nesting sites may be as simple as leaving rock
piles, old tree stumps, or other substrates that can form large cavities, or using a drill to
create smooth sided, closed-ended cavities in trees, fence posts, or wooden blocks. Artificial
nesting blocks can provide a range of nests in habitats lacking natural woodland borders (see
Krombein, 1967; Sheffield et al., 2008a; Barthélémy, 2012). In many habitats, this can increase
the diversity and abundance of solitary pollinators.
Though ground nesting is more common in bees (Michener, 2007), species that have this
trait are more difficult to manage for pollination. In general, it is very difficult to provide
nesting substrate for these bees, though some success has been met with a few species,
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including the sweat bee Nomia melanderi as an alfalfa pollinator (see Mayer and Johansen,
2003; Cane, 2008). These bees can be encouraged to nest by preparing soil beds of suitable
depth and chemistry; their nesting preferences and general biology are well known because of
its contribution to alfalfa production. This is a general trend with all managed bees – details
of all aspects of their life, nesting biology, floral preferences, natural enemies, are required to
understand how to promote them as pollinators. Currently, the nesting biology of most bee
species, especially those that nest in the ground, remains poorly studied.
Generalities can be made regarding nesting preferences for ground-nesting bees. It is known,
however, that some species show strong preferences for soil type and characteristics, slope,
aspect and depth (Cane, 1991). It is possible to provide appropriate habitat to encourage groundnesting bees by leaving natural habitat intact for nesting. Without having a detailed knowledge
of the requirements of most species, it is more practical to conserve areas that are likely to
contain nesting habitat adjoining crop settings. This may include bare soil patches, mounds of
earth, or cut banks. Most local bee faunas, regardless of nesting habits, will be more diverse
and abundant if natural nesting habitat is conserved and promoted. Therefore, cropping systems
bordering natural habitat that is rich in bee-required resources will receive better pollination
(Ricketts et al., 2008; Carvalheiro et al., 2010).

3.2 FOOD PLANTS FOR BEES IN APPLE ORCHARDS
Despite the known benefits of adjacent natural habitat on crop pollination, because of
housing and the support of more diverse and abundant bee communities (Ricketts et al., 2008;
Carvalheiro et al., 2010), often habitats surrounding the crop of interest are found to be highly
modified, as they usually contain other crops, and they may not provide suitable nesting sites
or food resources for bees (Sheffield et al., 2013). Non-crop trees that may provide possible
nesting sites, and/or serve as food plants for bees, are often removed from areas adjacent
to crop settings as they are thought to serve as potential sources for pest species or limit
machinery access to the crop(s). In addition, non-crop food plants are often removed from
areas adjacent to crops as they are suspected of competing with the crop for pollinator visits,
for water, and/or soil nutrients.
Wild bees often have an active flight period that is considerably longer than the flowering
period of crop plants. These crops may offer bees a rich source of floral resources for a short
period, and then very little thereafter (Peters et al., 2013). This scenario affects female bees
nesting in these habitats, and their fecundity is seldom maximized. Social bees, such as bumble
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bees and wild honey bees, may be particularly negatively impacted by this scenario, as they
require food resources throughout colony development in temperate zones, and most of the year
in equatorial areas.
Crop settings with plenty of additional food plants can support larger bee communities and
result in more fecund females (Sheffield et al., 2008a and b), which will increase the quantity of
bees for pollination in subsequent years. In order to have relatively stable populations of wild
pollinators, it is important to provide additional food plants throughout the growing season
(Abel and Wilson, 1998; Sheffield et al., 2008b; Hannon and Sisk, 2009; Ganie et al., 2013;
Korpela et al., 2013; Peters et al., 2013; Saunders et al., 2013; Blaauw and Isaacs, 2014),
especially when the target crop is not in bloom.
Additional food sources for wild pollinators can be provided by leaving adjacent natural
habitat that is rich in natural floral resources, or by engaging in active bee conservation and
management practices, where additional food plants are established to increase bee fecundity.
Sheffield et al. (2008b) established lupine (genus Lupinus) beds in apple orchards in eastern
Canada, and found that the presence of these plants, where lupine flowering occurred after
apple blooms, more than doubled the fecundity of nesting bees than in orchards without
them. The result was a net growth of the bee population (Sheffield et al., 2008b). It is now
known that non-crop flowers adjacent to or within crop systems, serve as food plants for many
beneficial insects that supply pollination (Potts et al., 2003; Morandin et al., 2011; Miñarro
and Prida, 2013; Blaauw and Isaacs, 2014) and can, in some cases, act to increase other
beneficial species that serve as biological control agents of pest species (Thies and Tscharntke,
1999; Landis et al., 2005, 2012; Isaacs et al., 2008; Blaauw and Isaacs, 2012). Thus, the
success of pollination and other beneficial ecological services are strongly influenced by how
the areas adjacent to the crop are managed (Morandin and Kremen, 2013; Saunders et al.,
2013; Ekroos et al., 2014). The benefits are not limited just to pollination.

3.3 AVOIDING AGRICULTURAL CHEMICALS
All bees within agricultural landscapes are negatively affected by the use of chemicals to
control pests (see Tasei et al., 1987; Ladurner et al., 2005; Abbott et al., 2008; ValdovinosNúñez et al., 2009; Brittain and Potts, 2011; Gradish et al., 2012a and b; Blacquiere et al.,
2012; Henry et al., 2012; Krupke et al., 2012; Whitehorn et al., 2012; Biddinger et al., 2013).
Bees can come into contact with these chemicals in many instances, for example through the
flowers of crop plant(s), the respective floral resources collected, flowers within the field and
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adjacent habitats, and/or directly at the nest site (see Moron’ et al., 2012; 2014). There are
additional risks for most cavity nesting megachilid bees as they collect, rather than secrete,
nesting materials such as leaf pieces, masticated leaf fibres, mud or pebbles, which increases
the risk and frequency of additional exposure to contaminants in these settings (see Krupke
et al., 2012; Moron’ et al., 2012; 2014).
Agricultural chemicals, such as fertilizers and pesticides, are a significant part of food production,
especially at the large scales in which farms operate today. In addition, current farming practices
use vast quantities of water and natural soil nutrients. These practices commonly create ideal
circumstances for pest outbreaks. Many natural ecosystem services such as pollination, biological
pest control, soil building and maintenance, and water provision and purification are provided by
adjacent natural habitat. Employing agricultural practices that manage these ecosystem services
can contribute to reducing dependence on external chemical inputs for food production.
There is still strong reliance on chemicals for food production in most agricultural areas of
developed countries, but several management options are available for apple production that
can help maintain fruit yield and quality while minimizing the impacts of the chemicals on bees
(Reganold et al., 2001). Organic and Integrated Fruit Production (IFP) offer many benefits over
conventional orchard production and are considered to be more ecologically friendly. Integrated
Fruit Production is the production of high-quality fruit under ecologically safe methods, where an
attempt is made to minimize chemical inputs and obtain the least toxic option (Cross and Dickler,
1994; Sansavini, 1997). Reganold et al. (2001) compared several criteria of production methods
for orchard crops, and found that alternative methods of crop production were comparable, or
better, than those of conventional methods. Other studies have supported this finding and have
demonstrated that non-conventional methods of production, including organic farming, typically
are better for beneficial insects and non-target organisms (see Prokopy, 2003; Peck et al., 2006;
Ganie et al., 2013).
In circumstances where pesticides, or other chemicals, must be used it is important to follow
label recommendations for their proper use and timing, such as in the late evening for noncrepuscular pollination groups, night time or off-bloom times, and limit area of spraying to
maximize the efficiency of controlling target groups, while keeping in mind that if there are
guidelines on the label for bees, these may only be applicable to honey bees and may not be
entirely relevant to wild bees. This may mean creating buffer zones for wild bee pollinators, so
as to protect nesting populations from drifting spray, which can be minimized by calibrating
equipment, spraying close to the crop (no aerial spraying) and spraying when there is no wind.
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Moreover, artificial nests should be placed where contact with chemicals is minimized (see
Sheffield et al., 2008b). The choice of chemicals used is also an important consideration. Application
of pesticides should not follow a schedule, but rather be based on the presence or levels of pests
(i.e. acceptable thresholds) to reduce the frequency of unnecessary spraying or application.
Certainly, toxic chemicals should never be applied to the target crop during bloom. Bee-friendly
products, such as lures or pheromone traps, should always be chosen in preference to chemicals
with known and unacceptable toxicity.
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SECTION 4
POLLINATION AND ORCHARD
STRUCTURE

Apple production requires pollination by bees (Brittain, 1933; Dulta and Verma, 1987;
Free, 1993; Gupta et al., 1993), although pollination events do not necessarily ensure
fruit production. As mentioned in the previous sections, cross-pollination (i.e. pollen from
different, genetically compatible cultivars) is required for fertilization to occur in most apple
cultivars. To ensure that fertilization is likely, several aspects of apple production need to be
considered.

4.1 FLOWERING PERIOD AND GENETIC COMPATIBILITY
Many cultivars are grown in every apple-growing region and the flowering period of each,
for example timing of flowering, start time, duration, timing of full bloom and when petals
fall, can vary with respect to type and local geography. The flowering period of any apple
cultivar can vary from year to year, based on weather conditions in the months leading up
to bud break. Flowering periods, thus pollen availability, of co-flowering cultivar(s) and/or
compatible pollenizers are important for fruit production. The mixture and arrangement of
apple cultivars grown within an orchard should be chosen to provide sufficient and compatible
pollen for successful fruit production and, therefore, each flowering period should overlap
sufficiently to ensure that pollen availability and stigma receptivity occur at the same time.
Only in this way will pollen from one cultivar be received by another.
Historically, pomologists would produce diagrams of recommended crosses and cultivar
mixes, linking specific cultivars suitable for planting with each other to serve as pollen donor
and recipient. These diagrams were useful as they provided apple growers a list of options for
their own orchards (see Brittain, 1933). However, with over 6 000 cultivars, and new cultivars
continuously being developed, it is not always clear which cultivars should be planted
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together so as to obtain ideal pollen mixtures. In fact, several key elements of the reproductive
requirements of apple cultivars are seldom researched as they are being developed, including
suggestions for pollenizor cultivars (Sheffield, 2014). Nonetheless, major apple cultivars can be
grouped according to their respective flowering times, for example early flowering, mid-season,
mid/late season or late flowering, though these need to be considered depending on geography
and climate. Orchard design should contain co-flowering, genetically compatible apple cultivars
to maximize potential fruit production.

4.2 POLLINATOR BEHAVIOUR AND ORCHARD STRUCTURE
Of the estimated 20 000 species of bees found around the world (Michener, 2007), only a
small proportion are known apple pollinators. The bee species involved in apple pollination
differ among apple-growing regions, and within regions of the countries that grow apples.
The exception is perhaps the honey bee, Apis mellifera, which is the most important, managed
pollinator in the world.
Honey bees make a very large contribution to apple pollination whenever they are used and,
in most apple growing regions, it is recommended that they are present in orchards during
flowering. This is especially important in orchards where other native bee species may not be
present in high enough numbers to achieve adequate pollination. There are several reasons for
potentially low numbers of naturally occurring apple pollinators, including the natural features
of the region, but also agricultural practises which may strongly affect local bee communities
such as the use of agricultural chemicals, see above.
Orchards vary greatly in size, shape, age structure of trees, tree density, tree-training
and support systems; for example standard planting, high density or trellis planting systems
(Robinson et al., 2013) and in the composition and location of the trees. In most apple orchards,
row and tree spacing must be sufficient to allow farm machinery to enter, including sprayers
and mowers and to accommodate harvest. To facilitate harvesting, a solid block of one cultivar
may be convenient so as to concentrate the fruit-ripening period of that cultivar. Furthermore,
aspects of pruning and thinning prior to fruit harvest may be easier if the orchards are set up in
blocks. However, as discussed above, this is problematic for ensuring cross-pollination.
The main solution to this problem is to place single trees of a selected pollenizer cultivar, or
crab apple trees, as they serve as universal pollenizers within the rows (Figure 10). A recommended
pollenizer arrangement within a single row has a ratio of about 1:7, which is one pollenizer tree
for every eighth tree, see Figure 10. This layout can vary depending on the varietal vigour,
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Figure 10

RECOMMENDED ORCHARD STRUCTURE WITHIN A SOLID BLOCK OF THE TARGET CULTIVAR (GREEN
TREES), WITH POLLENIZOR CULTIVARS SUCH AS CRAB APPLE PLACED UNIFORMLY THROUGHOUT.

Source: Cory Sheffield

the rootstock, tree-density and tree-training system. In high-density plantings of more than
1 000 trees/ha, using dwarfing rootstocks, it is especially important to locate pollenizer trees
uniformly throughout the orchard block to facilitate cross-pollination. This arrangement is ideal
for facilitating cross-pollination as it corresponds to the movement of pollinators; bees typically
move up and down rows, and across rows during single foraging trips. The likelihood of crosspollination occurring is much higher when there is abundant donor pollen from the pollenizors
and it is readily available throughout the orchard.
However, co-flowering and genetically compatible cultivars can be planted in solid rows (i.e.
without individual pollenizors), but these blocks should consist of no more than four rows of
each cultivar to increase the likelihood of cross-pollination (see Figure 11). It is important to
keep in mind that bees typically forage most effectively in open-canopy situations, so orchards
with dense tree canopies will impede bee activity, forcing bees to work down rows only, and not
across them. This reduces the effectiveness of cross-pollination in orchards with several rows of
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one cultivar. Thus, proper tree care, pruning and density management are important not only for
light penetration (photosynthesis), but also to promote bee foraging and pollination.
There are many modes of pollination, but for the purpose of this Manual, these will be
simplified into two broad categories:
||Self-pollination/self-compatible;

or

||Cross-pollination/self-incompatible.

Self-pollinated crops are those that can achieve reproductive success through pollination by
transfer of pollen from the anther to the stigma of the same flower or plant, resulting in seed set
and fruit development (i.e. self-fertile). Thus, self-pollinating plants may not need pollinators
to achieve fertilization, but in many cases pollinators can increase the quality or quantity of
self-pollinated plants by cross-pollination.
As defined above, cross-pollination is the transfer of pollen from anthers to stigmas of
flowers of the same species, but different individual plants, using a pollination-vector such as
insects, other animals, or the wind.

Figure 11

BASIC ORCHARD LAYOUT FOR POLLINATION RATIO OF 1:1 FOR TWO CULTIVARS.

Source: Cory Sheffield
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BEST PRACTICES

5.1 PRACTICAL MANAGEMENT OF HIVES
Honey bees (Apis spp.): optimizing the efficacy of managed bee colonies
When using managed honey bee colonies in an apple orchard, several measures can be adopted
that can improve the performance of the colony, thus resulting in greater pollination services
per hive (Free, 1993; Kakar, 2000; Delaplane and Mayer, 2000; Partap and Partap, 2002;
Singh and Misra, 2007; Partap, 2012). In general, timing and hive placement (discussed
earlier) is particularly important for apple pollination regardless of total orchard size, as are
arrangement of apple cultivars and pollenizers within the orchard.
With respect to timing, managed honey bee colonies should be introduced into the orchard
when approximately five percent of the apple blossoms have opened (i.e. the king blossoms
– the primary or central bud within a cluster that opens first) (Delaplane and Mayer, 2000).
If the hives are placed in orchards too early, that is before the king blossoms open, bees may
use alternative, as in non-crop, flowering plants. It is likely that the bees will return to the
apple flowers when they open, because of their overall abundance and quality as a food plant,
though early release of honey bees could, nonetheless, cause a minor diversion of pollination
services away from the target apple flowers.
Honey bee foraging behaviour typically involves flower/floral constancy, which is when
pollinating insects concentrate their flower visits to the same plant species for pollen
collection, despite there being other available forage resources (Waser, 1986; Waser and
Ollerton, 2006; Chittka et al., 1999). It is thought that competition for pollinators may
occur when there is a high abundance of many alternative floral resources with overlapping
flowering periods in or near apple orchards. It has been shown, for instance, that honey bees
may forage on ground cover, for example dandelion (Taraxacum officinale) and white clover
(Trifolium repens), rather than apple flowers (Free, 1968, 1993; Mayer and Lunden, 1991;
MacRae et al., 2009).
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An additional management option, therefore, which is often recommended or practiced, is
to remove ground flora that is flowering in synchrony with apple (Abrol, 2011). However, it is
not always clear if this practice actually increases apple pollination. It is most likely that honey
bee colonies continue to forage for apple pollen, regardless of the presence of co-flowering
dandelion (Laverty and Hiemstra, 1998). There may be other negative consequences of removing
dandelion and other non-crop flowering plants. During times when apple is not blooming, these
alternative forage resources are extremely valuable for wild resident bees (Free, 1993; MacRae
et al., 2005; Vaughan et al., 2007; Sheffield et al., 2008a, 2008b; Potts et al., 2010), many of
which may also be important native apple pollinators. The management of wild bees within
apple orchards is discussed in more detail below.
Managed honey bee hives should be placed in a slightly elevated position, not directly on
the ground, and where there is ample sunlight. The entrance should be shielded from direct wind
and be clear of blockage or obstruction such as branches or tree trunks, with a direct line to
forage resources. The hive entrance should therefore face either into the centre of the orchard
or down rows of apple trees. As discussed above, bees will more likely forage down a row than
across rows (Free, 1966).
It is important that overall hive placement should not be in long rows, as this leads to drifting
and non-uniform colony strength. There are many approaches with respect to hive placement
within an orchard. For example, in very large orchards with lots of apple flowers, honey bees may
have shorter foraging ranges because of the abundant availability of food. Colonies, therefore,
should be dispersed throughout the orchard to provide uniform pollination coverage, and/or
they should be placed away from the orchard/farm edges and concentrated towards the centre
of the orchard.
In almond orchards, for example, concentrating managed honey bee hives towards the centre
of the orchard increases foraging competition, which in turn forces a more uniform distribution of
pollination throughout the orchard as bees try to reduce crowding or foraging on the same central
cluster of trees (Loper et al., 1985). Hive placement strategy should also take into consideration
the accessibility of vehicles to hives and machinery paths within orchards. Other orchardists prefer
an irregular layout of managed hives – spread out, spaced apart and facing in different directions.

Stocking rates and competition
The decision to bring in managed honey bees to ensure adequate levels of pollination during
apple bloom is always up to the farmer, and is usually based on trade-offs between inputs
(financial) and outputs (yield), and the known physical (e.g. size) and biological attributes
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(e.g. native pollinator abundance and diversity, yield in previous years) of the orchard and
surrounding habitats.
In some cases, wild bee pollination alone may provide sufficient pollination to meet the
requirements of apple (Mallinger and Gratton, 2015), especially on smaller farms with suitable
surrounding habitat. A recent study (Mallinger and Gratton, 2015) examined the effect of honey
bees and wild bees on apple fruit set and found that neither the addition of managed honey bee
hives, nor the increase in honey bee abundance (density) increased apple fruit set, suggesting
that wild bees were sufficient for pollination needs in these orchards.
In apple orchards close to large forest fragments, wild flower patches or natural hedgerows
with a diverse and abundant wild bee fauna, the addition of managed honey bee hives during
apple bloom may not necessary. These findings highlight the importance of monitoring both
bee diversity and abundance within orchards (FAO, 2016), and correlating this with fruit set/
yield and fruit quality statistics. Lower than expected, or greatly fluctuating yearly yield or fruit
quality is indicative of poor pollination, and supplemental pollination by managed pollinators
may be required.
Nonetheless, and in particular for large-scale apple production, farmers can choose to
rent hives to ensure that optimum pollination takes place. For apple pollination with honey
bee colonies, recommendations for stocking rates range between two to four full strength
hives/ha for moderate levels of pollination (Delaplane and Mayer, 2000). Higher stocking
rate recommendations (see Abrol, 2011) may lead to higher pollination rates, but also means
higher production costs, such as for rental fees. In countries where Apis cerana colonies may
be used instead of A. mellifera, especially in parts of Asia (Kumar, 1997), the stocking rate
recommendations are much higher for example from 10 to 12 colonies/ha, as colonies of this
species are typically smaller (Abrol, 2011).

5.2 LANDSCAPE MANAGEMENT
The general approaches to managing landscapes, with respect to managed honey bees, differs
depending on if honey bee hives are rented or if they are raised or kept in the apple orchard.
The previous two sections outline general guidelines and strategies related to the use of
managed honey bee hives for apple pollination. In this section, landscape management strategies
are discussed that ensure hive owners keep strong honey bee colonies in the orchard over the
long term, while simultaneously encouraging natural wild bee populations within and around
the apple orchard.
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Conservation of wild bee fauna
Wild bees play an important and direct role in the pollination of many crops, and in some cases,
even more so than introduced, managed honey bees (Vicens and Bosch, 2000; Bosch and Kemp,
2001; Vaughan et al., 2007; Breeze et al., 2011; Garibaldi et al., 2011, 2013; Földesi et al., 2015;
Mallinger and Gratton, 2015; Russo et al., 2015). In order to maintain high wild bee diversity,
the apple orchard and surrounding habitat, should be rich in plants that provide ample floral
resources such as nectar and pollen, and have sufficient and diverse nesting substrates, for
example exposed bare soils, fallen logs and uncut plant stems (See Greenleaf and Kremen,
2006a; Garibaldi et al., 2011; Sheffield et al., 2013). The former is also important for honey bees
when apiaries are maintained adjacent to orchards, especially when wild honey bees are part of
the local bee fauna. Highly social species, such as honey bees, require food inputs throughout
the growing season, so sites rich in crops and wild plants that flower sequentially are best suited
to maintaining bee populations.
Wild bees may also play an indirect role in increasing pollination services to apples. The
presence of wild bees within apple orchards may affect honey bee foraging behaviour by
increasing the rates of honey bee movement, thus resulting in increased pollen deposition and
fruit set in apples, as recently demonstrated in sunflower crop systems (Greenleaf and Kremen,
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2006b). Since apple orchards are more dependent on the movement of pollinators between apple
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trees and pollenizer trees, studies might investigate whether or not the presence or increase of
wild bees does, in fact, increase the movement and activity of honey bees in apple orchards,
thus resulting in more successful fruit production (James and Pitts-Singer, 2008).

Approaches to maintaining and encouraging wild bees all year-round
The honey bees A. mellifera and A. cerana are both effective apple pollinators (Verma and
Dulta, 1986; Kumar, 1997; Stern et al., 2001) and, in their respective ranges or areas of use,
are often found to be the most frequent visitors to apple flowers (Joshi and Joshi, 2010).
There are, however, other wild bees that are effective apple pollinators, including bumble bees
(Bombus), mining bees (Colletes, Andrena), carpenter bees (Xylocopa, Ceratina) and sweat bees
(Lasioglossum, Halictus, Augochlora) (Kendall, 1973; Kendall and Solomon, 1973; Dashad and
Sharma, 1994; Thomson and Goodell, 2001; Park et al., 2010; 2012; Adamson et al., 2012). In
fact, a few studies report mining bees of the genus Andrena as being the most frequent and
common apple flower visitor (Adamson et al., 2012; Gardner and Ascher, 2006). An additional
and important group of wild apple pollinators are the mason bees (Osmia), and a few species
are managed for this purpose, particularly O. cornifrons, O. cornuta (Old World) and O. lignaria
(North America).
Mason bees are mostly polylectic (Bosch and Kemp, 2002), but these species have a strong
preference for foraging on fruit trees, including apple. Mason bees are solitary, and normally
nest in hollow stems and reeds, or previously excavated holes in trees as in tubular cavities
(Michener, 2007). Their common name relates to the fact that they normally construct individual
nesting cell partitions for each one of their individually laid eggs using mud, or other pliable
materials, including masticated leaves. Mason bees are effective and efficient apple pollinators
that are normally active during the early spring, corresponding to the apple flowering period
(Park et al., 2012). When visiting apple flowers, they directly contact the stigmas of the flower
blossom with the pollen-laden scopa on their abdomens. Finally, mason bees are easily managed
or promoted for growers to maintain (see Maeta, 1990).
Several mason bee species have been shown to be more effective than honey bees at
pollinating apples (see Torchio, 1985; Ladurner et al., 2004; Garratt et al., 2014). For example,
pollination services for 1 acre (0.4 ha) of apple orchard can be fully pollinated by 250 to 500
female Osmia cornifrons, compared to 50 000 honey bees, based on the individual visitation
rates of each species. An individual O. cornifrons will visit 15 flowers per minute, which equals
2 450 apple flowers/day, compared to an individual honey bee, which may visit 50 flowers per
day (Biddinger et al., 2013).
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Similarly, O. lignaria, the Blue Orchard Bee of North America is frequently used for apple
pollination (Richards and Kevan, 2002; Sheffield, 2014) and, in Japan, O. cornifrons (Japanese
Orchard Bee) is used to pollinate over 80 percent of apples grown in that country. As a result of
the success of this pollinator of apple crops, O. cornifrons was introduced to the United States
(Maryland) circa 1976 to pollinate apples (Batra, 1979).

Encouraging and managing Osmia pollinators
It is known that bee populations need floral resources such as nectar and pollen and nesting
substrate to thrive. It is also known that most Osmia spp. naturally nest in hollow stems and
reeds or previously excavated holes in trees (see above). It is recommended that apple orchardists
evaluate the size of their farm, around the edge and surrounding habitat from the centre of
the farm. If the apple farm is small (<1 ha) and surrounded by wooded areas, this is probably
enough to support small Osmia populations that are important for apple pollination. If the farm
is sufficiently large, with little nesting substrate for Osmia bees on the farm, the creation of small
wooded areas or plots in an apple orchard might be enough to house Osmia bees, though nesting
sites can be supplemented by creating artificial nests (Sheffield et al., 2008a; Gruber et al., 2011).

Floral resources in apple orchards
Planting floral resources on an apple farm so that they do not compete with blooming apple
flowers, before or after apple bloom, could improve the reproductive fitness and success of
Osmia and other social and solitary bee populations that will directly and indirectly positively
affect apple pollination (Sheffield et al., 2008b; Garratt et al., 2014). During apple flowering it
is beneficial to have both honey bees and wild bees within the orchard as pollinators, and it has
been shown in other crop systems that the presence of wild bees (including Osmia) can affect
honey bee foraging patterns in such a way as to increase the rate of their movement, pollen
deposition and pollination services (Greenleaf and Kremen, 2006b). This may also apply to honey
bee foraging behaviour in apple orchards and could be an important factor in the resulting
successful apple production, since increased honey bee movement and visitations between apple
trees and pollenizers (i.e. cultivars) is critical.

Bee-friendly habitats for maintaining pollinator communities
Important components of building and maintaining bee-friendly habitats include ensuring:
abundant and diverse nectar and pollen resources (i.e. food plants); water; and suitable nesting
habitats and/or suitable nesting materials are available (Figure 12).
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Box 1

TIPS FOR ENSURING PLANT DIVERSITY.
||

||

||

||

Less mowing and removal of naturally occurring plants along the edges of the orchard will promote wild
floral patches to occur. This requires no additional labour.
Allow weedy species, or herbaceous ground cover, to grow within the orchard when apple is not in bloom.
These plants provide an important source of food for pollinators for ‘off-apple bloom season’ periods.
Plant flowering species adjacent to, or within, the apple orchard, as these provide essential resources for
native bees and other beneficial organisms. Preferably use local native species. To avoid competition,
these plant species should bloom at a different time to the target crop, in this case, apple.
Creating a flower strip or patch (minimum 1m in diameter or more is ideal) with a diversity of plants
having a range of flower colours is helpful to pollinators. Bees are especially attracted to blue, white
and yellow flowers.

Nectar and pollen resources. A diversity of plant species that flower at different times throughout
the season, while producing nectar and pollen, will ensure that food resources are not limited or
lacking for any pollinators that might be present at various times of the year in a given orchard.
This is especially important when apple is not in bloom. Bee populations, in general, need food
from early spring until the autumn.
Water resources. Most pollinators, including bees, need access to water, though most is
obtained from nectar (Willmer 1986, 1988). To encourage bees to persist within the farm,
providing easy access to water, either directly or through wet sand or pebbles is important.
Water sources can be natural or provided in shallow containers. These water containers can
have pebbles, rocks or other components to serve as landing areas so that pollinators such
as insects do not drown in the container. Water is important for honey bees for cooling their
hive in hot weather (Ohguchi and Aoki, 1983) but is also important for solitary bees that
cannot find sufficient water in the nectar collected (Michener, 1974; Willmer, 1986; 1988). In
addition, other bee species such as some mason bees, need water, specifically that found in
mud, to assist in nest building.
Suitable nesting habitats and materials. Habitat diversity within a farm can create suitable
natural nesting habitats for a diversity of bees. For example leaving dead trees, branches or
fallen logs that have dead stems or holes can be ideal for some solitary stem-nesting bees. In
addition, leaving patches of bare, or sparsely vegetated, soil in an orchard would encourage
many types of ground-nesting bees. Ground nesting bees prefer loose, well-drained soils in
order to dig nests. After ground-nesting bees have established, avoid compacting or turning
the soil.
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Figure 12

ENHANCING NESTING SITES FOR NATIVE BEE CROP POLLINATORS.
Retain some dead branches for nesting

Crop

Access to soil
surface for nesting

Minimize pesticides
near pollinator habitat

Some trees species can provide pollen
and nectar for pollinators

Retain snag trees for nesting

Nest Block

Native flowering forbs and
shrubs offering blooms all season

Shrubs with pithy
stems for nesting

Access to soil
surface for nesting
Source: USDA AF Note - 34 2007

There are plenty of options for establishing artificial nests for encouraging solitary wild bees in
orchards. Examples are nest blocks or ‘bee condos’ that are easy to build, and some types are
sold commercially. To encourage stem-nesting bees it is common to provide artificial nests in the
form of bundled hollow or pithy stems. These nest blocks often attract apple-pollinating bees,
such as the blue orchard bees mentioned above.
These nest boxes, or bundled hollow stems, often vary in diameter so as to attract a diversity
of bees (or wasps). Both nest boxes and stem bundles could be hung outside, under a natural
or constructed shelter, usually above the vegetation, 1 to 2 m off the ground, and faced in the
direction of the rising sun. During the colder months these artificial nest boxes and stem bundles
can be placed in a shed or a protected area.
Many bees nest in the ground, therefore it is recommended that patches of bare soil or
sparsely vegetated patches are left on a farm or in an orchard. Potential nesting habitat for
ground-nesters can be created artificially by using soil-filled planters.

Conclusion
Clearly, ecosystem services are essential to human life, including pollination that supports food
production. Many factors act on different scales, and affect land use and management practices
that can sustain or encourage pollination services and, in turn, improve food production systems.
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On the local scale, farmers are the decision makers. To encourage pollinator-friendly
agricultural and land management decisions and practices, information should be available and
readily accessible to farmers. This Manual has consolidated information about pollinators and
the best practices specific to bees and apple production (Box 2).
Box 2

SUMMARY ACTIONS FOR OPTIMIZING POLLINATION WITHIN APPLE ORCHARDS.

1. Know your pollinators – both wild and managed. Important points to consider:
a. Managed bees (normally honey bees): i) time of introduction; ii) hive placement; iii) stocking rates; and
iv) colony hygiene.
b. Wild bees: i) create and/or introduce suitable nesting habitat (natural or artificial); and ii) alternative
food resources (outside apple bloom times), know their floral/food requirements.

2. Know your alternative food resources (non-crop trees and plants) – ensure resources are available yearround and outside major apple bloom times and within proximity to the apple orchard.
3. Know your nesting resources – natural and artificial.
4. Avoid or limit the use of agricultural chemicals (herbicides, fungicides, and pesticides). If use
is necessary, consider: adhering to the label in terms of concentration, frequency, and timing of
application.
5. Consider orchard structure – important points to consider: i) mixing compatible apple cultivars which
co-flower along with good pollenizer cultivars; ii) placement of pollenizers; and iii) spacing of apple/
pollenizer trees and synchronicity.
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The purpose of this manual is to improve knowledge concerning the management of bee
pollinators in apple orchards so as to enhance apple quality and yield. The publication
was prepared as part of the GEF supported project “Conservation and Management of
Pollinators for Sustainable Agriculture, through an Ecosystem Approach” implemented in
seven countries – Brazil, Ghana, India, Kenya, Nepal, Pakistan and South Africa.
The project is coordinated by the Food and Agriculture Organization of the United
Nations (FAO) with implementation support from the United Nations Environment
Programme (UNEP).
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