Annex to document IPBES/4/INF/1/Rev.1

Thematic assessment on pollinators, pollination and food
production (deliverable 3 (a)): Individual chapters and their
executive summaries

Note by the secretariat

1. In section IV of its decision IPBES-2/5, the Plenary of the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services (IPBES) approved the undertaking of a thematic
assessment on pollinators, pollination and food production for consideration by the Plenary at its
fourth session, as outlined in the scoping report set out in annex V to that decision.

2. In accordance with the decision, the thematic assessment was undertaken and a report on the
assessment, comprising a summary for policymakers and a set of individual chapters and their
executive summaries, was produced by an expert group according to the procedures for the preparation
of the Platform’s deliverables for consideration by the Plenary at its fourth session.

3. In section IV of decision IPBES-4/1, the Plenary approved the summary for policymakers as set out
in annex 11 to that decision and accepted the individual chapters and their executive summaries
(IPBES/4/INF/1), with the understanding that the chapters would be revised after the fourth session as
document IPBES/4/INF/1/Rev.1 to reflect the summary for policymakers as approved.

4, A laid out version of the final thematic assessment on pollinators, pollination and food
production (including a foreword, statements from key partners, a preface and acknowledgments, the
summary for policymakers, the revised individual chapters and their executive summaries and annexes
setting out a glossary and lists of acronyms, authors, review editors and expert reviewers) will be
posted on the IPBES web site in time for IPBES-5.

5. This document contains the final set of chapters and their executive summaries. It corresponds
to the Annex of IPBES/4/INF1/Rev.1.
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Executive Summary

Most of the world’s wild flowering plants (87.5%) are pollinated by insects and other animals
(established but incomplete), more than three quarters of the leading types of global food crops
can benefit, at least in part, from animal pollination (well established) and it is estimated that
about one-third of global food volume produced similarly benefits from animal pollination (1.1).
Pollination is an ecosystem function that is fundamental to plant reproduction, agricultural production
and the maintenance of terrestrial biodiversity. Pollination is the movement of pollen within or
between flowers (i.e., the transfer of pollen from an anther to a stigma) and is the precursor to sexual
fertilization that results in the production of fruit and seed. Plants can be self-pollinated or pollinated
by wind, water, or animal vectors. Self-pollination occurs when pollination happens within a single
plant, sometimes with the aid of animal pollinators but it may also occur without a vector. Cross-
pollination is the movement of pollen between different plants of the same species. Cross-pollination
and self-pollination are not mutually exclusive; some plants have mixed pollination systems. Within
these major pollination mechanisms there are many variations. Some plants can even produce seeds or
fruits without pollination or sexual fertilization. The level of dependence of crops and wild flowers on
pollination is highly variable (established but incomplete). Even within a single crop species, varieties
may vary greatly in their dependence upon pollination. Of the leading global crop types (i.e. one or
several similar crop species) that are directly consumed by humans and traded on the global market,
85% rely to varying degrees upon animal pollination, while 7% are not dependent on animal
pollination and 8% remain of unknown dependence. In terms of global production volumes, 60 per
cent of production comes from crops that do not depend on animal pollination (e.g., cereals and root
crops), 35 per cent of production comes from crops that depend at least in part on animal pollination
and 5 per cent have not been evaluated (established but incomplete). In the absence of animal
pollination, crop production would decrease by more than 90 per cent in 12 per cent of the leading
global crops, Moreover, 28 per cent of the crops would lose between 40 and 90 per cent of production,
whereas the 45 per cent of the crops would lose between 1 and 40 per cent (established but
incomplete). Of the world’s wild flowering plants, 87.5% are pollinated by insects and other animals
and most of the remainder use abiotic pollen vectors, mainly wind (established but incomplete). The
complexities of plant-pollinator interactions, even in modern agricultural ecosystems, are poorly
understood because usually more than one pollinator species is involved and they vary between

seasons and locality (established but incomplete).

There are over 20,000 species of bees worldwide, they are the dominant pollinators in most
ecosystems and nearly all bees are pollinators (established but incomplete). Flies are the second
most frequent visitors to the majority of flowers with approximately 120,000 species. In addition,
some butterflies, moths, wasps, beetles, thrips, birds and bats and vertebrates also pollinate

plants, including crops (established but incomplete). Although managed honey bees such as the
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western honey bee!, Apis mellifera, and eastern honey bee, Apis cerana, are arguably the best
known pollinators, other managed pollinators are important (2.4.2) and wild pollinators, for
some crops, contribute more to global crop production than honey bees (established but
incomplete) (1.3). Across 90 recent crop pollination studies conducted around the world, 785 bee
species were identified as visitors to flowers of crop plants. Wild pollinators play a pivotal role in
the pollination of wild plants (well established). Most animal pollinators are insects, of which bees are
the best known. Flies outnumber bees in both diversity and abundance as pollinators in colder regions,
such as at high altitudes and latitudes. Pollinating butterflies and moths are present worldwide, but are
more abundant and diverse in the tropics. Beetles are important pollinators in many ecosystems and in
some agricultural production, e.g., palm oil and Annonaceae (Custard apple family). Pollination by
birds occurs mainly in warm (tropical/subtropical) regions, while pollination by bats is important in
tropical forests and for some desert cacti. For a few plant species, less well known pollinators have
been reported, including small mammals, lizards, cockroaches and snails. These less well known
pollinators have small direct importance in food production (established but incomplete). At present,
there is limited quantitative evaluation of the relative importance of the different flower visiting taxa
that pollinate the world’s flora (established but incomplete). Most pollinators are wild and a few
pollinator species are managed (2.4.2). The western honey bee, Apis mellifera, is the most ubiquitous
managed crop pollinator worldwide. Apis cerana is also managed for pollination in parts of Asia.
Although most other pollinators are wild, there are other managed pollinators, including certain
bumble bee and stingless bee species, and a few solitary bee and fly species, which also pollinate
several crops. Managed pollinators may be introduced species, such as the western honey bee in the
New World and the alfalfa leafcutter bee in North America. Wild pollinators of crops include bees
(social and solitary), flies, butterflies, moths, wasps, beetles, thrips, birds, bats and other vertebrates
(established but incomplete) and a few introduced species, such as the oil palm weevil (Elaeidobius
kamerunicus), a West African species that was introduced into Malaysia. Wild insect pollinators are
well known as important insect vectors to maximise pollination of certain crops (well established).
Although the role of wild pollinators is becoming better understood and appreciated, the extent of their
direct contributions across crops, fields and regions to food and fibre production remains poorly

documented and experimental evidence is often lacking (established but incomplete).

High diversity (number of kinds) and abundance (size of populations) of pollinators in a single
crop type can improve yields by maximizing the quantity and quality of the produce (established
but incomplete) (1.4, 2.2, 2.3). Agricultural systems range from very high to low input practices.
High-input agriculture (including inorganic fertilisers and pesticides) includes large fields dominated
by monoculture and relatively few uncultivated areas. Low-input agriculture can be associated with

polycultures, diversified crops, small fields and many uncultivated elements. Low-input agricultural

1 Also called the European honey bee, native to Africa, Europe and western Asia, but spread around the globe by beekeepers
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practices that favour heterogeneity in landscapes and gardens and conserve natural vegetation are
associated with greater flower visitation by wild pollinators (established but incomplete). Pollinator-
dependent crop yields per unit area may be higher in low-input than high-input systems because
pollinator abundance and species richness are generally higher where fields are smaller, pesticide use
is limited and there is greater in-field density of pollinators (established but incomplete) (2.2, 2.3).
Mixtures of different kinds of pollinators (including managed) have recently been shown to improve
crop Yyields (quantity and quality) for various crops and regions of the world. A possible mechanism is
via complementary pollination activities whereby species differ in their contribution to pollination. A
high diversity of pollinators can result in high overall performance in crop production (established but
incomplete) (1.4, 1.5, 1.6, 2.2).

Pollinator and pollination deficits resulting from globally prevalent drivers have been shown to
cause reduced production locally, but these reductions are not reflected in global production
statistics (established but incomplete) (1.1, 1.5, 5.0). Global analyses of food and fibre production
indicate that more and more land is being placed into production (well established); for example, the
total cultivated area increased almost 25% from 1961 to 2006 globally. In addition, more and more
crops that depend completely or in part on animal pollination are being grown (well established). For
example, the annual global crop production (measured in metric tons) attributed to pollinator-
dependent crops increased by about 2-fold from 1961 to 2006 (Aizen et al., 2008) (established but
incomplete). It is not understood why or how, in the global context, pollination deficits are presently
not impacting global production when there is increasing documentation of local pollinator and
pollination deficits coupled in some instances with economic loss (Aizen et al. 2008) (inconclusive)
(3.8). Pollinators respond to several of the well-known drivers of environmental change that occur
from local to global scales, namely climate change, land use change and management, chemicals (e.g.
pesticides) and pollutants (e.g. heavy metals) in the environment, invasive alien species, parasites, and
pathogens (well established) (2.1). A decline in diversity and/or abundance of pollinators could have
cascading effects in biodiversity loss because many species of animals and micro-organisms depend
on animal-pollinated plants for their survival (established but incomplete) (3.5). Pollinators contribute
greatly to national and international economies because they are important for the production of food

and fibre, including forage for livestock (well established) (4.2).
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1.1 General introduction to this assessment

The scope of this assessment covers changes in animal pollination as a regulating service that underpins
food production, and its contribution to gene flow and the restoration of ecosystems?. Thus, this document
concerns food production that depends on pollination, and biodiversity related to plant-pollinator
interactions. Seventy-five per cent of global food crop types benefit from animal pollination (Klein et al.,
2007). The market price of additional crop production stemming from animal pollination services to
agriculture was estimated to be $235-577 billion US$ in 2015 (Lautenbach et al., 2012), but this figure
varies depending on market fluctuations, production volumes and the estimation methods used. The
western honey bee, Apis mellifera, is a versatile and ubiquitous managed pollinator and the dominant
visitor to more than half of the world’s animal-pollinated crops (Klein et al., 2007; Kleijn et al., 2015). A
few bumble bees (Bombus spp.) (Velthuis and van Doorn, 2006) and several solitary bees such as the
alfalfa leafcutting bee (Megachile rotundata) (Bohart, 1962; Pitts-Singer and Cane, 2011) are also
important managed pollinators. It is well known that managed pollinators suffer from a large number of
serious problems, such as diseases, parasites and environmental stresses (2.4). Wild insect pollinators,
which include native and introduced bees, flies, butterflies, moths and beetles, also contribute to the
pollination of numerous leading global food crops (Klein et al., 2007; 2015; Garibaldi et al., 2013a). Many
animal-pollinated crops provide vitamins and minerals (e.g. vitamin C, antioxidants, and lycopene)
essential for good human and livestock health (Eilers et al., 2011; Chaplin-Kramer et al., 2014; Smith et al.

2015), even though some may comprise a small component of human diets.

Pollination is one of 15 ecosystem services identified as declining by the Millennium Ecosystem
Assessment (2005). This is, in part, due to the growing demand for a diverse, nutritious diet (Klein et al.,
2007; Eilers et al., 2011) and is resulting in more land being cultivated to satisfy global needs for food
(Foley et al., 2011; Tilman et al., 2011). That, in turn, is increasing concern over security of food and other
agricultural commodities (Gregory and George, 2011; Tilman et al., 2011; Breeze et al., 2014).
Dependence upon crops that require pollination by animals is rising (Aizen et al., 2008). With the increase
in agricultural intensification and cultivation, the demand for pollinators has grown, particularly in some

developing countries (Aizen and Harder, 2009; Breeze et al., 2014) (see Chapters 3 and 4).

Of the world’s wild flowering plants, it has been estimated that 87.5% are pollinated by insects and other
animals and most of the remainder use abiotic pollen vectors, mainly wind (Ollerton et al., 2011). The level
of dependence of crops and wild flowers on pollination is highly variable. Of the 107 leading global crop
types, production from 91 (fruit, seed and nut) crops rely to varying degrees upon animal pollination. In
terms of global production amounts, 60% does not depend on animal pollination (e.g. cereals and root

crops), 35% does depend to some degree on pollinators and 5% have not been evaluated.

2 Annex V to IPBES decision-2/5
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In the absence of animal pollination, crop production would decrease by more than 90 per cent in 12 per
cent of the leading global crops, Moreover, 28 per cent of the crops would lose between 40 and 90 per cent

of production, whereas the 45 per cent of the crops would lose between 1 and 40 per cent.

In view of growing demands for food and agricultural land, it is pertinent to recognize the interdependence
between human needs and biodiversity conservation. This necessitates an assessment of the status of
knowledge concerning pollinator population trends (Chapter 3). That would consider impacts of global
change (Chapter 2), market and non-market values, and cultural use (see Chapters 4.1, 6.4, 6.6).
Identification of the knowledge gaps (known risks and challenges) would help reduce uncertainty, facilitate
decision-making and planning research to enable informed and appropriate management actions. Effective
policy interventions would ensure that the social, cultural, environmental and economic values of

pollinators are maintained.

1.2 Pollination and plant mating systems

1.2.1 What is pollination?

Pollination is an ecosystem process that is fundamental to the reproduction and persistence of flowering
plants. Animal-mediated pollination is essential for about one-third of global food production (Klein et al.,
2007). It occurs when animals move viable pollen grains from anthers (the male part of a flower) to
receptive and compatible stigmas (the female part of a flower) of flowering plants and, when followed by
fertilization, usually results in fruit and seed production (Figure 1, flower parts). Pollination may take place
either between an anther and a stigma on the same flower, different flowers on the same plant individual
(self-pollination), or between anthers and stigmas of different plants of the same species (cross-pollination)
(Figures 1 and 2). Pollination is thus the main mechanism for sexual reproduction in flowering plants. As
many plants do not self-pollinate or do so only to a certain degree to ensure seed production, most
flowering plants depend on vectors for pollination, such as animal pollinators, wind, or water. As a
precursor to fruit and seed production, pollination is crucial for the continued reproduction and evolution of
flowering plants. Over 300,000 species (87.5%) of the world’s flowering plants have been estimated to be

pollinated by animals (Ollerton et al., 2011).
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1. Figure 1. A section of a flower showing the different parts
(modified from Pixabay Creative Commons Deed (2012).

Animals visit flowers to collect or consume rewards but do not visit them with the express purpose of
pollination. These rewards include nectar (consumed by insects, bats, birds, non-flying mammals) as a
source of sugar; pollen (used by most bees that collect it for provisioning their larval cells, and beetles,
flies, birds, and some bats and non-flying mammals that eat it) for protein, vitamins, fatty acids and
minerals; oils (collected by certain bees for provisioning their larval cells), fragrances (collected only by
male euglossine bees (Apidae) for later attraction of receptive females) and resins (collected by various
bees that use resin in nest construction). The mechanisms used by plants to ensure pollination are often
complex, such as in wild figs. The books by Proctor et al. (1996) and Willmer (2011) describe and explain

those pollination relationships.

1.2.2 Plant mating and breeding systems

Pollination is a precursor to the sexual union of gametes. Following pollination pollen grains germinate on
the stigma and the resulting pollen tubes grow through the tissues of the stigma to the ovule. The ovule
develops into the seed and the ovary into the fruit. Even so, pollination alone does not assure sexual union
(e.g. self-pollination on a plant that is self-infertile often occurs, but does not result in seed set). Pollination
is crucial for reproduction, fruit and/or seed set in flowering plants whether they be crops, weeds or natural

vegetation. Inadequate pollination may result from a shortage of viable pollen or limited pollinator activity.
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Many plants have special mechanisms, some physiological and others morphological, that prevent or
reduce the chances of self-pollination. An extreme strategy to avoid self-fertilization in plants is dioecy, the
presence of male and female flowers on separate individuals. Some flowering plants that need to reproduce
sexually cannot produce seeds without cross-pollination. Other plants readily self-pollinate and are self-
fertile, and may rely on self-pollination and self-fertilization for seed production. Plant mating systems, as
described and discussed in detail by Richards (1997) are defined in terms of a plant's form of reproduction

(self-fertile to self-sterile) (Figure 2).

Plant breeding systems, of which there are many, explain the mechanisms that promote or dictate the
particular mating system of a species of plant, or individual plant. They, like plant mating systems are an
integral part of understanding pollination (see Proctor et al., 1996; Richards, 1997; Willmer, 2011).

There are four common mating systems that apply to plants that require pollinators for optimal fruit
production. Obligate xenogamy (as in pome fruits, e.g. apples and pears) requires that the fruit/seed-
bearing plant receives pollen from and is fertilized by pollen from an individual that is genetically different
from the plant that receives the pollen. Self-pollination and self-fertilization can take place in two ways. In
autogamy, pollen moves within the same flower whereas in geitonogamy the pollen moves between
different flowers of the same plant. Pollen may move spontaneously or through pollinator activity.
Facultative xenogamy, geitonogamy and autogamy together (Mixed mating systems) occur to various
degrees in, and may differ among cultivars. The modern literature contains little information on the mating
systems (and pollination requirements) that contribute to optimal yields for many important crop varieties.
Even so, in several economically important crop cultivars capable of autogamy, such as sunflower
(Helianthus annuus) (Carvalheiro et al., 2011), oil seed rape (Brassica napus) (Bartomeus et al., 2014),
strawberries (Fragaria vesca) (Klatt et al., 2014), coffee (Coffea spp.) (Roubik, 2002) and soybean
(Glycine max) (Milfont et al., 2013), significant yield boosts and improved quality have been documented
when pollinators are involved (Garibaldi et al., 2013b).
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2. Figure 2. Plant pollination systems that require and do not require pollinators for optimal crop production
as represented by two plants A and B. The pollen vector is represented by a bee but could be any animal or abiotic
pollinator (Drawn by Ian Smith, Guelph)

Some crops do not require a pollinator (such as in automatic self-pollination and subsequent self-
fertilization (as described above)), and in agamospermy (apomixis) whereby flowers produce seed
without the involvement of nuclei from pollen. Their embryo and endosperm are produced without
fertilization (e.g. some cereals). Parthenocarpy occurs when flowers set seedless fruits without
pollination or fertilization (e.g. banana, Musa spp., and various citrus cultivars). Some seedless melon
(Cucumis sp.) cultivars, however, require pollination to initiate the hormonal influences needed for
fruit production. Stenospermy happens if fertilization and some embryo growth are required for fruit
production, e.g. in Brazilian seedless sugar apple (Annona squamosa) (Santos et al., 2014). In order to
find out how much crop production of a focal crop species or variety can ideally be enhanced by
optimal delivery of pollination, detailed studies of the crop mating system are required. Information is
not available for many varieties and different varieties exhibit different degrees of the various types of
mating systems (Garratt et al., 2014; Hudewenz et al., 2013).
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1.3 The diversity of pollinators and their role in food production

Across the wider literature many species of flower visitors have been reported to visit blooming crop. For
example, a meta-study including 90 recent worldwide crop pollination studies found that 785 bee species
visit crop flowers (Kleijn et al., 2015). In most parts of the world bees are the most abundant and diverse
pollinators, with over 20,000 species recorded around the globe (Neff and Simpson, 1993; Klein et al.,
2007; Michener, 2007). Flies are also an important group in agriculture with approximately 120,000
species known to science, although only some families are effective pollinators (Larson et al., 2001). Flies
outnumber bees in both diversity and abundance as pollinators in colder regions, such as high
altitude/latitude habitats (Elberling and Olesen, 1999). Apart from bees and flies, some butterflies, moths,
beetles, wasps, thrips, ants and vertebrates also pollinate plants, including some crops. Pollinating
butterflies and moths are present worldwide, but are more abundant and diverse in the tropics (Scoble,
1995). Kevan and Baker (1983a) discuss the wide diversity of insect pollinators. Besides insects, some
birds and bats are important pollinators (Proctor et al., 1996; Willmer, 2011). Bird pollinators occur mainly
in warm (tropical/subtropical) regions, while bats are important pollinators in tropical forests and for some
desert cacti. For a number of plant species less well known pollinators have also been reported. These
include, among others, cockroaches (Nagamitsu and Inoue, 1997), mice (Wester et al., 2009), squirrels
(Yumoto et al., 1999), lizards (Olesen and Valido, 2003; Hansen et al., 2006; Ortega-Olivencia et al., 2012)
and snails (Sarma et al., 2007). The less well known pollinators are not known to have major roles in

supporting agricultural production.

Most animal pollinators of agricultural importance are insects, of which bees, especially honey bees,
bumble bees, stingless bees and solitary bees are the best known (Figure 4). The name honey bee refers to
all bees in the genus Apis, of which two species are commonly managed: the western honey bee (Apis
mellifera) and the eastern honey bee (Apis cerana) (Kevan, 1995; Kevan, 2007). Both those bee species
have been managed for millennia in man-made hives and moved to follow nectar flows for honey
production, or pollination (Crane, 1983; 1999). The western honey bee is native to Africa and Europe
whereas eastern honey bees (Apis spp.) remain restricted to their native ranges. Both taxa have been moved

by people around the globe (Moritz et al., 2005).

Modern beekeeping with honey bees arguably started with the invention of the top-opened movable frame
hive designed by Langstroth in 1851 (Crane, 1999). This development allowed beekeepers to harvest honey
and inspect colonies without destructively cutting out wax combs. Beekeepers could also inspect combs for
disease and remove frames with bees and brood to start new colonies and thus increase hive numbers. With
movable frames and standard-sized boxes for honey bees to occupy, beekeepers are able to trade honey
bees, frames and boxes, and this type of beekeeping is now common. However, in many areas of the world
(e.g. Africa and Asia), bees are still kept in simple boxes, straw skeps, hollow logs, walls of houses, bark

tubes and clay pots, and entire honey combs are cut from these hives. One major advantage to this older,
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traditional method of beekeeping and honey harvesting is the low cost of inputs. Traditional beekeepers
also report other advantages such as lower rates of colony migration (Joshi, 2000). Drawbacks include the
destructive nature of comb harvesting and, when diseases are present, they are difficult to diagnose and
treat. In modern, movable frame beekeeping the risk of disease spread is increased as combs and hive

components are moved between colonies (Graham, 1992) (2.4).

Europeans introduced the western honey bee to the Americas soon after colonization and the species has
since been imported to Asia, such that on every continent — Antarctica aside — beekeepers are practicing
beekeeping with A. mellifera (2.4, 2.5). In all these cases, honey bees were originally managed mainly for
honey and wax production. Management for pollination has subsequently grown and is now well developed
in some intensively managed agricultural sectors worldwide (2.4). This reflects the fact that their overall
value as pollinators far outweighs that of the honey harvested from them (Southwick and Southwick, 1992;
Morse and Calderone, 2000; Kevan, 2007; National Research Council of the National Academies, 2007).
Apis mellifera consequently remains the most abundant managed pollinator worldwide.

Bumble bees and stingless bees are also important pollinators for some high-value crops (2.4). The role of
bumble bees, especially in tomato pollination, has led to the commercial production and international trade
of over a million colonies per year worldwide (Velthuis and van Doorn, 2006). Bumble bee species are
preferred to other managed pollinators because of their highly efficient “buzzing” behavior. They are
effective in green houses and are easy to handle (Buchmann, 1985). The genus comprises around 250
species globally (Cameron et al., 2007), but commercial companies mainly breed two of them, Bombus
terrestris in Europe and Asia, and B. impatiens in North America (see Chapter 3.3. for details of trends in

managed numbers of colonies).

Figure 3 shows the percentage dependence on animal-mediated pollination of leading global crops that are
directly consumed by humans and traded on the global market (Klein et al., 2007). Most crops are visited
by more than one pollinator species. In the figure, bees are divided into honey bees, and other bees.

Together they comprise over 50% of the organisms that pollinate the included crops.
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Percentage of production loss due to pollinator loss in leading
global crops
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3. Figure 3. Percentage dependence on animal-mediated pollination of leading global crops that are directly
consumed by humans and traded on the global market.
Note that this graph and figures are taken from fig. 3 in Klein et al. (2007), and only include crops that produce fruits

or seeds for direct human use as food (107 crops), but exclude crops for which seeds are only used for breeding or to
grow vegetable parts for direct human use or for forage and crops known to be only wind-pollinated, passively self-
pollinated or reproduced vegetatively.

The flowers of various plant species are visited and pollinated by arrays of flower-visiting animal species.

Large animals such as birds, bats and other mammals frequently visit large flowers with copious and easily
accessible nectar. For example, durian (Durio zibethinus) is a cultivated plant with large flowers pollinated
by bats, birds and the giant honey bee, Apis dorsata (Lim and Luders, 1998). Cocoa, Theobroma cacao, on

the other hand has small flowers, primarily pollinated by midges (Groeneveld et al., 2010).

Some plants need a specific pollinator and if moved outside their native range they either do not set seed or
produce an inadequate crop (e.g., red clover in New Zealand and oil palm in South-East Asia) (Kevan and
Phillips, 2001; Gemmill-Herren et al., 2007). Alternatively, exotic pollinators (i.e. those that are not in their
native range), such as the western honey bee, pollinate many crops that are not from their home range. In
the absence of an adequate pollinator, hand-pollination can be used. Human intervention through hand-
pollination was used for oil palm pollination in South-East Asia for many years, but now the introduced oil
palm weevil (Elaeidobius kamerunicus), native to tropical West Africa, is the main pollinator (Roubik,
1995; Gemmill-Herren et al., 2007). Pollination by hand has been practiced for millennia in the production

of dates (Phoenix dactylifera) in the Middle East (Zaid and de Wet, 2002) and in the production of vanilla
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(Arditti, 1992; Fouche and Coumans, 1992). Some farmers have turned to hand pollination in recent times

to assure crop production, such as apple farmers in Maoxian County, China (Partap and Ya, 2012).

1.4 Defining different modes of agriculture

Different agricultural practices, from highly intensive greenhouse cultivation through annually cultivated
field crops, to perennial cropping for fruit and nuts, to pastures and agroforestry all have different effects
on pollinators, pollination and associated productivity (Kevan, 1999; 2001). Over the past half-century
there has been both an expansion of agriculture around the world (Foley et al., 2005) and a change in
agricultural strategies towards larger fields of monoculture crops that rely on high inputs of resources
including synthetic fertilizers and pesticides (Pretty, 2008). This trend began with the Green Revolution
and today is often referred to as conventional agriculture. However, many different kinds of agriculture
still exist around the world that do not conform to this trend, and they have quite different effects on
pollinators in particular (Kennedy et al. 2013), and biodiversity more broadly (Cunningham et al., 2013;
Gonthier et al., 2014). These different kinds of agriculture include both many traditional farming
approaches (Altieri, 2004; Koohafkan and Altieri, 2011) and others that integrate novel technologies or
methods (Pickett et al., 2014). Because these alternative kinds of agriculture have different histories and
origins, the meanings of the terms that different people use to classify them are complex and overlapping.
Here we seek to define some of the terms in use in order to clarify how they are understood throughout the
assessment, and to elucidate similarities and differences (Table 1).

Sustainable intensification was originally defined as increasing the yield output per unit of land while
improving both environmental and social (livelihood) conditions (Pretty, 1997). It relied on sustainable
agricultural practices, such as agroforestry, conservation agriculture, and conservation biological control, to
establish low-input “resource-conserving systems” that (like agroecology, diversified farming systems and
ecological intensification) are based on promoting favourable ecological interactions within the agro-
ecosystem, rather than on purchased off-farm inputs. These approaches were found to improve yields and
livelihoods in developing nations where they were widely practiced (Pretty et al., 2006). However, recent
usage has shifted the focus toward capital- and input-intensive solutions to enhance resource use
efficiencies, such as irrigation, precision agriculture, fertilizer application and GMOs (Parmentier, 2014),

leading to critiques that the concept no longer promotes social equity (Loos et al., 2014).

Organic agriculture originated as a holistic system for building soil fertility, promoting water storage and
the natural control of crop pests and diseases using management practices (FAO:
http://www.fao.org/organicag/oa-fag/oa-faql/en/, accessed 5 Aug 2015). Traditionally this farming strategy
was associated with smaller-scale, low-input, diversified farms. A more recent development, certified
organic farming, prohibits the use of almost all synthetic inputs of fertilizer and pesticides as well as

genetically modified organisms, while allowing the use of organic fertilizers and pesticides. Certification
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allows marketing opportunities, which have been rapidly growing in Europe and North America. As the
sales of certified organic products have increased in response to consumer demand, many organic farms
today practice “input substitution” — in other words, similarly to conventional farms they are high-input,
large-scale and highly simplified (low in crop and non-crop diversity), but use permitted organic products
instead of synthetic fertilizers and pesticides (Kremen et al., 2012; Guthman, 2014). Thus today, organic
agriculture includes a wide spectrum of farming styles, from those based on the original holistic concept, to

those resembling conventional agriculture except for the choice of inputs.

Diversified farming describes farms that integrate the use of a mix of crops and/or animals in the
production system, contrasting with the trend towards large areas of single crops in conventional
agriculture. A diversified farming system is a newer concept (Kremen and Miles, 2012; Kremen et al.,
2012) emphasizing use of a suite of farming practices that promote agro-biodiversity across scales (from
within the farm to the surrounding landscape), leading to the generation and regeneration of key ecosystem
functions (soil fertility, water use efficiency, pest and disease control, pollination, climate resilience, and
others) and reducing the need for off-farm inputs. This concept is closely allied with concepts of
agroecology and ecological intensification while emphasizing cross-scale diversification as the mechanism

for sustainable production.

Ecological intensification describes a process rather than an end point. It provides one path toward
intensified production for higher yield that would fit within the original broad sense of sustainable
intensification. In contrast to current uses of the term sustainable intensification, ecological intensification
emphasizes management that increases the intensity of ecological processes that support production, such
as biotic pest regulation, nutrient cycling and pollination. In comparison with sustainable intensification,
there is a more explicit focus on conserving and using functional biodiversity (Bommarco et al., 2013). The
end point of ecological intensification is a farm that is likely to meet the definition of a diversified farming

system (as defined above).

Agroecological agriculture is knowledge-, management- and labour-intensive rather than input-intensive,
and aims to regenerate long-term agro-ecosystem properties (soil health, water storage, pest and disease
resistance) by incorporating benefits of functional biodiversity (Tscharntke et al., 2012a), leading to
sustainable, resilient systems (Altieri, 1999). Agroecological methods are often rooted in traditional

farming practices and/or are co-developed by farmers and scientists working together (Altieri, 2004).

Different modes of agriculture that vary in management strategies will also differ in productivity, economic
performance, labour requirements, and cultural values. An assessment of these differences is beyond the
scope of this report but they are important to understand the risks and opportunities of adopting new

strategies, independently of the values and ethical positions of different social actors.
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1. Table 1: Similarities and differences among different term that define variations in the modes of agriculture
Each column identifies a characteristic, and scores qualitatively (often, sometimes, rarely, never) for the terms used in the assessment (rows). We include some
characteristics (columns) that describe practice (the first six traits) and others that describe intention (the last five traits). There is still debate regarding definitions
of different modes of agriculture, and within all kinds of agriculture there is a diversity of practice around the world. This Table reflects the definitions that we
have adopted in this report, with frequency statements (i.e. never, rarely, sometimes, often) reflecting the most typical of the mode of agriculture in question.

Mode of
agriculture

Use of
synthetic
inputs

Use of
GMOs

Encourages
non-farmed
species
diversity

Highly
labour
dependant

Integration
of livestock

Encourages
spatial
heterogeneity

Encourages
spatial
heterogeneity

Take
advantage
of
ecosystem
services

Plans for
resilience

Take
advantage
of
ecological
processes
at multiple
temporal
and spatial
scales

Explicit
focus on
traditional
knowledge

Conventional Often Sometimes- | Rarely Rarely- Rarely Rarely- Rarely Rarely Rarely Rarely Rarely
often sometimes sometimes

Sustainably Often Sometimes | Rarely Sometimes | Rarely Rarely Sometimes Sometimes | Sometimes | Rarely Rarely
intensified

Organic Rarely MNever Sometimes Sometimes | Sometimes- | Rarely Sometimes Sometimes- | Sometimes | Rarely Sometimes

often often
Diversified Rarely Rarely Often Often Often Often Often Often Often Sometimes- | Often
often

Ecologically Rarely Rarely Often Often Often Sometimes Often Often Often Often Sometimes
intensified

Agroecological | Rarely Never Often Often Often Sometimes- Often Often Often Sometimes | Often

often
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1.5 The diversity of cropping systems

Conventional agriculture is characterized by large areas of monocultures, high rates of synthetic inputs
such as fertilizers, insecticides, fungicides, herbicides and the use of heavy machinery (Hazell and Wood,
2008; Tilman et al., 2011; Tscharntke et al., 2012a). This form of agriculture produces large quantities of
food, fiber and/or fuel per unit cropped area, but often at high social and environmental costs (Hazell and
Wood, 2008; Godfray et al., 2010; Tscharntke et al., 2012a). Global analyses of food and fiber production
indicate that more and more land is being placed into production. For example, the global area occupied by
agricultural crops expanded by 23% from 1961 to 2006, with temporal trends differing greatly between the
developed and developing world. The largest proportion of this increase can be attributed to pollinator-
dependent crops. For example, pollinator-dependent crops contributed 13.7% to total agriculture production
in the developing world in 1961, and this value increased to 22.6% by 2006 (Aizen et al., 2008).

Cropland has been expanding on most continents with an associated reduction in forests and grassland, and
loss of habitat diversity (see Chapters 2 and 3). That, among other factors (see Chapter 2 and 3), has
resulted in local declines in pollinator richness and abundance coupled with reduced flower visitation
(Kevan, 2001; Kevan and Viana, 2003; Freitas et al., 2009; Partap, 2011; Garibaldi et al., 2011b; Clough et
al., 2014; Rader et al., 2014). Such areas have impoverished pollinator faunas, if other solutions are not
implemented, such as honey bee management, breeding of self-fertile varieties and hand pollination, crop

failure may result.

Pollinator-friendly agricultural practices, such as management of set aside (fallow) areas, road edges and
the establishment of insect/pollinator “hotels”, may be implemented. While conventional agriculture may
increase food production, it may limit crop production over time due to the degradation of ecosystem
services. Such reduced crop production is often compensated for by clearing new areas for crops, as is
frequently seen in developing countries (Masuda and Goldsmith, 2009; Garibaldi et al., 2011a).
Smallholder farmers may be more able to sustain the practices that favour pollinators for pollinator-
dependent crops (Gemmill-Herren et al., 2014). However, insufficient pollination of pollinator-dependent
crops results in poor yields or low quality fruit (Brittain et al., 2014; Klatt et al., 2014).

Agricultural systems range from monocultures to polycultures and other alternative forms of agriculture.
Many polycultures, such as agro-forestry systems, are structurally closer to natural ecosystems than
monocultures. In general, polycultures rely less on the use of fertilizers and pesticides than monocultures
(Shackelford et al., 2013). Where environmentally-friendly farming practices, habitat heterogeneity,
reduced pesticide use and the conservation of natural vegetation occur, flower visitation by wild bees and
crop yield may be higher than in monocultures (Kremen et al., 2002; De Marco and Coelho, 2004; Kremen
and Miles, 2012; Freitas et al., 2014). This is because bee abundance and species richness are generally

higher on farms with more floral resources, such as organic farms where fields are smaller, inorganic
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fertilizer and pesticide use are limited and there is greater in-field density of pollinators and plants (Rundlof
et al., 2008; Holzschuh et al., 2010; Kennedy et al., 2013). Therefore, the more diverse a system, the more
likely it is to host high pollinator diversity and greater harvest in pollinator-dependent crops (Tscharntke et
al., 2012b; Tscharntke et al., 2015).

1.6 Pollinators, Indigenous and local knowledge and a good quality of life (see Chapter 5)

Throughout the world, local communities and indigenous people’s knowledge systems about the
functioning of complex ecosystems guide how they live and draw their livelihoods (Berkes, 2012). As a
result, societies have developed unique biocultural associations with pollinators, both managed and wild,
through diverse management, social and farming practices (Quezada-Euan et al., 2001; Stearman et al.,
2008; Lyver et al., 2015). Local people, however, have also had a major destructive influence on
biodiversity (Diamond, 2005) and hence on associated pollinators. Ostrom (1990) established that
institutional arrangements that support common property systems of governance are critical determinants of

whether or not sustainability results from local management systems.

Indigenous and local knowledge (ILK) therefore importantly includes knowledge of social institutions and
governance systems as well as environmental observations, interpretations and practices (Berkes and
Turner, 2006; Gémez-Baggethun et al., 2013). The contribution of ILK systems to pollination’s role in
ensuring nature’s benefits to people and good quality of life is assessed in Chapter 5, guided by the
following working definition (c.f. Berkes, 2012):
Indigenous and local knowledge systems (ILKS) are dynamic bodies of social-ecological
knowledge, practice and belief, evolving by creative and adaptive processes, grounded in territory,
intergenerational and cultural transmission, about the relationship and productive exchanges of
living beings (including humans) with one another and with their environment. ILK is often an
assemblage of different types of knowledge (written, oral, tacit, practical, and scientific) that is
empirically tested, applied and validated by local communities.
Understanding the interlinkages between pollinators and ILK-based management systems is important
because substantial parts of the global terrestrial surface, including some of the highest-value biodiversity
areas, are managed by ILK-holders (5.1). Pollinators in turn enrich livelihoods through additional income
(e.g. beekeeping for honey production throughout the temperate and tropical world), food (e.g., honey
hunting and gathering in Africa and Asia), medicine (e.g., human and veterinary remedies), ceremony and
ritual (e.g., hummingbirds in Mesoamerica) and oral traditions (e.g., legends and songs in Oceania)
(Buchmann and Nabhan, 1996; Silltoe, 1998; Nakashima and Roué, 2002; Mestre and Roussel, 2005). ILK
is attuned to conditions of environmental change, for example through use of seasonal indicators to trigger
crop-planting and honey-harvesting (Silva and Athayde, 2002; Berkes and Turner, 2006; Gémez-
Baggethun et al., 2013; Césard and Heri, 2015) (5.2). In the Petalangan community in Indonesia, bees are

managed to nest up to four times a year in the sialang trees through seasonal patterns of planting and
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harvesting, in accordance with flowering of corn, rice, and during the slash and burn period that opens the
forest to start planting (Titinbk, 2013).

Modern science and indigenous knowledge can be mutually reinforcing (Tengd et al., 2014). For example,
there are parallels between folk taxonomy of Abayanda indigenous people living around Bwindi National

Park in Uganda, and modern systematics (Byarugaba, 2004).

By their practices of favoring heterogeneity in land-use as well as in their gardens, by tending to the
conservation of nesting trees and flowering resources, by distinguishing the presence of a great range of
wild bees and observing their habitat and food preferences, many indigenous peoples and local
communities are contributing to maintaining an abundance and, even more importantly, a wide diversity in

insect, bird and bat pollinators (Chapter 5).

1.7 Pollinator behaviour and interactions

Not all pollinators are equally efficient at servicing the pollination requirements of crops and wild flowers.
Although honey bees, especially Apis mellifera, are the most frequently managed pollinators (Figure 4),
other insect pollinators are more effective than the honeybee in some crops. For example, a common early-
foraging sand bee, Andrena cerasifolii, and the blue orchard bee, Osmia sp., can pollinate some crops more
effectively per flower visit than the western honey bee (Bosch and Kemp, 2001; Krunic and Stanisavljevic,
2006; Mader et al., 2010; Sheffield, 2014). The oil-collecting bee, Centris tarsata, is more effective than
honey bees at pollinating cashew, Anacardium occidentale, in northeast Brazil (Freitas and Paxton, 1998).
In New Zealand some flies, native bees and bumble bees are equally efficient pollinators of rape, Brassica
rapa, as honey bees (Rader et al., 2009), but honey bees can be managed more easily. Pollinator behaviour
can also be influenced by the presence of other pollinators, impacting fruit set through complementary
activities (Garibaldi et al., 2013; Melendez et al., 2002, Pinkus-Rendon et al., 2005; Brittain et al., 2013b;
2006).

High diversity (number of kinds) and abundance (size of populations) of pollinators in a single crop type
can improve crop yields by maximizing the quantity and quality of the produce. Pollinator behaviour under
different conditions can result in variation in effectiveness across time and space. For example, wild
pollinators were found to forage lower down on almond trees than managed honey bees, hence in
conditions of high wind they were still able to provide pollination (Brittain et al., 2013a). Furthermore, in
the absence of certain pollinator species the pollination of flowers at certain heights would be reduced,
decreasing seed and fruit set (Hoehn et al., 2008). In strawberry, Chagnon et al. (1993), showed that large
bees pollinate the pistils at the tip of the flower, whereas the smaller bees pollinate the pistils at the base of
the flower leading to well-shaped fruit. These examples demonstrate that different pollinators can

complement each other, often resulting in better pollination overall (Bluthgen and Klein, 2011; Brittain et
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al., 2013b). A global analysis of crop pollination data showed that wild pollinators play a central role in
crop pollination, sometimes contributing more to fruit set than honey bees, even though they deposited
fewer pollen grains on receptive stigmas than did honey bees (Garibaldi et al., 2013b). The mechanisms
behind this finding are, however, not fully understood. Together these studies demonstrate that wild
pollinators not only contribute to crop yield but, if they are sufficiently abundant, provide a degree of yield

assurance to farmers growing insect-pollinated crops should honey bees falter.

Given that pollination is often not a simple association between plants and pollinators, consideration should
be given to treating pollination as a complex web of interactions in any given ecosystem. Interactions
include both different pollinating species interacting with a single crop during the same period, or one or
more pollinators interacting with both crops and wild plants. Species that co-exist do not necessarily
interact, and certain species interact more often with some than with others. These interactions can be
investigated using ecological networks (Jordano, 1987; Bascompte and Jordano, 2007; VVazquez et al.,
2009; Moreira et al., 2015).

A pollination network or web (most often and strictly speaking ‘visitation networks’) is a type of ecological
network that contains information about which animals visits which flowers and how often (Memmott,
1999; Moreira, 2015) ((please see Figure 3.8, Chapter 3), and these associations may ultimately lead to
pollination. Pollination networks allow visualization of the interactions among different species in a
community. Such networks enable understanding of which species interact most often with others and
whether they are specialists or generalists. Although the functionality of some pollination networks is
resilient to the loss of species (at least up to a point where too many pollinators are lost from the system for
it to function reliably), the efficiencies of pollinator species may differ, ultimately influencing plant
survival and reproduction (Memmott et al., 2004). For example, removal of a single, dominant bee
pollinator from subalpine meadows in Colorado permitted other species to become more general in their
foraging. While the remaining bee species visited more plant species, they transferred less pollen between

individual plants of the same species, resulting in lower seed set (Brosi and Briggs, 2013).

1.8 Local, landscape and global impacts upon pollinators

Modern ecosystem approaches to pollination are now examining the complexities of how pollinators and
other flower visitors interact with each other on particular plants in both wild and managed ecosystems.
Wild pollinator populations and their diversities wax and wane, as do abundances and diversities of
flowers. The consequences of seasonal and annual variations can be offset in terms of the ecosystem
function of pollination by various pollinators and flower visitors, and flowering plants, assuming each
other’s roles under changing circumstances. Such complex dynamics play out differently within sites,
across landscapes, habitats and ecosystems, as well as in their evolutionary consequences (Kevan and
Baker, 1983b; Roulston and Goodell, 2011).
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Understanding how individual pollinators that can actively move large distances and that have diverse life
histories respond to global change drivers across different temporal and spatial scales remains a major
challenge in food production (Roulston and Goodell, 2011; Tscharntke et al., 2012b). At the local scale,
pollinator abundance and diversity are positively influenced by the diversity or proximity to non-crop floral
resources and areas of low-intensity management methods (see Table 1) (Carvalheiro et al., 2011; Kennedy
et al., 2013; Shackelford et al., 2013). Furthermore, land management practices with high inputs (e.g.
pesticides) are often associated with local declines in diversity and abundance of pollinator populations
(discussed further in Chapters 2.2 and 3.3). Declines in traditional beekeeping practices may also alter the
biodiversity of pollinators at the local scale, with global reductions in the practice of stingless beekeeping
impacting on local populations of these pollinators (see Chapter 5) (Cortopassi-Laurino et al., 2006).

At broader scales, pollinators respond to a number of global change drivers, including climate change, land
use change and intensification, introduced species and pathogens (Cox-Foster et al., 2007; Tylianakis et al.,
2008; Winfree et al., 2009; Potts et al., 2010; Burkle and Alarcdn, 2011; Kennedy et al., 2013). Although
these individual drivers have received some attention in relation to pollinators, studies addressing multiple
drivers are few (Tylianakis et al., 2008; see Chapter 2.7; Schweiger et al., 2010; Gonzalez-Varo et al.,
2013; Vanbergen and The Insect Pollinators Initiative, 2013; Goulson et al., 2015). Pollinator populations
are highly variable in time and space, therefore, it can be difficult to discern clearly trends in abundance as
opposed to richness estimated from distribution records (Herrera, 1990; Petanidou et al., 2008; Rader et al.,
2013a).

High pollinator diversity increases the chances that an effective pollinator is present and actively providing
pollination at any given time and location. A diverse array of pollinators is therefore likely to buffer
pollination against the effects of perturbations, such as land-use (Ricketts, 2004; Garibaldi et al., 2011b;
Cariveau et al., 2013; Garibaldi et al., 2014) and climate change (Bartomeus et al., 2013; Rader et al.,
2013b). This is because different pollinator species respond differently to changing conditions, due to their
physiological, behavioral or other mechanisms (Petanidou et al., 2008; Winfree and Kremen, 2009). A
long-term study of bees in the northeastern United States found that complementarity amongst bee species’
periods of activity enabled synchrony between bee activity and peak apple flowering. This permitted a
stable trend in pollination over time because various bee species displayed differential responses to climate
change (Bartomeus et al., 2013). The effects of climate change on plant-pollinator interactions are still
mostly unknown and the indirect effects upon interacting species and networks of species are poorly
represented in the literature. However, one of the three key recommendations of the IPCC report for
agriculture, in terms of adaptation measures to climate change, is the maintenance of biodiversity (IPCC,
2014).
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Climate change is anticipated to bring about changes in rainfall distribution, wind patterns, temperature, air
pollution and occurrence of extreme weather events, among other environmental changes (IPCC, 2014;
Yuan et al., 2014). These changes may affect crop pollinators via changes in their spatial distribution,
physiology and/or seasonal phenology through spatial and temporal mismatches between plants and their
pollinators (Schweiger et al., 2008; Hegland et al., 2009; and see Chapter 2). Land use change, including
intensification and extensification, is sometimes associated with local or regional declines in pollinator
diversity, abundance and altered foraging behaviour (Westphal et al., 2003; Westphal et al., 2006; Kremen
et al., 2007; Williams et al., 2012; Gonzalez-Varo et al., 2013; Kennedy et al., 2013; Woodcock et al.,
2013; Rader et al., 2014). The landscape context can mediate these responses whereby local management
factors may become important only in particular landscape contexts (Kleijn and van Langevelde, 2006;
Rundl6f and Smith, 2006; Rundlof et al., 2008). For example, pollinator richness and abundance can be
high on organic farms in homogeneous landscapes, but not on organic farms in heterogeneous landscapes
(Rundlof and Smith, 2006). Landscape heterogeneity and less-intensive farm management methods are thus
thought to mitigate pressures upon pollinators in some ecosystems (Kennedy et al., 2013). A strong
relationship between bee diversity and heterogeneity of the urban landscape has also been found (Sattler et
al., 2010).

As a consequence of global change (e.g. climate, land-use intensification and farming systems), pollinator
communities may be changed in a non-random way, resulting in losses of particular functional guilds or
species (Larsen et al., 2005; Flynn et al., 2009; Winfree et al., 2009; Williams et al., 2010; Rader et al.,
2014). Individual taxa respond to land use change in different ways due to the varied morphological and
behavioural characteristics within pollinator communities (Steffan-Dewenter, 2002; Tylianakis et al., 2005;
Winfree et al., 2009; Shackelford et al., 2013). For example, social and solitary bees species may each
respond differently to pesticide use (Williams et al., 2010) and dietary specialists and large-bodied taxa
tend to be more strongly affected by habitat loss than less specialized and smaller-bodied taxa (Winfree et
al., 2011a; Rader et al., 2014).

Different life history traits are associated with the quality and quantity of the pollination delivered. For
example, body size measures correlate with pollination efficiency (Larsen et al., 2005; Vivarelli et al.,
2011), foraging duration (Stone and Willmer, 1989; Stone, 1994) and foraging distance in some bees
(Greenleaf et al., 2007). Frequent visitation may however also entail a cost (e.g., loss of pollen) to plants
when pollinators are over abundant (Aizen et al., 2014). Within a given pollinator community, the variation
in functional traits between species (i.e., functional diversity) itself improves the quality of pollination and
reduces the variation in crop pollination and yield (Hoehn et al., 2008; Winfree and Kremen, 2009;
Bluthgen and Klein, 2011).
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1.9 The economics of pollination, risks and uncertainty (dealt with in more detail in Chapter
4)

The link between pollination and human quality of life is measured through the benefit that humans gain
from this service. Due to the complexity of what a good quality life entails (Diaz et al., 2015), the benefit
can have multiple dimensions depending on the type of contribution from pollination, such as the
availability of basic foods or quality of food. This multidimensional benefit is called the value of
pollination. However, values express a belief about a desired end, which guides action (de Vries and
Petersen, 2009); this action can be individual or collective (Diaz et al., 2015). To date the emphasis among
the literature has focused overwhelmingly on the economic value of pollinators, which may neglect the
impact of changing pollinator populations other value dimensions.

Economic valuation of the conservation and sustainable use of pollination services can be highly
informative for farmers and policy makers. Most early pollination valuation studies centered on managed
western honey bees and farm gate prices of the crops they help produce. Valuation studies focused on
pollination services typically used one of three major approaches (although more are detailed in Chapter 4,
Section 4.4): Estimation of change to social welfare (Gallai et al., 2009); calculation of total market price of
crop production that can be directly attributed to animal-mediated pollination (Gallai et al., 2009;
Lautenbach et al., 2012); and replacement cost based on purchased inputs that substitute for natural
pollination services (Allsopp et al., 2008; Winfree et al., 2011b). Most assessments have only examined the
market price of additional crop productivity from crop pollination and have largely focused on national or

regional analysis in the developed world (Chapter 4, Section 4.9).

1.10 Pollinators, traditional knowledge and a good quality of life

Ecological sciences and ethics together promote an opportunity to understand better the ways we can
perceive and co-inhabit the world (Rozzi, 2013). Anthropocentrism with a utilitarian ethic is the dominant
view in western societies, promoting globalization and neoliberal conditions for a dominant global
development, with consequences for the environment and people (Céaceres, 2015). In this strategy the
ethical position conceives the subject (human habits) separate from the environment (human actions
disregarding the habitat). Here the economic growth, development and modernization that govern
globalization neglect most people, biodiversity, ecosystems and humans with different cultures, which are
disappearing from their native habitats and being excluded from the main discourses and laws that govern
neoliberal global society. This dominant discourse determines a biotic, linguistic and cultural
homogenization (biocultural homogenization, sensu Rozzi, 2013), which can be a ubiquitous driver for
environmental change, biodiversity loss, and disruption of indigenous and traditional knowledge,

promoting a small number of plant and animal species for nourishment.
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Divergence from mainstream dominant utilitarian anthropocentrism (the other farthest view) is a
biocultural ethical approach, defined as ethically connecting “human life with the diversity of beings,
considered as co-inhabitants with whom humans co-constitute their identities and attain well-being”
(Rozzi, 2013). It is not an extension of utilitarian ethics through the inclusion of animals, plants, etc.
(intrinsic value assigned to pollinators), but includes interspecific relationships and how humans co-inhabit
in the world. A biocultural perspective highlights planetary ecological and cultural heterogeneity, requiring
an inter-cultural dialogue to solve environmental problems judiciously because it incorporates the views of
marginalized people that should be respected and eventually adapted through intercultural exchanges
(Rozzi, 2013). Biocultural ethics problematizes relationships among human conduct, habitats, and
communities of co-inhabitants (Rozzi, 2013), embracing interrelatedness between different human groups

and the environment. It includes different hierarchies of human values in decision making.

The consequences of decisions on biological and cultural diversity under different ethical approaches
sharply differ because value and policy-making diverge. There are different environmental worldviews
involving diverse ethics and hierarchical values that relate to ecological practices affecting pollination and
pollinators. It is necessary to incorporate the diversity of worldviews, from indigenous and traditional
knowledge on pollination and pollinators to sustainable ecological practices, into policy and education (see
Chapter 5).

1.11 Legalities and governance of pollinators and pollination

Considering the importance of pollination for agricultural commaodities, it is not surprising that there are a
number of laws, directives, and decrees regulating various aspects related to pollination and the protection
of pollinators. While many of these have been implemented for agricultural production, some policy
instruments target the protection of natural or semi-natural ecosystems, due to their link with the provision
of pollination. Much of the legislation is essentially designed to ensure the protection of pollinators against
deleterious influences (e.g. pathogens, diseases, agrochemicals, habitat destruction, and in the case of

managed pollinators, from inappropriate management practices; see Chapters 1.3, 2.3).

Many laws and regulations apply to an administrative unit within a country (e.g. federal state, province
etc.). For instance in Canada, there is no legislation dealing with pollinators on a country level, but eight
out of ten provinces have laws related to bees (Tang et al., 2007). In the United States, laws on hive
inspection and disease treatment are likewise enforced at a state level (Michael, 1980). Supranational
entities (e.g. the European Union) have also applied regulations to protect pollinators. Other regulations, for
instance testing guidelines for agrochemicals, have international standards; however, adherence to them is

only mandatory when stipulated in respective national legislation.
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Regulations concerning managed pollinators are numerous. This is in particular true for the western honey
bee, which is managed in colonies by people in many parts of the world. The honey bee has been
domesticated by humans for thousands of years, and in contrast to most other pollinator species, it is a
direct provider of honey and hive products like wax and propolis. The honey bee has been a subject of
legislation for a long time before its role as a pollinator was appreciated. For example, early legal
regulations of beekeeping practices trace back to the law of Solon in ancient Athens 594/593 B.C. (Crane,
1999). In modern agricultural systems the honey bee is known for its importance as a pollinator, hence the
vast majority of existing regulations on pollinators are related to the honey bee and to beekeeping (See
Chapter 6 for further details).

1.12 An overview of the report

Chapter 1 provides an introduction to the document by capturing its overall content. It presents an overview
of existing knowledge and information on pollination, plant mating and breeding systems, diversity of
pollinators and their contribution to crop production, global change drivers that directly or indirectly impact
pollinators and pollination, market and non-market value of the contributions of pollinators and pollination,
traditional and indigenous knowledge concerning pollinators, and institutional and policy mechanisms. The
other chapters in this document deal, in greater detail, with specific aspects of the assessment introduced in
this chapter.

Chapter 2 assesses the evidence for indirect and direct drivers of change in pollinators and pollination. It
reviews in detail the impacts of direct drivers, focussing on land use change and management including
GMOs, the use of toxic chemicals, environmental pollutants, climate change, the spread of invasive alien
species, pests and pathogens, and interactions among these pressures. This chapter documents that
pollination, especially by animals, is under threat as the world’s terrestrial ecosystems are changing at

unprecedented rates.

In Chapter 3 the spatial and temporal status and trends in wild pollinators are reviewed. It deals with
managed pollinators, including introduced and invasive pollinators, the structure of pollination networks,

wild plant pollination, agricultural pollinator dependence, and the yields of animal-pollinated crops.

The economic and “non-marketed” values of pollinators are evaluated in Chapter 4, through the range of
existing methodologies. In doing so, that Chapter identifies knowledge gaps and evaluates the assumptions,
benefits, challenges and risks associated with each method of valuation and approach to economic analysis.
Understanding how variations in pollinator population dynamics translate into monetary and other social
benefits while identifying the costs incurred is a critical step forward in recognizing the spectrum of values
that pollination services contribute to the agricultural sector and society at large. How the crops grown

influence the benefits and costs of managed pollination services, and influence the availability and benefits
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of wild pollinators (ecological benefit: cost relations), are similarly important. Indeed, the values of wild

pollinator services to agriculture are becoming increasingly recognized (see Chapter 4).

Chapter 5 includes indigenous and local knowledge perspectives on pollinators and pollinator systems and
their benefits to those knowledge holders, as well as trade-offs between pollination processes and services
and possible connections with disservices. Indigenous peoples and local communities’” knowledge systems
are based on different world-views (ontologies and epistemologies). Many indigenous peoples and local
communities protect pollinators, directly and indirectly, through their own systems of governance, practices
and understandings of the world. Their perceptions of pollinators and pollination are embedded in
categories such as, fertility, reproduction and reciprocity.

Possible responses to reduce the risks and identify opportunities associated with pollinators and pollination
are reviewed in Chapter 6. The responses are organised by policy sector, and grouped within each sector
largely following the typology of action types developed for the Millennium Ecosystem Assessment
(2005). The sectors are: 1) agricultural, agro-forestry and horticultural practices, 2) pesticides, pollutants
and genetically modified organisms, 3) nature conservation, 4) pollinator management and beekeeping, and
5) urban and transport infrastructure. The action types are technical, legal, economic, social/behavioural
and knowledge. Responses that apply across sectors are presented in a section on integrated responses. This
chapter identifies those responses that are proposed, tested or established and summarises existing
knowledge about whether or not each is an effective and appropriate response. The chapter also provides an
overview of the tools and methods that have been used to understand and compare alternative responses

and discusses what is known about trade-offs between them.
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Executive Summary

Indirect drivers (demographic, socio-economic, institutional, and technological) are producing
environmental pressures (direct drivers) that alter pollinator biodiversity and pollination (well
established). The growth in the global human population, economic wealth, globalized trade and commerce
and technological developments (e.g. increased transport efficacy), has transformed the climate, land cover
and management intensity, ecosystem nutrient balance, and biogeographical distribution of species (well
established). This has had and continues to have consequences for pollinators and pollination worldwide
(well established). International trade is an underlying driver of climate land-use change, species invasions
and biodiversity loss (well established). The global expansion of industrialised agriculture driven by
increased or changing consumption in the developed and emerging economies will continue to drive
ecosystem changes in the developing world that are expected to affect pollinators and pollination (established
but incomplete). The area of land devoted to growing pollinator-dependent crops has increased globally (well
established) in response to market demands from a growing and increasingly wealthy population, albeit with

regional variations (well established) (2.8).

Land use changes (including urbanization) that result in greater landscape fragmentation, lower
connectivity, or the loss of resources for pollinators, will negatively affect wild pollinator diversity,
abundance, and network structure (well established), potentially affecting community stability
(established but incomplete). This land use change can also affect the potential for evolutionary adaptations
of pollinator and plant species and their interactions (established but incomplete). Declines in plants and
pollinators associated with land use are often only detected after a delay of several decades, but are linked to
species traits governing the pollination interaction and sensitivity to environmental change (well established).
Land use changes leading to losses in habitat diversity also reduce pollinator-dependent wild and cultivated
seed and fruit set (well established) (2.2.1).

The creation or maintenance of more diverse agricultural landscapes may result in more diverse
pollinator communities and enhanced crop and wild plant pollination (established but incomplete).
Examples include use of intercropping, crop rotations (e.g., including pollinator forage crops),
agroforestry, wild flower strips, and hedgerows. Local diversification and reduced intensity of land
management will support pollinators and pollination, especially in landscapes dominated by large fields and
conventional intensive management (established but incomplete). While some diversification methods may
currently result in yield losses, these are counterbalanced by less inputs and the provision of further

ecosystem services (established but incomplete) (2.2.2.1.1).
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Intensive land management practices (such as high use of agrochemicals and intensively performed
tillage, grazing or mowing) lead to a decline in pollinator richness at a local scale (well established).
Monoculture systems with large, intensively-managed fields reduce both foraging (well established) and
nesting (established but incomplete) resources for pollinators by removing weeds and reducing crop diversity
and available nesting sites, such as suitable areas of soil (e.g., undisturbed), hollow stems of vegetation or
dead wood. Certain mass-flowering crops provide huge food resources for some pollinators, but only for a

short duration (established but incomplete) (2.2.2).

Extensively used traditional landscapes frequently contain high-quality habitats and species-rich
pollinator communities (well established). These landscapes are often threatened by abandonment of
farming (cessation of grazing or mowing of grasslands), which has been observed in temperate regions (well
established) (2.2.2.2.1).

The risk to pollinators from pesticides arises through a combination of toxicity (compounds vary in
toxicity to different pollinator species) and the level of exposure (well established). Insecticides are toxic
to insect pollinators and the direct lethal risk is increased, for example, if label information is
insufficient or not respected, if application equipment is faulty or not fit-for-purpose, or the regulatory
policy and risk assessment are deficient (well established). Pesticide application practices that reduce
direct exposure reduce mortality accordingly (well established). Pollinators are likely to encounter
combinations of pesticides applied in the field during foraging or flight (well established). These may result
in unpredictable sometimes harmful effects; such combinations may interact in a complex and/or non-linear
way (e.g., synergy) (established but incomplete). The level of exposure is significantly affected by factors
including crop type, timing, rate and method of pesticide applications, as well as the ecological traits of

managed and wild pollinators (well established) (2.3.1).

Pesticides, particularly insecticides, have been demonstrated to have a broad range of lethal and
sublethal effects on pollinators in controlled experimental conditions (well established). The few
available field studies assessing effects of field-realistic exposure, provide conflicting evidence of effects
based on the species studied and pesticide usage (established but incomplete). It is currently unresolved
how sublethal effects of pesticide exposure recorded for individual insects affect colonies and
populations of managed bees and wild pollinators, especially over the longer term. Most studies of
sublethal impacts of insecticides on pollinators have tested a limited range of pesticides, recently focusing
on neonicotinoids, and have been carried out using honey bees and bumble bees, with fewer studies on other
insect pollinator taxa. Thus, significant gaps in our knowledge remain (well established) with potential
implications for comprehensive risk assessment. Recent research focusing on neonicotinoid insecticides
shows considerable evidence of lethal and sublethal effects on bees under controlled conditions (well
established) and some evidence of impacts on the pollination they provide (established but incomplete).

There is evidence from a recent study that shows impacts of neonicotinoids on wild pollinator survival and
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reproduction at actual field exposure (established but incomplete). Evidence, from this and other studies, of
effects on managed honey bee colonies is conflicting (unresolved). What constitutes a field realistic exposure,
as well as the potential synergistic and long term effects of pesticides (and their mixtures), remains unsettled
(unresolved) (2.3.1.4).

Most genetically modified organisms (GMOSs) used in agriculture carry traits for herbicide tolerance
(HT) or insect resistance (IR). Though pollinators are considered non-target organisms of GMOs,
there is potential for indirect and direct impacts (well established). Reduced weed populations are a
likely result of the use of most herbicide-tolerant (HT) crops, diminishing food resources for pollinators
(established but incomplete). The actual consequences for the abundance and diversity of pollinators
foraging in herbicide-tolerant (HT)-crop fields are unknown (2.3.2.3.1). Insect-resistant (IR) crops result in
the reduction of insecticide use, which varies regionally according to the prevalence of pests, and the
emergence of secondary outbreaks of non-target pests or primary pest resistance (well established). If
sustained, this reduction in insecticide use could reduce pressure on non-target insects (established but
incomplete). No direct lethal effects of insect-resistant (IR) crops (e.g., producing Bacillus thuringiensis
(Bt) toxins) on honey bees or other Hymenoptera have been reported, but some sub-lethal effects on honey
bee behaviour. Lethal effects have been identified in some butterflies (established but incomplete), while

data on other pollinator groups (e.g., hoverflies) are scarce (2.3.2.2).

Management of bees (honey bees, some species of bumble bees, solitary and stingless bees) is the basis
for the provision of pollination for key parts of global food security, particularly for fruit and vegetable
production (well established). Regional declines in managed colonies may be driven by socio-economic
factors, e.g. low honey prices (unresolved). Mass breeding and large-scale transport of managed bees
increases the risk of spread of pollinator diseases (well established). In the case of honey bees or bumble
bees, these risks are well known for most regions (well established). The same risks may exist for intensively
managed solitary and stingless bees (inconclusive), but as these species are generally managed on a smaller
scale than honey bees, empirical evidence is still lacking. There are examples globally where the introduction
of non-native managed bee species (e.g., honey bees, bumble bees) has resulted in escapes that subsequently

led to competitive exclusion of native bee species (established but incomplete) (2.4.2, 2.5.4).

Insect pollinators suffer from a broad range of parasites, with Varroa mites attacking and transmitting
viruses among honey bees being a notable example (well established). Emerging and re-emerging
diseases (e.g. due to host shifts of both pathogens and parasites, sometimes arising from accidental
transport by humans) are a significant threat to the health of honey bees (well established), bumble
bees and solitary bees (established but incomplete for both groups) during the trade and management
of commercial bees for pollination (2.4). These host shifts have been observed between different managed
bees, between different wild pollinators, and from managed to wild pollinators and vice versa (established

but incomplete). In managed social bees, disease outbreaks are often associated with colonies that are under
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stress (including poor nutrition, transportation, presence of other pests, pesticides, veterinary medicines,

pollutants, and exposure or crowding (established but incomplete) (2.4.1).

The impact of invasive alien species on pollinators and pollination is highly contingent on the identity
of the invader and the ecological and evolutionary context (well established). Alien plants or alien
pollinators change native pollinator networks, but the effects on native species, diversity, or networks can be
positive, negative or neutral depending on the species and ecosystem involved (2.5.1, 2.5.2, 2.5.5). Invasive
alien predators affect pollination and plant fitness by consuming pollinators (established but incomplete).
Invasive alien herbivores can affect pollinators and pollination, but this varies with the species and ecosystem
concerned (established but incomplete). Alien plant pathogens are a potential but unquantified risk
(inconclusive) (2.5.4). The impacts of invasive aliens are exacerbated or altered when they exist in
combination with other threats such as disease, climate change and land-use change (established but
incomplete) (2.5.6).

Several pollinator species have moved their ranges, altered their abundances and shifted their seasonal
activities in response to observed climate change over recent decades (well established). These effects
are expected to continue in response to forecasted climate change. The broad patterns of species and biome
shifts toward the poles and higher altitudes in response to a warming climate have been observed over the
last few decades in some well-studied species groups such as butterflies and bumble bees. A recent analysis
has shown that bumble bees appear to be undergoing range contractions as climate changes across Europe
and North America (established but incomplete). Climate change impacts on pollinators, pollination and
agriculture may be manifested in the short-term (years) to longer-term (decades) depending on the pollinator
species, but it is possible that the full impacts on nature and agriculture will not be apparent for many decades,

due to long response times in and complexity of ecological systems (well established) (2.6.2.2).

Under all climate change scenarios for the second half of the 21% century, (i) pollinator community
composition is expected to change as a result of decreases in the abundance of some species and
increases in others (well established); and (ii) the seasonal activity of many species is predicted to
change differentially, potentially disrupting life cycles and species interactions between plants and
pollinators (established but incomplete). Changes in composition and seasonality are both projected to
alter ecosystem function (established but incomplete). In high-altitude and high-latitude ecosystems,
climate changes exceeding low-end scenarios (e.g. RCP 2.6)° are very likely to lead to major changes in
species distributions and ecosystem function, especially in the second half of the 21st century (well
established) (2.6.2.3).

3 low end scenarios are e.g., the Representative Concentration Pathway 2.6; http://sedac.ipcc-
data.org/ddc/ar5_scenario_process/RCPs.html
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The change in climatic conditions, especially under mid- and high-end scenarios, exceeds the maximum
speed at which several groups of pollinators (e.g. many bumble bees or butterflies) can disperse or
migrate (well established). Such species are predicted to find themselves in unfavorable climates and unable
to reach areas of potentially suitable habitat (established but incomplete). To keep pace with shifting climates,
species occupying extensive flat landscapes are particularly vulnerable because they must disperse over
longer distances than species in mountainous regions (well established). Even if a species has the biological
capacity to move fast enough to track suitable climates, those species with spatially restricted populations,
such as those confined to small and isolated habitats or mountain tops, are expected to be particularly
vulnerable to major climatic changes (established but incomplete). There is potential for differences in
migration rate or ability to lead to a geographical or phenological dislocation of pollinator populations from
populations of their historic food plants, which may present problems for pollination delivery (established
but incomplete) (2.6.2.3).

Multiple pressures that individually impact the health, diversity and abundance of many pollinators
across levels of biological organisation (from gene to biome scales), can combine in their effects and
thereby increase the overall pressure on pollinators (established but incomplete). This variety of threats
(often anthropogenic) to pollinators and pollination poses a potential risk to food security, human health and
ecosystem function (inconclusive). The actual magnitude of interactions between these different pressures
varies with location and among pollinator species, according to their biological attributes (established but
incomplete). Nonetheless it is likely that changes in pollinator biodiversity and pollination are being
exacerbated by both the individual and combined effects of multiple pressures (established but incomplete)
2.7).

2.1 Introduction

There are a number of potential drivers of changes in pollinators, pollination networks and pollination. In the
present chapter, these drivers and their impacts are assessed, especially as they relate to the link of pollinators
and pollination to food production, but also to semi-natural parts of the ecosystem. The pollinators under
consideration here are mainly bees (honey bees, bumble bees, stingless bees and solitary bees), and to some

extent other groups including syrphid flies, butterflies, moths, birds, mammals and reptiles.

The focus of the chapter is on the role of direct drivers of change in pollination, including the risks posed by:

0] land-use and its changes (2.2), including changes in land cover and spatial configurations (2.2.1) and
changes in land management and changing agricultural practices (2.2.2);

(i) the use of chemicals, including fungicides, herbicides, and insecticides such as neonicotinoids
(2.3.2);

(iii)  the use of GMOs (2.3.2) and veterinary medicines (2.3.3);

(iv) environmental pollution from heavy metals, nitrogen and light (2.3.4);

(v) pollinator diseases (2.4.1);
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(vi) pollinator management (2.4.2);
(vii)  invasive alien species (2.5);
(viii)  climate change (2.6); and

(ix) multiple additive or interacting threats (2.7).

It also includes assessments of the indirect effects of drivers of change (2.2.2.2.1: indirect effects of mowing;
2.2.2.2.3: indirect effects of fire; 2.3.1.2: indirect effects of pesticide applications; 2.3.2.3: indirect effects of
GMO cultivation; 2.6.2.4: indirect effects of climate change; indirect effects also shown in Figure 2.2.1),
including trade and policies in areas such as agriculture (2.8) and spatial planning (implicitly dealt with in
section 2.2.1: “Changes in land cover and spatial configuration”). Possible responses and options to remediate
effects of drivers, including tools or instruments are dealt with especially in Chapter 6, with specific
discussions pertaining to scale (local, national, regional and global).

2.2 Land use and its changes

2.2.1 Changes in land cover and spatial configuration

Land cover has been defined by the UN FAO as the “observed (bio)physical cover on the earth's surface”
(Di Gregorio and Jansen, 2005). Related to this concept is the idea of land use, namely “the arrangements,
activities and inputs people undertake in a certain land cover type to produce, change or maintain it” (Di

Gregorio and Jansen, 2005).

Human land use is the main current driver of changes in land cover (Foley et al., 2005), with the part of land
exploited (see below) by humans being approximately 53% of the Earth’s terrestrial surface (Hooke and
Martin-Duque, 2012; Goldewijk and Ramankutty, 2004). For instance, at a global scale, increased crop
production has been generally associated with the replacement of forests (Goldewijk and Ramankutty, 2004),
while it has been shown that grazing can lead to land degradation/desertification and scrub encroachment
(Asner et al., 2004; but see also section 2.2.2.2). Logging is often followed by deforestation and conversion
to crop- and grasslands (Haines-Young, 2009; Lambin et al., 2003). Urbanization generally involves
conversion of agricultural land (Lambin et al., 2003). It is important to note that the type and speed of
transition from one land cover type to another are dependent on the land management method (see 2.2.2),
which has a cultural background and is thus influenced by local knowledge (see Uprety et al., 2012 for a

discussion).

Since 1961, croplands have been expanding at the global scale and on most continents, with concomitant
global reductions in forest and grasslands (http://faostat.fao.org/; a global annual average of 0.2% increase
of croplands, accompanied by a reduction of 0.16% of forest land per year). This pattern was also revealed
in modelled reconstructions of land cover using historical land use data for the last 300 years (Hansen et al.,
2013; Hooke and Martin-Duque, 2012; Goldewijk and Ramankutty, 2004; Ramankutty and Foley, 1999). By
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2030, most optimistic scenarios predict a net forest loss associated with a 10% increase in the area of
agricultural land, mainly in the developing world (Haines-Young, 2009). Urban areas are also predicted to
expand as a consequence of 66% (vs. 54% today) of the increasing global human population expected to be
living in urban areas by 2050 (UN, 2014). Although forecasts suggest global increases, they are expected to

be larger in developing countries, mainly in Asia and Africa (UN, 2014).

From an ecological perspective, changes in land cover involve shifts in the land cover composition and
variations in its spatial configuration (e.g., fragmentation, isolation) (Fahrig et al., 2011; see Box 2.2.1),
which directly affect the composition of biological communities and the relationships between pollinators
and flowering plants (Ollerton et al., 2011; Vanbergen, 2014) (Figure 2.2.1). It is important to note that
although the effect of changes in the composition and configuration of land covers on pollinators has been
evaluated extensively, most studies focus on bees. Here, we present a review of how land cover modification

through land use change can affect bee and non-bee pollinators and the pollination they provide.
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Figure 2.2.1 — Conceptual feedback loops between major components of pollination

and the effects of land cover composition (habitat loss or habitat degradation; black arrows) and configuration
(measures of fragmentation, patch size, isolation; red arrows) on each component. These effects can be direct (solid
arrows) or indirect (dashed grey arrows). Relative number of plant and pollinator types appearing in the figure does
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not reflect their real proportion in nature. Modified from Hadley and Betts (2012). Refer to the text for directionality
of these effects.

2.2.1.1 Changes in land cover composition

2.2.1.1.1 Habitat loss and degradation

Many types of land use (e.g., agriculture, urbanization) strongly change land cover types, leading to the
disappearance of the habitats of many species, which is thus referred to as habitat loss (Fischer and
Lindenmayer, 2007). Beyond habitat loss, land use change can induce a deterioration in habitat quality,
termed habitat degradation. In these cases, species are still able to survive, but their populations may decline
(Fischer and Lindenmayer, 2007).

An important body of research has investigated the effect of habitat loss and degradation on pollinators and
pollination. Although the identified patterns appear to be consistent, they are incompletely documented in
regions other than Europe and North America. It is well established that habitat destruction can reduce the
population sizes, composition and species richness of pollinator communities (Hadley and Betts, 2012;
Kennedy et al., 2013; Steffan-Dewenter and Westphal, 2008; Winfree et al., 2011; Figure 2.2.2; Table 2.2.1),
affecting evolutionary processes at the species level (see below). Some pollinator groups (e.g., Hymenoptera,
Lepidoptera) have already shown serious declines (reviewed in Potts et al., 2010), and this may be partly due
to the habitat conversion history (i.e., historical landscape modification at a certain location, Bommarco et
al., 2014), as well as the loss of particular habitat elements such as nesting or foraging sites (Ollerton et al.,
2014; Potts et al., 2010; Scheper et al., 2014; Vanbergen, 2014). For example, a recent study indicated that
agricultural expansion has reduced bee and wasp pollinator richness and composition in Great Britain, likely
due to the reduction of floral diversity associated with monocultures (Senapathi et al., 2015). Further, the
decrease of several bumble bee and butterfly species in Europe is probably attributable to the loss of
unmanaged grasslands, heathlands, wetlands and bogs (Goulson et al., 2005), and key floral resources
(Biesmeijer et al., 2006; Carvell et al., 2006). Similar responses have also been noted in honey bees by
traditional beekeepers. For instance, in Southern France, beekeepers suggested that the reduction of flower
populations, the expansion of the tree plantations and the decrease of pastures and meadows reduced the

“vitality” [sic] of their honey bees, thus harming honey production (Elie, 2015; Velay and Velay, 2015).

Differences in ecological and morphological traits (e.g., feeding adaptations, mobility, body size, behaviour)
can govern the response of pollinator species to changed environments, and their ability to persist in poor-
quality environments (Hadley and Betts, 2012; Kennen et al., 2008; Marini et al., 2014; Morandin et al.,
2007; Vanbergen, 2014). Pollinator species that are more specialised in habitat or food requirements (e.g.,
long-tongued bumble bees adapted to particular flower species) tend to be more vulnerable to land cover

changes that alter the availability of food or nesting resources (Brosi, 2009; Goulson et al., 2008; Ockinger
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et al., 2010; Vanbergen, 2014; Vaudo et al., 2015; Weiner et al., 2014; however see Bommarco et al. (2010)
for an exception), leading to the homogenization of pollinator communities dominated by common generalist
species (Biesmeijer et al., 2006; Burkle et al., 2013; Carvalheiro et al., 2013; de Castro Solar, 2014; Grass et
al., 2013; Marini et al., 2014; Weiner et al., 2014). Experimental studies in honey bees demonstrated one
mechanistic basis for this; land use changes leading to the impoverishment of floral diversity (e.g., conversion
of grassland into farmland, increase of monoculture) reduce the nutritional composition of pollen loads (Di
Pasquale et al., 2013; Donkersley et al., 2014; Girard et al., 2012). Nesting behaviour influences pollinator
response to land cover changes: above-ground nesters appear to be more sensitive to loss or isolation of high
resource quality environments, such as natural or semi-natural land, than below-ground nesters (Williams et
al., 2010; but see also section 2.2.2.4). This sensitivity may be because natural and semi-natural lands are
richer in nesting resources for above-ground nesters (e.g., stems of perennial vegetation or dead wood) than
converted areas; whereas the latter still harbour suitable patches of undisturbed soil available to below-ground
nesters (e.g., field margins; Roulston and Goodell, 2011). However, note that some areas, although converted,
may still contain nesting resources for above-ground nesters (see section 2.2.2).

Moderate levels of disturbance can sometimes increase habitat quality and availability, leading to increased
pollinator diversity (Senapathi et al., 2015; Winfree et al., 2011). An example of this is the juxtaposition of
different land cover types (an ecotone), which has been shown to affect pollinator diversity positively through
edge effects (reviewed in Ries et al., 2004). These edges represent the transition zone between different
environments (e.g., edges of a forest neighboring a crop field) and are biotically and abiotically distinct from
their interiors. For this reason, they can support high pollinator diversity (e.g., Somme et al., 2014), although

mainly due to a predominance of common species (Ries et al., 2004).

2.2.1.1.2 Effect of land cover composition on pollination

Studies have shown fruit set to be correlated with insect diversity in crops and wild plants (e.g., Garibaldi et
al., 2013; Klein et al., 2002; Wilcock and Neiland, 2002). Thus, because changes in land cover composition
negatively affect pollinator diversity (see above), and because greater pollinator diversity enhances
pollination (Klein et al., 2009), habitat loss and habitat degradation should negatively affect fruit set, as has
been shown in some crop systems (e.g., almonds, Klein et al., 2012; coffee, Klein et al., 2003a). Although it
is difficult to demonstrate a direct relationship between changes in land cover composition only (i.e., without
the common co-occurrence of changes in land cover configuration; see below), studies suggest that habitat
loss affects wild plant reproduction. On this, it has been demonstrated that habitat loss more negatively affects
insect- vs. self-pollinated plants (Aguilar et al., 2006; Batary et al., 2013). Further, a recent study at the
European scale (Clough et al., 2014) found strong correlations between the abundance of insect-pollinated
plants and both bee pollinator abundance and diversity (positive correlation) and habitat loss/degradation

(negative correlation).
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A recent modelling approach on the effect of habitat loss and fragmentation on pollination (Valiente-Banuet
et al., 2015) proposed that these services should be considered as a function of the pollinator community as
a whole. The study showed that pollination function is expected to decrease faster if generalist pollinators
are lost or reduced, because these pollinators confer resilience to the pollination network (see section 2.2.1.2.1
and Chapters 1 and 3). Thus, they suggest that the maintenance of pollination interactions under habitat loss

and degradation is also affected by the type of pollination network displayed by the community.

Related to the latter, a recent meta-analysis in crops (Kleijn et al., 2015) showed that although a more diverse
landscape increases bee pollinator diversity, most of the crop pollination on average is likely provided by
dominant (i.e., highly abundant) species. In agreement with this, Winfree et al. (2015) analysed a dataset
from two regions and four crops in the USA, and found that the most abundant bee species are the ones
contributing the most to crop pollination. Together, these studies suggest that decreases in bee habitat
diversity may affect crop pollination less than it affects biodiversity. However, these studies contrast others
identifying mechanistically how more diverse communities of pollinators can better support crop pollination
by complementary or interacting behaviours among crops and over space or time (e.g., Brittain et al., 2013a;
Greenleaf and Kremen, 2006; Hoehn et al., 2008; Klein et al., 2009; section 2.2.2). In addition, different
pollinator species display “response diversity” (differential responses to the same environmental
perturbations), and maintaining diverse pollinator communities, by enhancing response diversity, can
increase the stability of pollination in the face of environmental or global change (Winfree and Kremen,
2009).

2.2.1.2 Changes in land cover spatial configuration

2.2.1.2.1 Effect of changes in land cover configuration on pollinators

Besides leading to habitat loss and degradation, changes in land use can fragment and alter the area and the
spatial configuration of land cover and habitats. Thus, changes in land use can lead to habitat fragmentation
(i.e., the sub-division of continuous habitat), affecting the size of habitat patches within an area, as well as
their connectivity (Hadley and Betts, 2012; Hooke and Martin-Duque, 2012; Kearns et al., 1998). In these
scenarios, although habitats are still available to pollinators, the fact that their relative spatial configuration
has changed can lead to reductions in pollinator fitness (breeding success; Battin, 2004) and population sizes

and thus can increase the chances of extinction.
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4. Figure 2.2.2 — Conceptual visualization of the effects of gradients of habitat fragmentation and natural and
semi-natural land cover loss on pollinators and pollination.

Landscape fragmentation (green rectangles) and increased loss of natural and semi-natural land cover (landscape
cartoons) reduce patch sizes (smaller green rectangles with increased fragmentation) and inter-patch connectivity (more
isolated green sections in cartoons with increased land cover change and fragmentation), negatively affecting pollinator
richness and abundance, and pollination. Grey lateral triangles show gradients of landscape modification (right) and
pollination, pollinator richness and abundance (left). Modified from Steffan-Dewenter and Westphal (2008).

Recent studies have shown that variation in landscape configuration can affect pollinator richness, species
diversity and evenness in indirect and complex manners. A continental analysis of wild bees and butterflies
in Europe (Marini et al., 2014) showed that species evenness and diversity were negatively correlated, and
that while patch area related negatively to pollinator evenness, connectivity showed the opposite relationship.
These results agree with what was observed by Winfree et al. (2011) for abundance and diversity of an array
of pollinators. In that study, there were, however, differences among pollinator groups. On the one hand,
bees were the most negatively affected by habitat fragmentation and loss (referred to as “land use” by the
authors), followed by butterflies and hoverflies. On the other hand, larger vertebrate pollinators (i.e., birds,
bats) were more positively affected by habitat fragmentation and loss (Table 2.2.1). This difference could be
due to the greater dispersal ability of large vertebrates or to a bias in the analyzed datasets (Winfree et al.,
2011). A more recent meta-analysis of bee species richness and abundance found little effect of landscape
configuration (Kennedy et al., 2013), although it identified that loss of connectivity negatively affects social
bee abundance. Overall, fragmented habitats may be able to maintain a greater level of pollinator diversity
(related to this, see the concept of agricultural matrix, treated in section 2.2.2 and Chapter 6). However,

although it is well established that landscape connectivity and especially the surrounding habitat availability
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correlate with components of biodiversity (e.g., Prugh et al., 2008), few studies have explicitly examined

connectivity effects on pollinators, and this remains an important knowledge gap in the topic.

There is strong support for the hypothesis that the presence of resource-rich locations within fragmented
landscapes increases pollinator diversity and richness (e.g., Klein et al., 2007). On this, a recent meta-analysis
of 39 studies (605 sites) evaluated the effects of farm and landscape management on wild bees for 23 crops
(Kennedy et al., 2013). The study showed that wild social and solitary bee species richness and abundance
were higher in fields surrounded by environments considered by experts to provide more floral and nesting
resources for pollinators (“high-quality habitats™). Similar results were also obtained in grasslands and
almond plantations for other pollinator groups (e.g., butterflies and hoverflies, Ockinger et al., 2012; flies,
wasps and non-Apis bees, Saunders and Luck, 2014), for invertebrates (including pollinators; Gonthier et al.,
2014), for wild bee abundance and diversity (Winfree et al., 2009), and for (mainly bee) pollinator abundance
and richness (Clough et al., 2014; Ricketts et al., 2008; Shackelford et al., 2013).

2. Table 2.2.1 — Directionality of changes in pollinator species richness and pollinator abundance with
increasing values of land use change

(correlated positively with habitat loss/degradation and fragmentation). Values indicate proportion of
experimental studies showing support for each of the negative, neutral and positive responses. Values in
parentheses indicate number of studies (modified from Winfree et al., 2011).

Directionality of pollinator response
Group Negative Neutral Positive Negative:Positive Negative:All
Bees 0.40 (81) 0.47 (94) 0.13(27) 3.0:1 0.4:1
Butterflies 0.39 (88) 0.39 (88) 0.22 (47) 1.9:1 0.4:1
(Syli:)lﬁ? g | 04008 | 03004 | 0304 13:1 0.4:1
Birds 0.32 (24) 0.27 (20) 0.41 (30) 0.8:1 0.3:1
Bats 0.22 (9) 0.29 (12) 0.49 (20) 0.5:1 0.2:1

Habitat loss, habitat degradation and fragmentation can lead to a cascade of species extinctions, often after a
delay of several decades (Krauss et al., 2010; Kuussaari et al., 2009). Studies in grasslands have shown that
extinction rates differ among pollinator groups, with bees declining faster than butterflies and hoverflies
(Bommarco et al., 2014). Mobility also affects responses, with larger species being able to traverse greater
distances (Greenleaf et al., 2007) and being thus less sensitive to changes in habitat area (Bommarco et al.,
2010; Marini et al., 2014 — but see Williams et al., 2010). Sociality is a good predictor of the response of
different pollinator taxa to variation in landscape structure, with social species being more sensitive to habitat
loss and fragmentation. This may be due to the fact that most social insects are above-ground nesters, making
substrate availability an important limiting factor for colony establishment and survival (Ricketts et al.,
2008). A global meta-analysis indicated that social species are negatively affected by isolation from little-
disturbed areas (Williams et al., 2010). However, even within social groups, interspecific variation in size,

dispersal and foraging abilities plays a role in defining the ability of different taxa to survive under large
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landscape change (Vanbergen, 2014). For example, some Bombus species are able to forage over longer
distances than their congeners, which is expected to improve their survival in fragmented landscapes (Carvell
etal., 2012).

Habitat patch size reduction and fragmentation decrease species richness, and negatively affect the ecological
network link richness (see Box 2.2.2), leading to network contraction (Sabatino et al., 2010; see also Chapters
1 and 3). Fragmentation reduces modularity, because with species loss, modules shrink, merge and finally
disappear (Olesen et al., 2007). Small patches have more unpredictable resources, which benefit generalists
over specialists (Burkle and Knight, 2012). Indeed, generalists are better at changing resources (rewiring)
and thus are less sensitive to extinction after the disappearance of other species in the network (i.e., secondary
extinctions; Astegiano et al., 2015; Burkle et al., 2013; Memmott et al., 2004). The result of rewiring is that
pollination networks in small fragments have higher connectance (i.e., more of the possible links are realized)
and more homogenized pollinator communities (reviewed in Hagen et al., 2012). Pollinator networks often
have a nested structure, in which dominant generalist species are connected to rarer species in the network;
this nestedness is predicted to lend stability to the plant-pollinator community (see Vanbergen, 2014 and
Chapter 3). Related to this, fewer species and links in pollination networks lower their resilience to
disturbance (Lever et al., 2014). Larger, more interconnected patches improve the general survival of plant-
pollinator communities due to increased ecological redundancy and decreased probability of extinction of
keystone species (Burkle et al., 2013; Tscharntke et al., 2005). It is important to note that today most of our
knowledge on this topic comes from network modelling (e.g., Memmott et al., 2004; Petanidou et al., 2008),
because experimental data are only starting to become available (e.g., Aizen et al., 2012; Astegiano et al.,
2015; Burkle et al., 2013; Winfree et al., 2014).

Finally, both the size of the patches and their connectivity can have evolutionary implications, because they
affect the demography of pollinators and plants. Indeed, reduced population sizes and pollination
specialization are generally associated with reduced genetic diversity (e.g., Goulson et al., 2008; Packer et
al., 2005), which is exacerbated by lower migration between poorly connected habitat patches and lower
chances of recolonization between fragments (Kremen et al., 2007). Small population sizes and low genetic
diversities can reduce the mean individual fitness of the population (i.e., Allee effect), decrease the ability of
a species to recover from stochastic events (e.g., diseases, climatic events), lower the possibility of
adaptation, and/or increase the negative effects of strong genetic bottlenecks and inbreeding depression (Hartl
and Clark, 2006). Only a few studies (e.g., Davis et al., 2010; Jha and Kremen, 2013a) have examined
genetics changes in pollinators in response to landscape changes, and no studies have been done in non-

temperate regions.

2.2.1.2.2 Effect of changes in land cover configuration on pollination
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Higher land cover fragmentation has been shown to affect plant reproductive success negatively. On this, a
review and meta-analysis of 53 studies and 89 wild plant species (Aguilar et al., 2006), indicated that plant
sexual reproduction is strongly and negatively affected by habitat fragmentation. Further, the study indicated
that this is particularly true for self-incompatible plants, thus demonstrating the role of fragmentation in
reducing pollination. Along with these results, a recent experimental study (Blaauw and Isaacs, 2014)
indicated that the most important factor for seed set is patch size, and that although a richer plant diversity
increases insect pollinator diversity, high plant diversity in a small patch reduces seed set per flower. The
authors suggest that in small patches a more diverse plant composition may reduce the efficiency and
specificity of pollen transfer, thus negatively affecting seed production. Studies also confirmed that the level
of pollination specialization does not define the sensitivity of plants to landscape fragmentation, thus
rejecting the idea that specialist plants are more sensitive to habitat fragmentation than generalist ones
(Aguilar et al., 2006; Aizen et al., 2002; Ashworth et al., 2004). Related to these results, a recent meta-
analysis of animal-pollinated woody plants (Breed et al., 2015) showed that landscape fragmentation
diminishes the genetic diversity of the received pollen, which contributes to genetic impoverishment.
Although not yet investigated, it is also likely that dioecious animal-pollinated plants are more sensitive to

fragmentation than their monoecious counterparts.

Fragmented landscapes and the presence of natural areas have also been shown to affect fruit set through
pollinator spill-over, namely the movement of pollinator species and pollination from one land cover type to
another (Figure 2.2.3). This spill-over occurs because of temporal and spatial variation of resource
availability in the adjacent areas. Thus, pollination is no longer fulfilled in the location where the pollinator
comes from but rather towards which it moves (Blitzer et al., 2012). Spill-over is expected to occur in
fragmented landscapes where there is a relatively high proportion of resource-rich locations (e.g., parts of
Europe, many tropical regions) and it has been shown to provide effective pollination for many crops, such
as for instance watermelons (Citrullus lanatus), blueberries (Vaccinium sp.), coffee (Coffea sp.) and atemoya
(Annona x atemoya,; reviewed in Blitzer et al., 2012). The few studies that sought to evaluate the importance
of spill-over towards natural areas (e.g., Cunningham et al., 2013; Lander et al., 2011) observed it occurring
in many pollinator groups (e.g., bumble bees, solitary bees, hoverflies) and from several types of agricultural
areas (e.g., fields, home-gardens, organic farms) towards diverse natural land-cover types (e.g., rainforests,
grasslands, temperate semi-natural areas; Gabriel et al., 2010; Hagen and Kraemer, 2010; Holzschuh et al.,
2011; Westphal et al., 2003).

60



>

supplementary

% food source

= i‘i )

a

2

7 D
v

o

o

o

[

=

2z

e
plant reproduction
B

Crop field

Number of ind

Natural area

Time (over one year)

5. Figure 2.2.3. - Pollinator spill-over.

A) From natural/semi-natural to managed areas during crop blooming and from managed to natural areas after crop
blooming. Dashed arrows indicate direction of pollinator movement. B) Conceptual representation of changes in
number of flowering plants (lines) and pollinators (dashed lines) during a year, in a crop field (top) and a neighboring
natural area (bottom). Blue shaded area represents the moment of the year when pollinator spill-over occurs. Modified
from Blitzer et al. (2012).

Habitat isolation and connectivity can also affect the delivery of crop pollination, measured as the relationship

between fruit set and/or crop visitation rates of different pollinators and distance to resource-rich habitats
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(Chapter 1). Synthesis of data across several pollinator taxa, pollinated crops and wild plant species from
different biomes showed that pollinator diversity and abundance, and flower visitation, decrease with
increasing distance from resource-rich locations (Garibaldi et al., 2011; Klein et al., 2007; Ricketts et al.,
2008). Ricketts et al. (2008) synthesized results from 23 studies representing 16 crops on five continents and
found exponential declines in pollinator richness and native visitation rate with increasing distance from
resource-rich areas. This correlation was more negative for visitation rate than for pollination richness.
Visitation rates dropped more steeply in tropical than in temperate regions, and were steeper but not
significantly different for social compared to solitary bees (see also Klein et al., 2002). Despite the steep
decrease in native pollinator visitation, no strong decline in crop fruit and seed set was found in this meta-
analysis, probably due to sufficient pollination at the lowest visitation rates or to supplemental pollination by
managed honey bees.

Managed species like some honey bees (e.g., A. mellifera, A. cerana) may provide sufficient pollination for
several crops, even in fields distant from resource-rich areas. However, in the light of multiple environmental
threats (Vanbergen et al., 2013), reliance on a single pollinator species for pollination delivery might be risky,
compared to a diverse native pollinator community (Fontaine et al., 2006; Kremen et al., 2002; Ricketts,
2004). Supporting this view, a more recent meta-analysis (Garibaldi et al., 2011) used additional studies to
those used in Ricketts et al. (2008) and indicated that diversity of wild pollinators and fruit set decreased with
increasing distances to resource-rich areas in all crops evaluated. Such results had also been identified as a
trend by Klein et al. (2007) and have been recently shown to hold regardless of the presence of managed
honey bees, indicating that wild pollinators are important contributors to fruit set even in the presence of
managed bees (Garibaldi et al., 2013). Some possible reasons for this might be that diverse wild pollinators
provide a better pollination, for example through greater cross-pollination (Garibaldi et al., 2013; Woodcock
et al., 2013), higher efficiency of pollination by complementarity of their foraging behavior (i.e., niche
complementarity; Brittain et al., 2013a), or through positive effects of some pollinators on the pollination
function of other pollinators (i.e., functional facilitation; Greenleaf and Kremen, 2006; Klein et al., 2009).
The minimum proportion of resource-rich areas needed to maximize fruit set is likely to differ among plant
species, based on their respective reproductive dependence on (wild) pollinators (Klein et al., 2007). Global
and continental meta-analyses and syntheses (e.g., Garibaldi et al., 2014; Tscharntke et al., 2005; Westphal
et al., 2003; Winfree et al., 2009) identified values of the minimum proportion of natural areas in close
vicinity to crop fields necessary to maximize fruit set: 2-5% for Westphal et al. (2003) and Winfree et al.
(2009), and 20-30% for Tscharntke et al. (2005; see also Kremen et al., 2004 and Morandin and Winston,
2006 for specific examples). The distance to fields in which these resource-rich areas should occur in order
to increase pollinator abundance and fruit set were estimated to range from 200m (Garibaldi et al., 2014) to
2400m (Kremen et al., 2004).

The effects of land-use change on the structure of landscapes and their overall consequences for pollinators

and pollination, and main sources of evidence, are summarised in Table 2.2.2.
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3. Table 2.2.2 — Summary of the effects of several consequences of land use change on pollinator diversity and

pollination.
Levels of evidence and main studies demonstrating the effect are given.
Factor Effect Review/Meta-analysis/Continental study

Landscape modification that enhances
heterogeneity increases diversity and
Increased landscape pollinator spill-over (well established)

Winfree et al., 2011; Potts et al., 2010;
Blitzer et al., 2012; Senapathi et al., 2015

modification Landscape modification that increases
uniformity homogenizes pollinator
communities (well established)

Biesmeijer et al., 2006; Carvalheiro et al.,
2013; Marini et al., 2014; Weiner et al.,
2014

Increases nesting (established but
incomplete) and foraging resources
(well established)

Klein et al., 2007; Potts et al., 2010;
Williams et al. 2010; Vaudo et al., 2015

Increases pollinator diversity, richness

Kennedy et al., 2013; Gonthier et al., 2014;
Winfree et al., 2009; Ricketts et al., 2008;

Presence of (V%Zﬂ 22&%?%?1%%) Shackelford et al., 2013; Winfree et al.,
resource rich 2011; Marini et al., 2014
habitat

Reduces chances of extinction
(established but incomplete)

Goulson et al., 2008

Increases fruit set
(well established)

Garibaldi et al., 2011; Klein et al., 2007

Increases evenness
(established but incomplete)

Marini et al., 2014

Increases social bee abundance

(established but incomplete)
High connectivity

Kennedy et al., 2013

Increases diversity and richness
(well established)

Winfree et al., 2011

Decreases chances of extinction
(established but incomplete)

Goulson et al., 2008

Decreases diversity and richness
(well established)

Ricketts et al., 2008; Garibaldi et al., 2011

plants (well established)

High isolation
Reduces fruit set . .
(well established) Garibaldi et al., 2011
Hadley and Betts, 2012; Kennedy et al.,
Reduces diversity and abundance (well 2013; Steffan-Dewenter and Westphal,
established) 2008; Winfree et al., 2011; Ollerton et al.,
2014
Increased - - -
fragmentation Reduces fitness of self-incompatible

Aguilar et al., 2006

Increases selfing of outcrossing plants
(established but incomplete)

Breed et al., 2015

Box 2.2.1: Network concepts

-link: ecological interaction, e.g. trophic or mutualistic interaction

(Bascompte and Jordano, 2007).
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-network: a set of nodes (species) connected through links. In the framework of pollination networks, they
are graphical representations of which plant species interacts with which pollinator species, and how strong
the interactions are.

-link richness: number of realized links in a network.

-connectance: the proportion of possible links that are realized (Bascompte and Jordano, 2007). Increased
connectance confers higher network stability.

-modularity: Links between nodes are heterogeneously distributed. In networks, link-dense sections are
termed modules, and species within a module are linked more tightly together than they are to species in
other modules. The extent to which species interactions are organized into modules is termed the modularity
of the network (Olesen et al., 2007).

-nestedness: measure that describes interactions in the network. It represents a pattern of interaction, in which
the set of species with which specialists interact is a subset of the species with which generalists interact
(Bascompte and Jordano, 2007).

-rewiring: link switching, usually after biotic and/or abiotic environmental changes that modify the plant-
pollinator community (Hagen et al., 2012).

Box 2.2.2: Landscape concepts

-land cover: observed (bio)physical cover on the Earth's surface (Di Gregorio and Jansen, 2005)

-land use: the arrangements, activities and inputs people undertake in a certain land cover type to produce,
change or maintain it (Di Gregorio and Jansen, 2005).

-habitat: the range of environments suitable for a certain species (Fischer and Lindenmayer, 2007). This is
the range of locations in which the ecological conditions that allow a given species to establish and survive
exist.

-habitat loss: Loss of habitat for a particular species (Fischer and Lindenmayer, 2007). In the case of
pollinators, this relates mainly to the loss of nesting and floral resources.

-habitat degradation: gradual deterioration of habitat quality (Fischer and Lindenmayer, 2007). In these
circumstances, a species can still occur, but may decline, occur at a lower density, or be unable to breed.
For instance, in the case of pollinators, this can occur when the habitat harbors altered floral resources,
which results in reduced flower numbers or diminished nutritional value.

-connectivity: measure of connectedness between patches harboring suitable conditions for a given species.
(Fischer and Lindenmayer, 2007). The opposite of isolation.

-fragmentation: breaking apart of continuous suitable areas into multiple patches (Fischer and
Lindenmayer, 2007).

-landscape: a mosaic of interacting ecosystems; an area spatially heterogeneous in at least one factor of
interest (Turner, 2005). In the case of pollination and pollinators, this can be an area heterogeneous in the
occurrence of habitats for different species.

-isolation: measure of separation between existing patches harboring suitable conditions for a given species
(Fischer and Lindenmayer, 2007). The opposite of connectivity.

2.2.2 Land management

Land management such as agricultural and conservation practices has a great influence at both landscape and
local scales on the nesting and foraging environment of pollinators. In this section we assess the main local-
scale land management drivers, which determine pollinator community structure and associated pollination

in arable, grassland, horticulture and agroforestry systems worldwide.
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2.2.2.1 Contrasting forms of agricultural management systems

2.2.2.1.1 Organic or diversified farming systems versus conventional monoculture management

Increased land cover heterogeneity within the fields/farms can increase pollinator abundance, diversity and
pollination effectiveness even in landscapes with few natural land cover types (Batary et al., 2011; Holzschuh
et al., 2008; Kennedy et al., 2013; Rundlof et al., 2008; Williams and Kremen, 2007). The lower levels or
lack of inorganic fertilisers, pesticides, increased number of cultivated crops, smaller field sizes, diverse edge
vegetation and higher local complexity, which can be defined as within-field wild plants, crops or plant
diversity in the crop margins, can have considerable positive effects on pollinators and pollination (Garibaldi
et al., 2014; Kremen and Miles, 2012; Shackelford et al., 2013). Traditional land-use systems included
classically low-input low-output systems with high variability throughout Europe in the form of livestock
systems, arable and permanent crop systems, and mixed systems, persisted mainly in upland and remote areas
(Plieninger et al., 2006). However, most of these traditionally managed landscapes have disappeared today
due to intensification or land abandonment (Stoate et al., 2001). Environmentally friendly management
methods, such as organic farming, diversified farming systems, polyculture farming, crop rotations, and
conservation practices within agricultural management prescribed under policy instruments such as agri-
environment schemes, are based on such practices (see more details in Chapter 6; see definitions in the
glossary). Also integrated pest management (IPM), which combines biological and cultural control with
informed use of chemicals as part of a system approach to provide targeted and efficient pest management
solutions, could have beneficial effects on pollinators by improving habitat and minimizing the use of

insecticides applied (Gentz et al., 2010; see also in section 2.3.1).

Several studies suggest that there are positive effects of diversified farming systems and organic management
relative to conventional monocultures (Kennedy et al., 2013; Kremen and Miles, 2012; Nicholls and Altieri,
2013; for definitions and more details see the glossary). A large meta-analysis found that more than 70%
higher total bee abundance and 50% higher total species richness of wild bees could result from diversified
farming systems (Kennedy et al., 2013). Such differences were found for Mediterranean and temperate
regions, with benefits being less accentuated in the tropics (Kennedy et al., 2013). Increased numbers of wild
pollinators in organic fields was shown to correlate strongly with pollination success; for example, a study
on canola seed set in Canada revealed 3 to 6 times lower seed set on conventional and GMO canola fields
using insecticides and herbicides than on organic sites of similar field size (Morandin and Winston, 2005).
Strawberry (Fragaria x ananassa) pollination was found to be higher at farms 2-4 years after conversion to

organic farming (Andersson et al., 2012) (see more details in Chapter 6).

Effectiveness of organic management depends on the landscape context, the crop type, the management of
the organic farms, soil conservation and the species considered (Arnhold et al., 2014; Brittain et al., 2010).

Effects of local-scale conditions such as diversity in crops and management type may strongly interact in

65



managed fields. Meta-analyses by Kennedy et al. (2013) found that both field-scale diversity and organic
farming have distinct, positive impacts on wild bee abundance. Results suggested that higher vegetation
diversity in conventional crop fields may increase pollinator abundance to the same extent as organically
managed fields with low vegetation diversity (see also Winfree et al., 2008). However, organic management
might produce richer bee communities than conventional management independently from the level of field
diversification (Kennedy et al., 2013). Characteristics of agricultural disturbance may not always be
mitigated by organic management, depending on the underlying mechanisms affecting pollinator populations
(e.g., Forrest et al. (2015) found differences in diversity, but not in functional diversity of bees comparing
organic and conventional fields, which functional diversity was lower in both farm types than in natural land

cover types).

At the field scale organic management can enhance both continuity of wild plant distribution and flowering,
providing continuous flower resources for pollinators. Rollin et al. (2013) and Sarthou et al. (2013) have
demonstrated that in entomophilous crops where flower resources are very important but of short duration,
wild flower diversity in the field (i.e. weeds with flowers) is more important for favouring diversity of wild
bees, and is promoted by organic farming. Therefore, insect-pollinated plants might occur more evenly in
organic fields and receive disproportionately higher pollination benefit from organic farming due to higher
pollinator densities (Gabriel and Tscharntke, 2007).

Benefits for biodiversity can be observed on organic farms at both farm and landscape scales; for example,
greater bee, hoverfly and butterfly diversity was found in landscapes with a larger proportion of organic fields
(Holzschuh et al., 2008; Gabriel et al., 2013; Rundléf et al., 2008). Non-intensive field management using
less chemicals and/or having more diversified farming system, e.g., organic farming, has positive effects
more often in homogeneous rather than heterogeneous landscapes (Rundl6f and Smith, 2006; Tuck et al.,
2014), however isolated organic farms may not provide any measurable benefit to local populations of
pollinators and pollination (Brittain et al., 2010). Moreover, a recent study argues that observed differences
in biodiversity between organic and conventional fields may be explained by greater cost-effectiveness of
conservation efforts in low-productivity agricultural systems or on non-agricultural land, rather than organic
management per se (Gabriel et al., 2013). However, Luscher et al. (2014) showed a strong influence of local
organic agricultural management on wild bees and a minor and inconsistent effect of the surrounding
landscape, after accounting for the effect of geographic location. There might also be interacting effects of
farming system and landscape heterogeneity on pollinator community composition and pollinator trait
diversity. Decreasing landscape heterogeneity resulted in overall decline of species richness of hoverflies and

wild bees, while taxonomic breadth only declined on conventionally managed farms (Andersson et al., 2013).

Not all studies found increased pollinator species richness/abundance or increased diversity of plants on
organic farms. On 205 farms in Europe and Africa, Schneider et al. (2014) found that at farm scale, the

diversity of bees was affected by the presence of non-productive land cover types rather than by the farming
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system (organic or not). Moreover, management type (organic vs. conventional) does not always match with
plant or crop diversity. Conventional farms can be as diverse as organic ones (e.g., in Sweden — Andersson
et al., 2005), while there are very large organic monocultures too (e.g., in South Africa — see Carvalheiro et
al., 2012). In Europe, great differences exist in the implementation of organic farming or diversified
agricultural management methods among EU-countries, resulting in a wide span of landscapes ranging from
less intensively used and heterogeneous landscapes on the one hand to highly productive and monotonous
landscapes on the other hand (Kleijn et al., 2006). Overall, there is a need for more careful experimental
design to separate clearly the type of impacts that occur from organic and conventional agriculture (Roulston
and Goodell, 2011).

Nevertheless, we can conclude that the creation or maintenance of more diverse agricultural landscapes may
result in more diverse pollinator communities and enhanced crop and wild plant pollination. Local
diversification and reduced intensity of land management will support pollinators and pollination, especially

in simpler and more intensive landscapes.

2.2.2.1.2 Fertiliser use

Globally, agricultural management is increasingly using high levels of inorganic fertiliser in place of organic
manures (e.g. Richards, 2001; Figure 2.2.4). Global demand for fertilizer is expected to show a successive
growth of 1.8 per cent per year and to reach 200 million tonnes by the end of 2018 (FAO, 2014). Intensive
fertiliser application per field can result in decreased diversity and cover of the less competitive wild plant
species (Kleijn et al., 2009; Kovacs-Hostyanszki et al., 2011). The lower number of flowering plant species,
the lower flower abundance and the consequent reduction in floral resources decreases the number of
pollinator species and their abundance, and the frequency of pollinator visits, which may have a negative
impact on pollination success and plant reproduction (Ebeling et al., 2008). In plant-pollinator networks at
small spatial scale the community structure may be relatively resistant to short-term bottom-up changes in
the nitrogen supply, but sensitive to variation in the opportunistic behaviour and turnover of plant and
pollinator species for years (Burkle and Irwin, 2009). For example, based on their larval host-plant
characteristics, moths associated with plant species that are in decline, such as those associated with low

nitrogen soil conditions, declined more rapidly (Fox et al., 2014).
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6. Figure 2.2.4. Total fertiliser consumption worldwide and separately at the different continents during the
last half century.
Data are shown in Million tonnes (FAO, 2014).

Nitrogen deposition (in interaction with air temperature and CO; level) may also change flower morphology,
plant phenology and nectar chemistry, and through these pathways may alter pollinator mutualism. In a
pumpkin case-study system, for example, bees tended to visit and consume nectar more frequently from
plants grown under elevated N level, which significantly reduced worker bee longevity (Hoower et al., 2012).
Nitrogen levels may affect flower number or size, which are important for pollinator attraction to plant
individuals and communities; thus, nitrogen levels may influence plant biomass and reproduction directly as

well as indirectly via changes in pollination (Burkle and Irwin, 2010).

2.2.2.1.3 Tillage

Around 70% of the bees are ground nesting (Michener, 2000). Soil surface disturbance caused by tillage
practices may have destructive effects on pollinator species, destroying nests of below-ground nesting bees
(Williams et al., 2010). It changes also the composition and abundance of wild plant species (see more in
Chapter 6). There is still a research gap on the effects of tillage on pollinators. One study found no tillage
effect on the abundance of flower-visiting Peponapis pruinosa, a bee species nesting within tillage depth in
pumpkin fields (Julier and Roulston, 2009). While a no-tillage system was found to be beneficial for wild
pollinators in squash and pumpkin fields, another study showed three times higher density of squash bees
(Peponapis spp. and Xenoglossa spp.) in no-till fields than in tilled farms (Shuler et al., 2005). Ullmann et

al. (2014) suggested that while tillage negatively impacted offspring survival of P. pruinosa, however, some
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individuals that probably nested below the tillage zone survived this disturbance allowing the population to

persist.

Tillage systems have a great influence on topsoil organic matter content, and other soil properties, which
influence erosion and water quality. A global literature review (Palm et al., 2014) found in many cases
increased soil carbon sequestration with no-till compared to conventional tillage. Moreover, a global meta-
analysis across 48 crops and 63 countries showed that overall no-till reduces yields, yet when no-till is
combined with the other two conservation agriculture principles of residue retention and crop rotation, its
negative impacts are minimized, and moreover it significantly increases rainfed crop productivity in dry
climates (Pittelkow et al., 2015). No-till farming was adopted on 111 million ha worldwide in 2009,
corresponding to the growth rate of 6 million ha per year (Derpsh et al., 2010).

2.2.2.1.4 Weed control management

Weeds provide important, often exclusive, foraging resources for pollinators in agricultural landscapes
(Carvalheiro et al., 2011; Hawes et al., 2003). Their removal, by physical means (e.g. tillage) or chemical
herbicides (see also effects of increased use of herbicides on herbicide-tolerant genetically modified (GMO)
crops in section 2.3.2) can cause decline of native pollinators in agroecosystems (Richards, 2001; Steffan-
Dewenter et al., 2005). North America and countries in Western Europe were the main market for herbicides
during the second half of the 20th century (Schwinn ,1988). Herbicides have experienced a three-fold
increase of use in Canada and two-fold increase in the USA since 1971 (Freemark and Boutin, 1995; see also
section 2.3.1 on pesticide effects). From 1990-2010 applications of glyphosate on maize, soy and cotton in
the US have increased from near zero to ~90,000 tons/yr (USDA-NASS, 2012).

Weed control may also be achieved by crop rotation, where sowing successive crops affects weed seed-banks
and weed communities (Ball, 1992). Rotation on the one hand can lead to reduced weed populations,
especially if small grain crops are sown or other crops that smother the weeds. On the other hand, when crops
are rotated, diversity of weeds increases even as density decreases, creating more favourable food conditions

for pollinators with crop rotation (Ball, 1992).

Conventional agricultural system monocultures (especially continuous monocultures without rotations) often
result in uniformity of crop flowers and low diversity of weed species, restricting foraging resources to only
to a few species that are visited by a depauperate pollinator community, mostly generalist species (Diekotter
et al., 2010; Herrmann et al., 2007). Moreover, crop flowers usually bloom only for a short period, leaving
pollinators without food in the rest of the season (Kovacs-Hostyanszki et al., 2013). However, if crop species
are left to grow together with ruderal plants (i.e. those plants that grow on disturbed lands), more diverse
pollinator assemblages may benefit crop pollination, as was shown in sunflower fields, South Africa

(Carvalheiro et al., 2011). Wild plants often reach highest diversity and cover in the field edge, through
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natural regeneration or sown flower strips (see more in Chapter 6), promoting pollinator abundance (Carvell
et al., 2004; Lagerlof et al., 1992).

2.2.2.1.5 Pesticides

Effects of pesticides are treated in detail in section 2.3.1.

2.2.2.1.6 Mono- versus polyculture systems

From the floral resources point of view, crop diversity in space, time and at a genetic level strongly influences
pollinator communities and pollination success of crops and wild plants (see also Chapter 6). Like natural
communities, polyculture systems can provide continuity of resources through time for pollinator
communities when crops flower sequentially (Rundlof et al., 2014). The diversity of agricultural crops tends
to be greater in the developing than developed world (Aizen and Harder, 2009). Different cultivars planted
together can help pollinator species and communities to persist more continuously during the vegetation
season on the fields and provide efficient pollination for plant species flowering sequentially (Mayfield et
al., 2008). Mixed cropping may also contribute positively towards pollination as well as its financial benefits
to farmers, especially in developing world. For example, different maize varieties (short-cycle and long-cycle
maize) in Yucatan, Mexico are planted together to supply bee communities with pollen during the wet season
and sustain the bee populations until the next floral season of maize (Tuxill, 2005).

Facilitative interactions may occur among close relatives of plants or between phylogenetically unrelated but
anatomically similar plant species. These species can jointly attract pollinators, which then experience
decreased pollen limitation and increase reproductive success of both species (Moeller, 2004). Based on
species-specific responses, floral traits such as similar flower colours contribute to interspecific facilitation
of pollinator visitation (Hegland and Totland, 2012). On the other hand, the movement between conspecific
and heterospecific flowers may lead to the deposition of more heterospecific pollen on stigmas, causing
pollen clogging or chemical inhibition of pollen tube growth (Schiiepp et al., 2013; Wilcock and Neiland,
2002). Such interspecific pollen transfer is a common phenomenon, with potential ecological and

evolutionary consequences for the plants (Mitchell et al., 2009), but also for the crop yield.

2.2.2.1.7 Management of crop genetic diversity and cross pollination in hybrid systems

Genetic variability within a crop species can affect insect pollination. Increasing crop genetic diversity has
the potential to enhance pollination by more viable cross-pollination (Hajjar et al., 2008). Pollinators often
prefer one variety over another, and it is not always the commercially desirable variety. For example, in the
case of an almond orchard studied by Jackson and Clarke (1991) it was found that honey bees predominantly
visit only one cultivar and cross-pollination only results from accidental or rare visits involving two or more

compatible cultivars. If one crop variety provides no or only low amounts of nectar or pollen, it has to be
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planted in fields mixed with better foraging varieties to provide sufficient pollination and promote cross-
hybridization and better fruit set (e.g. melon, Bohn and Mann, 1960; almond, Jackson and Clarke, 1991).
Many orchard crops need cross pollination between varieties to give optimal yield, e.g. many raspberry

(Rubus spp.) varieties need pollen from a different variety to set fruit (Colbert and Oliveira, 1990).

Pollinator species can also increase the pollination efficiency of each other, resulting in higher pollination
success for the pollinated plants (Greenleaf and Kremen, 2006). For example, in the case of hybrid seed
production for some companies (e.g., the production of commercial seeds of sunflower) male-fertile and
male-sterile sunflower plants are generally planted in alternating rows. The searching strategy of honey bees
is generally more focused, foraging for either nectar or pollen, and therefore they do not cross between rows,
until native bees, and other pollinators (moths, butterflies) collecting both resources alter the honey bees’
behaviour as they try to avoid contact with the native pollinators and are chased to visit more frequently
across rows, increasing cross-pollination rates (Carvalheiro et al., 2011; Greenleaf and Kremen, 2006). Wild
flowers left in crop fields can also increase pollinator diversity, which can facilitate honey bee movement
and therefore crop productivity (Carvalheiro et al., 2011).

2.2.2.1.8 Mass flowering crops

Monocultures that provide mass-flowering resources potentially have positive effects on pollinators. Edible
oilseed crops provide large amounts of readily accessible pollen and nectar. For example, canola (oilseed
rape, Brassica napus) is planted at a density of 350,000—700,000 plants per hectare, producing huge number
of flowers (Hoyle et al., 2007), attracting many pollinators, and receives high numbers of flower visits per
time unit, e.g. a single bumble bee visits on average over 400 canola flowers per bout and approximately
2,000 flowers per hour (Hoyle et al., 2007). Oilseed crop production is steadily increasing worldwide except
in Africa (FAO, 2014). Mass-flowering crops receive important pollination from both managed and native
pollinators; however, field management (e.g. pesticide and fertiliser use) in mass-flowering crops can have
an important negative effect on pollinator richness and abundance (e.g. in pigeon pea (Cajanus cajan) fields
in Kenya (Otieno et al., 2011), or on the reduction in floral diversity and floral resources over time, see
2.2.2.1.6).

There are diverse effects of mass-flowering crops on pollinators. Canola can have a positive effect on colony
growth of bumble bees (mainly for short-tongued bumble bees; Diekotter et al., 2010) or number of brood
cells of solitary bees at landscape and local scales, most likely depending on the species’ foraging/dispersal
distances (Holzschuh et al., 2013; Westphal et al., 2009). Other mass-flowering crops such as late-flowering
red clover are important flower resources for bumble bees and enhance their reproduction by increasing
temporal resource continuity, following bloom of other crops (Rundlof et al., 2014). However, in a study of
wood-nesting solitary bees, population growth of most species was not stimulated by the resource pulse

provided by canola early in the year, but by persistent resources provided by wild flower patches after mass
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flowering (Diekdtter et al., 2014). In the long run mass-flowering crops can enhance abundances of generalist
pollinators and their pollination (Holzschuh et al., 2011). Mass-flowering crops may temporarily compensate
for the effects of landscape change. In effect this may hide an increased vulnerability due to reduced
heterogeneity of land uses and floral resources, which then becomes exposed when area devoted to mass-

flowering crops diminishes (Jansson and Polasky, 2010).

Interactions between mass-flowering crop fields and wild flower patches occur at different spatial scales,
altering resource use of pollinators and potentially reducing wild plant reproduction (Holzschuh et al., 2011).
The bloom of flowers offered by mass-flowering crops may attract pollinators away from co-flowering wild
plants in adjacent natural patches thereby reducing their reproductive success at the expense of improved
crop yield (Holzschuh et al., 2011). The expansion of bee-attractive biofuel crops such as canola can result
in transient dilution of crop pollinators and increased competition for pollinators between crops and wild
plants, leading to reduced pollination of concurrently flowering wild plants (Holzschuh et al., 2011; see also
Chapter 6). Although canola overlaps in pollinator niche with many co-flowering wild plants, and may
compete with them via reduced flower visitation, crop pollen deposition on wild plant stigmas was found to
be low, suggesting that stigma-clogging with heterospecific pollen is unlikely to be the cause of reductions
in seed set of wild plants (Stanley and Stout, 2014). In contrast, plants in the adjacent areas that flower two
to three weeks after blooming of canola, may benefit from enhanced local bee abundances (Kovéacs-
Hostyanszki et al., 2011; see also spill-over in section 2.2.1). Pollinators often have to move back to the wild
flower land cover elements at the end of crop flowering, becausethese elements provide the only — and in
general more permanent — foraging resources (Kovacs-Hostyanszki et al., 2013). At this time pollination of
native plant species in the nearby wild flower patches can also profit from the spill-over of diverse and
abundant pollinator communities, supplemented with efficient pollen and nectar gain in the adjacent crop
fields (Kovéacs-Hostyanszki et al., 2013; see also section 2.2.1) (Figure 2.2.3). Thus, spatial and temporal
changes in landscape composition can cause transient concentration or dilution of pollinator populations with

functional consequences (Tscharntke et. al., 2012).

2.2.2.1.9 Orchards

Some of the economically most important fruit trees such as apples, almond, cherries (cross pollination
essential) and pears (partly or entirely self-sterile) require insect pollination (Abrol, 2012), which affects both
the quantity and quality of production, influencing size, shape, taste and seed number (Garratt et al., 2014).
Pollination in orchards is usually supported by honey bees, while wild pollinators play also important role in
fruit tree pollination (Brittain et al., 2013; Javorek et al., 2002; Vicens and Bosch, 2000). Pollinating
efficiency of wild bees is often higher compared to honey bees (e.g. Osmia spp. in apple orchards, Vicens
and Bosch, 2000). Unfortunately, there are already examples of the drastic consequences of decreased
numbers of pollinators in orchard pollination. In Maoxian County of south-western China farmers apply

hand-pollination by ‘“human pollinators’’ to pollinate apple and other fruit crops to secure yields due to the
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loss of both wild pollinators and honey bees because of intensive management practices, e.g., intensive
pesticide use (Partap and Ya, 2012). After pollinating 100% of apple in the County in 2001, recently, farmers
tried to replace apples with plums, walnuts, loquats, and vegetables that do not require pollination by humans.
However, hand pollination by human pollinators is still practiced with apples to a lesser degree. The number
of bee colonies leased to pollinate the crops is still low, because the communication campaigns about the
benefits of bee pollination for higher yield and better quality of Chinese crops are still yet to be done with a

focus on major provinces, to improve awareness.

The within-orchard management has strong impact on the pollinator assemblages through both chemical and
mechanical practices. The control of vegetation in the undergrowth by herbicides and/or mechanical means
eliminated native flowers. However, undergrowth flowers are highly beneficial for insect pollinators through
diversity of food resources that is important for flower visitor health (Alaux et al., 2010a), stability of
pollinator assemblages (Ebeling et al., 2008), and they can even mitigate negative effects of land management
and/or isolation from natural land cover types (Carvalheiro etal., 2011, 2012). Formerly it was recommended
to remove the ground vegetation to avoid potential competition with fruit trees for pollinators (Somerville,
1999), however other studies emphasised the strong positive effects of additional flower resources on bee

abundances, for example within cherry and almond orchards (Holzschuh et al., 2012; Saunders et al., 2013).

The heterogeneity of surrounding landscape around the orchards has great influence on pollinator
assemblages and pollination efficiency of fruit trees within the orchards (Schiiepp et al., 2014). The distance
at which beneficial foraging and nesting resources out of the orchards may have a positive effect on the
within-orchard assemblages depends on the flight and foraging distances of the pollinators. In the case of
solitary bees maximum foraging range is between 150 and 600 m (Gathmann and Tscharntke, 2002), while
Holzschuh et al. (2012) found increased wild bee visitation of cherry with the proportion of high-diversity
bee habitats in the surrounding landscape in 1 km radius. Fruit set of almond was higher with increasing
percentage of natural land cover types surrounding the orchards (Klein et al., 2012). In intensive orchard
regions, however, orchard-dominated landscapes can drastically reduce wild bee species richness and
abundance in the orchard compared to landscapes dominated by either grassland or forest (Marini et al.,
2012).

2.2.2.1.10 Greenhouses

Greenhouse production increased worldwide over the past three decades (Pardossi et al., 2004). In China
alone there are 2.7 million ha, in South Korea 57 thousand ha of greenhouses (University of Arizona Board
of Regents 2012), and there are large areas of greenhouses also in the Mediterranean region, such as Spain,
Turkey, Italy, Southern France, Israel and Greece (Jouet, 2001). Production of some greenhouse crops (e.g.
tomatoes, melons, strawberries and beans) depends on insect pollination. Greenhouses can be closed systems

with only introduced managed pollinators, or semi-open, which allows wild pollinators and managed
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pollinators from outside to enter. Bees and flies are among the most important pollinators, and honey bees
and bumble bees are also commercially used for greenhouse pollination (James and Pitts-Singer, 2008). In
the tropics stingless bees are used effectively for greenhouse crop pollination (see details in section 2.4.2.3).
Moving of pollinator species and introduction for example of non-native bumble bee species into other
continents for greenhouse crop pollination, however, caused severe problems, e.g. pathogen transfer between
managed and wild bees (see section 2.4). More details on the importance of bumble bees in greenhouse crop

production can be found in sections 2.4.2.2 and 2.5.5 and in Chapter 3.

Pollinating insects have to face several special circumstances in this artificial environment, influencing their
fitness, reproduction and pollination efficiency. Plastic films that are used to cover greenhouses often reduce
UV-transmission to reduce population levels of harmful insects, but can have an adverse effect on bee
behaviour and orientation (Peitsch et al., 1992). The level of carbon dioxide (CO>) is artificially increased in
modern greenhouses to stimulate the growth of plants, but this increased CO; level could have a negative
effect on the activity and development of bumble bee colonies placed close to the outlets of CO, (van Doorn,
2006). Bumble bees stop visiting flowers at higher temperature, which could reach sometimes around 40°C

in greenhouses (see overview in James and Pitts-Singer, 2008).

2.2.2.2 Grasslands, shrublands and forests
2.2.2.2.1 Grazing and mowing management

Grazing livestock (e.g. cattle, sheep) alters ecosystems through selective vegetation consumption, soil
enrichment by faeces, and soil compaction by trampling. These alterations affect plant production and the
amount of floral and nesting resources available to pollinators, thus influencing their abundance or diversity
(Kearns et al., 1998; Mayer, 2004). While some studies identified a positive effect of grazing on the overall
pollinator diversity in Mediterranean, cold steppes and temperate forests (Vanbergen et al., 2014; Vulliamy
et al., 2006; Yoshihara et al., 2008), no effect or a negative effect was found in temperate Andean forests
(Vazquez and Simberloff, 2004) and strong negative effects were identified on pollinator richness in the
Argentinean Pampas (Medan et al., 2011) and the US Pacific Northwest grasslands (Kimoto et al., 2012). A
study on a steppe in eastern Mongolia shows that overgrazing weakens ecological function through the
impoverishment of forbs and consequent pollination over a wide area, and by unexpectedly weakening the
flower—pollinator network (Yoshira et al., 2008). The precise outcome of livestock grazing for pollinators
and pollination likely depends on the land cover type, pool of plant species in the community as well as the
grazing intensity, selectivity, timing, land-use history and climate (Asner et al., 2004). A recent experimental
study (Kimoto et al., 2012) showed that the timing of grazing impacts bumble bee and other bee pollinator
diversity, abundance and richness differently; grazing in the early season appeared to affect bumble bees
more strongly than other bees (Kimoto et al., 2012) and grazing at flowering stage may have negative effects

on the pollination process.
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Grasslands, especially semi-natural ones in Europe, are endangered by overgrazing and mowing (OECD
2004). In northern Germany, changing grazing regimes alter plant-pollinator communities, leading to fewer
pollinator species (Kruess and Tscharntke, 2002). Modern livestock farming in UK grasslands, for example,
is characterized by high fertilizer application rates, frequent intensive grazing or cutting for silage to optimize
harvested forage quality, resulting in low pollinator diversity and structurally homogenous, short vegetation
(sward) (Potts et al., 2009). Overgrazing results in less efficient pollination of wild plants (McKechnie and
Sargent, 2013). In contrast, careful grazing management can be beneficial for biodiversity in some places
that have traditionally been grazed by native large herbivores (Fuhlendorf and Engle, 2001). Productive
grasslands with an extensive grazing history peak in plant diversity when they are moderately grazed
(Cingolani et al., 2005).

Leguminous species are major pollen resources for bumble bees, and the loss of leguminous species has been
associated with reduced bumble bee colony densities at the local to regional scale (Goulson et al., 2005).
Loss of leguminous species is partly due to the switch to silage as winter fodder for cattle, and consequent
early cut of silage before blooming of leguminous herbaceous flowers (Goulson et al., 2005; Osborne et al.,
1991). The impact of silage has been noted by traditional beekeepers from the Cevennes National Park in
France, who are concerned that this agricultural practice is currently being promoted even though it deprives

bees of nutritional resources (Clement, 2015).

Mowing can have a significant impact on pollinating insects through direct mortality, particularly for egg
and larval stages that cannot avoid the mower (Di Giulio et al., 2001). Mortality due to mowing when eggs
and larvae are present is a threat to the persistence of some butterfly species (Thomas, 1984; Wynhoff, 1998).
Mowing can also disturb ant nests, which in turn affects the survival of butterflies that rely on particular ant
species (their final instar larvae feed in the ant nests) (Wynhoff et al., 2011). Caterpillars on the ground as

well as caterpillars on vegetation are vulnerable to direct mortality by mower (Humbert et al., 2010).

Mowing also creates a sward of uniform height and may destroy topographical features such as grass tussocks
(Morris 2000) when care is not taken to avoid these features or the mower height is too low. Such features
provide structural diversity and offer potential nesting sites for pollinator insects such as bumble bees
(Hopwood et al., 2015). In addition to direct mortality and structural changes, mowing can result in a sudden
removal of almost all floral resources for foraging pollinators and butterfly host plants (Johst et al., 2006).
The reduction in host plants and foraging resources can reduce pollinator reproduction and survivorship
(Boggs and Freeman, 2005), and pollinators will likely be forced to seek alternative habitat. Skorka et al.
(2013) found that butterfly roadkill in Poland increased as mowing frequency increased; adult butterflies that

dispersed to find new habitat after roadsides were mowed were more likely to collide with vehicles.

The frequency and timing of mowing influence the composition of vegetation over time (Forrester et al.,

2005), thus indirectly influencing pollinator diversity and abundance. Frequent mowing during a growing
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season reduces native plant growth and the ability of forbs to compete with grasses. Excessive roadside
mowing may have led to a decrease in flowers and a subsequent decrease in bumble bees in Belgium
(Rasmont et al., 2006). Intensively-mowed roadsides generally have the shortest vegetation and lowest
amount of nectar, which together result in decreased butterfly abundance (Gerell 1997; Saarinen et al., 2005).
However, carefully timed roadside mowing can have positive effects on plant diversity (Parr and Way, 1988)

that in turn benefit pollinators (e.g., Noordijk et al., 2009).

Mowing technique can have a great influence on the effects on pollinators. Frick and Flury (2001) estimated
losses from rotary mowers as between 9,000 and 24,000 bees per hectare in flowering white clover fields and
90,000 per hectare in flowering Phacelia. Mowing without a conditioner, which processes hay so it dries
more quickly, reduced the mortality by a factor of seven. In order to avoid significant bee losses, the
researchers recommend refraining from mowing in periods of increased flight activity. Humbert et al. (2010)
analysed the direct impact on invertebrates of different hay harvesting processes. The use of a conditioner
reduced the survival rate of orthopterans from 32% to 18%. Leaving uncut refuges and delaying mowing
mitigate the impact on pollinators (Buri et al., 2012; Humbert et al., 2012). Although there is no evidence
about the effect of mowing mortality on local pollinator population dynamics and its impact on pollination,

studies suggest mowing can have a negative impact.

2.2.2.2.2 Logging

Tree removal leads to alteration in the albedo (fraction of solar energy reflected back from earth), light
regime, soil dynamics, hydrology, soil chemistry and plant composition (Foley et al., 2005), with profound
effects on ecosystem structure. It is therefore expected that pollinators will also be affected by logging.
Studies on logging indicate that the pollinator group and the biome play a role in the response of pollinators
to logging disturbances. In tropical forests, forest fragmentation associated with logging leads to a rapid
reduction in butterfly diversity and abundance (Daily and Ehrlich, 1995). In contrast, while selective logging
negatively affects stingless bees (Eltz et al., 2002; Samejima et al., 2004), it can maintain the presence of
some butterfly groups, at least if logging is associated with maintenance of land cover heterogeneity within
the logged patch (Hamer et al., 2003; Lewis 2001). In the Western Amazon pollen deposition rate of some
hardwood tree species was reduced, others were increased, while some species were unaffected at logged
sites compared to non-logged forest (Maues et al., 2007). Moth diversity and abundance increased with levels
of disturbance in montane rainforests (Axmacher et al., 2004), a result that agrees with works on several
types of insect pollinators in temperate and boreal forests (Jackson et al., 2014; Pengelly and Cartar 2010;
Romey et al., 2007). In the boreal forest of Canada there were generally more bumble bees, species of bumble
bee-visited plants, and flowers in moderately (50—75% of trees remaining) logged sites, but logging affected
the distribution of bumble bees across floral resources, with too many bumble bees in the flower-poor
compartments and too few in the flower-rich ones than merited based on the quantity of flower resources

(Cartar, 2005). Controlling for flower density, bumble bee density was significantly greater in clearcuts than
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in the highly (10-20% of remaining trees) or moderately logged (50-75% of trees remaining) plots. By
disproportionately visiting plants in clearcuts (relative to flower density) bumble bees in clearcuts should
experience higher levels of competition. Forests experiencing different levels of disturbance were also shown
to harbour different plant and insect species, thus plant-pollinator networks also show different characteristics
(Nielsen and Totland, 2014).

2.2.2.2.3 Fire

Fire is often used as a management tool for agricultural conversion and prescribed burning is used as a forest
management strategy to suppress fires and improve land cover types in many regions of the world. These
burnings have been shown to benefit the diversity of Lepidoptera in the Western US coniferous forests
(Huntzinger, 2003), species richness of Hymenoptera and Lepidoptera in forest from the Southern Alps
(Moretti et al., 2004), and species richness in central European forests (Bogusch et al., 2014). Fires in
Mediterranean oak-pine forests lead to an initial strong reduction of bee diversity in recently burnt areas,
with a recovery in the following years, which has been shown to be highly correlated to floral diversity (Potts
etal., 2003).

Fire considerably changes vegetation and land cover conditions, and therefore can have an important effect
on pollinators and plant pollination, which may be detrimental (e.g., Ne’eman et al., 2000; Panzer, 2002).
Burns during the growing season remove floral resources, host plants, and nesting materials, and can be
detrimental to species with life stages that cannot fly to safety at the time of the burn (Hopwood et al., 2015).
Burns during the dormant season can kill overwintering pollinators such as butterflies, moths, syrphid flies,
and soldier beetles that overwinter at the base of plants, in leaf litter, or underneath the surface of the soil
(Hopwood et al. 2015). A recent study on prescribed burning and the imperiled mardon skipper (Polites
mardon) in California showed substantially fewer butterflies in the burned areas of meadows compared to
unburned areas after 1, 2, 3 and 5 years following the burn event (Black et al., 2014). Queen bumble bees
overwintering in small cavities just below or on the ground surface are at risk, as are ground-nesting bee
species that nest in shallow burrows (Cane and Neff, 2011). Solitary bees nesting in stems or twigs are
unlikely to survive the heat of burns (Cane and Neff, 2011), and stem-nesting bee populations will only
recover postfire when the availability of suitable stems increases over time (Potts et al., 2005). The loss of

bees due to a burn can lead to reduced fruit set in plants in burned areas (Ne’eman et al., 2000).

Recovery of pollinators following a burn varies between guilds. Though losses of bees following a fire can
be catastrophic, bees may be able to recolonize burned sites and recover within a few years (Potts et al.,
2003). Habitat-dependent or -specialist species and those that are less mobile are most likely to be negatively
affected immediately by a fire (Panzer 2002; Vogel et al., 2010). A pollinator species’ ability to cope with
regular burns is dependent on there being adequate unburned adjacent areas that can provide sources of

colonizers into the burned land cover type (e.g., Harper et al., 2000; Hartley et al., 2007; Panzer 2002;
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Swengel 2001). Isolated populations of pollinators in small fragments may not survive repeated prescribed
burns (Panzer 2002) because there are often no source populations available for recolonization once a
population has been locally extirpated. Burning a small fragment in its entirety could risk eliminating some
species because of limited recolonization from adjacent patches (Harper et al., 2000). This accentuates the
need to leave substantial land cover patches when using fire as a management tool. Land cover patches should
not be burned completely; rather, a mosaic of burned and unburned areas is ideal. Besides controlled grazing
and mowing, prairies (ecosystems considered part of the temperate grasslands, savannas, and shrublands
biome, typically in North America) can be managed through prescribed burning. A large experimental study
demonstrated that different butterfly species have varied responses to prairie management through fire. While
prairie specialists responded negatively to burning, generalists were largely benefited by this action (Swengel
2001). Moreover, greater durations without burning benefited specialists but reduced generalists (Swengel
1996). However, there may be some geographic variation in these results, as it has been shown that burns in
oak savannas in the USA do not harm butterfly diversity (Siemann et al., 1997).

Fire can have significant, negative impact on plant reproductive success and is associated with statistically
significant lower fruit set (McKechnie and Sargent, 2013). In the Cape Floristic Region of South Africa,
nectar-feeding bird abundance and species richness was found to decrease in post-fire vegetation, and floral
arrays within burnt vegetation received no visits by nectar-feeding birds (Geerts et al., 2012). Some studies,
however, have shown that fire-dependent communities have indirectly and positively impacted pollinators
by altering plant density and distribution (Van Nuland et al., 2013, Charnley and Hummel, 2011). Moreover,

fires in Mediterranean climates are necessary for seed dispersal and germination (Pausas and Vallejo, 1999).

2.2.2.2.4 Transformation of agroforestry systems

Agroforestry refers to the practice of integrating trees and other large woody perennials into farming systems
and throughout the agricultural landscape (Schroth et al., 2004). While a considerable number of papers show
the positive effects of plant diversity in agroecosystems for bees and other insect pollinators (see Nicholls
and Altieri, 2013, for a review), considerably less attention has been paid to understand the effects of
agroforestry for bees and other pollinators. Willemen et al. (2013) revealed a high diversity of Tree-Based
Ecosystem Approaches, including trees in croplands, trees in grasslands, forest-based systems, complex
multi-strata agroforestry and homegardens. They report positive impacts for food security and climate

change, but very few of these studies evaluated the impacts of these systems for pollinators.

Studies in temperate landscapes are particularly infrequent, although agroforestry has been flagged as a
practice favourable to beekeeping (Hill and Webster, 1995). In Québec, Alam et al. (2014) estimated the
value of ten ecosystem services in an agroforestry system (tree-based intercropping), in particular the value
of pollinators, and found that yield and profit could be maximized with the presence of tree and shrub cover

in agricultural landscapes.
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Instead, the relatively few field studies on this topic have been performed in tropical landscapes, where
agroforestry systems are the major agroecosystems that resemble natural forest, and potentially have high
biodiversity and pollinator conservation value (Tscharntke et al., 2011). Agroforestry systems are a land use
that might aid in enhancing connectivity between natural and semi-natural areas (Perfecto and Vandermeer,
2008). In the tropics, agroforestry may perhaps be one of the most important land management systems for
pollinator conservation, because the majority of trees are animal pollinated and pollinators therefore may rely
more on floral resources from trees compared to herbaceous wild flowers (Bawa, 1990).

The effects of agroforestry practices on the diversity of pollinators and pollination have been studied
principally for two tropical crops, coffee and cacao, and show overall the positive effect of integrating
agricultural landscapes with biodiversity conservation (Harvey et al., 2008). In the case of coffee, a shrub
that benefits from shade from canopy trees, Ricketts (2004) showed in Costa Rica that the diversity of bees
on coffee flowers decreased with distance to forest, where bees nest; this way, the forests increased coffee
yields by 20%, due to pollination provided by bees. In Indonesia, Klein et al. (2002) found similar results,
and in Mexico, Jha and Vandermeer (2010) showed the importance of in-farm tree diversity management,
whereas Vergara and Badano (2009) established a link between diversity of bees and crop pollination in low-
impact management systems in coffee plantation. Pollinator richness and abundance respond positively to
increased species richness of shade trees, blossom cover of non-coffee flowering plants (Klein et al., 2003b),
and increased canopy cover (Jha and Vandermeer, 2010). Recently, Bravo-Monroy et al. (2015) showed that
forested landscape close to coffee farms appears to increase stability and resilience to the pollinating bees
and insects. However, research is still needed to determine the relative effects of management interventions,
as, for example, irrigation and addition of lime had more substantial positive effects on coffee production

than tree cover (Boreux et al., 2013).

There are fewer studies on cacao crops, though Groenveld et al. (2010) showed experimentally that pollen
limitation greatly reduces yields in Indonesia, indicating that practices that could increase the midge
pollinator populations could have large impacts on yield and farmer income. Further, Hoehn et al. (2010)
found in Indonesia that agroforestry systems increased bee species richness, especially on a regional scale

due to high diversity in types of management.

2.2.2.3 Urban management

Given that urban areas are increasing globally (Seto et al., 2012), it is important to understand the effects of
urbanization on pollinator communities. Urban areas are characterized by high heterogeneity, with fine-scale
land cover variation (Cadenasso et al., 2007). Urban greenspaces can include private and public gardens,

parklands, brownfield sites (land previously used for industrial purposes or some commercial uses),
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cemeteries and churchyards, green roofs and small-scale agroecosystems such as community or allotment

gardens, market gardens, or urban farms (see Sadler et al., 2010).

Pollinators provide important pollination to urban flowers and crops (Lowenstein et al., 2014; Matteson and
Langellotto, 2009; Potter and LeBuhn, 2015), and urban gardens on the rural-urban interface have the
potential to provide pollination for neighbouring rural areas (Pereira-Peixoto et al., 2014). Little is known
about pollinator efficiency of crops or wild plants in urban areas. Leong et al. (2014) suggest that reduced
seed set in urban areas relative to natural areas could be due to reduced pollinator efficiency caused by higher
plant species richness in urban areas, although Williams and Winfree (2013) found pollination in woodlands
to be unrelated to the degree of urbanization along an urban-rural gradient.

The response of pollinators to urbanization is likely to be dependent on urban context, i.e. geographic
location, surrounding landscape (agricultural vs. natural vs. semi-natural), size of the town or city and
patterns of development (Wojcik, 2012) as well as local policies relating to green urban areas and the life
history characteristics of different pollinator taxa, i.e. dispersal ability, reproductive strategy and foraging
requirements. Studies have shown both positive and negative impacts of urbanization on pollinators, although
it is difficult to ascertain properly the effect of urbanization as few studies have compared replicate urban

and non-urban areas.

Studies conducted at a regional or local level have shown that urban areas can support species-rich pollinator
communities relative to the regional (e.g., Fetridge et al., 2008) or national species pool (e.g., Owen, 2010;
Saure, 1996) and that bee species richness (Mclintyre and Hostetler, 2001; Sattler et al., 2011; Sirohi et al.,
2015), bee abundance (McFrederick and LeBuhn, 2006; Winfree et al., 2007; Carper et al., 2014; Sirohi et
al., 2015) and butterfly species richness (Restrepo and Halffter, 2013) are higher in urban or suburban sites
compared to surrounding areas. Furthermore, experimental studies have shown that bumble bee colony
growth rate and nest density in UK suburban gardens can exceed that found in the countryside (Goulson et
al., 2002; Oshorne et al., 2008).

In contrast, other studies show a decrease in the species richness of pollinating insects, including bees,
hoverflies and butterflies, with increased urbanization (Ahrne et al., 2009; Bates et al., 2011; Clark et al.,
2007; Hernandez et al., 2009). Bates et al. (2011) found decreased bee and hoverfly abundance with increased
urbanization and Deguines et al. (2012) found urbanization to be the most detrimental land-use change for
flower visitor communities in a country-wide study in France. Urbanization can also influence pollinator
nesting opportunities; Jha and Kremen (2013b) found a negative effect of paved areas on bumble bee nesting
density. Furthermore, urbanization might restrict gene flow for some pollinators. Jha and Kremen (2013a)

found that impervious land use in urban areas negatively affects regional bumble bee gene flow.
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The effect of urbanization can vary among taxa. For example, bee guilds may differ in their ability to adapt
to urban environments; floral specialists are rare in cities (Frankie et al., 2009; Hernandez et al., 2009;
Tonietto et al., 2011), whilst other studies have shown a positive effect of urbanization on bumble bees (Carré
et al., 2009), cavity-nesting bees (Cane et al., 2006; Matteson and Langellotto 2009) and later-season small-
bodied bees (Banaszak-Cibicka and Zmihorski, 2011; Wray et al., 2014). Hoverflies appear to be more
negatively affected by urban development than bees (Baldock et al., 2015; Geslin et al., 2013; Verboven et
al., 2014). Baldock et al. (2015) simultaneously sampled flower-visitor networks in triplets of urban,
agricultural and natural sites located in and around 12 UK towns and cities. Sites were carefully selected to
be representative of those land use types within each region. The study found no difference in overall flower-
visitor abundance or species richness among the three land-use types. Bee species richness, however, was
higher in cities compared to farmland, although there was no difference in abundance among landscapes. In
contrast, fly abundance was higher in farmland and nature reserve sites, although species richness of these
groups did not differ among land use types. In France, data from a citizen science monitoring scheme using
photographs of insects on flowers showed that although most flower visitors had a negative affinity with
urban areas and a positive affinity with agricultural and natural areas, hymenopterans (including bees)

appeared tolerant of a range of landscapes (Deguines et al., 2012).

Positive effects of urbanization on pollinators are likely obtained through increased land cover diversity and
heterogeneity in urban areas compared with some agricultural and natural land cover types (McKinney, 2008;
Sattler et al., 2010). Further, built structures, ex-industrial areas, disturbed and gravelled surfaces and warm
microclimates may create nesting opportunities rare in more thickly vegetated terrain. Although pollinator
data are lacking from such land uses, Kattwinkel et al. (2011) suggest that brownfield sites can be important
for the conservation of other taxa, including plants and insects. Urban areas could also provide a refuge from
the impacts of insecticides applied in croplands, although neonicotinoid insecticide use in urban lawns has
the potential to have a detrimental effect on bumble bee colony growth and new queen production if applied
to blooming plants (Larson et al., 2013), and a study using citizen science data from French gardens found a
negative correlation between butterfly and bumble bee abundance and use of insecticides and herbicides
(Muratet and Fontaine, 2015). Muratet and Fontaine (2015) also found that the negative effect of insecticides
was stronger in highly urbanised areas. Floral abundance and richness appear to play an important role in
pollinator diversity. Studies have shown increases in plant species richness in urban areas compared to
surrounding agricultural, semi-natural and natural areas, due to the large number of non-native species, longer
flowering seasons which provide continuity of floral resources over a longer period and the high
heterogeneity of urban areas (Angold et al., 2006; Hope et al., 2003; Kuhn et al., 2004; Neil and Wu, 2006;
Stelzer et al., 2010).Urban areas that provide high levels of floral resources can support more flower-visiting
insects (Matteson et al., 2013). However, the importance of floral resources may not hold for all pollinator

taxa or across all areas (e.g., Neame et al., 2013; Wojcik and McBride, 2012).
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There are comparatively fewer studies of pollinators in urban areas than in agricultural or natural landscapes
and many knowledge gaps exist, particularly regarding beneficial urban management approaches for
pollinators (but see Blackmore and Goulson, 2014; Garbuzov et al., 2015). Although studies are emerging in
neotropical cities (e.g. Aleixo et al., 2014; Frankie et al., 2013; Nates-Parra et al., 2006; Zotarelli et al., 2014),
there remains a research bias towards northern temperate cities. Thus it is difficult to apply the findings from
many current studies to tropical and arid countries, many of which are experiencing rapid growth in urban
development. As for all landscapes, the lack of standardised long-term data on pollinators from urban areas
makes it difficult to infer anything about the long-term effect of urbanization on pollinators.

2.2.3 Conclusions

Land use is currently the main driver of land cover change, leading to changes in land cover composition
and configuration. It is well established that habitat loss and degradation, as well as loss of connectivity,
reduction in patch sizes, and fragmentation negatively affect pollinator diversity, abundance and richness.
These changes can negatively affect community stability, pollination networks and the survival and
evolutionary potential of pollinator and plant species. Finally, these changes also result in a reduction of
plant fruit set, which is of critical importance for food security, ecosystem services and human welfare in

wild and agricultural environments.

Land management alters most ecosystems, having considerable impact on pollinator communities, and crop
and wild plant pollination. Large-scale, chemically-intensive agricultural systems that simplify the
agroecosystem through specialization on one or several crops are among the most serious threats to natural
and managed ecosystems. Agricultural management practices such as increased fertiliser use, intensive
tillage systems, heavy use of pesticides, high grazing/mowing intensity or badly-timed management actions
decrease pollinator diversity dramatically, while influencing and reducing the effectiveness of ecological

functions and services, like pollination.

Large monoculture systems reduce both foraging and nesting resources for pollinators by removing flowering
weeds and native plants and reducing crop diversity, and decreasing availability of undisturbed soil patches,
hollow stems, shrubs, trees and dead wood that are needed for nesting sites. While certain mass-flowering
crops provide large amounts of foraging resources (i.e. nectar and/or pollen) for some pollinators, these
pulsed resources provide only temporary benefits that cannot sustain most pollinators throughout their life

cycle.

Creating a more diversified agricultural landscape based on principles from sustainable agriculture,
agroecology and organic farming management (i.e. intercropping, polyculture, crop rotations, cover-
cropping, fallowing, agroforestry, insectary strips and hedgerows), has the potential to maintain rich

pollinator communities, promote connectivity, and increase pollination of crops and wild plants, as well as
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improve livelihoods for smallholder farmers that make up the majority of the farming community and provide
an estimated 50 — 70% of the world’s food (Altieri et al., 2012; Herrero et al., 2010). However, concerns
have been raised as to whether such techniques can be equally productive. Existing evidence suggests that
organic farming methods are on average 10 — 25% less productive than conventional farming methods
(established; Badgley et al., 2007; de Ponti et al., 2012; Seufert et al., 2012; Ponisio et al., 2015), although
these yield gaps are reduced to 5 — 9% in organic farming that takes full advantage of diversification practices
(intercropping and crop rotations) (Ponisio et al., 2015). Although organic farming suffers relatively small
yield gaps, these yield gaps are balanced by enhancements that they provide to multiple aspects of
sustainability (Kremen and Miles, 2012). A meta-analysis by Crowder and Reganold (2015) showed first,
that organic systems with price premiums were significantly more profitable (22—-35%) and had higher
benefit/cost ratios (20-24%) than conventional agriculture, and second, that price premiums were far higher
than necessary to establish equal profitability with conventional systems. Given their multiple sustainability
benefits, these results suggest that organic farming systems could contribute a larger share in feeding the
world at a lower price premium. A major gap in our understanding is how to reduce yield gaps in these more
sustainable systems. Research, extension and infrastructure investment in sustainable agriculture,
agroecology and organic farming management methods has been orders of magnitude less than in
conventional scale agriculture (Ponisio et al., 2015; Carlisle and Miles, 2013), suggesting that increased
investment in these techniques could lead to greater yields and profits, and to broader adoption (Parmentier,
2014). The lack of sustainability of monoculture systems that are highly dependent on chemical inputs,
however, indicates the urgent priority for improving the productivity of more sustainable systems that will

also promote pollinators.

Specifically, diversified farming systems are beneficial for biodiversity and ecosystem services, including
pollinators and crop pollination. Provision of different crops and crop varieties not only benefits pollinators
but also increases crop genetic diversity, potentially enhancing pollination. Maintenance of diverse wild plant
communities within the crop fields and orchards provides a high variety of foraging resources before and
after the crop flowering period that supports wild and managed bee health, and increases wild pollinator
diversity and abundance on these fields with positive effects on crop pollination. Within-field diversification
and application of less intensive management practices, will be more effective if wild flower patches and a
diverse landscape structure is available nearby or around the managed sites. Furthermore, the conservation
of pollinator habitat can enhance overall biodiversity and other ecosystem services such as biological pest
control, soil and water quality protection (Kremen et al., 2012; Kremen and Miles 2012), and these secondary

benefits should be incorporated into decision making (Wratten et al., 2012).
Traditional landscapes maintain wild flower patches that are often threatened by abandonment of these

management practices, especially in remote sites. Cessation of management, such as grazing, mowing on

grasslands, leads to vegetation succession that can have considerable negative consequences on the pollinator
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fauna. Therefore, maintenance of ecosystem healthy and optimal management at such valuable, traditionally

managed systems is highly beneficial.

2.3 Pesticides, GMOs, veterinary medicines and pollutants

2.3.1 Pesticides

Pesticides (fungicides, herbicides, insecticides, acaricides, etc. (see Box 2.3.1)) are primarily used in crop
and plant protection against a range of pests and diseases and include synthetic chemicals, biologicals, e.g.,
Bacillus thuringiensis (Bt) or other chemicals of biological origin such as spider venom peptides (Windley
et al., 2012). Pesticides also play a key role in public health, for example in the control of disease vectors
such as mosquitoes, e.g. application of larvacides, adulticides and use of treated bednets (Casida, 2012).
Broad-spectrum insecticides, which are generally seen as higher risk to pollinators, are used on agricultural
areas, in urban environments such as gardens, parks and golf-courses, and in controlling nuisance insects and
disease vectors such as mosquitos (Goulds, 2012). Some pesticides, particularly insecticides, and especially
when not used in accordance with effective risk management/mitigation to reduce/remove exposure, for
example using them only outside the flowering period in bee-attractive crops, have the potential to affect
pollinator abundance and diversity directly by causing mortality. Sublethal effects, such as impaired foraging
ability or reduced immune function, may affect pollinator populations (Rundlof et al., 2015). A recent
experiment suggests that sub-lethal exposure in the laboratory can adversely impact on subsequent
pollination provision to apple (Stanley et al., 2015), although there is no evidence to date of impacts on
pollination under field conditions resulting from sublethal effects (Brittain and Potts, 2011). The role of sub-
lethal effects of pesticides, particularly the neonicotinoid group, as a driver of pollinator decline has
undergone increasing scrutiny (Blacquiére et al., 2012; Van der Sluijs et al., 2013; Godfray et al., 2014). This
scrutiny is in part caused by their high level of use combined with their high toxicity and systemic properties
resulting in the potential for exposure to pollinators. Despite this high level of scrutiny, some knowledge
gaps remain (Blacquiére et al., 2012; Godfray et al., 2014; Lundin et al., 2015) which, combined with

sometimes conflicting research results, has led to a much polarised debate.

Box 2.3.1: Types of pesticides

“Pesticides” is a collective term for a range of synthetic and natural chemical plant (crop) protection products.
They are broadly classified into three main groups: herbicides for weed control, fungicides for fungal disease
control, and insecticides for insect pest control. Other classes of pesticides include plant growth regulators,
acaracides and molluscicides, and in some countries, varroacides for controlling honey bee Varroa parasites
are classed as pesticides.

The insecticides include a wide range of chemistries with differing modes of action but the main chemical

classes often referred to are:
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Organophosphorus and carbamate insecticides: these inhibit the acetylcholinesterase enzyme that terminates
the action of the excitatory neurotransmitter acetylcholine at nerve synapses. Globally the use of these
insecticides is declining.

Organochlorines and pyrethroid insecticides: These are sodium channel modulators that keep sodium
channels in neurones open causing hyperexcitation and in some cases nerve block. Sodium channels are
involved in the propagation of action potentials along nerve axons. Organochlorine insecticides are no longer
widely used; the use of pyrethroids is stable.

Neonicotinoid insecticides: These are nicotinic acetylcholine receptor (nAChR) agonists mimicking the
action of acetylcholine at nAChR and resulting in hyperexcitation. The use of neonicotinoids has increased
globally since their introduction in the 1990s.

For more information, see Table 2.3.2

Box 2.3.2: Pesticide Risk “in a nutshell”

The risk posed by pesticides is driven 1) by the toxicity (hazard) of the chemical, e.g. as the active substance,
metabolite, or formulation, which has a fixed value to a given developmental stage of the species under
specified conditions, and 2) by the level and duration of exposure of the pollinator, which is highly variable
depending on its behaviour, e.g. bee foragers versus in-hive adults versus larvae. Toxicity can be measured
as lethality (i.e. median Lethal Dose (LDso) or median Lethal Concentration (LCso) which is the amount of
the substance required to kill 50% of the test population) or as sublethal effects, e.g. memory impairment,
reduced foraging, reduced brood production, etc., measured by an effective dose (ECx) or No Observed Effect
Level or Concentration (NOEL or NOEC). The challenge is to understand the magnitude and duration of
effects on the individual, colony and/or community of pollinators.

Pesticide exposure varies according to pesticide use and the properties of the component chemicals, the
behaviour and biology of the pollinator species and the local environment. Exposure may be to one, or a
combination of pesticides, which can be directly applied sequentially or in combination, e.g., tank mix, to a
wide range of crops visited by pollinators or through pollinators foraging on non-crop floral resources (e.g.
wild flowers) that have also been exposed to pesticides. The behaviour of the pollinator may affect exposure,
for instance depending upon whether they forage on a single or limited number of plants, store pollen and/or
nectar, collect water, use plant material or soil to construct their nests, or are active at particular times of
year. The environment may affect exposure and includes factors such as the size of fields, cropping
management and availability of alternative untreated forage, e.g., flowering headlands.

Risk is typically estimated by examining the ratio of exposure to effects. At a deterministic level point
estimates of exposure and effects are used, whereas probabilistic risk estimation methods consider the
distribution of exposure and effect endpoints and are considered better suited to estimating the likelihood and
magnitude of an adverse effect. The Hazard Quotient (HQ) approach is deterministic and can be used for

foliar-applied pesticides and is defined as the application rate (grams of active ingredient applied per hectare)
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divided by the acute contact or oral LDso (whichever is the lower) (EPPO, 2010). Similar approaches are
taken for systemic pesticides where the exposure (e.g. via ingestion of contaminated nectar and pollen) is
compared to the LCso or NOEL. Additionally, where potential risks are identified, further refinement options
are available to understand the potential risk under field conditions, e.g. semi-field and field studies (see also
Chapter 6).

The challenge, and areas of greatest debate, are to understand:

e the magnitude and duration of direct sublethal effects on pollinator populations from exposure to

pesticides at levels found in the field under typical use conditions; and
e whether honey bees are a suitable surrogate for other pollinator species in risk assessment, e.g. due to

differences in physiology, ecology and behavior.

2.3.1.1 Pesticide use

Globally, pesticide use on agricultural land varies according to the regional or local pest and disease pressures
(FAOSTAT, 2014) as well as factors such as the purchasing capacity and cultural practices of the farmers
(Schreinemachers and Tipragsa, 2012; Heong et al., 2013; Heong et al., 2014). Although in many countries
for which data are available (e.g., in the USA, Brazil and Europe) the total tonnage of pesticides used in
agriculture is stable or increasing over time since the 1990s (OECD, 2013; FAOSTAT, 2014). For many
other countries (e.g., in Africa and Asia) data are incomplete or absent. Some variations in pesticide use are
driven by changing agricultural practices, for example, herbicide application in the USA has increased and
insecticide tonnage decreased, both associated with the increase in cultivation of genetically modified crops
and with changes in efficacy (USDA, 2014).

Where data are available for developing countries pesticide use has been seen to increase rapidly, sometimes
against a low base level. However, international consensus over the level of risk posed by some of these
pesticides has often not been reflected in reductions in the use of these chemicals in developing countries
(Schreinemachers and Tipragsa, 2012). Thus in many high- and middle-income countries enforced
restrictions on the use of organochlorine, organophosphate and carbamate insecticides that pose a high risk
to human and environmental health have resulted in their replacement by neonicotinoids and pyrethroids
(e.g., see Figure 2.3.1). For example, one of the significant changes in pesticide application methodology in
the EU/US over the last 20 — 30 years has been the development of soil- or seed-applied systemic insecticides
(e.g., the neonicotinoids) as an alternative to multiple foliar/spray applications (Foster and Dewar, 2013).
This class of systemic insecticides is now used on a wide range of different crops/application combinations
in field and tree crops including foliar sprays, soil drenches and seed treatments in over 120 countries,
accounting for at least 30% of the world insecticide market (Nauen and Jeschke, 2011; Simon-Delso et al.,
2015). Their persistence in water and soil, uptake into crops and wild plants and subsequent transfer into
pollen and nectar (Krupke et al. 2012, Johnson and Pettis 2014) potentially representing a significant source

of exposure, has led to concerns that they pose a unique, chronic sublethal risk to pollinator health (Van der
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Sluijs et al., 2013). In contrast, in low- and lower-middle income countries many of the older classes of
insecticides are still widely used and excessive use due to lack of user training and stewardship is a significant
concern (see Africa case study, Box 2.3.4) (Tomlin, 2009; Schreinemachers and Tipragsa, 2012; Heong et
al., 2013).

Where pesticides are used they should be applied in accordance with integrated pest management practices
(IPM, see Chapter 6, sections 6.4.2 and 6.8.2). In this assessment appropriate use of insecticides (which as a
class have the greatest potential to direct impact pollinators) has been defined as also including, but not
limited to, ensuring mitigation has been identified to minimise exposure of pollinators, that the label provides
clear instructions on how to protect pollinators and the applicators are aware of, and follow, the label
instructions (for example see the FAO Code of Conduct (FAO, 2013)). Pesticides, when used appropriately
and in an integrated pest management program (IPM, see Chapter 6, sections 6.4.2 and 6.8.2) (Korsten, 2004;
Mani et al., 2005; Gentz et al., 2010), may be considered an important tool for the sustainable intensification
of crop production (Tilman et al., 2002; Godfray et al., 2010; Tilman et al., 2011; Andersons, 2014). Although
the range of pesticides available may be limited by market demand in some sectors, e.g. in organic farming
(Box 2.3.3), such restrictions do not necessarily equate to reduced risk to pollinators as many of these
authorised pesticides are also toxic to pollinators, (e.g., Barbosa et al., 2014). Overlaid on this discussion is
that around the world the classes of pesticide authorized, the level of risk assessment/regulation and the scale
of education, understanding, implementation and enforcement of responsible and careful use by pesticide
end-users vary widely from ineffective regulation and/or enforcement to highly enforced systems such as in
the EU and North America (see Appendix of Chapter 6, examples include Ecobichon, 2001; Hordzi et al.,
2010; Sahu, 2011; Al Zadjali et al., 2014; Deihimfard et al., 2014; EC, 2014; CropL.ife, 2015). Regulation of
pesticide use may be undertaken directly through environmental risk assessments (see Chapter 6) but also
may occur indirectly through ensuring other requirements such as MRLs for human safety (Maximum
Residue Limits set by importing countries such as the US, EU, Australia, Japan, Taiwan) are met in crops for
export (Sun et al., 2012). Even when data on total pesticide usage are available these rarely provide the
detailed information relevant to this assessment, e.g. the potency of different insecticides and their use pattern
(application method, rate, crop, area treated and timing), making comparisons based solely on total tonnage
sold or value of sales complex and difficult to interpret. Improving the detail of pesticide usage data would
significantly enhance our understanding of the potential risks posed to pollinators from pesticide use. Beyond
agricultural uses, data are also lacking for use in residential properties with limited data from amenity use
(e.g., Goulds, 2012).

Box 2.3.3: Pesticides in organic farming

This example is derived from the FAO (http://www.fao.org/docrep/015/an905e/an905e00.pdf;
http://www.fao.org/docrep/015/an765e/an765e00.pdf). However, definitions of organic farming vary
widely.
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Organic crop production uses only pesticides for pest/disease/growth management that are on lists referenced
by the relevant international/regional organic standards and also requires that co-formulants (e.g. inerts and
synergists) are not carcinogens, mutagens, teratogens or neurotoxins.

If the pesticide is used for plant protection, growth regulation or weed control:

Examples of chemicals allowed include preparations/products from Neem (Azadirachta indica), rotenone,
spinosad, copper salts (e.g., sulfate, hydroxide, oxychloride, octanoate, cuprous oxide, Bordeaux mixture and
Burgundy mixture), fungal and bacterial preparations (e.g., Bacillus thuringiensis).

it must be essential for the control of a harmful organism or a particular disease for which other
biological, physical, or plant breeding alternatives and/or other management practices are not effective.
it has the least harmful impact (compared to alternatives) on the environment, the ecological balance (in
particular non-target organisms) and the health of humans, livestock, aquatic animals and bees.
substances must be of biological or mineral origin and may undergo the following physical (e.g.,
mechanical, thermal) or biological (e.g., enzymatic or microbial composting or digestion) processes in
formulation.

synthetic substances may be used by exception, such as the use in traps or dispensers, or substances that
do not come into direct contact with produce, or those for which no natural or nature-identical alternative
are available provided that all other criteria are met.

use may be restricted to specific target organisms, conditions, specific regions or specific commaodities;

A Relative contribution of global use of insecticides B National insecticide use on oilseed rape in the UK
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7. Figure 2.3.1: Global use of insecticides
(OECD, 2013), shown as relative contribution to sales (tonnes active ingredient) as data are incomplete across years

and

countries; data for neonicotinoids are not separately identified in the dataset) and an example of national

insecticide use on oilseed rape in the UK [UK Pesticide Usage Survey; total usage data to 2012; areas where less than
a total of 100 ha were treated have been excluded; for pesticides in each class see PUS data (FERA/Defra, 2015)].
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Total mass applied may be affected by crop area grown, which increased from 415,000 to 615,000 ha between 1996
and 2010
(http:/lwww.ukagriculture.com/statistics/farming_statistics.cfm?strsection=0ilseed%20Rape).

Box 2.3.4: Case Study: Africa

In Africa, there is a high demand for pollination for many crops (Gemmill-Herren et al., 2014). At the same
time, pollinators are exposed to similar environmental pressures that have been associated with declines
elsewhere in the world, e.g., habitat transformation or fragmentation (Ricketts et al., 2008; Kennedy et al.,
2013), loss of diversity and abundance of floral resources (Biesmeijer et al. 2006; Carvell et al. 2006; Kremen
et al., 2007), inappropriate use of pesticides (Pettis et al., 2013), spread of pests and diseases (Aebi and
Neumann, 2011; Cameron et al., 2011b), and climate change (Schweiger et al., 2010). Despite the economic
importance of insect-pollinated crops (Garibaldi et al., 2013) data on the pattern and amount of pesticide use
in Africa are also very difficult to obtain and almost impossible to estimate for any single African country
due to a lack of detailed lists of imports into these countries (Youm et al., 1990).

The environmental impact of pesticides on pollinators has been reported by local farmers through the
observation of the abundance of bees that populate their hives or through fluctuations in honey production.
Efforts to evaluate pesticide impacts on pollinators are needed throughout the African continent, as existing
studies are limited and geographically widely spread, and some of these raise great concerns. For example,
traditional beekeepers in Burkina Faso have noted that their hives situated near cotton fields treated with
pesticides had lower numbers of adult bees and were less productive than those which were kept farther away
(Gomgnimbou et al., 2010). Similarly Otieno et al. (2011) found pesticide use was negatively related to
pollinator abundance in fields in Eastern Kenya. However, another study (Muli et al., 2014) suggested
impacts may not be severe in all cases; relatively low levels of residues of up to four pesticides were detected
in 14 out of 15 honey bee hives sampled across Kenya. In South Africa, pesticide use and isolation from
natural habitat were associated with declines in flying pollinators and in mango production (Carvalheiro et
al., 2012), although this effect was not consistent between years (Carvalheiro et al., 2010). There is a clear
need for more studies of impacts of pesticides on pollinators and pollination given the economic importance
of insect-pollinated crops throughout the African continent (Archer et al., 2014; Steward et al., 2014) and

indeed across many developing countries.

2.3.1.2 Potential impacts of pesticides on pollinators

The use of insecticides is of particular concern due to their potential for effects on non-target insect
pollinators due to their inherent toxicity (UNEP, 2010; EASAC, 2015). Although there is also evidence that
some pesticide co-formulants such as adjuvants (used to enhance application and uptake of the pesticide) or
synergists may also show toxicity at high doses (Donovan and Elliott, 2001; Ciarlo et al., 2012; Zhu et al.,

2014; Mullin et al., 2015). Insecticides vary widely in their mode of action from molecules interacting with
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nerve receptors (see examples in Table 2.3.1) to those affecting energy metabolism and development (e.g.
insect growth regulators). Novel pesticides and modes of action are continually sought to address rapid
development of resistance in target pests (Ohta and Ozoe, 2014). There are very limited data available
globally on actual usage of insecticides (as opposed to sales data) by farmers on crops attractive to pollinators
from which to base a global assessment of potential risk. However, data from Kenya, Brazil and the
Netherlands demonstrate the differences among countries in the availability of pesticides that are inherently
toxic to bees (Figure 2.3.2; van der Valk et al., 2013).

% of pesticides registered or used
M Practically non-toxic
(LD50 >11 pg/bee)

Moderately toxic
(LD50 2-11 pg/bee)

Highly toxic
(LD50 <2 pg/bee)

47%

Kenya Brazil Netherlands

8. Figure 2.3.2: Hazard (LD50) of pesticides used on bee-attractive focal crops
in Brazil (melon and tomato), Kenya (coffee, curcurbits, French bean and tomato) and the Netherlands (apple and
tomato) (% pesticides refers to number registered or used) (data from van der Valk et al., 2013).

Risk assessment (which considers both toxicity and exposure, Box 2.3.2) is considered more relevant in
defining the potential impact of pesticides than hazard (toxicity) identification alone (van der Valk et al.,
2013). Pollinator exposure to insecticides, their impact and the potential for population response is affected
by a wide range of factors including crop type, the timing, rate and method of pesticide application and the
ecological traits (e.g. diurnal activity, foraging specialisation, life history) of managed and wild pollinators
(Defra, 2008).

The direct exposure of pollinators to pesticides may occur through a number of routes including ingestion of
contaminated pollen, nectar, aphid honeydew or water (e.g. from contaminated puddles within fields), contact
with drift or overspray during foliar applications, and contact with residues on foliage and flowers (e.g. Figure
2.3.3 for bees (EFSA, 2012)). Solitary bees may also be exposed via residues in soil and on plant nesting
material (EFSA, 2012). In flowering crops, systemic pesticide residues may be transferred into pollen and
nectar collected and consumed by pollinators with the potential for adverse effects from chronic low-level
exposure (Goulson, 2013; Pilling et al., 2013; Cutler and Scott-Dupree, 2014); although there is some
evidence that systemicity is not a property limited to the new classes of insecticide, with similar properties

reported for dimethoate, an organophosphorus pesticide (Davis and Shuel, 1988). Pesticide residues (parent
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molecule and any toxic metabolites) in nectar and pollen vary considerably depending on the mode of
application. For example, a collation of studies on oilseed rape found average maximum values vary from
around 1.9 pg/kg in nectar and 6.1 pg/kg in pollen following neonicotinoid seed treatment, but that residues
are 10-20 fold greater when the same compounds are applied as foliar sprays at a similar rate per hectare (10
ga.i./Ha) (EFSA, 2013; Godfray et al., 2014) or as soil drenches (Dively and Kamel, 2012; Stoner and Eitzer,
2012). Pollinators may be exposed to residues is via guttation fluid (plant xylem fluid exuded through
specialised pores onto the leaf surface during periods of high root pressure), where neonicotinoid residues
can be extremely high in the early stages of crop growth (Bonmatin et al., 2015). Other sources of
contaminated water include puddles in fields (Samson-Robert et al., 2014). However, this is not currently
considered a significant route of exposure for honey bees, although data on water sources are more limited
for other bee species (Pistorius et al., 2012; Godfray et al., 2014). Another potential route of exposure is the
generation of dust, containing insecticide, that may drift onto nearby flowering crops or weeds during drilling
of treated seed (Krupke et al., 2012; Pisa et al., 2014). There have been a number of studies demonstrating
the lethal effects of dusts generated from neonicotinoid-treated seeds during drilling (Bonmatin et al., 2015)
and large-scale honey bee mortality has resulted from treated seed when the seed contained high levels of
dust particularly when it was incorrectly coated or dust based seed lubricants were added during drilling
when dust drifted onto flowering crops and weeds (Pistorius et al., 2009; PMRA, 2014). There is evidence
that appropriate technical measures can be adopted to reduce the associated risk of dust although no single

measure has currently been shown to be totally effective (Kubiak et al., 2012; Nuyttens et al., 2013).
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9. Figure 2.3.3: Summary of key identified routes of exposure in honey bees
(EFSA, 2012); similar routes of exposure are likely for other bees and other pollinators.

There is evidence that the identity of pesticides present and scale of the exposure of honey bee colonies
(levels in pollen, nectar/honey and wax) differ between crop type (Pettis et al., 2013) and regions reflecting
differences in pesticide approval and use (Bogdanov, 2006; Johnson et al., 2010; Mullin et al., 2010; Chauzat
et al., 2011; Al-Waili et al., 2012). However, quantitative data on an individual pollinator’s exposure to
pesticides is limited, i.e. actual ingestion by a foraging bee, not measured residues. Pollen and nectar
consumption has been almost entirely studied in honey bees and often extrapolated from estimated nutritional
requirements as a proxy for foraging rate (Thompson, 2012) rather than measured directly. Exposure factors
have been evaluated for wild bees on focal crops in Brazil, Kenya and the Netherlands by (van der Valk et
al., 2013). The overall likelihood of exposure of wild bees to pesticides were evaluated as “probably similar”
to Apis mellifera in the case of Apis mellifera scutellata and Xylocopa, but due to a lack of information were
“unclear” for Patellapis and Megachile and “possibly greater” for Halictidae. However, from a review of the
literature it is clear there is a lack of accurate data on key aspects of the biology of non-Apis species (e.g.
nectar consumption by foraging bees) to allow exposure under field conditions to be quantified.

Pesticides may result in impacts on pollinators without direct exposure. Indirect effects on pollinators include
the removal of nectar/pollen sources and/or nest sites by herbicides (Potts et al., 2010). Together both direct
and indirect effects of pesticides, in combination with other aspects of monoculture agriculture, may
contribute to observations at the landscape scale of a tendency for reduced wild bee and butterfly species
richness in response to pesticide application (Brittain et al., 2010; Brittain and Potts, 2011; Vanbergen et al.,
2013).
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4. Table 2.3.1: Factors affecting pesticide risk to pollinators
(adapted from van der Valk et al., 2013)

Risk factor

Exposure
Crop factors

Bee biology

Pesticide use/application
practices

Impact and recovery

Pesticide use has increased risk when:

Overall crop area is high

Application timing overlaps with:

Crop flowering

Flowering of attractive weeds

Seasonal timing of bee foraging and collection of nesting materials
Crop has extrafloral nectaries

Crop is regularly infested with high numbers of aphids producing honeydew
Drinking water only available in-crop, e.g. guttation, puddles

Nest sites located in field or field border

Short foraging range for in-field/field border nests

Extensive time spent out of nest/hive

Foraging period when pesticides applied

Number of days spent foraging on crop

Few crop/plant species used as forage

High quantity of pollen and nectar collected per day

High quantity of nectar consumed per day

Small bodyweight; relatively higher exposure

If forage not stored prior to consumption

Some formulation types e.g. micro-encapsulated, sugary baits

Some modes of application, e.g. aerial, dusting, dusty seeds without adapted
machinery

Increased application rate for same pesticide product
Increased application frequency

Persistent systemic pesticides applied as soil treatment to seed treatment to a
previous rotational crop

Comments

Decreased risk with crop patchiness

Low persistence pesticides applied out of foraging
period decrease risk

If collective pollen/honey storage (social bees) due to
mixing/maturation/microbial action risk decreased

If systemic specific exposure/impact assessment
If insect growth regulator specific impact on brood

Decreased risk for soil/ seed treatments with non-
systemic pesticides
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Risk factor
Pesticide properties

Life history and
population dynamics

Pesticide use has increased risk when:
Low acute LD50 (for similar exposure levels)

Higher foliar residual toxicity (persistence of residues on leaf/flower surface)

Lower metabolic rate of adults (decreased detoxication)

Low degree of sociality with no/few foragers

Higher proportion of population of colony active out of the nest (= high impact for
colony/population

Longer development time of queen/reproductive female increases exposure (if
development overlaps with flowering)

Small number of offspring per female decreases likelihood of population recovery
after impact

Fewer generations per season decreases likelihood of population recovery after
impact

Decreased number of swarms per colony —less likelihood of population
maintenance/recovery

Lower swarm migration distance lower likelihood of population recovery after
pesticide impact

Comments
Foliar residual toxicity affects impact and likelihood of
recovery

High degree of sociality decreases impact as to
population/colony as pesticide effects mainly on
foragers (except IGRs)
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2.3.1.3 Evidence of lethal effects during pesticide use

Insecticides vary widely (several orders of magnitude) in toxicity to pollinators depending on their mode of
action (see Table 2.3.2) and target life-stage (e.g. insect growth regulators only directly affect larvae/pupae).
Even within an insecticide class, toxicity can vary from a few nanograms (ng) per bee to several thousand
micrograms (g) per bee, as in the case of the neonicotinoids (Blacquiére et al., 2012). There is evidence that
the detoxification enzymes in honey bees are less diverse than in other insects making them less well adapted
to respond to exposure to a range of chemicals (Johnson et al., 2010; Mao et al., 2013) and even this limited
range of enzymes is also affected by the age of the bee, the time of year, etc. (Smirle and Winston, 1987).
However, there is also evidence that Apis mellifera is no more sensitive to insecticides than other insect
species (Hardstone and Scott, 2010). The relative sensitivity of different bee species to the acute (single
exposure) effects of insecticides and other pesticides is similar, i.e., the acute toxicity (LDs) is within an
order of magnitude (Arena and Sgolastra, 2014), particularly if body mass (80-300mg) is taken into account
(Arena and Sgolastra, 2014; Fischer and Moriarty, 2014). However, the chronic toxicity (LCsg) of pesticides
may be more variable; some evidence suggests clearance of insecticides may differ among species of bees
(Cresswell et al., 2014). Other factors have also been identified as affecting the toxicity of insecticides to
honey bees, including nutrition (Godfray et al., 2014; Schmehl et al., 2014) and disease (Vidau et al., 2011)

(see section 2.4.1).

The largest published databases on acute pesticide effects under real-use field conditions are formal
incident monitoring schemes that are limited to honey bees (only a handful of reported incidents have
involved bumble bees). These schemes have been instigated by national governments in a number of
European countries, Australia, Canada, USA and Japan (OECD, 2010) and are reliant on notification of
honey bee deaths either on a voluntary basis by beekeepers or as a requirement for pesticide registrants. A
single incident may range from a few bees to several thousand bees but has rarely been linked to an
assessment of the longer-term impact on the colony, e.g., the neonicotinoid seed treatment dust incident in
Germany (Wurfel, 2008). Where voluntary reporting exists there is potential for under-reporting due to
reticence of beekeepers to report incidents and risk the loss of apiary sites with good forage often on land
belonging to farmers (Fischer and Moriarty, 2014). The longest-running incident schemes are primarily in
Europe (Germany, Netherlands and UK), where the number of incidents where pesticides have been
identified as a cause declined from circa 200 incidents per year in the 1980s to around 50 by 2006 (Barnett
et al., 2007; Thompson and Thorbahn, 2009); more recent data from the UK show a decline from up to an
annual average of 48 incidents between 1981 and 1991 to an average of 7 per year between 2010 and 2014
(http://www.pesticides.gov.uk/guidance/industries/pesticides/topics/reducing-environmental-
impact/wildlife/WI11S-Quarterly-Reports.htm). Similar schemes have been established in Japan
(http://www.maff.go.jp/j/press/syouan/nouyaku/150623.html), where recent incidents of honey bee

mortality have centred around neonicotinoid insecticide sprays to control rice stink bug.
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Of more than 8,500 detections of pesticides in bee and incident-related plant samples submitted to the
European pesticide poisoning incident (bee-kill) schemes, between 1981 and 2007 nearly 50% contained
insecticides, 40% contained fungicides and 11% contained varroacides (a sample may contain more than
one pesticide and several samples may relate to a single incident). Identifying whether pesticides are a
cause of acute bee losses can be challenging because detection of a pesticide residue may not necessarily be
related to an adverse effect and residues may decline in dead bees depending on the persistence of the
chemical. Data linking lethal exposure to the resulting residues in bees are limited to a few insecticides
(Greig-Smith et al., 1994; Thompson, 2012). Of the separate incidents of honey bee mortality in Europe
where insecticides were detected (an incident may include more than one coloniy or more than one apiary
site), 27% contained organophosphorus insecticides or carbamate compounds, 14% contained
organochlorine insecticide (gamma-HCH (lindane), and dieldrin) and pyrethroid insecticides were present
in 7.8% of incidents; none were associated with neonicotinoids (Thompson and Thorbahn, 2009). Between
1981 and 1991 around 65-70% of the 545 incidents in the UK were identified as due to farmers not
complying with label instructions and applying insecticides in flowering beans, peas and oilseed rape, or
crops containing flowering weeds (Greig-Smith et al., 1994); of the remainder 3% were associated with
aerial applications (no longer permitted in the UK), 2% with use in feral bee control and in the remainder of
reported incidents the use often could not be clearly identified from the information available. These
incidents have resulted in improved regulation and enforcement in Europe (e.g. Directive 91/414 EEC)
with subsequent reduction in incidents as well as providing information where uses according to the label
require further education of farmers (Thompson and Thorbahn, 2009). For example, the reduction in the
number of reported aphid honeydew-related insecticide incidents in the Netherlands from 119 in 2003 to 17
in 2006 was attributed to the reduction in the aphid control threshold for insecticide use in potatoes, which
limited the availability of aphid honeydew (a source of sugar) and thus attraction of honey bees to the crop
(Thompson and Thorbahn, 2009).

These experiences from countries with incident schemes suggest that where there is no effective regulation
or enforcement of key mitigation (Heong et al., 2013), it is likely that incidents of insecticide-associated
honey bee mortality are occurring; in the absence of honey bee impacts effects on wild bees are unclear.
Mitigation measures to protect honey bees include only applying insecticides outside the flowering period,
and closing or removing beehives or use of low-drift technology to reduce drift of spray onto nearby
flowering crops or hedgerows containing flowering plants. To be effective, mitigation needs to take
account of local practices and also apply to other insect pollinators. For example, beekeepers keeping
native bees in Korea have reported that impacts of pesticide spray cannot be avoided because their hives
cannot be moved (Park and Youn, 2012).

96



These incident data have also been used to derive the hazard quotient (application rate (g active
ingredient/ha)/LDso (lug active ingredient/bee)) threshold of 50 to identify those uses of foliar applied
pesticides with a risk of resulting in acute honey bee mortality and requiring further evaluation in the risk
assessment, e.g., semi-field and field studies (EPPO, 2010). A comparison of the hazard quotient (HQ) with
the number of incidents reported is shown in Figure 2.3.4. Although the HQ for pyrethroid insecticides is
far greater than 50 there is good evidence that, when applied according to the label, particularly at lower
application rates, and not mixed with ergosterol biosynthesis-inhibiting (EBI) fungicides (see pesticide
mixtures section) honey bee incidents are rarely observed due to the repellent properties of some of this
class of insecticide (Thompson and Thorbahn, 2009). These national monitoring schemes have shown a
decrease in the overall number of incidents reported over the last 20 years following reactive changes to
product registrations and stewardship, e.g. limiting applications to non bee-attractive crops. However, high
profile incidents are still reported such as the off-label use of neonicotinoid dinotefuran on linden trees in
the USA, which resulted in a significant bumble bee kill (Katchadoorian, 2013), dust generated during
planting of a poor-quality neonicotinoid seed treatment in Germany that affected over 11,000 honey bee
colonies (Pistorius et al., 2009), a similar problem in Italy (APENET, 2011), and dust generation during
planting of neonicotinoid-treated seed in the presence of seed lubricants in Ontario, Canada (PMRA, 2013;
Cutler et al., 2014b; see http://www.hc-sc.gc.cal/cps-spc/pubs/pest/_fact-fiche/bee mortality-

mortalite_abeille-eng.php).

It is well established that insecticides can affect individuals and populations of bees, and the impact will
increase with increased exposure, e.g. if the label does not provide clear and effective mitigation measures
(mitigation selected for honey bees may not always protect other pollinator species (Thompson and Hunt,
1999), or the user does not comply with the label (Johansen, 1977; Kevan et al., 1990; Thompson and
Thorbahn, 2009; Brittain et al., 2010; Hordzi et al., 2010). However, beyond the small number of country-
level incident schemes there are few data available on incidents occurring following approved uses or on the
scale of poor practice/non-compliance. There is evidence of deliberate misuse, i.e., intentional poisoning
(Thompson and Thorbahn, 2009). Albert and Cruz (2006) present the testimony of owners of an organic farm
where traditional and local knowledge about agricultural practices were being regenerated in Valencia, Spain.
They explained the problems with a law (called the "pinyola™ decree) that forbids pollinators in certain areas
in this community, where plantations of clementines (hon-native) have been introduced. Pollination generates
seed in clementines, reducing their market value, therefore pesticides are being used in order to kill
pollinators. There is also evidence that home and garden pesticide use can impact butterfly and bumble bee
populations (Muratet and Fontaine, 2015). However, there is also good evidence both from national incident
schemes (Thompson and Thorbahn, 2009) and from field trials (Gels et al., 2002; Stadler et al., 2003; Shuler
et al., 2005; Larson et al., 2013) that the effects of insecticides on individuals and populations of honey bees
can be reduced by appropriate mitigation measures, although the effectiveness of these mitigation measures

for wild bee populations is unclear.
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There is limited evidence that increasing the proportion of natural habitat in the surrounding landscape can
buffer the effects of pesticide use on wild bee abundance and species richness. For example, Park et al. (2015)
observed pesticide effects on a wild bee community visiting an apple (Malus domestica) orchard were
buffered by increasing proportion of natural habitat in the surrounding landscape. The direct consequences
for crop yield from pesticide-induced pollinator losses under field conditions are unresolved (Kevan et al.,
1990; Partap et al., 2001; Richards, 2001). In the presence of pest pressure, pesticides can enhance crop yield
(Oerke, 2006) but a more limited evidence base also demonstrates that pesticides used in combination with
managed pollinators can enhance crop yield (Lundin et al., 2013; Melathopoulos et al., 2014) and
environmental health (Scriber, 2004) and may even improve abundance of butterflies and bumble bees in
urban situations (Muratet and Fontaine, 2015). More recent reviews have specifically questioned the
widespread use of the neonicotinoid seed treatments and suggested there is little to no published evidence to
demonstrate economic benefits of these for farmers (EPA, 2015; Van der Sluijs et al., 2015), although the
number of published trials evaluating this directly is very small and conflicting data also exist (Afifi et al.,
2015; Aglinformatics, 2004). In a recent survey on neonicotinoid seed treatments (Budge et al., 2015) the
benefits of these seed treatments to crop production in the UK were shown through reduced applications of
other insecticides in autumn and increased yield in the presence of pest pressure, although this was variable
between years. However, it also showed an apparent correlation between the scale of use of imidacloprid as
a seed treatment on oilseed rape seed and increased honey bee colony loss. There was no apparent correlation
with total neonicotinoid use (making the underlying mechanism of the correlation unclear) and a number of
other factors, such as beekeeping practices and presence of other forage sources, were not included. Further
large-scale studies are required to develop a greater understanding of the balance between the benefits of

pesticide use in crop production and the potential risks to pollinator or other non-target populations.

There have been suggestions that chronic exposure to certain insecticides (particularly neonicotinoids) may
result in delayed but direct mortality of honey bees (Rondeau et al., 2014; Sanchez-Bayo and Goka, 2014).
However individual honey bees have been shown to clear imidacloprid rapidly (Cresswell et al., 2014) and
although honey bee colonies fed high levels of imidacloprid resulted in high adult mortality and colony failure
(Dively et al., 2015), feeding with more field-realistic exposure levels over an extended period did not result
in increased adult mortality or colony failure (Faucon et al., 2005; Dively et al., 2015). A similar lack of adult
honey bee mortality following long-term (2 — 6 weeks) exposure of colonies has been reported for
thiamethoxam and clothianidin (Pilling et al., 2013; Cutler et al., 2014a; Sandrock et al., 2014). Recent
approaches of using chronic toxicity (LCso) data to assess cumulative toxicity may directly address such

concerns for a wider range of pesticides (EFSA, 2013).
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10. Figure 2.3.4: Comparison of the risk index (HQ = application rate/LLD50) with the number of honey bee
incidents in which the pesticide was detected.

Data are from the UK, Germany and the Netherlands 1985-2007. An HQ of 50 is used in risk assessments for
pesticides to identify those uses that require further evaluation. Incidents may also contain pesticides not related to bee
mortality, e.g. 1) fluvalinate used as a varroacide (to control the Varroa mite) and 2) captan, a fungicide applied at
high rates (Thompson and Thorbahn 2009). The circles highlight the groupings of incidents involving different classes
of insecticides. For reference the HQ of the neonicotinoids imidacloprid, thiamethoxam and clothiandin are >1000 but
no incidents were reported.
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Mode of action

Examples (chemical
subgroup or exemplifying

application rate
+10’s g ai/ha
++100°s of g
ai/ha

Example honeybee
LD50 pg a.i. (active

active ingredient ingredient)/bee !

Acetylcholinesterase
(AChE) inhibitors

Organophosphates,
carbamates

Inhibits enzyme which terminates the action of the
excitatory neurotransmitter acetylcholine at nerve synapses.
Acetylcholine is the major excitatory neurotransmitter in
insects.

Dimethoate 0.1

GABA-gated chloride Cyclodiene organochlorines; Blocks GABA-activated chloride channel; GABA is the + Fipronil 0.004 (oral

channel antagonists phenylpyrazoles major inhibitory neurotransmitter in insects lowest)

SO E BTGB B Pyrethroids, pyrethrins; Keep sodium channels open causing hyperexcitation and in ~ + Deltamethrin 0.0015

DDT/methoxychlor some cases nerve block. Sodium channels are involved in (contact lowest)
the propagation of action potentials along nerve axons.

Nicotinic acetylcholine Neonicotinoids; nicotine; Mimic the agonist action of acetylcholine at nAChR causing + Thiacloprid 17.3 (oral

receptor (nAChR) agonists sulfoxaflor; butenolides hyperexcitation. Acetylcholine is the major excitatory lowest)
neurotransmitter in insects. Imidacloprid 0.0037

(oral lowest)

Nicotinic acetylcholine Spinosyns Allosterically activate nAChRs causing hyperexcitation. + Spinosad 0.0036

receptor (nAChR) allosteric Acetylcholine is the major excitatory neurotransmitter in (contact lowest)

modulators insects.

O DL RN B TGIE TN §E S Avermectins, milbemectins Allosterically activate glutamate-gated chloride channels + Abamectin 0.002
causing paralysis. Glutamate is an important inhibitory (contact)
neurotransmitter in insects

W GG D g 1 DRG0 B1 88 Pymetrozine; flonicamid Stimulate chlordotonal proprioceptors by an unknown + Pymetrozine >117

organs mechanism; impairs fine motor control, resulting in (oral lowest)
disruption of feeding and other behaviours of Hemiptera and
certain other insects

Voltage dependent sodium Indoxacarb; metaflumizone Block sodium channels causing nervous system shutdown + Indoxacarb 0.07

channel blockers and paralysis. Sodium channels are involved in the (contact lowest)
propagation of action potentials along nerve axons.

Ryanodine receptor Diamides Activate muscle ryanodine receptors leading to contraction + Chlorantraniprole >4

modulators

and paralysis. Ryanodine receptors mediate calcium release
into the cytoplasm from intracellular stores.

(contact lowest)

5. Table 2.3.2: Examples of classes. Mode of action and toxicity of insecticides acting on nerve/muscle targets
(from IRAC MOoA Classification v7.3 February 2014 http://www.irac-online.org/documents/moa-classification/?ext=pdf)
#toxicity data from http://www.agritox.anses.fr/php/fiches.php
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2.3.1.4 Sublethal effects of pesticides on bees

2.3.1.4.1 Importance of sublethal effects

In addition to the traditional measurements of lethal effects happening during acute exposure to pesticides,
an increasing number of studies have focused on the sublethal effects of pesticides on pollinators, since the
1970’s. Sublethal effects are defined as the effects on individuals that survive exposure (Desneux et al.,
2007). They mainly follow chronic exposure to pesticides, but can also be a consequence of acute exposure.
A pioneering study by Schricker and Stephen (1970) showed that when honey bees were exposed to a
sublethal dose of parathion, an organophosphate insecticide, they were unable to communicate the direction
of a food source to other bees. Using a variety of methods, many studies have shown the effects of newer
classes of insecticides, for instance pyrethroids (Vandame et al., 1995) and neonicotinoids (Henry et al.,
2012), causing alterations in the navigation of bees and their orientation to food resources and colony
location, resulting in bee losses. After reviewing the documented sublethal effects of pesticides on bees, we
examine the conclusions of the principal reviews on this topic with respect to the role of sublethal effects of
these pesticides in the decline of bees, and the pollination they provide.

2.3.1.4.2 Range of sublethal effects

An extensive variety of sublethal effects has been studied, and can be classified into effects at the individual
(physiological and behavioral) and colony levels. We provide several examples of each detected effect, based
on the principal reviews (Thompson, 2003; Desneux et al., 2007; Belzunces et al., 2012; Van der Sluijs et
al., 2013; Godfray et al., 2014; Pisa et al., 2014) (see Table 2.3.3).

6. Table 2.3.3: Non-exhaustive list of sublethal effects of different classes of insecticides and acaricides

(Bz: benzamides; Oc: organochlorines; Nn: neonicotinoids; Op: organophosphates; Py: pyrethroids), fungicides (Az:
azoles) and herbicides (Ph: Phosphonoglycines) on individual (physiology and behavior) and colony levels for various
species of bees (Ac: Apis cerana; Am: Apis mellifera; Bt: Bombus terrestris; Mq: Melipona quadrifasciata; Mr:
Megachile rotundata; Ob: Osmia bicornis).

Species Compound Effect Reference
1. Physiology
Neurophysiology WEZED Op-fenitrothion Enzyme inhibition (Bendahou et al.,
Op - coumaphos 1999; Palmer et al.,
Py-cypermethrin 2013)
Immunity W7 Nn-clothianidin Decreased immunity, (Di Prisco et al., 2013)
increased viral pathogen
replication
Thermoregulation [ZEZ] Az-prochloraz Hypothermia (separately and (Vandame and
Az-difenoconazole in synergistic action) Belzunces, 1998)

Py-deltamethrin
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Reproduction

Longevity

Fecundity

2. Behavior

Feeding
Mobility

Learning

Navigation

Communication

Defense

3. Colony

Foraging

Species
Ac, Am

Bt
0Ob

Am
Am
Am
Am

Ac

Compound
Bz-diflubenzuron
Bz-penfluron

Nn-imidacloprid

Nn-thiamethoxam

Nn-clothianidin
Py-deltamethrin
Nn-imidacloprid

Nn-thiamethoxam

Nn-clothianidin
Py-deltamethrin

Py-deltamethrin
Py-permethrin

Nn-imidacloprid

Nn-thiamethoxam

Nn-imidacloprid
Nn-clothianidin
Az-prochloraz
Py-deltamethrin
Oc-endosulfan
Nn-fipronil
Nn-imidacloprid

Op-coumpahos
Nn-imidacloprid

Nn-imidacloprid

Ph-glyphosate

Py-deltamethrin

Nn-imidacloprid

Nn-thiamethoxam

Op-parathion

Nn-imidacloprid

Nn-imidacloprid

Nn-fipronil
Nn-imidacloprid

Effect

Decreased brood production

Decreased brood production

Reduced offspring production,
male biased offspring sex-ratio

Reduced adult longevity

Truncated worker production,
reduced worker longevity

Reduced egg laying

Reduced feeding stimulation

Increased self-cleaning,
trembling, decreased walking
and food giving

Affected mushroom bodies
development, impaired
walking behavior

Loss of posture control, failure
to right body

Decreased olfactory
performance, impaired
memory and brain
performance

Impaired olfactory associative
behavior

Impaired conditioning of
proboscis extension

Chronic behavioral
impairment
Reduced sensitivity to sucrose

and reduced learning
performance

Failure in returning to the
colony

Failure in returning to the
colony

Failure in returning to the
colony

Incorrect communication of
information during dance

Decreased avoidance of
predators

Reduced pollen foraging

Reduced rate active/total bees,
decreased foraging

Reference

(Chandel and Gupta,
1992)

(Tasei et al., 2000)
(Sandrock et al., 2014)

(Dechaume et al.,
2003)

(Fauser-Misslin et al.,
2014)

(Tasei et al., 1988)

(Tasei, 1994)
(Cox and Wilson,
1984)

(Tomé et al., 2012)

(Williamson et al.,
2014)

(Decourtye et al.,
2004; Decourtye et al.,
2005)

(Yang et al., 2012)

(Williamson and
Wright, 2013)

(Gill and Raine, 2014)

(Herbert et al., 2014)*

(Vandame et al., 1995)
(Bortolotti et al., 2003)
(Henry et al., 2012)
(Schricker and

Stephen, 1970)
(Tan et al., 2014)

(Feltham et al., 2014)
(Colin et al., 2004)

102



Species Compound Effect RE SIS
(Whitehorn et al.,

Colony performance Nn-imidacloprid Reduced growth rate, reduced

queen production 2012)
Bt Py-cyhalotrin Increased worker mortality (Gill et al., 2012)
Nn-imidacloprid and pollen collection, reduced

brood development

Am Nn-thiamethoxam Declining number of bees, (Sandrock et al., 2014)
Ninelleiiamiatin queen failure, reduced
propensity to swarm

Bt Nn-imidacloprid Decreasing birth rate, colony (Bryden et al., 2013)
failure

* Note that Thompson et al. (2014) found no sublethal effects of glyphosate on honeybees.

As shown in Table 2.3.3, there exist a broad variety of sublethal effects, including individual physiological
and behavioral effects as well as colony-level effects. Most of these effects have been shown with the
honey bee, and most of the recent studies look at neonicotinoid insecticides effects. Despite this research,
important gaps of knowledge remain; for example: 1) most studies have been carried out with honey bees, a
few with the bumble bee, Bombus terrestris, but very few with other social or solitary bee species
(Sandrock et al., 2014) (Table 2.3.3, Figure 2.3.6). Consequently, the actual effects on pollinator
communities are not clear; 2) most research has been performed with insecticides, particularly of the
neonicotinoid class; therefore less is known of the sublethal effects of other insecticides, herbicides, or
fungicides; 3) the synergistic effects of pesticides at sublethal doses have been little studied, despite the
possibility of severe effects (Colin and Belzunces, 1992; Vandame and Belzunces, 1998); 4) the interaction
of pesticides at sublethal doses with other key pressures on pollinators (land-use intensification, climate
change, alien species, pests and pathogens), while largely unknown (Vanbergen et al., 2013), is likely to
contribute to the overall pressure on pollinators (Goulson et al., 2015) (see section 2.7.2. case study 2:
pathogens and chemicals in the environment).

2.3.1.4.3 Sublethal effects and the threat to bees

The overview given in Table 2.3.3 raises an important question: what is the current role of these numerous
sublethal effects in terms of the decline of bees worldwide? Nine reviews have provided a variety of
responses to this question.

One set of three reviews deals with sublethal effects of pesticides in general. The first (Thompson, 2003)
reviewed 75 studies dealing with behavioural effects of pesticides on bees, ranging from effects on odour
discrimination to disruption of the homing behavior, showing that these effects occur at pesticide levels at or
below those estimated to occur following field applications. It states that long-term impact on the colony of
the behavioural effects is rarely reported. It calls for using laboratory studies to address sublethal effects for
compounds with low acute toxicities and low application rates. The second review (Desneux et al., 2007),
based on 147 studies, showed a wide range of sublethal effects, principally perturbation of individual

development, foraging patterns, feeding behavior, and learning processes; it concludes that the consequences
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of sublethal effects on populations and communities of pollinators are not well understood, and calls for
development of methods to test these effects, and their inclusion in regulatory procedures. A third review
(Belzunces et al., 2012), based on approximately 250 studies, focused on neural effects of insecticides on
honey bees, highlighting the fact that the mechanisms by which insecticides elicit their effects are not
restricted to the interaction between the active substance and the molecular target responsible for the
insecticidal action. It also showed that synergistic effects between different insecticides are poorly

understood in bees, and very likely underestimated.

Another set of six reviews more specifically addressed the sublethal effects of neonicotinoid insecticides.
The first (Blacquiére et al., 2012) reviewed approximately 110 studies, reporting a wide variety of sublethal
effects. It showed that levels of neonicotinoid residues in plants (specifically in nectar and pollen) tended to
be lower than levels required to produce toxic effects (either acute or chronic) on bees. Blacquiére et al.
(2012) also highlighted that there was a lack of reliable data with most analyses having been conducted near
the limits of detection and for just a few crops. Despite a number of sublethal effects documented in
laboratory studies, Blacquiere et al. (2012) found that no effects were observed in field studies at field-
realistic dosages. This result then can be partly due to the fact that most studies were conducted after seed
treatments, a mode of exposure that generates lower levels of residues than other ways of application. A
further review of 259 studies (Godfray et al., 2014) focussed on the sublethal effects in laboratory and semi-
field experiments. This review also highlighted the need to understand further whether these effects
corresponded to sub-lethal doses received by pollinators in the field leading to significant impairment of
individual performance, whether there is a cumulative effect on colonies and populations affecting
pollination in farm and non-farm landscapes, and what the consequences are for the viability of pollinator

populations.

The other four of these six reviews (three of which (Van der Sluijs et al., 2013, Simon-Delso et al., 2014,
Pisa et al., 2015) have common contributors) conclude in a different way and state that the sublethal effects
of neonicotinoids very likely have a negative impact in individual and social performances of bees. A meta-
analysis of 14 studies on the effects of imidacloprid on honey bees (Cresswell, 2011) estimated that field-
realistic levels in nectar will have no lethal effects, but will reduce expected performance in adult honey
bees under laboratory and semi-field conditions by 6 to 20%. This author's statistical power analysis
showed that the field trials published at this time (up to 2011), which reported no effects of neonicotinoids
on honey bees, were incapable of detecting these predicted sublethal effects with conventionally-accepted
levels of certainty. Therefore, this study raised concern regarding the ability of the reviewed studies to
detect a sublethal impact of imidacloprid under field conditions, a view supported by the more recent study
by Rundlof et al. (2015), who used a study design with sufficient replication (8 pairs of fields) to detect a
20% effect on honey bee colony strength if it had occurred. Similarly, a review of 163 scientific studies
(Van der Sluijs et al., 2013) concluded that at field realistic doses, neonicotinoids produce a wide variety of

adverse sublethal effects in honey bee and bumble bee colonies, affecting colony performance. These
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authors also warn that long-term effects are not taken into account by tests for marketing authorization, and
in general field tests have a low reliability due to the number of environmental variables involved.
Recently, the International Task Force on Systemic Pesticides, a group of 29 independent scientists set by
the IUCN (International Union for the Conservation of Nature), published a series of complementary
reviews. In one of these reviews, Simon-Delso et al. (2015) summarize the high number of metabolites
derived from neonicotinoid and fipronil, and underline how limited is the knowledge about their toxicity
profiles. A different analysis by the same team (Pisa et al., 2015), based on more than 350 studies, reviews
the effects of these compounds on invertebrates, including honey bees, showing a wide range of sublethal
effects on activity, locomotion, metabolism, ontogenetic development, behaviour, learning and memory. In
contrast with Blacquiére et al. (2012), they conclude that there is a clear body of evidence showing that
existing levels of pollution, resulting from authorized uses, frequently exceed the lowest observed adverse
effect concentrations and are thus likely to have large-scale and wide-ranging negative biological and
ecological impacts. They finally suggest that regulatory agencies apply more precautionary principles and
tighten regulations on neonicotinoids and fipronil.

Despite the fact that these nine reviews overlap with respect to the papers they include, their conclusions are
quite varied, though there is some commonality in the authors of the opposing views. Clear consensus exists
regarding the fact that both wild and managed bees are exposed to pesticides (mainly through nectar and
pollen, in the case of the neonicotinoids), and that the range of sublethal effects is quite broad. There is
significant evidence and rather high agreement on the highly negative impacts of sublethal effects in

controlled conditions.

However, some other topics are a matter of disagreement between the reviews, and in particular, over what
constituted a field-realistic dose given pollinator traits, environmental context and management (Van der
Sluijs et al., 2013; Carreck and Ratnieks, 2014). Thus, there are divergent views around the real effects of
pesticides in field conditions, a knowledge gap that is attracting interest of different recent studies. In
particular, Goulson (2015), when reanalyzing a study of the impacts of exposure of bumble bee colonies to
neonicotinoids, showed a negative relationship between both colony growth and queen production and the
levels of neonicotinoids in the food stores collected by the bees. Another study at wide field scale observed
the effects of the clothianidin applied on spring sown oilseed rape in Sweden on managed honey bees and
different wild bees (Rundlof et al., 2015). They showed that this insecticide had no impact on managed honey
bees but was reducing the density of wild bees, the nesting of the solitary bee Osmia bicornis, and the growth
and reproduction of the bumble bee B. terrestris colonies. Though it is unclear whether the same results
would be observed under different conditions (e.g. different crops, climates, or modes of agriculture) these
results do show for the first time the effects of neonicotinoid insecticides in field conditions. These new data
have a considerable importance, considering that oilseed rape is one of the main crops worldwide, and is
highly attractive to bees, such that it competes successfully with other co-flowering vegetation for pollinator
visits (Holzschuh et al., 2011, section 2.2.2.1.7).
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Among the reviews published to date, four out of six (Cresswell, 2011; Van der Sluijs et al., 2013; Simon-
Delso et al., 2014; Pisa et al., 2014) do conclude that sublethal effects of neonicotinoid insecticides on bees
have negative consequences on their individual and social performances, suggesting their contribution to the
decline of bees. Such consequences are potentially worsened by the fact that bees can be attracted by foods
contaminated by neonicotinoid insecticides (Kessler et al., 2015). There is overall considerable evidence of
sublethal effects of neonicotinoids on bees, but still low agreement on their in-field exposure levels and
subsequent consequences, resulting in considerable uncertainty about how sublethal effects recorded on
individuals (Figure 2.3.5) might affect the populations of wild pollinators over the long term. This knowledge
gap makes it particularly difficult to assess how sublethal pesticide impacts affect the delivery and economic
value of pollination services (Rundlof et al., 2015; Raine and Gill, 2015). As highlighted by Johnson (2015)
modeling may provide an approach to improve our understanding of the potential impact of sublethal effects

on honey bee colonies (Becher et al., 2014) and other pollinators (Bryden et al., 2013).

Finally, some of the reviews consider that synergistic and chronic effects have been widely underestimated,
and should be studied much more.

Another issue is whether sublethal effects of pesticide exposure affect the provision of pollination. A recent
study by Stanley et al. (2015) provided the first experimental evidence that neonicotinoid exposure can reduce
the pollination delivered by bumblebees (B. terrestris) to apple crops. Flower visitation rates, amounts of
pollen collected and seed set were all significantly lower for colonies exposed to 10 ppb thiamethoxam than
untreated controls in flight cages. These findings suggest that sublethal effects of pesticide exposure can
impair the ability of bees to provide pollination, which could have wider implications for sustained
production of pollinator-dependent crops and the reproduction of many wild plants. Although currently there

is no evidence of such impacts on pollination under field conditions (Brittain and Potts, 2011).
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Reported effects of neonicotinoid insecticides on individual adult honey bees
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11. Figure 2.3.5: Analysis of the reported oral exposure levels for three neonicotinoid insecticides

(imidacloprid, clothianidin and thiamethoxam) resulting in sublethal effects or no effects at varying levels of
organization in individual honey bees (sublethal effects data from literature reported in Fryday et al., 2015).
Colony-level effects, including long-term effects, are not included. Molecular/cellular effects include those reported in
in vitro systems. For reference, residue levels after seed treatments in field conditions range from 0.9 to 23 pug/Kg
pollen and 1.9 to 16 ug/Kg honey, based on the subsequently cited references. A review of neonicotinoid residues in
treated crops is provided in Blacquiere et al. (2012) (average 0.9 -3.1 ug/Kg pollen, with levels in honey generally
lower). Godfray et al. (2014) refer to average maximum residues in nectar following seed treatment of a range of
crops as 1.9 pg/Kg (6.1 pg/Kg in pollen), but a recent study by RundI6f et al. (2015) showed a mean of 10.3 £ 1.3
(range 6.7-16) pug/Kg nectar and mean 13.9 £ 1.8 (range 6.6-23) ug/Kg pollen following seed treatment of spring
oilseed rape. Soil drench and foliar treatments may result in high residues depending on both application rate and pre-
flowering application interval. Data from Cucurbitae has shown mean residues up to 11 pg/Kg nectar and 80 pg/Kg
pollen following soil treatment and 8 ug/Kg nectar and 95 ug/Kg pollen following foliar treatment (Stoner and Eitzer,
2012; Dively and Kamel, 2012). Honey bee foragers consume 100% nectar; in-hive bees 84% nectar and 16% pollen
(European Food Safety Authority (EFSA) 2013, United States Environmental Protection Agency (EPA, 2014).
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12. Figure 2.3.6 Analysis of the numbers of reported sublethal endpoints at different levels of organisation
reported for the neonicotinoid insecticides

(imidacloprid, clothiandin and thiamethoxam) conducted on Apis, Bombus and other bee species and the relative
abundance of data on specific endpoints (excluding mortality) in honey bee individuals and colonies (as reported in
Fryday et al., 2015).

2.3.1.5 Evidence of effects of pesticide mixtures

Pollinators may be exposed to mixtures of pesticides through a number of routes, including collection of
nectar and pollen from multiple sources, storage of these in colonies of eusocial bees, tank mixes, and
overspray of crops in flower where systemic residues are present in nectar and pollen. In addition, honey
bees may also be exposed to beekeeper-applied treatments such as antibiotics and varroacides (Chauzat et
al., 2009; Mullin et al., 2010) There is evidence of multiple residues of pesticides detected in bees, honey,
pollen and wax within honey bee colonies (e.g. Thompson, 2012) but these data are complex in terms of the
number, scale and variability of pesticide residues. Data are very limited or absent for other pollinators and

for the effects of complex pesticide mixtures.

There is strong evidence that when combinations of pesticides have been screened in a range of aquatic
invertebrates (Verbruggen and van den Brink, 2010; Cedergreen, 2014), synergistic interactions (resulting in
greater than 2-fold increase in toxicity when compared with concentration addition) were rare (7%) and 95%
of these could be predicted based on their mode of action, e.g. ergosterol biosynthesis inhibitor (EBI)
fungicides and pyrethroids (Cedergreen, 2014). For the remainder the effects were at worst additive with
many combinations showing no significantly increased toxicity or even antagonistic effects. This limited
evidence of synergistic interactions, other than those through deliberately applied insecticide synergists (such
as piperonyl butoxide or mixtures of insecticides (Andersch et al., 2010), is also evident in honey bees, and
the vast majority of the literature relates to synergistic interactions resulting from EBI fungicide exposure

(Thompson, 2012; Glavan and Bozic, 2013). The first evidence of unintended synergistic interactions in
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honey bees with increases in toxicity (decrease in LDso) of up to 1,000-fold was that between EBI fungicides
and pyrethroids (Colin and Belzunces, 1992; Pilling, 1992; Pilling et al., 1995; Johnson et al., 2006) and was
identified as due to the inhibition of the P450s, responsible for pyrethroid metabolism. More limited evidence
has identified the potential for synergism between the EBI fungicides and neonicotinoid insecticides
(Schmuck et al., 2003; Iwasa et al., 2004) through the same mechanism, with reported increases in toxicity
up to 500-fold. However, there is also evidence that the scale of synergism observed is dose-related with a
low or no increase in toxicity at field-realistic dose levels (Thompson et al., 2014). There is some evidence
that effects in honey bees at the nerve synapse receptor level between organophosphorus and neonicotinoid
insecticides are additive (Palmer et al., 2013), and effects of lambda-cyhalothrin and imidacloprid on colony
performance are additive in the bumble bee B. terrestris (Gill et al., 2012), as may be expected from the
differing mode of action of these compounds. There is also limited evidence of the interactions between
veterinary medicines used in honey bee colonies, such as varroacides (Johnson et al., 2013) with some
evidence that other classes of pharmaceuticals, such as antibiotics, interacting with multi-drug resistance
membrane-bound transporter proteins may result in significantly increased toxicity of varroacides
(Hawthorne and Diveley, 2011).

2.3.1.6 Evidence of honey bee colony losses due to pesticide use from national monitoring programmes

National monitoring approaches have been undertaken to address directly the role of pesticides in over-
wintering honey bee colony losses. To date, these have concluded that colony loss is a multifactorial issue
with the predominance and combination of different drivers varying in space and time (section 2.7). There is
no clear evidence that pesticides, particularly the neonicotinoid insecticides, have directly contributed to
these longer-term colony losses in the EU or US (Chauzat et al., 2006a; Chauzat et al., 2006b; Chauzat and
Faucon, 2007; Chauzat et al., 2009; Nguyen et al., 2009; vanEngelsdorp et al., 2009b; Chauzat et al., 2010;
Genersch et al., 2010; Chauzat et al., 2011; Rundlof et al., 2015), with the most recent statistically robust
field study by Rundl6f et al. 2015 supporting this conclusion. In some cases (Orantes-Bermejo et al., 2010;
vanEngelsdorp et al., 2010)), however, the residues of the most frequently suspected pesticides (e.g.
neonicotinoids) were not analysed using methodology with sufficiently low limits of detection (LOD) and
limits of quantification (LOQ). In addition, some studies have highlighted fungicides as a factor affecting
honey bee health adversely, although their role in colony losses have not yet been demonstrated
(vanEngelsdorp et al., 2009a; Simon-Delso et al., 2014). The mode of action underlying this observation is
currently unclear. There is some evidence that fungicide exposure may result in decreased nutritional
contribution of bee bread (processed pollen) by reducing the diversity of fungal spores returned to the hive
and by affecting the diversity and growth of fungi present in bee bread and thus its fermentation (Yoder et
al., 2013).

Box 2.3.5: Assessing the possible contribution of neonicotinoids to pollinator declines: What do we still

need to know?
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To date the role of neonicotinoids in pollinator declines has been a particularly polarised debate. There are

both qualitative and quantitative aspects, so what evidence do we need to inform the debate?

Where declines in species and possible drivers have been identified but not prioritised, we need to weigh the
evidence carefully, and identify which are the key gaps (e.g. (Van der Sluijs et al., 2013; Godfray et al., 2014;
Lundin et al., 2015). Where the evidence is still scant, Hill’s epidemiological criteria can be used to identify
whether the logic criteria (coherence, plausibility, gradient) coincide with the circumstantial epidemiological
evidence, e.g. for honey bee declines (Cresswell et al., 2012a; Staveley et al., 2014). Such an analysis both
identifies knowledge gaps, but also helps to differentiate between the differing drivers of declines. For
example declines of bumble bees in the 1950s were certainly not initiated by neonicotinoids, but probably
due to loss of flower-rich habitat with agricultural intensification (Ollerton et al., 2014).

Apart from dust generated during drilling of treated seed or off-label applications, national incident
monitoring schemes suggest approved neonicotinoid use has not been associated with honey bee mortality.
However, vigilance is needed to ensure that approved uses include mitigations to protect pollinators and the
environment (e.g. buffer zones to off-crop areas, not applying to bee-attractive crops in flower or crops
containing flowering weeds) and that use instructions are clear, understood and respected. Concerns have
arisen primarily from acute or chronic sub-lethal exposures that might interfere with foraging, orientation
and learning abilities and other behavioural characteristics of pollinators, as well as with the immune system

at the individual and colony level.

There remain some key gaps in our knowledge:

1. Toxicity. There are large differences in the toxicity of neonicotinoids in honey bees, e.g. thiacloprid and
acetamiprid vs. imidacloprid, clothianidin and thiamethoxam as well as their metabolites (Blacquiére et al.,
2012). Although, with appropriate assessment factors, acute (lethal) toxicity data for honey bees can be used
as a surrogate for other species (Hardstone and Scott, 2010; Arena and Sgolastra, 2014), large differences in
species sensitivity may occur (as for other invertebrates, e.g. Cloen (Mayfly) compared to Daphnia (Roessink
et al., 2013)). The ability of bees to detoxify and excrete ingested neonicotinoid residues contributes to
species differences in their chronic sensitivity (Cresswell et al., 2012b; Laycock et al., 2012; Cresswell et al.,
2014). Therefore further data are required especially for wild pollinator species, to confirm that extrapolation

between species is appropriate for neonicotinoids and their metabolites (Lundin et al., 2015).

Even less is known about sub-lethal toxicity, e.g. at which doses are no effects found, which effects are
important for which species (see Figures 2.3.5 - 2.3.7 (Lundin et al., 2015))? For example, there is a plausible
potential for interactions between sub-lethal exposure to neonicotinoids and foraging efficiency, resulting in
effects at the colony level for species with low numbers of foragers (Rundlof et al., 2015). The Rundl6f et al.

(2015) study showed that, whilst there were no effects on honey bee colonies, exposure to flowering spring-
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sown oilseed rape grown from seed treated with the highest approved application rate of clothianidin in
Sweden affected bumble bee colony development, Osmia nest establishment and the abundance of wild bees
observed foraging on the crop. The residue levels in pollen and nectar were higher than previously reported
in oilseed rape (Blacquiere et al., 2012; Cutler et al., 2014a; Godfray et al., 2014) and highlight the need for
understanding of the variability of pesticide residue levels in crops. For example, in Europe, varieties of
oilseed rape sown in the autumn/winter are far more prevalent than spring-sown varieties. Autumn/winter
sown varieties are often treated with lower levels of neonicotinoid and the time from sowing to flowering is
about 7-8 months, rather than 3-4 months for spring varieties. However, these results are of considerable
importance, because they show for the first time the effects under field conditions of a neonicotinoid
insecticide on wild bees in the absence of an effect on honey bees. In order to quantify the possible
contribution of these sublethal effects to the observed declines we need not only to test at levels that result in
these effects under laboratory conditions, (Figure 2.3.5) but also at field-realistic exposure levels and profiles
(Lundin et al., 2015). Such an approach may use designs similar to that of Rundlof et al. (2015) to evaluate
the effects on managed and wild bee populations of the most widely used insecticides, applied according to
their approved use, in the most widely grown pollinator attractive crops.

Individual honeybee endpoints Honeybee colony endpoints

ocomolor-actvity B
P[R = ~foragig-achiiy
whansmtn =

13. Figure 2.3.7 Relative abundance of data on specific memory, behavioural, morphological, physiological and
molecular effect endpoints (excluding mortality) in honey bee individuals and colonies
(as reported in EFSA, 2015)

2. Exposure. To quantify field-realistic exposure levels we need to estimate both the potential total exposure
to residues (parent and relevant metabolites), e.g., via pollen and nectar, and understand the relative
consumption of these versus consumption of uncontaminated sources, because contaminated food will often
form only part of the total available food resources within the landscape (Lundin et al., 2015). It is important
to know what the impact is of the chemicals as applied in the field or in residential or amenity use at the
colony or population level. What are the residue levels in different compartments of the plant, after real field
applications and in subsequent crops grown on the treated fields, how do these translate into levels in pollen
and nectar, and what are the consequences for the exposure of adult bees and larvae of different bee species,

e.g. species that feed their larvae raw pollen versus processed brood food?
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3. Interactions & Synergisms. What are the consequences of the sublethal effects of neonicotinoids with
additional additive or synergistic stressors? A key area of challenge is the need to study the effects of realistic
combinations and scales of stressors, some of which are not readily manipulated, e.g. pesticides and disease
within the honey bee colony (Goulson et al., 2015; Lundin et al., 2015). Modelling (Bryden et al., 2013;
Becher et al., 2014) may provide an opportunity to study both the potential interactions of such sublethal
effects with each other and the effects of other factors, e.g. landscape, climate, as drivers of pollinator decline
(Kielmanowicz et al., 2015).

2.3.2 GMO cultivation

2.3.2.1 Introduction

Genetically modified (GM) organisms (GMOs) are organisms that have been modified in a way that does
not occur naturally by mating and/or natural recombination (FAO/WHO, 2001). One of the most common
methods to do this is by bioengineering transgene(s) into the new organism. The most common plant
transgenes confer herbicide tolerance (HT), or toxicity towards herbivores (insect resistance, IR), although
other characteristics have been also engineered (e.g., drought resistance in wheat, nutritional values in
sorghum; James, 2014). As of 2014, several GM crops were commercialized and grown in 28 countries,
representing around 12% of the world’s arable land, an equivalent of 181.5 million ha (Figure 2.3.8, James,
2014; Li et al., 2014a). The most widely commercialized GM crops are maize, cotton, canola (oilseed rape)
and soybean, which currently have varieties that can display one or both IR and HT. Other less widespread

crops are already available and cultivated, such as sugar beets, papaya, alfalfa or rice (James, 2014).
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14. Figure 2.3.8. Distribution and uptake of GM-crop production from 1996 to 2014
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lands growing GM-crops. Modified from James (2014).

The most common HT crops confer resistance to the herbicide glyphosate (Schwember, 2008), engineered
through the introduction of an Agrobacterium (bacterial) enzyme gene (Funke et al., 2006).

All currently grown IR-crops express insecticidal proteins engineered from the bacterium Bacillus
thuringiensis (Bt-toxins; mainly Crystalin —Cry— and Vegetative Insecticidal Proteins —Vip) (Gatehouse et
al., 2011). The toxicity of these proteins is relatively taxon-specific, generally against Lepidoptera or
Coleoptera. Non-Bt insecticidal proteins have been bioengineered from other non-bacterial organisms (e.g.,
alpha-amylase inhibitors, lectins, biotin-binding, fusion proteins; Malone et al., 2008; Vandenborre et al.,
2011) and allow expanding the breadth of IR, as well as dealing with Bt-toxin resistance. Because these latter

crops are not currently commercialized, their impact on pollinators will not be presented here.

In the framework of GMO production, pollinators are considered non-target organisms. Prior to
commercialization, all GM-crop varieties are assessed for environmental risk. Effects of GM-crops of non-
target organisms are generally tested on surrogates, species considered representative of the ecological
function in question. In the case of pollinators, these species have been the honey bee (A. mellifera), Osmia

bicornis and B. terrestris, and ladybird beetles (Coleomegilla maculata, Adalia bipunctata and Coccinella
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septempunctata) (Li et al., 2014b). When evaluating the potential effect of GMOs on pollinators, one should

consider two types of effects: direct and indirect.

2.3.2.2 Direct effects

Exposure to the transgenic trait in IR crops has the potential to affect insect pollinators directly (Malone and
Burgess, 2009). Thus, risk assessment procedures related to GMO release, cultivation and production have
involved studies that assessed the toxicity of the transgenic proteins or transgenic tissue to insect pollinators
(Andow and Zwabhlen, 2006; Li et al., 2014b).

Pollinators consume pollen and/or nectar, and because the transgenes are expressed in both (Abrol, 2012;
Malone and Burgess, 2009; Paula et al., 2014), their ingestion could potentially lead to reduced survival or
behavioral/physiological disturbances. To test this, laboratory (reviewed in Li et al., 2014b; Paula et al.,
2014), greenhouse (e.g., Arpaia et al., 2011; Hendriksma et al., 2013; see Malone and Burgess, 2009 for a
review) and field (e.g., Hendriksma et al., 2013; Martins et al., 2008; reviewed in Malone and Burgess, 2009)
studies were performed by either feeding pollinator larvae and/or adults with diets supplemented with the
purified toxin or a quantified amount of GM-pollen or nectar, or by allowing the pollinators to harvest and
consume GM-plant products from natural or semi-natural environments. These studies were carried out on a
diverse array of pollinator taxa, such as Hymenoptera, Lepidoptera and Coleoptera. Toxicity against Diptera
pollinators has never been tested and this remains an important knowledge gap.

Results from these studies vary based on the target group and the toxin concentration. Bt-toxins are non-
lethal to Hymenoptera and their colonies (Abrol, 2012; Babendreier et al., 2008; Devos et al., 2012; Duan et
al., 2008; Hendriksma et al., 2013; Li et al., 2014b; Malone and Burgess, 2009; Mommaerts et al., 2010).
However, sub-lethal effects (see section 2.3.1.4) were reported in one study. In particular, ingestion of high
concentrations of Bt-toxins (close to those found in some transgenic varieties, such as NaturGard KnockOut,
Fearing et al., 1997) affected the behavior (however, see Arpaia et al., 2011 for a study where no behavioral
difference was observed in bumble bees) and learning in honey bees, although there was no effect at lower
toxin concentrations (such as those found in other transgenic varieties; Ramirez-Romero et al., 2008). As
expected, toxins were shown to lead to reduced larval survival and body mass, and increased developmental
time in Lepidoptera (Lang and Otto, 2010; Paula et al., 2014) (Table 2.3.4). In an environmental risk
framework, European studies modelling the potential exposure and consumption of Bt-pollen by wild
butterflies provided ambiguous results (e.g., Holst et al., 2013; Perry et al., 2013 and references therein), and
more experimental research may be needed to resolve this issue. Finally, Cry1C and Cry2A Bt-toxins did not
affect the larval development and survival of several pollen-feeding ladybirds (Li et al., 2015; Li et al.,
2014b).

7. Table 2.3.4 — Summary of results for tested negative effects of insecticidal proteins on different insect
pollinators.
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“No” indicates no negative effects identified; “Yes” indicates negative effects identified; “Yes/No” indicates that the
effects were identified on some species or particular developmental stages only; “NT”: not tested. Cry: Crystalin
proteins, Vip: Vegetative insecticidal proteins, E: empirical, R: review, MA: Meta-analysis.

_ Insecticidal
Pollinator protein Publication Details
group
Cry Vip
no NT Babendreier et al., | Bombus terrestris microcolonies fed with
2008 (E) purified CrylAb and SBTI
no no g/lozé)lg r};?h%s;re%gsa Several Hymenoptera groups fed with different
al., 2009 (R) Cry, Vip and non-Bt proteins
no NT Konrad et al. (2008) | Larvae of Osmia bicornis fed with CrylAb
(E) toxins
I(?))églenopter; aRIamZ'(r)%gFZET elgoevgst Sublethal effects of purified CrylAb on Apis
wasps) es/no | NT et., al 201’2 (E): mellifera adults; A. mellifera larvae fed with
P y Hendr.i,ksma ot al ' | purified Cry3Bb1 proteins; composition of gut
2013 (E) bacterial community of A. mellifera
Mommaerts et al., | Lethal and sublethal effect of Bt-formulations
no NT 2010 (E); Arpaia et | on B. terrestris microcolonies; foraging
al., 2011 (E) behavior on Bt-plants
Li et al., 2014b (R); .
! > | Several Hymenoptera stages treated with
no NT Duan et al.,, 2008 | 7. e .
(MA) different purified Cry proteins
es/no | NT Lang and Otto, 2010 | Different Lepidoptera groups fed with Bt-
y (R) pollen or purified Cry proteins
Lepidoptera - - -
(butterflies & | yes NT Paula et al., 2014 (E) gﬁ}gzgﬁzelg:ﬁ?;l effect in  CrylAc-fed
moths)
no no Romeis et al., 2009 | Several Lepidoptera groups fed with different
(R) Cry, Vip and non-Bt proteins
. Larvae of different ladybird species reared
Coleoptera no NT L! et al., 2014b (R), with Bt-pollen and purified Cry1C and Cry2A
(beetles) Lietal., 2015 (E) oroteins

2.3.2.3 Indirect effects

These effects include those affecting pollinators, either through indirect contact with the GM-crop or parts
of it, or through changes in the agroecosystem and/or agricultural practices (see section 2.2.2) associated with

the GM-crop production. These latter changes can potentially lead to alterations in ecological communities,
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associated with changes in food or interaction webs, or population and follow-on effects if transgene flow

from the GM-crop into non-GM- or wild (ancestor) species occurs.

2.3.2.3.1 Effects of GM-crops on the use of agrochemicals

One of the arguments supporting GM-crop production is its potential to reduce the use of agrochemicals
(Brookes and Barfoot, 2013; Naranjo, 2009), especially insecticides. Indeed, because insecticides are
produced by the plant itself, one would expect a reduced need to make further applications on the field.
Although there is overall significant global reduction in insecticide applications (41.67% less insecticide
applied in IR-crops compared to conventional; Klumper and Qaim, 2014; Brookes and Barfoot, 2013), the
pattern varies depending on the crop species and the geographic region of the world, and is not affected by
insecticide seed treatments. For instance, whereas global insecticide use was reduced by 45.2% for GM-
maize, this reduction appears to be larger in the USA (42%) than in Argentina (stated as “very small”, based
on the low background insecticide consumption of 1$-2$/ha in that country; Brookes and Barfoot, 2013).
This can be explained by the fact that some crops can be affected by a large array of pests, some of which
are not sensitive to the transgenic toxin (e.qg., stink bugs in GM-cotton in the USA, Naranjo, 2009; mirid bugs
in GM-cotton in China, Lu et al., 2010), or by the fact that the pests targeted by transgenics do not represent
an important threat in particular regions (e.g., stem borer in GM-maize in Argentina; Brookes and Barfoot,
2013).

In a case of a reduction in insecticide applications, an increase of insect biodiversity in GM crops is expected
(see section 2.3.1). This has been investigated under field conditions, and results demonstrate that insect
communities on Bt-crops are overall more diverse than those on insecticide-treated non-Bt-crops (but not
necessarily less than untreated non-Bt-crops; Marvier et al., 2007), and this situation holds for several types
of Cry- and Vip-expressing crops (e.g., maize, cotton, potato), and at the global scale (Marvier et al., 2007,
Naranjo, 2009; Whitehouse et al., 2014; Whitehouse et al., 2007). Because pollinators are included in these

insect communities, IR-crops could be beneficial to pollinators.

HT-crops management is based on the idea that regular applications of herbicides will very likely be done in
the field. As in any herbicide application, this will lead to weed reduction and potential toxicity towards
pollinators (see section 2.2.2.1). Although weed eradication is of high agronomic interest, many generalist
pollinators, including crop pollinators, exploit these weeds as pollen and nectar sources (see section
2.2.2.1.4). The limited evidence obtained from the few studies investigating this indicates that HT-crops can
lead sometimes to a general reduction of pollinators in the fields, such as shown for beets and oilseed rape
(e.g., Abrol, 2012; Bohan et al., 2005; Haughton et al., 2003), or as suspected for monarch butterflies (see
Box 2.3.6). Such a reduction could lead to increased pollination deficits and yield reduction in crops

benefiting from pollinators (e.g., oilseed rape, cotton). The evidence for this is very limited, due to a lack of
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studies, and to our knowledge only one study has investigated and confirmed this expectation (for oilseed
rape, Morandin and Winston, 2005).

2.3.2.3.2 Transgene flow

Concern has been raised on the possibility of transgene escape and persistence in non-GM-crops and wild
plants through hybridization and/or introgression (Kwit et al., 2011; Stewart et al., 2003). Indeed, all the
engineered plants have wild ancestors or closely related species with which they can, and most of the times
do, hybridize (Letourneau et al., 2004). While the risk of transgene flow is minimal when these wild species
are not present in the area where the crops are being cultivated, this is not necessarily always the case.
Although introgression events of these genes have been very rarely observed, they have been shown to be
theoretically possible (e.g., Meirmans et al., 2009) and recent molecular investigations have identified the
presence of transgenes in wild ancestors (e.g., in canola, wild cotton and maize; Pineyro-Nelson et al., 2009;
Warwick et al., 2008; Wegier et al., 2011), sometimes far from the known contact zone (e.g., wild cotton in
Mexico; Wegier et al., 2011).

Besides the potential of herbicide-resistant weed formation (Mallory-Smith and Zapiola, 2008), introgression
and transgene expression in wild relatives can shift the previously mentioned direct effects of GMOs (see
section 2.3.2.2) into the wild, potentially disturbing insect and pollinator communities in non-agricultural
environments, affecting survival of other non-target species, and altering ecological networks (see above). It
was shown that Lepidoptera herbivore survival is reduced after introgression of insecticidal transgenes into
the wild relatives of sunflowers, and that this leads to higher seed set in the introgressed plants, which favors
their spread (Snow et al., 2003). Although there is a lack of evidence on the real extent and consequences of
such gene introgressions and spread in the wild, the ecological and evolutionary consequences of such an
event for wild pollinators and pollination can be non-negligible (e.g., diminished adult/larval survival for
leaf- or pollen feeding pollinators, reduced pollination). From that perspective, this is an important

knowledge gap.

2.3.2.4 Effects on pollination

If the GM crop is animal-pollinated and has a negative effect on pollinators, this may potentially affect its
yield. Studies demonstrated that some of the main GM-crops are partially animal pollinator-dependent, i.e.,
display increased yield in the presence of pollinators (e.g., soybean, cotton; Malone and Burgess, 2009),
which agrees with general patterns demonstrated for other non-GM crops (e.g., Klein et al., 2007). Thus,
there can be a risk of yield loss if pollinators are less abundant in some GM-fields (see 4.3.1), although this
effect could be out-weighed by the benefits obtained through the loss of herbivore and weed pressure

associated with the transgene expression (Christou and Capell, 2009).

117



Box 2.3.6: GM-crops in the US Midwest and monarch butterflies

The topic of the effect of GM-production on pollinators is complex, mainly because of the many direct and
indirect variables that it involves. The case of the monarch butterfly in North America represents a good
example of this complexity.

The monarch butterfly Danaus plexippus has a strong cultural value in North America. Much admiration
surrounds this species, particularly because of its massive annual migrations between the USA, Canada and
Mexico. After overwintering in Mexico, the Eastern monarch population moves mainly to the US Midwest,
where it reproduces. For reproduction, monarchs depend on milkweeds (Asclepias spp.), on which larvae

specifically feed and develop.

Because of the Lepidoptera-specific toxicity displayed by Bt-maize, the arrival of this crop to the US Midwest
worried naturalists and the general public. Asclepias grow close to or within crop fields, so GM-pollen
deposition on milkweed leaves could represent a risk for the monarch larvae. Thus, researchers evaluated
whether monarch larvae could be affected by the ingestion of field-relevant amounts of GM-pollen (Hansen
Jesse and Obrycki, 2000; Losey et al., 1999). Their laboratory results raised much concern, because the
treatment reduced larval growth rates and increased mortality. However, when the tests were done in natural
conditions, it was shown that although the pollen is toxic for the monarch larvae, it is very unlikely that they
contact it, because larval development and maize flowering are not simultaneous (Sears et al., 2001; reviewed
in Oberhauser and Rivers, 2003).

The discussion on the effect of GM-crops on monarchs had more or less ended until recently. Indeed,
monarch populations arriving from the USA to Mexico have been particularly reduced in recent years
(Rendon-Salinas and Tavera-Alonso, 2014). Because most of the monarchs arriving to Mexico migrate from
the US Midwest, GM-crop production was again suspected to be associated with that population reduction,
but in a more indirect manner. Indeed, the Midwest has seen increased glyphosate use associated with the
expansion of HT-maize and soybean. Glyphosate applications could lead to a reduction of the milkweed
population, and thus to smaller monarch populations. To test this, and to investigate further the non-
significant results obtained by Davis (2012) in two Eastern US populations, Pleasants and Oberhauser (2013)
combined historical land use (i.e., yearly area occupied by milkweed habitats from 1999 to 2010) and
biological (i.e., number of monarch eggs per milkweed plant and density of milkweeds in different land cover
types) data to estimate the number of monarch eggs laid per year. Their study identified a significant
correlation between such estimates and overwintering population sizes, suggesting that both the widespread

use of glyphosate and the strong GM-cropland expansion in the US Midwest could explain the changes in
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butterfly population sizes. Along with this, a recent study (Flockhart et al., 2015) used modelling approaches
to identify the factor most strongly affecting the monarch population size. Their results indicated that habitat
loss (see section 2.2.1) associated with the expansion of GM-crops in the USA is the strongest predictor of

demographic changes in monarch butterflies.

2.3.3 Veterinary medicines

The use of veterinary medicines to control pests and diseases in pollinators is primarily restricted to honey
bees. Non-chemical alternatives based on traditional knowledge are also being investigated (Singh, 2014;
Simenel, 2015). There is strong evidence that chemical use is widespread in beehive management to control
pests such as Varroa destructor, e.g., fluvalinate, coumaphos, and amitraz, and for diseases such as European
and American foulbrood, e.g., oxytetracycline (Bogdanov, 2006; Reybroeck et al., 2012). In some continents
the use of antibiotics is highly regulated, but there is also evidence that significant levels of various
beekeeper-applied pesticides and antibiotics are present in hive matrices such as bee bread, honey and wax
(Chauzat et al., 2009; Bernal et al., 2010; Mullin et al., 2010; Orantes-Bermejo et al., 2010; Reybroeck et al.,
2012; Wei et al., 2013). Highly lipophilic chemicals may also accumulate in wax within the colony
(Bogdanov, 2006; Bonzini et al., 2011). There is more limited evidence that beekeepers may use unauthorised
(illegal) products for pest and disease control (many also have agricultural uses as insecticides or acaricides)
with inherent risks of resistance and food safety (Bogdanov, 2006; Chauzat et al., 2011; Riscu and Bura,
2013). There is increasing evidence of the adverse effects of the chemical varroacides on honey bees, e.g.
reductions in queen fecundity and sperm quality (Pettis et al., 2004; Johnson et al., 2013) and that antibiotics
used to combat foulbrood are toxic to adults and larval honey bees (Thompson et al., 2006; Hawthorne and
Diveley, 2011). There also is evidence of interactions between organophosphorus and pyrethroid varroacides
(Johnson et al., 2009) and there is the potential for mixtures of veterinary medicines with pesticides to result
in increased toxicity, e.g., pyrethroids such as fluvalinate with EBI fungicides highlighted above (Thompson,
2012) but there is currently no evidence of interactions occurring within hives between pesticides and
veterinary medicine residues. Such adverse effects of veterinary medicines have potential consequences for
the contribution of honey bees as pollinators and should be balanced against the beneficial consequences of

pest and disease control, but currently there is limited evidence on which to base this.

2.3.4 The effect of pollution on pollinators

Pollution is a problem of wide concern. Industrial pollutants, like heavy metals, toxic chemicals such as
arsenic or selenium washed out by irrigation, or other non-chemical pollutants are clearly affecting
pollinators and their influence is increasing due to industrialization, agriculture and urbanization. During the
last century, for example, production of heavy metals increased ten-fold and also levels of their emission
(Nriagu, 1996). Currently efforts are focused globally on gradual reduction and prevention of pollution (for
detailed information and reports see: AMAP, 2002; EEA, 2009; HELCOM, 2013; OSPAR, 2009). However,
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the rapidly industrializing countries in Asia are nowadays facing the problem of quickly growing pollution

(Indian National Science Academy, 2011).

2.3.4.1 Heavy metals, arsenic and selenium

Heavy metals, both non-essential (e.g. lead and cadmium — toxic in all amounts) and essential ones (like e.g.
zinc — toxic in excess) can weaken an organism by changing the conformation or causing the denaturation of
enzymes (Deplegde et al., 1997). Impact of heavy metal pollution on insect pollinators has not been widely
investigated, although it is well studied in other groups of invertebrates (for a review see Tyler et al., 1989).
Pollinators are exposed to heavy metal contamination by various ways: air, soil and water pollution, but also
through pollution of floral rewards due to hyper-accumulation of heavy metals in plants. Studies show a large
variety of strategies used to cope with the effects of heavy metal pollution, and also various levels of
susceptibility to contamination, making it difficult to foresee how a species — previously unstudied — may
react to heavy metals in its environment (for a review see: Tyler et al., 1989). It has been demonstrated that
metals, such as cadmium, copper, iron, manganese, zinc may play a direct role in the widespread decline,
e.g., the butterfly Parnassius apollo in Finland (Nieminen et al., 2001). Oddly, there are no detailed studies
concerning the effects of heavy metal pollution on honey bee physiology. Yet, there are numerous papers
using honey bees (Van Der Steen et al., 2012) and their hive products (Conti and Botré, 2001) as good
indicators of environmental pollution levels, implying that honey bees are directly exposed to pollutants.
Evidence is also scarce on how heavy metal pollution affects other bee species, but a recent study on bumble
bees suggests that some soil pollutants (e.g. aluminium or nickel) could cascade to affect bees negatively in
contaminated areas (Meindl and Ashman, 2013). In 2012, Moron et al. detected a steady decrease in the
number, diversity and abundance of solitary wild bees along heavy metal gradients in Poland and the UK.
While in 2013 Moron et al. also found a direct negative impact of zinc contamination on the survival of the
solitary bee Osmia bicornis along this pollution gradient. Bees had fewer offspring with a higher mortality
rate with increasing pollution level and also the ratio of emerging males and females in offspring was
changed, due to probably higher mortality of males, with increasing contamination. Whereas Szentgyérgyi
et al. (2011) did not find a significant correlation between heavy metal pollution level of the environment
(with cadmium, lead and zinc) and the diversity of bumble bee species caught on Polish and Russian heavy
metal gradients. Despite the small number of available studies, in a questionnaire undertaken by Kosior et al.
(2007), specialists considered heavy metal pollution to be one of the more important factors associated with

bumble bee decline in Europe (ranked 6th of 16 stressors surveyed).

Besides heavy metal pollution, there is a growing concern about non-metal pollutants, e.g., arsenic or
selenium. Arsenic occurs as by-product of coal and other ore mining, including copper production. Air
pollution by arsenic was shown to destroy honey bee colonies near an arsenic discharging electrical plant
(for review see Lillie, 1972). Selenium, on the other hand, is an essential trace element, but as with most

trace elements it is toxic in high concentrations. Due to mining and other industrial activities, as well as
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through drainage water from irrigation of seleniferous soils, some areas are highly contaminated. In the
environment selenium bioaccumulates and therefore bees may be at risk through the biotransfer of selenium
from plant products such as nectar and pollen (Quinn et al., 2011). Recent studies showed that selenium
increased mortality in honey bee foragers (Hladun et al., 2012) and negatively affected larval development
(Hladun et al., 2013).

Bee larvae feed mainly on pollen (Michener, 2000); thus, in polluted sites, they may consume food that is
contaminated with heavy metals or other pollutants. The main source of pollution of pollen is probably soil
dust deposited on flowers or on the pollen during transport to and placement in the bee’s nest (Szczgsna,
2007), and probably hyperaccumulation of pollutants by plants in floral rewards (Hladun et al., 2011; 2015).
This suggests that both soil type and flower type can affect the deposition of pollutants, such as heavy metals
on pollen (Szczesna, 2007). For bee species nesting in the ground, the impact of pollution may be larger
because besides pollen, larvae can also come into contact with contaminated soil during their development.
Sociality may also affect susceptibility to pollution: a hierarchy in the nest protects reproducing individuals
(queens) from pollution, therefore allowing the colony to reproduce (Maavara et al., 2007). This phenomenon
was already described in ant colonies, in which individuals had lower levels of pollutants in their bodies’
concomitant with higher positions in the nest hierarchy (Maavara et al., 2007). This might explain why honey
bees can be used as good indicators of environmental pollution for even relatively high levels of pollution
(Rashed et al., 2009). In solitary species such protection of reproducing females is simply lacking and
therefore they might be more susceptible to pollution, as shown by the contrasting result of Moron et al., in
2012 on bee diversity and Szentgyorgyi et al., in 2011 on bumble bee diversity on similar gradients of heavy

metal pollution.

2.3.4.2 Nitrogen deposition

Besides the aforementioned heavy metals and non-metals, another driver that has also received relatively
little attention to date is atmospheric nitrogen deposition (Burkle and Irwin, 2009; Burkle and Irwin, 2010;
Hoover et al., 2012), which can reduce the diversity and cover of flowering plants that provide pollinator
foods (e.g., Burkle and Irwin, 2010; Stevens et al., 2011). The individual impact of nitrogen deposition on
pollinators, networks and pollination may be relatively weak (Burkle and Irwin, 2009; Burkle and Irwin,
2010). Nonetheless, nitrogen in combination with climate warming and elevated CO? produced subtle effects
on bumble bee nectar consumption and reduced bee longevity (Hoover et al., 2012). Nitrogen deposition was
shown to have another, indirect effect — nitrogen deposition near freeways in California favoured growth of
grasses eliminating butterfly hostplants of an endangered species. If grazing is used to reduce the grass, this
effect of N deposition can be reversed (Weiss, 1999). Further work is required to elucidate the potential of

nitrogen deposition as part of a suite of pressures affecting pollinators.

2.3.4.3 Light pollution
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Light pollution, a driver clearly affecting nocturnal species and growing in importance due to urbanization
has to be mentioned. Its effect is still scarcely studied, though artificial night light is known to alter the
perception of photoperiod (Holker et al., 2010, Lyytiméki, 2013) and even at low levels can affect the
organism (Gaston et al., 2013). Artificial night light was shown to influence moth physiology and behaviour,
e.g., inhibit the release of sex pheromones by females (Sower et al., 1970), suppress their oviposition (Nemec,
1969), negatively affect the development of nocturnal larvae of Lepidopteran species (van Geffen et al.,
2014), or act as ecological traps for some vulnerable species, drawing them to suboptimal habitats like urban
areas (Bates et al., 2014). Moths are known pollinators of some plants, especially plants whose flowers open
at night (MacGregor et al., 2015), however their role as pollinators is still not evaluated in depth (MacGregor
et al., 2015). Studies suggest that the effects of artificial night lighting may cause not only declines in moth
populations — due to their negative influence on reproduction and development — but might, as a result, also
cause potential changes in the composition of moth assemblages and possibly in the ecosystem functions
they provide (MacGregor et al., 2015). Further studies are needed to evaluate the extent of light pollution
effects on nocturnal pollinators.

2.3.5 Conclusions

It is clear that pollinators may be exposed to a wide range of pesticides in both agricultural and urban
environments. The risk posed by pesticides is driven by a combination of the toxicity (hazard) and the level
of exposure; the latter being highly variable and affected by factors including crop type, the timing,
chemical type, rate and method of pesticide applications, as well as the ecological traits of managed and
wild pollinators. Insecticides are toxic to insect pollinators and their exposure, and thus the risk posed, is
increased if, for example, labels do not provide use information to minimise pollinator exposure or the label
is not complied with by the pesticide applicator. In addition, there is good evidence from laboratory and in-
hive dosing studies that insecticides have the potential (depending on exposure level) to cause a wide range
of sublethal effects on individual pollinator behaviour and physiology, and on colony function in social
bees, that could affect the pollination they provide. However, significant gaps in our knowledge remain as
most sublethal testing has been limited in the range of pesticides, exposure levels and species, making
extrapolation to managed and wild pollinator populations challenging. For example, there is considerable
uncertainty about how the level, time course and combination of sublethal effects recorded on individual
insects in the laboratory might affect the populations of wild pollinators over the long term. The interaction
between pesticides and other key pressures on pollinators in realistic combinations and scales of stressors
(land-use intensification and fragmentation, climate change, alien species, pests and pathogens) is little

understood.

The GMOs (Genetically Modified Organisms) most used in agriculture carry traits of IR (Insect
Resistance), HT (Herbicide Tolerance) or both. Though pollinators are considered non-target organisms of
GMOs, they can be subject to direct and indirect effects. Direct effects of insect pollinators’ exposure to

IR-crops show that Bt-toxins are non-lethal to Hymenoptera and Coleoptera, and can be lethal to
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Lepidoptera pollinatoros. Sub-lethal effects on the behavior and learning in honey bees have been reported
in one study. IR-crops result in a global reduction of insecticide use, which in turn impact positively the
diversity of insects. Because of the use of herbicides, HT-fields harbor reduced number of the weeds
attractive to pollinators, what can lead to a reduction of pollinators in GM-fields. Introgression of
transgenes in wild relatives (e.g. canola, cotton and maize) and non-GM crops has been shown, but there is
a lack of evidence on the effect of these events on pollinators, pointing to the need for more studies on this

topic.

Pollutants pose a potential threat to pollinators. There are numerous papers using honey bees and their hive
products as good indicators of environmental pollution levels, indicating that honey bees can be directly
exposed to pollutants. Yet, detailed studies are still lacking concerning the effects of various forms of
pollution on bee biology. Invertebrate models suggest that susceptibility of various species of insects to
industrial pollutants, like heavy metals, can vary greatly due to various strategies used to cope with such
contamination. Some pollutants can bioaccumulate, especially through plants and their products, like nectar
or pollen, and affect the level of exposure depending on the pollinator species’ ecology. Large, between-
species differences in susceptibility and various plant-pollinator dependences make it difficult to foresee

the effect of a given pollutant to the environment without direct field studies.

2.4 Pollinator diseases and pollinator management

2.4.1 Pollinator diseases

Bee diseases by definition have some negative impacts at the individual bee, colony or population level. As
such, they can be pointed to as potential drivers of pollinator decline (Potts et al., 2010; Cameron et al.,
2011a; Cornman et al., 2012). Parasites and pathogens can be widespread in nature but may only become
problematic when bees are domesticated and crowded (Morse and Nowogordzki, 1990; Ahn et al., 2012).
Additionally, stressors such as pesticides or poor nutrition can interact to cause disease levels to increase
(Vanbergen and the Insect Pollinators Initiative, 2013). Disease spread can be a consequence of bee
management (detailed in section 2.4.2) and has been most studied in honey bees, somewhat in bumble bees
and much less in other bees. Bee diseases can spillover or move from one bee species to another (e.g.,
Deformed Wing Virus DWV between honey bees and bumble bees) and even within a genus the movement
of managed bees to new areas can spread disease to indigenous species (e.g. Apis and Varroa, Morse et al.,
1990; and Bombus and Nosema, Colla et al., 2006). In addition to parasites and pathogens in bees, bats, birds
and other pollinators can suffer from disease and thus impact pollination (Buchmann and Nabhan, 1997).
Diseases can directly impact pollinator health but can also interact with other factors, such as poor nutrition,
pesticides, etc., which cause stress and thus together contribute to pollinator declines (vanEngelsdorp et al.,
2010; Vanbergen and the Insect Pollinators Initiative, 2013). Table 2.4.1 gives an overview of bee parasites

and pathogens.
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8. Table 2.4.1: Bee parasites and pathogens.

Host

Viruses

Acute bee paralysis virus
(ABPV)

Black queen cell virus
(BQCV)

Apis mellifera; A.
ceranae, Bombus spp.
Apis mellifera, A.
ceranae, A. florea, A.
dorsata, Bombus spp.,
Megachile rotundata,
Nomia melanderi (only

in adults)
Chronic bee paralysis Apis mellifera, A.
virus (CBPV) ceranae

Deformed wing virus
(DWV)

Apis mellifera, A.
ceranae, A. florea, A.
dorsata, Bombus spp.,
Nomia melanderi
Apis mellifera, A.
ceranae, Megachile
rotundata, Nomia
melanderi

Israeli Acute Paralysis
Virus (IAPV)

DERNINITECERYTIVEN GG Apis mellifera, A.
ceranae, Bombus spp.
Apis mellifera, A.
ceranae, Nomia

melanderi (SBV only in

Sacbrood virus (SBV)
Thailand sacbrood virus
(TSBV) Chinese sacbrood

virus (CSBV) adults)
Lake Sinai Virus (LSV) Apis mellifera
Tobacco Ringspot Virus Apis mellifera

(TRSV)
Black-head virus Nomia melanderi

Mahagony virus Nomia melanderi

Protozoa

Crithidia mellificae,
Leptomonas apis
Crithidia bombi

Apis mellifera

Bombus spp., subgenus

Psithyrus
Crithidia expoeki Bombus spp.
ARV EL ol s gl Apis mellifera

mellificae)
Apicystis (=Mattesia)
bombi

Bombus spp. Psithyrus

Bacteria

Varroa mites can “activate” release virus in
Apis. In Bombus, experimental infection.
Mainly affects developing queen larvae and
pupae in the capped-cell stage. Associated
with Nosema apis. Found in different Bombus
species.

Causes the same symptoms of trembling and
the iability to fly in infected bees that ABPV.
Causes well-defined disease symptoms
(crumpled wings, shrunken, decreased body
size, and discoloration), activated by Varroa.

A widespread RNA virus of honey bees that
has been linked with colony losses, activated
by Varroa. It disrupts the diapause of
Megachile rotundata, though does not affect
larval survival and development.

‘Covert’ infections. Multiplies quickly and
kills host within 3 days when injected.
Highly infective in Apis cerana. Causes the
delince of A. ceranae.

Common and very abundant at peak incidence.
Host-jumping virus from plant to honeybee.

Dead pupae has a black head. Little is know
about this virus and its effects.

Dead pupae are uniform mahagony color.
Little is know about this virus and its effect.

Common. No harmful effects known.

Highly infective, In Psithyrus: known from
males only.

Associated with Bee Virus and Nosema apis,
few effects.
Also found in queens.

2,43

4,5,42

6,7,43

9, 10, 11,

42,43

13

42

42

16, 17

17
18
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Melissococcus
(Streptococcus) plutonius
Paenibacillus (Bacillus)
larvae

Aerobacter cloaca

Bacillus alvei, B.
laterosporus
Bacillus pulvifaciens

Bacillus thuringiensis

Bacterium eurydice
Hafnia alvei

Nonidentified bacterium
(gram-positive)
Pseudomonas aeruginosa,
P. apiseptica
Spiroplasma apis, S.
melliferum

Fungi

Nosema apis

Nosema ceranae

Nosema bombi

Nosema thomsoni
Ascosphaera alvei, A.
apis, A. flavus, A.
fumigatus

Ascosphaera aggregata

Host
Apis mellifera

Apis mellifera, Osmia
bicornis

Apis mellifera, Bombus
spp.
Apis mellifera

Apis mellifera

Osmia bicornis

Apis mellifera

Apis mellifera

Bombus melanopygus
Apis mellifera

Apis mellifera, Bombus

spp., Osmia bicornis,
Osmia cornifrons

Apis mellifera, A.
cerana

Apis mellifera, A.
cerana, A. dorsata, A.
koschevnikovi, Bombus

Spp.

Bombus spp.

Bombus spp.
Apis mellifera

Megachile rotundata

Remarks

Causes European Foulbrood. More benign
than American foulbrood.

Causes American Foulbrood. Kills larvae after
cocoon is spun. Pathogenicity is unconfirmed
in mason bees that may only serve as an
intermediate host, vector or habitat for these
bacteria, which are virulent to honey bees.

In ovaries of queens. Causes B-meleanosis.

Some are secondary invaders with P. larvae
after years of endemic foulbrood.

Causes “powdery scale” of larvae. Perhaps a
saprophyte that occasionally infects larvae.
Pathogenicity is unconfirmed and mason bees
may only serve as an intermediate host, vector
or habitat for these bacteria, which are virulent
to honey bees.

Secondary invader with M. Pluton.
Associated with infection by Varroa mites.
Causes septicemia and death when in
hemolymph.

Dead larvae characteristically hard.

In hemolymph of moribund bees near hives,
also in soil.

In Bombus in hemolyph. Found on flowers,
also in solitary bees. There is no information
whether these are real pathogens in mason
bees.

Association with BQCV virus, and with
Malpighamoeba. Queens are replaced in the
colony or become sterile. Colony growth
reduced, lower honey yield.

The most widespread adult bee disease. This
invading pathogen is now common and seems
to rapidly replace N. apis as the dominant
microsporidian infection in many geographic
locations.

Can cross-infect among Bombus species.
Workers die quickly. Colonies develop poorly.
Found in different Bombus species.

A. apis causes chalkbrood disease. A. flavus,
A. fumigatus causes stonebrood of larvae.

In the alfalfa leafcutter bee usually, infection

RGEE
nces
20

20, 44

21

21

44

21
21

21

21

21, 44,
45

21, 22,
23

24, 25,
26, 27,
28, 29,
30 31,
54, 55,
56, 57

31
31

21

46, 47,
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Ascosphaera torchioi Osmia lignaria

Acrostalagmus sp.
Aspergillus candidus, A.

Bombus spp.

melanderi
Beauveria bassiana, B.
tenella mellifera
Candida pulcherrima,

Candida sp. Various spp., Megachile

yeasts rotundata, Nomia

melanderi
Cephalosporium

spp.
Chactophoma sp., Apis mellifera
Cladosporium
cladosporioides
Hirsutella sp.,
Metarhizium anisopliae
Paecilomyces farinosus
Penicillium funiculosum,
P. cyclopium
Phoma sp., Rhodotorula
glutinis
Torulopsis sp.
Verticillium lecanii
Fusarium sp., Mucor sp.

Bombus spp.

Apis mellifera
Apis mellifera

Apis mellifera
Bombus spp.

Parasitic mites

Varroa destructor Apis mellifera

Honey bee tracheal mite
(Acarapis woodi)
Bumblebee tracheal mite
(Locustacarus buchneri)
Tropilaelaps clareae and
Troplilaelaps spp.

Apis mellifera

Bombus spp.

A. mellifera

Pests

Wax Moths
Small Hive Beetle

Apis mellifera
Apis mellifera

Bombus spp., Apis
niger mellifera, Megachile
rotundata, Nomia

Bombus spp., Apis

Apis mellifera, Bombus

Apis mellifera, Bombus

Apidae, Bombus spp.

Megachile rotundata

Apis cerana, A. dorsata,
A. laboriosa, A. florea,

Remarks

levels are not exceeding 5%, however, in
extreme cases infection levels above 50%
were also recorded and can cause serious
losses. These fungi are rather species specific,

but some cross-infectivity is possible.

So far it seems, that these fungi are rather
species specific, but some cross-infectivity is
possible

Diseased queens with short hibernation.
A.niger probably opportunistic infetions. In
Oregon Aspergillus spp. have destroyed up to
53% of Nomia melanderi cells.

From worker pupae in Apis

Appears as a consequence of stress. Diseased
queens with short hibernation. Saccharomyces
sp. infenction causes larval bloating in Nomia
melanderi.

Causes typical discolorations. Serious effects
in Bombus.

Causes typical discolorations.

Also in combs.

Mycel extends beyond host body.

Pathogenic in Bombus.
From all stages, workers, drones.

Causes typical discolorations. In drone larvae.

Pathogenic yeast. In sick bees.

The most serious threat to honey bee
populations worldwide, and as a serious and
deadly vector for transmitting viruses.
Cause bee to have disjointed wings and be
unable to fly.

Puncture trachea and suck hemolymph.

The most serious threat to honey bee in Asia.

The most serious pest of honeycombs.
Can cause colonies to abscond and can

RGEE
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49, 50

48, 49

21

21, 42,

51

21

21, 42,

51

21

21

21

21
21

21
21

21
51

32

33

34

35

36
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Bee-louse

Bee eaters (Merops sp.)

Chlacid wasps
(Monodontomerus sp.,

Melittobia sp.)

Checkered beetles
(Trichodes apiaries,
Trichodes ornatus)
Flies (Cacoxenus
indagator, Anthrax
anthrax)

Mites (Chaetodactylus
osmiae)

Host

Apis mellifera

Apis mellifera

Osmia sp., Megachile
sp.

Osmia sp., Megachile
sp.

Osmia sp., Megachile
sp.

Osmia sp., Megachile
sp.

Remarks

damage brood and honey when larva
reproduce. Reported to also infest Bombus and
stingless bee nest.

No detrimental effect on adult bees, larvae can
damage the appearance of comb honey.
Problematic locally when queens are being
reared.

Parasiting solitary bee nests, destroying/eating
the developing larvae. Melittobia acasta
caused significant losses in Osmia
coerulescens populations.

Commonly found in nests. Can cause losses up
to 89%, but on average around 30% in
managed colonies.

Anthrax flies and most probably also other
flies are of less concern due to low infestation
rates of nests.
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nces
53

36

37
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38, 39,
41

38, 58

38, 58,
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Remarks References

Viruses

Acute bee paralysis virus (ABPV) Apis mellifera; A. ceranae, Bombus  Varroa mites can “activate” release virus in Apis. In Bombus,
spp. experimental infection.

Black queen cell virus (BQCV) Apis mellifera, A. ceranae, A. florea, Mainly affects developing queen larvae and pupae in the capped-cell 2,43
A. dorsata, Bombus spp., Megachile  stage. Associated with Nosema apis. Found in different Bombus

rotundata, Nomia melanderi (only in  species.

adults)

Chronic bee paralysis virus (CBPV) Apis mellifera, A. ceranae Causes the same symptoms of trembling and the iability to fly in 3

infected bees that ABPV.
Deformed wing virus (DWV) Apis mellifera, A. ceranae, A. florea,  Causes well-defined disease symptoms (crumpled wings, shrunken, 4,5, 42
A. dorsata, Bombus spp., Nomia decreased body size, and discoloration), activated by Varroa.
melanderi
Israeli Acute Paralysis Virus (IAPV) Apis mellifera, A. ceranae, A widespread RNA virus of honey bees that has been linked with 6,7,43
Megachile rotundata, Nomia colony losses, activated by Varroa. It disrupts the diapause of
melanderi Megachile rotundata, though does not affect larval survival and
development.
Kashmir bee virus (KBV) Apis mellifera, A. ceranae, Bombus ‘Covert’ infections. Multiplies quickly and Kills host within 3 days 8
spp. when injected.
Sacbrood virus (SBV) Apis mellifera, A. ceranae, Nomia Highly infective in Apis cerana. Causes the delince of A. ceranae. 9, 10, 11, 42,
N ET BT RSl gofo [ AYTIVEN@RSIEAA RO RN melanderi (SBV only in adults) 43
sacbrood virus (CSBV)
Lake Sinai Virus (LSV) Apis mellifera Common and very abundant at peak incidence. 12
Tobacco Ringspot Virus (TRSV) Apis mellifera Host-jumping virus from plant to honeybee. 13
Black-head virus Nomia melanderi Dead pupae has a black head. Little is know about this virus and its 42
effects.
Mahagony virus Nomia melanderi Dead pupae are uniform mahagony color. Little is know about this 42

virus and its effect.

Protozoa

Crithidia mellificae, Leptomonas apis Apis mellifera Common. No harmful effects known.
Crithidia bombi Bombus spp., subgenus Psithyrus Highly infective, In Psithyrus: known from males only. 16, 17
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Crithidia expoeki
Amoeba (Malpighamoeba mellificae)
Apicystis (=Mattesia) bombi

Bacteria

Melissococcus (Streptococcus) plutonius
Paenibacillus (Bacillus) larvae

Aerobacter cloaca
Bacillus alvei, B. laterosporus

Bacillus pulvifaciens

Bacillus thuringiensis

Bacterium eurydice

Hafnia alvei

Nonidentified bacterium (gram-positive)

Pseudomonas aeruginosa, P. apiseptica
Spiroplasma apis, S. melliferum

Fungi

Nosema apis

Nosema ceranae

Host
Bombus spp.
Apis mellifera

Bombus spp. Psithyrus

Apis mellifera
Apis mellifera, Osmia bicornis

Apis mellifera, Bombus spp.
Apis mellifera

Apis mellifera

Osmia bicornis

Apis mellifera

Apis mellifera
Bombus melanopygus
Apis mellifera

Apis mellifera, Bombus spp., Osmia
bicornis, Osmia cornifrons

Apis mellifera, A. cerana

Apis mellifera, A. cerana, A. dorsata,
A. koschevnikovi, Bombus spp.

Remarks References

17
Associated with Bee Virus and Nosema apis, few effects. 18
Also found in queens. 19
Causes European Foulbrood. More benign than American foulbrood. 20
Causes American Foulbrood. Kills larvae after cocoon is spun. 20, 44
Pathogenicity is unconfirmed in mason bees that may only serve as an
intermediate host, vector or habitat for these bacteria, which are
virulent to honey bees.
In ovaries of queens. Causes B-meleanosis. 21
Some are secondary invaders with P. larvae after years of endemic 21
foulbrood.
Causes “powdery scale” of larvae. Perhaps a saprophyte that 21
occasionally infects larvae.
Pathogenicity is unconfirmed and mason bees may only serve as an 44
intermediate host, vector or habitat for these bacteria, which are
virulent to honey bees.
Secondary invader with M. Pluton. 21
Associated with infection by Varroa mites. Causes septicemia and 21
death when in hemolymph.
Dead larvae characteristically hard. 21
In hemolymph of moribund bees near hives, also in soil. 21

In Bombus in hemolyph. Found on flowers, also in solitary bees. There 21, 44, 45
is no information whether these are real pathogens in mason bees.

Association with BQCV virus, and with Malpighamoeba. Queens are 21, 22,23
replaced in the colony or become sterile. Colony growth reduced,

lower honey yield.

The most widespread adult bee disease. This invading pathogen is now 24, 25, 26, 27,
common and seems to rapidly replace N. apis as the dominant 28, 29, 30 31,
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Nosema bombi

Nosema thomsoni

Ascosphaera alvei, A. apis, A. flavus, A.
fumigatus

Ascosphaera aggregata

Ascosphaera torchioi

Acrostalagmus sp.
Aspergillus candidus, A. niger

Beauveria bassiana, B. tenella
Candida pulcherrima, Candida sp.
Various yeasts

Cephalosporium

Chactophoma sp., Cladosporium
cladosporioides

Hirsutella sp., Metarhizium anisopliae
Paecilomyces farinosus

Penicillium funiculosum, P. cyclopium
Phoma sp., Rhodotorula glutinis
Torulopsis sp.

Verticillium lecanii

Fusarium sp., Mucor sp.

Host

Bombus spp.

Bombus spp.
Apis mellifera

Megachile rotundata

Osmia lignaria

Bombus spp.

Bombus spp., Apis mellifera,
Megachile rotundata, Nomia
melanderi

Bombus spp., Apis mellifera
Apis mellifera, Bombus spp.,
Megachile rotundata, Nomia
melanderi

Apis mellifera, Bombus spp.
Apis mellifera

Bombus spp.
Apidae, Bombus spp.
Apis mellifera

Apis mellifera

Apis mellifera
Bombus spp.
Megachile rotundata

Remarks
microsporidian infection in many geographic locations.

Can cross-infect among Bombus species. Workers die quickly.
Colonies develop poorly.

Found in different Bombus species.

A. apis causes chalkbrood disease. A. flavus, A. fumigatus causes
stonebrood of larvae.

In the alfalfa leafcutter bee usually, infection levels are not exceeding
5%, however, in extreme cases infection levels above 50% were also
recorded and can cause serious losses. These fungi are rather species
specific, but some cross-infectivity is possible.

So far it seems, that these fungi are rather species specific, but some
cross-infectivity is possible

Diseased queens with short hibernation.

A.niger probably opportunistic infetions. In Oregon Aspergillus spp.

have destroyed up to 53% of Nomia melanderi cells.

From worker pupae in Apis

Appears as a consequence of stress. Diseased queens with short
hibernation. Saccharomyces sp. infenction causes larval bloating in
Nomia melanderi.

Causes typical discolorations. Serious effects in Bombus.
Causes typical discolorations.

Also in combs.

Mycel extends beyond host body.

Pathogenic in Bombus.

From all stages, workers, drones.

Causes typical discolorations. In drone larvae.

Pathogenic yeast. In sick bees.

References
54, 55, 56, 57
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31
21

46, 47, 49, 50

48, 49

21
21, 42, 51

21
21, 42,51

21
21

21
21
21
21
21
21
51
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Parasitic mites

Varroa destructor Apis mellifera

Honey bee tracheal mite (Acarapis Apis mellifera
woodi)

Bumblebee tracheal mite (Locustacarus  [Rsleils[iERIoJ¢N
buchneri)

Tropilaelaps clareae and Troplilaelaps Apis cerana, A. dorsata, A.
spp. laboriosa, A. florea, A. mellifera

Pests

Wax Moths Apis mellifera
Small Hive Beetle Apis mellifera

Bee-louse Apis mellifera

Bee eaters (Merops sp.) Apis mellifera

Chlacid wasps (Monodontomerus sp., Osmia sp., Megachile sp.

Melittobia sp.)

Checkered beetles (Trichodes apiaries, Osmia sp., Megachile sp.

Trichodes ornatus)

Flies (Cacoxenus indagator, Anthrax Osmia sp., Megachile sp.

anthrax)

Mites (Chaetodactylus osmiae) Osmia sp., Megachile sp.

Remarks

The most serious threat to honey bee populations worldwide, and as a
serious and deadly vector for transmitting viruses.
Cause bee to have disjointed wings and be unable to fly.

Puncture trachea and suck hemolymph.

The most serious threat to honey bee in Asia.

The most serious pest of honeycombs.
Can cause colonies to abscond and can damage brood and honey when
larva reproduce. Reported to also infest Bombus and stingless bee nest.
No detrimental effect on adult bees, larvae can damage the appearance
of comb honey.

Problematic locally when queens are being reared.

Parasiting solitary bee nests, destroying/eating the developing larvae.
Melittobia acasta caused significant losses in Osmia coerulescens
populations.

Commonly found in nests. Can cause losses up to 89%, but on average
around 30% in managed colonies.

Anthrax flies and most probably also other flies are of less concern due
to low infestation rates of nests.
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2.4.1.1 Honey bee parasites and pathogens

A honey bee colony may harbor a wide variety of disease-causing agents, bacteria, fungi, viruses,
parasitic mites and even other insects that try to take advantage of the rich resources contained within bee
colonies (Morse et al., 1990; Evans and Spivak, 2010). Experiments to determine cause and effect often
use a single pathogen but multiple pathogens, including viruses, may be contributing to colony decline
(Johnson, 2009; vanEngelsdorp et al., 2010, Cornman et al., 2012). Interactions have been documented
between Black Queen Cell Virus (BQCV) and Nosema (Doublet et al., 2015) and pesticide exposure and
Nosema (Alaux et al., 2010b; Vidau et al., 2011, Pettis et al., 2012) but these same effects have not been
seen at the colony level (Retsching et al., 2015). What is widely accepted is that bee diseases vary in time
and space (Highfield et al., 2009; Martin et al., 2012) and are often associated with bee colonies that are
not in ideal nutritional state or under some other form of stress (Staveley et al., 2014), such as

transportation (Ahn et al., 2012), pesticide exposure (Pettis et al., 2013) or crowding (Morse et al., 1990).

2.4.1.1.1 Viruses of honey bees

Viral diseases are numerous in bees, with over 18 identified; the major ones studied being Acute bee
paralysis virus (ABPV); BQCV; Chronic bee paralysis virus (CBPV); DWV; Israel Acute Paralysis Virus
(IAPV); Kashmir bee virus (KBV); and Sacbrood virus (SBV). Viral infections in honey bee colonies
have often been reported to be involved in the collapse of bee colonies infested with Varroa destructor

(de Miranda et al., 2011). The combination of Varroa and many viruses are known to impact colony
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survival (Neuman and Carreck 2010; Nazzi et al., 2012). Specifically, the association of Varroa mite
infestation with Deformed wing virus (DWV) has been reported to be responsible for colony losses
(Martin et al., 2012; Dainat et al., 2012; Ryabov et al., 2014).

2.4.1.1.2 Bacteria of honey bees

Bacterial diseases including American Foulbrood (AFB) and European Foulbrood are caused by
Paenibacillus larvae ssp. larvae and by Melissococcus plutonius, respectively. Both foulbrood diseases
are "notifiable” (must be reported to appropriate authorities) in most parts of the world (OIE, 1996) as
they are contagious and can cause damage to equipment by contamination and death to colonies that

become heavily infected (Morse et al., 1990).

2.4.1.1.3 Fungi of honey bees

Fungal agents include Nosema (or nosemosis), which is probably the most widespread adult honey bee
pathogen and includes two species, Nosema apis and Nosema ceranae, both of which are microsporidia
that infect the gut of adult bees, but infection may or may not affect hive productivity (Fries, 2010).
Nosema ceranae is a parasite that was first described to infect A. cerana (Fries et al., 1996) and has
become widespread in A. mellifera throughout the world (Fries et al., 2006; Higes et al., 2006; Cox-Foster
etal., 2007; Klee et al., 2007). Nosema ceranae also has wide host range, for example in Apis species (i.e.
A. florea, A. dorsata, and A. korchevnikovi) and bumble bees (Plischuk et al., 2009; Li et al., 2012). The
wide host range of this parasite is of significant epidemiological concern. Other fungal diseases of bees
include ‘Chalkbrood’ (Ascosphaera apis) and ‘Stonebrood’, caused by Aspergillus fumigatus, Aspergillus

flavus and Aspergillus niger, both of which can result in larval death.

2.4.1.1.4 Parasitic mites of honey bees

The major parasitic mites include two external mites, Varroa spp. and Tropilaelaps spp., with Varroa
being widespread while the Tropilaelaps mites only attack honey bees in Asian countries, including but
not limited to South Korea, China and Thailand (Oldroyd and Wongsiri, 2009). A small internal parasitic
mite with worldwide distribution is the tracheal mite Acarapis woodi that infests the airways of adult

honey bees.

133



2.4.1.1.5 Pests of honey bees

Honey bee pests are numerous and include many invertebrates and some vertebrates (Morse et al., 1990).
Birds can be problematic; "bee eaters” (Merops sp.) are pests in managed apiaries in the Old World (Fry,
2001; Kastberger and Sharma, 2000). Several hornets are major pests around the world (Oldroyd and
Wongsiri, 2009), and Vespa velutina has recently spread to Europe from SE Asia (Villemant et al., 2011).
Another pest that has recently expanded its host range is the small hive beetle, Aethina tumida, moving
from Africa to the US, Australia, Portugal and Italy in the past 20 years (Hood, 2004; Neumann and
Elzen, 2004; Mutinelli, 2014). The small hive beetle has the potential to damage bees beyond the genus
Apis and may threaten bumble bees (Hoffmann et al., 2008) as well as stingless bees (Greco et al., 2010).
Of the known pest, the parasitic mites are most problematic, as they switch host and spread worldwide
(Morse et al., 1990, Oldroyd and Wongsiri, 2009).

2.4.1.2 Bumble bee parasites and pathogens

The relative importance of the several factors involved in the decline of bumble bee populations is
controversial, in particular because considerably less effort has been given by scientific research to these
bees than to honey bees. The spread of pathogens during management of bumble bee colonies for
pollination (see section 2.5) is highly suspected to be one of the main factors in their decline in North and
South America (Williams and Osborne, 2009; Cameron et al., 2011a; Arbetman et al., 2013; Manley et
al., 2015). In the frame of the red-listing of bumble bee species worldwide, a collective expertise
conducted by the IUCN and a panel of experts (Cameron et al., 2011b) identified four patterns by which
pathogens are a major cause of decline in bumble bees (Manley et al., 2015). As reviewed in section 2.5
and Box 2.4.1, the use of infected commercially-reared bumble bees for crop pollination has been shown
to result in local spread of pathogens, or “spillover”, to wild bumble bees (Colla et al., 2006; Goka et al.,
2006; Schmid-Hempel et al., 2014). In theory, such spillover can result in disease epidemics in wild
populations, leading to local bumble bee declines (Otterstatter and Thomson, 2008). Studies show that
commercial bumble bee colonies commonly harbor parasites and pathogens harmful to wild bees, such as
microsporidia and viruses (Singh et al., 2010). This results in pathogen spillover from greenhouse raised
to wild bumble bees. For example, in Canada Colla et al., (2006) showed a significantly higher prevalence
of Crithidia bombi, a bumble bee pathogen, in the vicinity of greenhouses. Otterstatter and Thomson
(2008) theoretically and experimentally demonstrated that during the first three months of spillover,

transmission from commercial hives infected up to 20% of wild bumble bees within two km of
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greenhouses. Consistent with these data, (Murray et al., 2013) found the greatest pathogen prevalence in a

radius of two km from greenhouses, decreasing at distances higher than ten km.

2.4.1.2.1 Viruses of bumble bees

Viruses are cofactors in the decline of pollinators, and in some cases, of bumble bees. DWV, one of the
most common viruses in honey bees, was demonstrated to cause wing deformities in bumble bees (Li et
al., 2011; First et al., 2014). ABPV, BQCV (Peng et al., 2011), and KBV were found to be equally
capable of infecting different species of bumble bees (Anderson, 1991). Fast-evolving RNA viruses,
known to cause severe colony losses in managed honey bee populations, deserve particular attention for
their propensity to jump between host species, in particular when transmitted by pollen foraged from
flowers (Singh et al., 2010). Viruses thus threaten ecologically and economically important wild
pollinator communities (Manley et al., 2015). Impacts of these pathogens on bumble bees are currently
unknown, but potentially could lead to severe consequences in terms of colony survival and population
dynamics, as has been observed in honey bees. Immediate research efforts are needed to understand the
disease dynamics and potential health impacts of multi-host parasites on bumble bees and to develop risk
mitigation strategies for rational use of pollen in bee rearing, considering the possible role of pollen in the

transmission of viruses.

Finally, potential exists for inter-generic pathogen transmission among Hymenoptera, as suggested by
spatial analysis (First et al., 2014). In general, the transportation of honey bee colonies, honey bee
products, and other managed pollinators could potentially lead to emergence of new diseases in bumble
bees as well as introduction of more virulent strains of naturally occurring diseases via intergeneric
transmission of pathogens and parasites. Reports are increasing of bumble bees infected with RNA
viruses (DWV, ABPV, BQCV, KBV, SBV, and IAPV) that were originally isolated from honey bees
(Meeus et al., 2011; Singh et al., 2010; McMahon et al., 2015).

2.4.1.2.2 Protozoa of bumble bees

The trypanosome Crithidia bombi (Kinetoplastida: Trypanosomatidae) has been the focus of considerable
study. It infects the gut of bumble bees and has been found throughout Europe, Canada and China.
Recently a second species of this genus, Crithidia expoeki, has been discovered to occur globally

(Schmid-Hempel and Tognazzo, 2010). Infection occurs via ingestion of parasite cells, and infected hosts
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later release hundreds of thousands of parasite cells in their faeces. C. bombi infects the fat bodies of
bumble bees, and does not seem to occur more commonly in commercial than wild bees (Otterstatter et
al., 2005). Infection may have different effects, from the reduction in the colony founding success, colony
growth and reproduction (Brown et al., 2003), to the increase in mortality rates in food-stressed bees
(Brown et al., 2000). A different protozoan, Apicystis bombi, can also be highly virulent, and is suspected

to be a main factor of decline in South American bumble bees (Arbetman et al., 2013).

2.4.1.2.3 Fungi of bumble bees

Parasites in bumble bees are numerous and widespread (Schmid-Hempel, 2001) and their effect can be
quite devastating (Rutrecht and Brown, 2009; Otti and Schmid-Hempel, 2007). Nosema bombi
(Microsporidia: Nosematidae) has been suspected to be the driving factor for declines of certain North

American bumble bee species as well as in China (Li et al., 2011).

2.4.1.2.4 Parasitic mites of bumble bees

The tracheal mite (Locustacarus buchneri) occurs in wild bumble bees (Otterstatter, 2004) and is
associated with lethargy in infected workers (Husband and Sinha, 1970), but evidence that it can reduce

colony survival and reproduction is lacking.

2.4.1.2.5 Pests of bumble bees

The entomopathogenic nematode, Sphaerularia bombi, is a well known pest of bumble bees that only
attacks queens, a strategy that restricts it to a very small proportion of the host population, but can have a

strong impact, considering that the queen is the single egg-laying female of the colony.

2.4.1.3 Stingless bee parasites, pathogens and predators

Scant information is available on diseases that affect meliponiculture (stingless bee management) across
different regions of the world. In nature, stingless bee colonies live inside tree trunks, branches, roots,
buildings or ground cavities (Nogueira-Neto, 1997; Roubik, 2006), which are often invaded by parasites,

pathogens, pests and predators. Nests of stingless bees are attractive habitat and food source for various
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pathogens and predators, which can destroy these colonies (Wattanachaiyingcharoen and Jongjitvimo,
2007; Roubik, 1989). The presence of natural enemies may impose cost and reduce the number of forager

bees.

2.4.1.3.1 Viruses of stingless bees

Stingless bee pathogens are less known and investigated. The first virus detected in stingless bees was the
acute bee paralysis virus (ABPV) in Melipona scutellaris in Brazil in 2015, however. It is unknown
whether it is pathogenic to these bees (Ueira-Vieira et al., 2015). Native stingless bee colonies of various
species kept together with managed honey bees infected with DWV, IAPV, SBV, and KBV were found to
be free of these viruses (Freiberg, 2012).

2.4.1.3.2 Protozoa of stingless bees

So far, no information is available on Prokaryotes accompanying stingless bees.

2.4.1.3.3 Bacteria of stingless bees

Two bacterial diseases, the para-foul brood (Bacillus para alvei) and the American foul brood (Bacillus
larvae) have been diagnosed in M. quadrifasciata so far. Most developed colonies of stingless bees are
well protected inside the nest (Chinh et al., 2005; Roubik 2006), as the sticky resin they store as part of
their defence mechanism (Klumpp, 2007; Dollin, 2010) is known to have antibacterial properties
(Lokvam and Braddock, 1999).

2.4.1.3.4 Fungi of stingless bees

The fungus Geotrichum was found in M. puncticollis colonies in South America (Nogueira-Neto, 1997).

2.4.1.3.5 Pest and predators of stingless bees
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Wild and domesticated stingless bees have wide range of pests and predators including flies (Phoridae),
ants, anteaters, birds, lizards, spiders, reduviid bugs, assassin bugs, termites and pillage bees (Klumpp,
2007; Wattanachaiyingcharoen and Jongjitvimo, 2007), hive beetles (Lea, 1910, 1912; Halcrof et al.,
2011), wasps Braconid spp, phorid flies (Klumpp, 2007), reptiles, birds, amphibians, frogs and toads, sun
bears, rodents, squirrels, and wasps (Vespa spp.) (Jalil and Shuib, 2014). Adults and larvae of many
species are parasitoids or specialist predators of the bees (Feener and Brown, 1997; Morrison, 1999).
Phorid flies (Diptera, Phoridae) are the most devastating pests of stingless bee colonies (Disney and
Bartareau, 1995; Nogueira-Neto, 1997; Van Veen et al., 1990). The flies are attracted by the odors
emitted by stored pollen, enter colonies and lay hundreds of eggs, which after becoming larvae deplete the
colony's food stores, causing a considerable damage and often the total collapse of the colony (Maia-Silva
et al., 2012). However healthy stingless bees have capability to defend themselves and their nests against
pests and diseases and acquire a variety of defensive strategies by protective building behaviour and
defensive reactions (Greco et al., 2010; Halcroft et al., 2011; Kerr and Lello, 1962; Lehmberg et al., 2008;
Pasteels et al., 1983; Roubik, 2006).

2.4.1.4 Solitary bee parasites and pathogens

The most important managed solitary bee species belong to three families: Megachilidae (mainly
Megachile and Osmia species), Halictidae (Nomia melanderi Cockerell and Rhophitoides canus
(Eversmann)) and Apidae (mainly Anthophora and Peponapis species). Their growing importance as
managed agricultural crop pollinators facilitated studies of their natural pathogens and parasites. The best-
studied species are the alfalfa leafcutter bee (Megachile rotundata Fab.), the alkali bee (N. melanderi), the
blue orchard bee (Osmia lignaria Say) the red mason bee (O. bicornis L.), the hornfaced bee (O.

cornifrons Radoszkowski) and the horned bee (O. cornuta Latr.).

2.4.1.4.1 Viruses of solitary bees

Alkali bees are known hosts to viruses appearing also in honey bees, like the deformed wing virus
(DWV), sacbrood virus (SBV), and also the black-head and mahagony viruses. (Johansen, 1976).
Similarly, managed leafcutter bees are also known hosts of honey bee viruses, like the black queen cell
(BQCV) or DWV (Vega and Kaya, 2012). A recent study (Singh et al., 2010) also described a humber of
RNA viruses with a broad host range among various Hymenopterans. Their findings suggest that at least

RNA viruses can freely circulate in the pollinator community and can have important implications on
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export/import or movement of managed pollinators, including solitary bees. Nevertheless, information on

viral diseases in solitary bees is still scarce and they require further studies.

2.4.1.4.2 Protozoa of solitary bees

Solitary bees and their nests are accompanied by a wide variety of Prokaryotes (Inglis et al., 1993). Most
of these microorganisms are usually either beneficial or harmless, living in the midgut of bees, found in
faeces, or in provisions (Inglis et al., 1993; Goerzen, 1991). Some of them may be part of the resident
microflora, others simple commensals found in the midgut and reported to have significant importance in

food uptake and host survival (Keller et al., 2013).

2.4.1.4.3 Bacteria of solitary bees

Only a few bacteria are raising concerns such as Bacillus thuringiensis, Paenibacillus larvae or
Spiroplasma melliferum. Bacillus and Paenibacillus were found to be well represented in Osmia nests
(Keller et al., 2013). However, their pathogenicity is speculative and mason bees may only serve as an
intermediate host, vector or habitat for these bacteria, which are virulent to honey bees (Keller et al.,
2013). Similarly, S. melliferum, a Spiroplasmataceae found in O. cornifrons (Whitcomb, 2012), is known
to be lethal for honey bees (Clark et al., 1985), however, there is no information whether it is a real
pathogen in mason bees. Nevertheless, co-appearance of these bacteria in both honey bees and some
solitary bees suggest that pathogen spill-over from managed populations into wild ones cannot be

excluded and further studies are needed to clarify microbiota interaction in solitary bees.

2.4.1.4.4 Fungi of solitary bees

Chalkbrood, caused by various species of the genus Ascosphaera, is one of the most widely studied
fungal disease found in solitary bee species as well as in honey bees (Evison, 2012; James, 2008;
Stephen, 1978; Wynns et al., 2013). The most heavily infected species with chalkbrood is the alfalfa
leafcutter bee, in which the disease is commonly found in North America. Usually, infection levels do not
exceed 5%, however, in extreme cases infection levels above 50% have been recorded (Stephen, 1959) in
spite of various control/disinfection methods, causing serious losses (James 2008). The species infecting
leafcutter bees, A. aggregate, was identified in 1973 (Stephen et al., 1981). A. torchioi was identified in
O. lignaria by Youssef and McManus in 2001. So far it seems that these fungi are rather species specific
(Stephen et al., 1981), but some cross-infectivity is possible (Youssef et al., 1985). Besides chalkbrood

disease solitary bees were found to also harbour large numbers of other fungi, like Aspergillus, Candida,
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Fusarium, Mucor or even Saccharomyces species; however, the role of most of these species is uncertain
(Inglis, 1993).

2.4.1.4.5 Pests of solitary bees

Solitary bees also host a large variety of parasites, starting from numerous phoretic mites and ending on
parasitic wasps feeding on bee larvae. Due to their economic importance mostly parasites of the
intensively managed species are described in literature together with possible methods of protection
against them. Most of these parasites are not strictly species specific, and are found in various solitary bee
species (Kruni¢ et al., 2005). The most widespread are various chalcid wasps, like Monodontomerus and
Melittobia sp., beetles (Trichodes sp.), flies (Cacoxenus indagator, Anthrax anthrax), mites
(Chaetodactylus sp.), etc. (Bosch and Kemp, 2001; Kruni¢ et al., 2005). Chalcid wasps are widespread
parasitizing Megachile (Eves et al., 1980) and Osmia (Bosch and Kemp, 2001; Kruni¢ et al., 2005). Using
artificial nesting material or insecticide strips (Hill et al., 1984) the level of these parasitic wasps was
found to be controllable (Kruni¢ et al., 2005). Melittobia sp. wasps have high reproductive potential, short
life cycle, and are often found in managed bee nests (Bosch and Kemp, 2001; Kruni¢ et al., 2005) causing
significant losses in O. coerulescens populations (Purves et al., 1998). Other species like Sapyga pumila
or S. quinquepunctata also attack the nests of solitary bees, however in their case some effective control
methods are already available (Torchio, 1979). Cleptoparasitic Chaetodactylus mites were also found to
cause losses in managed Osmia sp. populations (Bosch, 1992; Bosch and Kemp 2002; Yamada 1990) and
thermal shock treatment is used to control these pests (Yamada, 1990). The checkered beetle (Trichodes
apiarius) is commonly found in Europe and North Africa parasitizing both Megachile and Osmia species
(Kruni¢ et al., 2005), while T. ornatus is common in North America (Fairey et al., 1984; Bosch and
Kemp, 2001). According to Eves at al. (1980) this beetle can cause losses up to 89%, but on average
around 30% in managed colonies. Methods of control are usually mechanical, like sorting the cocoons
(Fairey et al., 1984) or eliminating the beetles using aromatic attractant bait traps (Wu and Smart, 2014).
Anthrax flies and most probably also other flies are of less concern due to low infestation rates (3% of

Anthrax sp. in Washington, USA in alfalfa leafcutter bee colony) (Eves et al., 1980).
2.4.2 Pollinator management
2.4.2.1 Honey bee management

The management of honey bees has facilitated the movement of different bee species to areas of the world

where they are not native. This movement, while beneficial in some cases for honey production and
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pollination, has also had negative impacts through disease spread and replacement of local pollinators
(Goulson, 2003). However, when using native bees, beekeeping can be viewed as a conservation tool and
enhance local fauna and food production (Jaffé et al., 2010). The number of colonies managed in any
given area can be linked to supply and demand for pollination and or the price of honey (vanEngelsdorp
and Meixner, 2010). Thus, the actual number of colonies managed and the need for those colonies are
driven by external factors beyond the control of the beekeeper (Morse and Calderone, 2000;
vanEngelsdorp and Meixner, 2010). Lastly, the demand for pollination is growing faster than the supply
of managed pollinators in developing areas of the world (Aizen and Harder, 2009).

The name honey bee refers to all bees in the genus Apis with two major species managed around the
world; the western honey bee Apis mellifera and the eastern honey bees Apis cerana and Apis indica.
Both cavity-nesting bees can be managed in human-made containers and moved to follow honey flows or
for pollination (Crane, 1983). Modern beekeeping started with the invention of the movable frame hive in
1853 (Langstroth, 1853), allowing beekeepers to harvest honey without destructively cutting out combs,
inspect for disease, and to remove frames to start new colonies (see Chapters 1, 3 and 5 for more on
historical bee management). One example of disease spread and reduction in pollination availability
comes from the use of non-movable comb hives in South Korea where a viral disease, Thai sacbrood,
wiped out 90% of A. cerana hives resulting in the need for hand pollination of pears and other fruit trees
(Yoo et al., 2012).

Growing demands for pollination and searching for better honey production areas have driven beekeepers
to become migratory in many areas of the world. This migratory trend has increased recently but bees
have been moved since humans began to manage them (e.g., on the Nile in ancient Egypt, Crane, 1983).
Because honey production depends on the availability of flowers in the immediate area, beekeepers
quickly learned that by moving hives to areas of better forage (nectar flows as they are called) they could
produce more honey. The need to move hives for honey production, and more recently pollination, has
made migratory beekeeping standard practice in many parts of the world (Pettis et al., 2014). Bee
colonies are most often moved at night over short distances but if longer distances are required then bees
may be closed with screens or nets and placed on large trucks for transport. During a move some bees are
lost or left behind, and this can spread diseases and pests to new areas. The most extreme migratory
beekeeping for pollination occurs in the U.S. each year, when 1.5 million or more colonies are moved
from across the U.S. to California to pollinate almond trees in February and March (Sumner and Boris,
2006). Migratory beekeeping is advantageous to the beekeeper in moving to paid pollination contracts or

to maximize honey production. However, migratory beekeeping does have impacts on local honey bee
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and native bee populations as it facilitates the rapid spread of bee diseases and pests and can cause
pathogen spillover to native bee populations (Goulson, 2003; Moritz et al., 2005; Furst et al., 2014; Smith
et al., 2014). Lastly, the worldwide trade in bee products (wax, honey, pollen and propolis) is another
avenue for the spread of diseases and pests to new areas (Ritter, 2014). Diseases and pests can survive on
traded bee products and be a source of spread to new areas if used in beekeeping or rearing of bumble
bees (e.g., pollen — Graystock et al., 2013, or e.g., royal jelly can harbor diseases that then spread globally

if used in queen rearing upon importation into disease-free areas).

Movement of bee species to new areas or continents can cause unanticipated additional risks beyond pests
and disease spread and may include; changes in local bee fauna, competition for resources and changes in
beekeeping practices with newly introduced species (Roubik and Wolda, 2001; Goulson, 2003; Moritz et
al., 2005; Howlett and Donovan, 2010). One example is the importation of Caucasian bee stocks into the
Cevennes National Park in France to replace the local native bees Apis mellifera mellifera; this introduced
Varroa mites that then largely wiped out the native bees in that area (Elie, 2015). Other examples of
introgression of new genetic stock into local populations are known (De la Rua et al., 2009). Two
additional examples are the movement of A. mellifera to the Americas and into SE Asia; both of these
moves have some positive aspects in pollination and honey production. However, in SE Asia this has led
to host shifts of a parasitic mite (Varroa destructor, Anderson and Trumann, 2000) and a gut parasite of
adult bees (Nosema ceranae; Fries, 1996), both of which adversely affect honey bees worldwide and can
spill over to other bee species (see disease section). Additionally, the use of A. mellifera, while good for
honey production, has caused a decline in the keeping of other bees native to these areas, for example,
stingless bees (Quezada-Euan et al., 2001, Cortopassi-Laurino et al., 2006, Dohzono et al., 2008, Jalil,
2014) and A. cerana in SE Asia (see Chapt. 5; Oldroyd and Wongsiri, 2006). Competition for resources
with the introduction of exotic bee species has been studied but the results are mixed (Roubik et al., 1986,
Steffan-Dewenter and Tscharntke, 2000, Roubik and Wolda, 2001, Hansen et al., 2002, Paini, 2004).
When Africanized bees moved into South and Central America, the native bees were able to shift to other
host plants and thus behaviorally compensate in the diverse plant habitat of the Americas (Roubik, 2009).
Competition between Apis and Bombus has been documented (Thomson, 2004, 2006). There is no
question that if resources are limited then competition between introduced species like honey bees and
native bees, birds or other nectar feeders can occur (Roubik and Wolda, 2001, Hudewenz and Klein,
2013; Elbgami et al., 2014). To date there is only limited evidence that competition is sufficient to lead to

major declines of local bees or other pollinators.
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Despite the negative aspects of disease spread, modern agriculture in many parts of the world relies on a
mobile pollinator that can be moved to a crop during bloom. This is most important in large-scale
agricultural production systems such as almonds, apples, melons and other cucurbits where large fields
provide limited edges where wild pollinators may nest (Kremen, 2005). In many areas of the world with
less intensive and large-scale agriculture beekeepers primarily move for honey production and the
pollination they provide is free. Solutions to the issue of large field sizes can include more plant diversity
in the agricultural landscape and the use of smaller fields or orchards (Winfree et al., 2007). It has been
shown that wild bees provide a great deal of pollination (Garibaldi et al., 2013) and thus managed bees
may be considered supplemental in some but not all cases. Efforts to maximize the proper distribution of
managed pollinators can increase efficiency and reduce costs (www.beeswax.me.uk http://almopol.com).
This research suggests that if agriculture can adopt smaller plot sizes and more diverse flora, then
managed pollinators can serve as pollination "insurance™ and be used to augment the wild pollinators in a
given area (Winfree et al., 2007; Breeze et al., 2014). Currently, with limited agricultural land available
and a need to maximize production, managed pollinators like honey bees will remain in demand for crop

pollination.

2.4.2.2 Bumble bee management

In the past few decades, bumble bees (the genus Bombus) have been increasingly subject to commercial
trade for use as pollinators (see Chapter 1). Five species of bumble bees are currently used for crop
pollination, the major ones being Bombus terrestris from Europe and Bombus impatiens from North
America (Velthuis and van Doorn, 2006). The massive introduction of colonies, within or outside the
natural range of these species, was identified as one of the main threats to native bumble bees and other
bee species (Cameron et al., 2011b), due to several types of risks (Table 2.4.2). These introductions create
two main kinds of risks: the competition for resources (including nesting sites and the transmission of
diseases and pathogens. A third, less—explored, kind of risk is the reproductive interference due to

interspecific mating between introduced and native bumble bee species (Kanbe et al., 2008).

The initial risk occurs when non-native commercial bumble bees escape to the wild, potentially becoming
invasive, competing with native bumble bees. Non-native bumble bees include exotic species, but also
subspecies or even different ecotypes or genotypes. Two well-described cases are the importation and
subsequent naturalization of B. terrestris to Northern Japan (Hokkaido) in the 1990s (Inoue et al., 2007)
and the introduction and establishment of several Bombus species in New Zealand and Australia

(Macfarlane and Griffin, 1990). A recent case has been the rapid extension of B. ruderatus and B.
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terrestris in South America (see text in Box 2.4.1). There is then a risk of competition for nesting sites
and for floral resources between introduced species and native non-bumble bee species, but few studies

have addressed this aspect.

The greatest risk related to bumble bee management is probably the spread of diseases at local, national,
and international levels (Goka et al., 2006) (see also 2.4.1.2). A recent study (Graystock et al., 2013)
referred to managed colonies as “Trojan hives”, after showing that 77% of commercially produced
bumble bee colonies from three main producers imported to the UK on the basis of being parasite-free
were shown to carry eight different parasites. This publication actually contributed to establish new
restrictions for bumble bee use in the UK. Spread of such parasites is unavoidable considering the
permeability of cropping systems to commercial bumble bees. This was demonstrated in Ireland when
bumble bees kept in greenhouses from which they were supposedly unable to exit were shown to collect
31% to 97% of their pollen from outside the greenhouses (Murray et al., 2013). This presents a risk to
native bumble bees in the regions to which they are introduced, so that the prevalence of bumble bee
pathogens shows considerable variation among sites (Gillespie, 2010) and among species (Koch et al.,
2012). Available data show that commercially produced bumble bee colonies can pose a significant risk
to native pollinators (e.g. Szabo et al., 2012), not only due to introduction of parasites in populations that
may have a low prevalence of pathogens, but also because the movement of commercial colonies may
disrupt spatial patterns in local adaptation between hosts and parasites (Meeus et al., 2011). This risk
could even be higher when bumble bees are used for open field pollination; this is a noted limitation in all
of the mentioned studies that used greenhouses as a focal point for the spillover hypothesis. Another
factor that increases the risk is that commercial bumble bees have been noted to have a higher prevalence

of several diseases than their wild counterparts.

Box 2.4.1: Case study: the invasion of European bumble bees introduced for crop pollination in

southern South America

The southern tip of South America (Argentina and Chile) is inhabited by a single native bumble bee species,
Bombus dahlbomii, whose key role in plant-pollinator webs and in the pollination of native plant species
has been recognized. This region has been invaded by the European bumble bee B. ruderatus in 1993 (Roig-
Alsina and Aizen, 1996) and B. terrestris in 2006 (Torretta et al., 2006), following their introduction for
crop pollination into Chile in 1982 and 1997, respectively.
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Three independent studies have shown that both introduced bumble bee species have spread widely in the
region, invading new habitats (Montalva et al., 2011; Morales et al., 2013; Schmid-Hempel et al., 2014).
More specifically, a recent large-scale survey of bumble bee fauna across the eastern slopes of the southern
Andes in Argentina revealed that B. terrestris was by far the most widespread and abundant species, one
order of magnitude more abundant than B. dahlbomii and B. ruderatus. Meanwhile, B. dahlbomii had

disappeared from a large part of its historical range (Morales et al., 2013).

B. dahlbomii closely interacts with the native endemic plant “amancay” (Alstroemeria aurea), related to a
variety of commercial hybrid lilies. A 20-year survey of pollinators of amancay in an old growth forest
whose understory is dominated by this flowering plant revealed that first B. ruderatus, and later B.
terrestris, replaced B. dahlbomii, formerly the most abundant pollinator (Morales et al., 2013).

What are the mechanisms underlying displacement of native bumble bees by invasive ones? In the case of
B. ruderatus, mechanisms behind its initial, partial displacement of B. dahlbomii on the local level remain
unknown, and the hypothesis of competition for resources has received little support (Aizen et al., 2011).
In the case of B. terrestris, its wide range and long-lasting displacement of B. dahlbomii has been
hypothesized to be the result of an interplay between competition for resources and pathogen spillover. B.
terrestris is a highly generalist species, foraging on many types of flowers — even those classified as
anemophilous or ornithophilous (see Chapter 1). Furthermore, its colonies are larger and they begin their
activity earlier in the spring than do colonies of B. dahlbomii; this likely provides it with a competitive

advantage.

Recent studies provide evidence that populations of B. terrestris in southern South America carry Apicystis
bombi, a highly pathogenic parasite new to this region (Plischuk and Lange, 2009) that seems to have been
introduced along with it and transmitted in situ to B. dahlbomii and B. ruderatus (Arbetman et al., 2013).
This pathogen also infects honey bees (Apis mellifera). Moreover, the fact that infected honey bees have
been detected in a region of southern Argentina invaded with B. terrestris but not in regions free of this
invasive bumble bee (Plischuk et al., 2011), and that infected B. terrestris, B. ruderatus and A. mellifera
from this region share the same Apicystis haplotypes (Maharramov et al., 2013), supports the theory of a
common origin of this pathogen in all three species, and suggests a probable spillover from B. terrestris to

these species, though this remains to be confirmed.
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The impacts of these invasions on plant pollinator interactions and plant pollination range from disruption
of local plant-pollinator webs (Aizen et al., 2011) to reduced weight and quality of raspberries along a

gradient of increasing B. terrestris invasion (Séez et al., 2014) due to their overabundance.

This case study illustrates how the issues of bumble bee management for crop pollination, invasive
pollinators (see section 2.5.4), and bumble bee diseases (see section 2.4.1.2) are closely linked and therefore
should be addressed in an integrated manner. In addition, this evidence provides sound arguments for

discouraging introduction of non-native pollinator species.

Movement of managed bumble bees may also pose risks to other bee species, because diseases are spread
by transfer of pathogens between bumble bees and other bees through shared flowers. Following
importation, commercially produced bumble bees interact with native bumble bees and other pollinators
during shared flower use (Whittington and Winston, 2004), creating a risk for the community of

pollinators as a whole (Durrer and Schmid-Hempel, 1994).

Finally, other significant risks are the possibility of hybridization of native and non-native bumble bees,
which thus far has been shown to occur only at the intraspecific level, or the risk of reproductive failure
consecutive to interspecific mating. In Poland, (Kraus et al., 2010) have demonstrated 33% to 47%
introgression of the commercial subspecies B. terrestris dalmatinus and B. t. sassaricus to the local B.
terrestris, indicating a potential risk of loss of genetic diversity, even when moving colonies of the same
species. This suggests that for commercial species, the colonies should be moved only to areas where
local bees are genetically close.

9. Table 2.4.2: Bumble bee management and its effects on crop and wild plant pollination and other native
wild pollinators.
For a list of crops pollinated, see Klein et al. (2007).

Species (managed first, Negative effects on wild pollinators
year, when known)

Bombus terrestris Displacement of native bumblebee due to a potential combination of competition for
dalmatinus (Europe 1997, resources and pathogen spillover (Arbetman et al. 2013, Morales et al. 2013, Schmid-
Asia 1992, South America Hempel et al. 2014,)

1998) STRONG EVIDENCE

Genetic pollution of local population by managed individuals of distant populations or
subspecies (Kraus et al. 2010)

MEDIUM EVIDENCE

Hybridization of native and non-native bumblebees (Tsuchida et al. 2010)

MEDIUM EVIDENCE
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B. t. audax (introduced
from UK to New Zealand
in approx. 1900)

B. impatiens (North
America 1990)

B. ignitus (Japan 1999,

Introduction of non-native species causing disturbance in native bee diversity and
competing with native species (Inoue et al. 2007)
MEDIUM EVIDENCE

May compete with native species for nectar and pollen from a range of plant species
(Howlett & Donovan 2010)
WEAK EVIDENCE

Greenhouse escapees infect local populations with parasites/pathogens, raising the
natural local level of pathogens (Colla & Packer 2008)
STRONG EVIDENCE

This will result in introduction of exotic pathogens/parasites (Goka et al. 2006)

STRONG EVIDENCE

China 2000)

B. t. terrestris (Norway) No studies
B. t. canariensis (Canary

Islands 1994)

B. t. saccaricus (Sardinia)

B. occidentalis (North

Amercia 1990)

2.4.2.3 Stingless bee management

Stingless bees (Meliponini) are a traditional honey, propolis and wax source in South and Central
America (Cortopassi-Laurino et al., 2006, Nates-Para, 2001; 2004), Australia (Heard and Dollin, 2000),
Africa (Kwapong et al., 2010), and Asia (Cortopassi-Laurino et al., 2006), but recently their role as
possible managed pollinators of agricultural crops is also raising interest (Slaa et al., 2006, Giannini et al.,
2014). Stingless bees are an important asset to fulfill the growing agricultural demand for pollination,
because they could compensate for the local declines in honey bee populations (Brown and Paxton, 2009,
Jaffé et al., 2010, van Engelsdorp and Meixner, 2010) by assuring enough pollinators (Aizen and Harder,
2009) and by pollinating crops more effectively (Garibaldi et al., 2013). Across developing countries,
stingless beekeeping (also known as meliponiculture), remains essentially informal, technical knowledge
is scarce, and management practices lack standardization. Commercialized bee products, including honey,
colonies, and in a few cases crop pollination, are generally unregulated, and demand often exceeds
supply. Meliponiculture thus remains a largely under-exploited business (Jaffé et al., 2015).

In most African countries stingless bees are hunted for their honey instead of being managed, which can
lead to the destruction of wild colonies however, meliponiculture does exist in Tanzania and Angola
(Cortopassi-Laurino et al., 2006, Jaffé et al., 2015). While in e.g. Ghana (Kwapong et al., 2010) and
Kenya (Macharia et al., 2007) an interest to develop stingless bee management has been identified. In
Australia management practices were developed to provide pollination with stingless bees for agricultural

crops (Heard and Dollin, 2000). Stingless bees were found to be as often managed for pollination
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purposes as for honey production, already at the end of the last century according to the survey conducted
by Heard and Dollin (2000). They found that the most common species kept in Australia are Trigona
carbonaria (69%) and T. hockingsi (20%). Stingless bees in Australia are used and promoted mostly for
macadamia nut, orchards (Heard and Dollin, 2000), mango and watermelon pollination (Dollin, 2014). In
Central and South America stingless bees are usually used for honey, propolis and wax production used
for medicinal and ritual purposes, however, their role in crop pollination is being more often investigated
(Cortopassi-Laurino et al., 2006). Meliponiculture in these countries can take various forms and use
different traditional and modern techniques or types of hives depending on the target bee species
(Cortopassi-Laurino et al., 2006). Stingless bee honey producers can be well organized, e.g. in Brazil a
private virtual initiative was created to connect stingless beekeepers to exchange experiences, buy and sell
products and acquire know-how. In Mexico, some species are actively managed in rural areas
(Sommeijer, 1999; Quezada-Euan et al., 2001; Gonzalez-Acereto et al., 2006), while a number of species
are still traditionally hunted for their honey (Reyes-Gonzalez et al., 2014). There is also active promotion
of such beekeeping in Mexico and studies show, that the stingless bee species Nannotrigona

perilampoides is a cost-effective pollinator for some locally-grown crops (Gonzalez-Acereto et al., 2006).

Management of stingless bees for crop pollination purposes, as mentioned earlier, is less popular, but
efforts are underway to promote them as crop pollinators in Brazil (Imperatriz-Fonseca et al. 2006).
Melipona fasciculata was identified as a potential eggplant pollinator (Nunes-Silva et al., 2013), and N.
punctata and M. scutellaris have been identified as potential pollinators of guava, greenhouse
strawberries (Castro, 2002), and apples (Vianna et al., 2014). In Mexico, the stingless bee N.
perilampoides was tested for tomato pollination (Cauich et al., 2004). Similar trends are observed in
southern Asia (in India) and in South-East Asia (Indonesia, Malaysia, Thailand and the Philippines),
where besides traditional stingless bee honey production (Kahono, 2011; Kumar et al., 2012),

management for pollination is beginning to take root (Cortopassi-Laurino et al., 2006).

Important efforts have been directed to train beekeepers and standardize management practices
(Nogueira-Neto, 1997; Villas-Boas, 2012), quantify investment costs and profit perspectives (Lobato and
Venturieri, 2010), assess honey properties, quality and commercialization routes (Vit et al., 2013), rear
queens artificially (Menezes et al., 2013), and diagnose the overall situation of the sector in different
regions (Halcroft et al., 2013; Gonzalez-Acereto et al., 2006). More recently, quantitative efforts have
been directed to the optimization of stingless beekeeping. Relying on Brazil-wide surveys, Jaffé et al.
(2015) assessed the impact of particular management practices on productivity and economic revenues

from the commercialization of stingless bee products. Another recent contribution analyzed the long-term
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impact of management and climate on honey production and colony survival in a commercial stingless
bee from North-eastern Brazil (Koffler et al., 2015).

Stingless beekeeping should be regarded as a prime tool to achieve sustainable development. Keeping
bees can help low-income communities earn additional revenues from selling bee products, thus reducing
the need to exploit other natural resources and creating incentives to protect natural habitats as food
sources and nesting sites for the bees. Moreover, beekeeping contributes to the provision of pollination,
assuring crop yields and helping maintain plant biodiversity in natural ecosystems. Stingless beekeeping
could thus help protect the bees, safeguard their pollination, and contribute to the development of many
rural communities. However, more efforts are needed to optimize this activity. Achieving such
optimization is difficult, given the huge diversity of management practices (tightly linked to cultural
heritage), as well as the striking biological differences among species (Vit et al., 2013; Roubik, 2006).
Recent interest in the production of more stingless bee honey, as described above, has already generated
some new practices, like the developing trade of colonies of these bees, e.g., in Australia, or attempts to
introduce species out of their natural range, like in Japan (Amano, 2004). This poses new potential risks —
as seen mainly in honey bees and bumble bees (see diseases section for details), like the introduction of
pathogens and the loss of genetic diversity. Therefore, optimization of stingless bee managment should be

done with care and within the borders of their native range.

2.4.2.4 Solitary bee management

Solitary bees have been used for agricultural crop pollination for almost a century. The longest-managed
and described species are undoubtedly the alfalfa leafcutter bee (Megachile rotunda) (Pitts-Singer and
Cane, 2011; Ruz, 2002), introduced to North and South America and Australia, the alkali bee (Nomia
melanderi) (Cane, 2008), the blue orchard bee (Osmia lignaria) (Bosch and Kemp 2001), both used in
North America, the hornfaced bee (O. cornifrons) in Japan (Maeta, 1990), the horned bee (Osmia
cornuta) and the red mason bee (Osmia bicornis) in Europe. All these species require relatively simple
handling including the use of standardized nesting boxes for their nesting aggregates and simple cocoon
collection and cleaning procedures for further breeding (Bosch and Kemp 2002; Sedivy and Dorn, 2013).
In return, they significantly increase crop yield and often provide better crop quality compared to crops
pollinated mostly by honey bees (for details see Table 2.4.2.). Due to their effectiveness as crop
pollinators and their simple handling, solitary bees are often introduced to new locations as managed
pollinators. They are mostly used in open field pollination, but they also do well in greenhouse conditions

(Bosch and Kemp, 2000, Wilkaniec and Radajewska, 1997). Recently, solitary bees have also been
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supported by introducing of artificial nesting sites, so-called "bee hotels", to promote not only wild bee

conservation but also pollination of both crops and wild plants on a small scale (Gaston et al., 2005).

However, the effectiveness of these artificial nesting sites was questioned by Maclvor and Packer (2015),

who showed that bee hotels might promote introduced species more than native ones, and also may act as

population sinks for bees through facilitating the increase of parasites and predators.

10. Table 2.4.3: Managed solitary bees and the opportunities they offer and — respectively - risks they pose to
their environment.

Species

Anthophora
pilipes
shaggy
fuzzyfoot bee

Megachile
pugnata
sunflower
leafcutter bee

M. rotundata
alfalfa
leafcutter bee

Originating
(or.) and
managed in
(since); if
known
Japan (or.),
USA
(introduced in
1988),
Germany
(1990),

Japan (1990)

North America
(or.) (1990s)

Europe (or.),
USA (1930),
Western Canada
(1962),

New Zealand
(introduced in
1971),

Australia
(introduced in
1987)

Crops
pollinated

Blueberry
orchards

Sunflower

Alfalfa,
lowbush
blueberry,
carrots,
vegetables,
canola, melon,
sweet clover,
cranberry

Effects on

Crop pollination

POSITIVE Superior
pollinator of blueberries in
Japan..[': 2 European
subspecies of this bee has
been managed to increase
the pollination of fruit
trees and orchards.P!

HIGH CONFIDENCE

POSITIVE Increased
sunflower pollination.
Active earlier during the
days, than honeybees or
bumblebees.

HIGH CONFIDENCE

POSITIVE in USA
tripled alfalfa seed
production. In New
Zealand, bees have been
observed foraging on 10
different introduced plant
species from the families
Asteraceae, Brassicaceae,
Crassulaceae and
Fabaceae. In Canada [!]
leafcutter bees saved the
alfalfa industry. [567

HIGH CONFIDENCE

Wild pollinators

NONE described but being
used without noticeable
side effects for decades in
its original location.

MEDIUM
CONFIDENCE

NONE described, but being
used without noticeable
side effects for decades in
its original location.

MEDIUM
CONFIDENCE

NONE described but being
used without noticeable
side effects for decades in
its original location.

MEDIUM
CONFIDENCE

NONE described in New
Zealand and Australia.
Although competition for
nesting sites may occur
with the native Hylaeus
spp. low abundance,
restricted distribution and
preferences for introduced
plants suggest that these
managed bees are unlikely
to pose a competitive threat
to native pollinators.[!

LOW CONFIDENCE
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Species

Nomia
melanderi
alkali bee

Osmia
cornifrons
hornfaced bee

0. cornuta
horned bee

0. lignaria
blue orchard
bee

O. bicornis
red mason bee

References

Originating
(or.) and
managed in
(since); if
known

USA (or.)
(1940)

New Zealand
(introduced in
1964)

Japan (or.)
(1960),

USA
(introduced
beginning of
1980s),
Korea, China
(1990s)

Europe (or.),
Spain, France
and Yugoslavia

North America
(or.) (1970)

Europe (or.),
Germany
(2010),
Poland (2012)

Crops
pollinated

Red clover,
alfalfa

Orchards,
especially
apple, mustard

Orchards,
oilseed rape,
blackberry

Orchards

Oilseed rape,
blackcurrant,
strawberries,
orchards

Effects on

Crop pollination

POSITIVE Greater seed
production in lucerne.
Both males and females
are superior to honeybees
in pollinating alfalfa. [*

HIGH CONFIDENCE

POSITIVE The
hornfaced bee is 80 times
more effective than
honeybees for pollinating
apples. In Japan, where
hornfaced bees pollinate
up to 70 percent of the
country’s apple crop. ¥

HIGH CONFIDENCE

POSITIVE Generally
increases crop pollination
Pl and especially apple.
Osmia pollinated orchards
produce enhanced yields
in favourable years. Also
safeguard a yield in years
that would otherwise be
devoid of any yield. [

HIGH CONFIDENCE

POSITIVE Orchard
pollination. They are
particularly efficient
pollinators of fruit trees,
promote cross-pollination
and increase yield in
cultivars that require
cross-pollination. [ 121
HIGH CONFIDENCE
POSITIVE They are
efficient pollinators of
blackcurrant ['3 and

strawberries also in
tunnels. ['4 13]

HIGH CONFIDENCE

Wild pollinators

NONE. Alkali bees have
specific nesting
requirements restricting
their spread, no competition
for nesting sites with native
bees was noted in New
Zealand. ¥

LOW CONFIDENCE

NONE described, but being
used without noticeable
side effects for decades in
its original location and
where introduced

MEDIUM
CONFIDENCE

NONE described, but being
used without noticeable
side effects for decades in
its original location and in
the US.

MEDIUM
CONFIDENCE

NONE described, but being
used without noticeable
side effects for decades in
its original location.

MEDIUM
CONFIDENCE

NONE described, but being
used without noticeable
side effects for decades in
its original location.

MEDIUM
CONFIDENCE
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[1] Batra, 1994; [2] Stubbs and Drummond, 1999; [3] Thalann and Dorn, 1990; [4] Parker and Frohlich, 1985; [5]
Cane, 2002; [6] Howlett and Donovan, 2010; [7] Cane, 2008; [8] Maeta, 1990; [9] Krunic and Stanisavljevic, 2006;
[10] Bosch and Kemp, 2002; [11] Bosch et al., 2006; [12] Torchio, 1985; [13] Fliszkiewicz et al., 2011; [14] Wilkaniec
and Radajewska, 1997; [15] Schindler and Peters, 2011.

Managed solitary bees, in contrast to honey bees and bumble bees, are less studied concerning the risk
they pose to their environment (for details see Table 2.4.2.). Managed solitary bees, which are transported
or just simply introduced into new localities (Bartomeus et al., 2013), can impact native pollinator species
and the pollination they provide. However, the only well-documented case of invasiveness of an
introduced pollinator is the giant resin bee (M. sculpturalis), a legume pollinator from Central Asia. Giant
resin bees were accidentally introduced to the USA, where they started to outcompete the native carpenter
bee (Xylocopa virginica) at its nesting sites (Laport and Minckley, 2012). Disease spread by managed
solitary bees requires further studies, especially studies on procedures for controlling pathogens and
internal parasites, and the impact of management on native bees. Lack of appropriate disease control,
together with large aggregation sizes, may facilitate disease spread and therefore impact native pollinators

and their pollination. (For further details see section 2.4.1.4.)

2.4.3 Conclusions

Bee management is a global and complex driver of pollinator loss. Spreading of diseases by managed
honey bees and bumble bees into wild bee species has been shown to present a threat to some wild
species and populations. Preservation of some of the economically important (for their pollination in crop
production) bee species that otherwise could decline is also important from a conservation point of view.
In some cases, like honey bees or bumble bees, both pros and cons of their large-scale management for
pollination are well known. These managed bees provide convenient pollination, because they can be
moved in large numbers to large-scale pollinator-dependent monoculture plantings that have high
pollination requirements at specific time points. However, these managed bees can also transmit diseases
to local populations of wild pollinators, further diminishing naturally-occurring pollination, which already
tend to be low in large, monoculture croplands that supply few natural nesting habitats or floral resources
across time for wild bees (see section 2.2.2). The logical conclusion is to create pollinator-friendly
habitats to promote pollinator abundance and diversity instead of migratory bee management, when
possible. However, if pollinator-friendly habitats cannot be created, it is advisable to manage native or in
some cases naturalized populations rather than non-native bee species, because the greatest risk by bee
management occurs when species are moved out of their native range. In case of solitary and stingless bee

management the picture is less clear because empirical studies on the impact they have on their
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environment are still scarce. Yet, to foresee and avoid possible pitfalls of managing solitary and stingless
bees it is important to keep in mind the negative impacts observed from honey and bumble bee

management thus far.

2.5 Invasive alien species

2.5.1 Introduction

Especially since the 1950s, the growth in global economic wealth, trade and commerce and transport
efficiency has facilitated the ongoing worldwide human-mediated dispersal of organisms into novel
environments (Hulme, 2009; Mack et al., 2000). This represents a key component of global
environmental change as once introduced beyond their natural range, and given evolutionary and
ecological constraints or opportunities, these alien plant and animal species can become invasive, altering
the biological and physical nature and processes of the recipient ecosystem (Jones and Gomulkiewicz,
2012; Mack et al., 2000). ‘Alien species’ are defined as a (non-native, non-indigenous, foreign, exotic)
species, subspecies, or lower taxon occurring outside of its natural range (past or present) and dispersal
potential (i.e. outside the range it occupies naturally or could occupy without direct or indirect
introduction or care by humans) and includes any part, gametes or propagule of such species that might
survive and subsequently reproduce (IUCN, 2000). ‘Alien invasive species’ are alien species that become
established in natural or semi-natural ecosystems, and are an agent of change, threatening native
biological diversity (IUCN, 2000). In this section we assess the evidence for impacts by alien invasive
species on native pollinators, plant-pollinator interactions and pollinator community networks. We assess
impacts from different invasive alien groups accidentally or deliberately introduced beyond their natural
range, namely: flowering plants (2.5.2); herbivores that consume pollinator food plants (2.5.3); predators
(2.5.4); and competitors (other pollinators) (2.5.5) (Traveset and Richardson, 2006). The effects of
invasive alien pests and pathogens of pollinators are dealt with separately in the preceding section (2.4)

on pollinator diseases and management.
The main sources (meta-analyses, reviews) and scope of evidence used in the assessment of the impact of

invasive alien plants, pollinators, herbivores and predators on native pollinator species, networks and

pollination are summarized in Table 2.5.1.
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11. Table 2.5.1: Main sources (meta-analyses, reviews) and scope of evidence used in assessment of the impact
of invasive alien plants, pollinators, herbivores and predators on native pollinator species, networks and

pollination.
Citation

Aizen et al. (2008).
PLoS Biology 6, e31.

Albrecht et. al. (2014)
Proceedings of the
Royal Society-B: 281.

Montero-Castano &
Vila (2012) Journal
of Ecology 100, 884-
893.

Morales & Traveset
(2009) Ecology
Letters 12, 716-728.

Carvalheiro et al.
(2014) Ecology
Letters, 17, 1389-
1399.

Bjerknes et. al.
(2007) Biological
Conservation 138, 1-
12.

Desurmont et al.
(2014) Plant, cell &
environment 37,
1854-1865.

Kenis et al. (2009)
Biological Invasions,
11, 21-45.

Stout & Morales
(2009). Apidologie
40, 388-409

Study
type

Meta-
analysis

Meta-
analysis

Meta-
analysis

Meta-
analysis

Meta-
analysis

Review

Review

Review

Review

UN Geographical
(numeric code)

South America-Argentina (005-
032), Eastern Africa-Mauritius
(014-480), Southern Europe-
Portugal (Azores) (039-620)
Northern Europe-UK (154-826),
Western Europe-Germany (155-
276), Southern Europe—Spain
(039-724), Eastern Africa-
Mauritius (014-480), South
America-Argentina (005-032)
World (001)

Region

World (001)

World (001)

Northern America-USA-Canada
(021-840-124), Western Europe-
Germany (155-276), Southern
Europe—Spain (039-724),
Northern Europe-Norway (154-
578)

Northern America-USA (021-
840)

World (001)

Northern America (021),
Northern Europe (154), Western
Europe (155), Eastern Europe

Topic

Impact of invasive alien
plants or pollinators on
networks

Impact of invasive alien
plants on pollinator
networks

Impact of alien species
invasions on pollinators

Effects of alien invasive
plants on pollinator
visitation to and
reproduction of native
plants

Effect of the abundance,
relatedness and geographic
origin of co-flowering
plants on insect pollination

Effects of alien plant
invasions on native plant
pollination via competition
for, or facilitation of,
pollinator visits

Disruption of chemical
signaling between plants
and pollinators by invasive
insect herbivores
Ecological effects of
invasive alien insects

Impact of alien invasive
species (plants &

Effect of
invasive

Invasive
animals: -

Invasive plants:
+-/=

Invasive plants:

Invasive alien
plants generally
= (but if
invasive floral
traits match
natives or
invasive floral
abundance is
high then
impact can be:
+/-)

+/-I=

Hypothesised
only: -

Invasive
pollinators: =/-

Invasive plants:
+/-1=; Invasive
pollinators: =/-
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Traveset & Review
Richardson (2006)

Trends in Ecology &

Evolution 21, 208-

216.

Traveset & Review
Richardson (2014)
Annual Review of
Ecology, Evolution
and Systematics 45,
89-113.

Bezemer et al. (2014)
Annual Review of
Entomology 59, 119-
141.

Dafni et al. (2010)
Applied Entomology
and Zoology 45, 101-
113.

Dohzono &

Review

Review

Review

Yokoyama (2010)
Applied Entomology
and Zoology 45, 37-
47.

Monceau et al. (2014)
Journal of Pest
Science 87, 1-16.

Review

Morales & Traveset Review
(2008) Critical
Reviews in Plant

Sciences 27, 221-238.

Paini (2004) Austral
Ecology 29, 399-407.

Review

Moritz et al. (2005)
Ecoscience 12, 289-
301.

Review

(151), Southern Europe (039),
Asia (142)
World (001)

World (001)

World (001)

World (001)

South America-Argentina-Brazil
(005-032-076), Eastern Africa-
Mauritius (014-480), Australia
(036), Southern Europe—Spain
(039-724), Asia-Japan (142-392)
Europe (150)

World (001)

World (001)

World (001)

pollinators) on pollinators
and pollination

Impact of alien invasive
insect & plant species on
pollinators and pollination

Effect of invasive alien
species on mutualisms,
including pollinators and
pollination

Response of native insect
pollinators and plants to
invasive alien plants.

Impact of commercial
Bombus terrestris
introductions on native
bumble bees

Impacts of alien honey bee
(Apis mellifera) and bumble
bees on native plant-
pollinator relationships

Potential impacts of
invasive Asian hornet
(Vespa velutina) on
European honey bees
Impact of invasive alien
plants for native plant
reproduction

Impact of the introduced
honey bee (Apis mellifera)
on native bees

Global invasions of the
western honey bee (Apis
mellifera) and the
consequences for pollinators
and pollination

Invasive
pollinators: +/-
/=

Invasive
herbivores: -
Invasive
predators: -
Invasive plants;
+/-

Invasive plants:
+/-

Invasive plants
+-I=

Apis mellifera:
+/-
Bombus -

- (Predicted)

Some -
interactions, but
impacts on
fitness or
population size
either equivocal
or =

Mostly =, but a
few examples
of - impacts
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2.5.2 Invasive alien plants

Alien plant dispersal has increased worldwide, both accidentally (e.g., contamination of agricultural
cargo) and deliberately (e.qg., for horticulture) (Hulme, 2009). Introduced alien plants may establish and
prosper because they: i) escaped biotic constraints; ii) occupy a vacant ecological niche - either pre-
existing or due to ecosystem disturbance; iii) possess novel weapons or phenotypic plasticity conferring
ecological advantage; and iv) evolved increased competitive ability following colonisation outside of their
range (Bossdorf et al., 2005; Cappuccino and Arnason, 2006; Catford et al., 2012; Mack et al., 2000;
Uesugi and Kessler, 2013).

When involved in mutualistic interactions (such as pollination), the interaction strength (extent of mutual
dependence between interacting species shaped by the probability of encounter and their separate
phylogenetic histories) may be important for the persistence of invasive plant species. Introduced
mutualists may either fail or succeed in establishing within a novel ecological community according to
the strength of interaction with the native species, for instance, if an introduced pollinator fails to obtain
sufficient resources from the resident plant species then establishment is unlikely (Jones and
Gomulkiewicz, 2012). Moreover, genetic diversity in introduced and resident species may, contingent on
interaction strength, lead to rapid evolutionary selection for integration of the invader into the recipient
community (Bossdorf et al., 2005; Jones and Gomulkiewicz, 2012; Vandepitte et al., 2014).

Insect-pollinated plant species often dominate lists of invasive alien plants, but at least in the early stages
of colonization the ability of these plants to self-pollinate enables establishment and spread (Chrobock et
al., 2013; Pysek et al., 2011; Traveset and Richardson, 2014). Over time, other plant traits (e.g., flower
morphology, copious nectar or pollen rewards, large floral or long duration displays) lure and co-opt
pollinator species whose phenotypes are pre-adapted to the floral resources the invasive alien plant offers
(Chrobock et al., 2013; Kleijn and Raemakers, 2008; Morales and Traveset, 2009; Naug and Arathi, 2007;
Pysek et al., 2011; Stout and Morales, 2009). Invasive alien plant species can thus become integrated into
the ecosystem and dominate plant-pollinator interactions (Pysek et al., 2011; Traveset et al., 2013;
Traveset and Richardson, 2006; Vila et al., 2009). For example, pollen loads carried by insects may
become dominated by alien pollen and hence potentially reduce conspecific pollen transfer among native
plant species (e.g., Kleijn and Raemakers, 2008; Lopezaraiza-Mikel et al., 2007). Invasive flowering
plants can also affect pollinators’ nutrition. Indeed, nutritional requirements differ among bee species and
honey bee worker castes, and the growth and survival of social and solitary bee species is sensitive to the

composition of the pollen diet (Paoli et al., 2014; Praz et al., 2008; Sedivy et al., 2011; Tasei and Aupinel,
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2008). Therefore, while alien pollen and nectar may provide an additional food source for pollinators
adapted to exploit them, there may also be a potential risk to pollinator health if invasive alien plant

pollen is nutritionally poor compared to that from native plants (Stout and Morales, 2009).

Invasive plants are expected to affect pollinators adversely if they either ill-adapted to exploit the alien
food resource or dependent on native plants outcompeted by the invader (Bjerknes et al., 2007; Palladini
and Maron, 2014; Stout and Morales, 2009). There is, however, little evidence from meta-analyses or
reviews (Bjerknes et al., 2007; Montero-Castafio and Vila, 2012; Stout and Morales, 2009), and only very
few individual examples (Lopezaraiza-Mikel et al., 2007; Moron et al., 2009; Nienhuis et al., 2009) of

alien plant invasions consistently lowering overall pollinator diversity or abundance.

There is more evidence, however, that alien plant invasions can influence the assembly of pollinator
communities. Plant-pollinator community networks are permeable to plant invaders (Traveset et al., 2013;
Traveset and Richardson, 2014), which according to the species involved can rewire plant-pollinator
interactions (e.g., Bartomeus et al., 2008). Network architecture can often be relatively unaltered by alien
plant invasions, for instance, a Pan-European analysis showed network nestedness, a property thought to
confer a degree of stability on the community, was unaffected by the integration of alien plants into the
network (Vila et al., 2009). Although recent global meta-analyses have demonstrated changes in network
properties following integration of alien invasive plants, the attractiveness of these invasive plants to
native pollinators altered their behaviour, which led to changes in network properties (e.g. modularity,
interaction strength) that are thought to enhance community stability (Aizen et al., 2008; Albrecht et al.,
2014). For example, invasive plant species increased connectivity between network modules (subsets of
tightly connected species) (Albrecht et al., 2014), which potentially increased the network’s robustness to
species losses arising from future environmental changes. Furthermore, highly invaded networks are, on
average, characterised by weaker mutualism strength (i.e. weak or asymmetric mutual dependences
between interacting species), a property that may reduce the probability of secondary extinctions should a
partner species in the network be lost (Aizen et al., 2008). It should be noted, however, that many of these
predictions around network robustness are derived from simulation models of empirical network data
(frequency of pairwise species interactions at the community level). The challenges of collecting such
data typically preclude greater biological realism (temporal network dynamics, species competition) being
built into these simulations. Therefore, due caution is required in interpreting these insights from
simulation models for community stability. Nonetheless, while invasive plant species do not generally

alter diversity or abundance (Montero-Castafio and Vila, 2012) through usurpation and domination of
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pollinator interaction networks, they often hold a key role in community organisation (Aizen et al., 2008;
Albrecht et al., 2014).

This key role of invasive alien plants (and invasive alien pollinators — see section 2.5.3), once integrated
into pollinator networks, has potential ramifications for individual native plant species. If the native plant
becomes overly reliant on the invader for facilitation of pollination, then there is a potential risk to the
native species should those connections become eroded or lost due to further environmental changes
(Aizen et al., 2008).

Invasive alien plants may alter interactions between native plants and their pollinators either through
competition for pollinator visitation (Bjerknes et al., 2007; Dietzsch et al., 2011) or by elevation of
pollinator activity to the level where co-flowering native plant pollination is facilitated (Bjerknes et al.,
2007; Cawoy et al., 2012; McKinney and Goodell, 2011). Primary and meta-analyses suggest that
pollinator visitation rates to native plant species tend to decrease with plant invasion, suggesting that
competition for pollinators may be the prevailing process (Brown et al., 2002; Montero-Castafio and Vila,
2012; Morales and Traveset, 2009). Whether this translates into reduced reproductive output of native
plant species is less certain, potentially because of plant compensatory mechanisms (i.e., self-
reproduction, recruitment of alternative pollinators) (Bjerknes et al., 2007; Dietzsch et al., 2011; Morales
and Traveset, 2009; Traveset and Richardson, 2014), but see examples where negative effects are
reported (Brown et al., 2002; Chittka and Schurkens, 2001; Thijs et al., 2012). Furthermore, the level of
impact on flower visitation may be contingent on the composition of the pollinator community because of
differential responses of pollinator groups (e.g., flies versus bees) to the invasive plant (Carvalheiro et al.,
2014; Montero-Castafio and Vila, 2012). The negative impact that alien plant invasions can have on
native plant pollination and reproductive success is increased at high relative densities of alien flowers
and/or when alien and native plants are related or have similar floral traits (i.e., flower anatomy, color,
phenology large floral displays) (Bjerknes et al., 2007; Brown et al., 2002; Carvalheiro et al., 2014;
Morales and Traveset, 2009; Pysek et al., 2011). Only if some or all of these conditions are met will the
extent of pollinator sharing between the native and the invasive plant species rise to the point where there
is an impact, positive or negative, on the native plant (e.g. Thijs et al., 2012). There have been no studies
(to our knowledge at the time of writing) that have examined the impact of invasive alien wild plants on
food crops, which represents a significant knowledge gap. The pollinator-mediated impacts of native co-
flowering plant species on flowering invasive plants are not clear and have been less studied (Carvallo et
al., 2013).
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2.5.3 Invasive alien plant pathogens

Alien, potentially invasive, plant pathogens may be directly introduced through human trade movements
(e.g., crops) or associated with high levels of anthropogenic environmental impact, including the human-
mediated spread of invasive plant species, in the recipient ecosystem (Santini et al., 2013). There is some
understanding of how plant pathogens are spread by insect vectors, including pollinators (Shykoff and
Bucheli, 1995), and how plant pathogens can influence pollinator visitation to affect pollination in co-
flowering yet uninfected neighboring plant species (Roy, 1994). Thus there is potential for invasive alien
plant pathogens, perhaps introduced along with invasive alien plants, to affect plant physiology or
flowering, native plant-pollinator interactions and plant reproduction, however, this has been little studied
to date.

2.5.4 Invasive alien herbivores and predators

Mammalian herbivores, such as ungulates (e.g., cattle, goats, deer), through consumption of floral or
vegetative plant tissues or by direct trampling, have the potential to affect the floral or nesting resources
available to pollinators (Traveset and Richardson, 2014). For instance, cattle introduced to Patagonian
forests represent an invasive alien herbivore, which through trampling the vegetation indirectly altered
pollinator network structure, visitation and the reproductive success of certain plant species (Vazquez and
Simberloff, 2003, 2004).

Similarly, invasive insect herbivores, by attacking plant roots or shoots, can reduce floral resources to
impact potentially an array of pollinator species (Louda et al., 1997; Traveset and Richardson, 2006).
Insect herbivory can alter the emissions of constitutive or induced volatile organic compounds from the
plant (Desurmont et al., 2014). Pollinators use such volatiles as olfactory cues to locate floral resources
(Stokl et al., 2011; Theis et al., 2007), and insect herbivory can disrupt these signals to affect pollinator
visitation and pollination (Barber et al., 2012; Kessler et al., 2011; Steets and Ashman, 2004). A recent
review considered it likely this disruption of native plant-pollinator signals and pollination may arise as a
result of herbivory by invasive insects, yet there has been little study to date of this aspect of invasion

ecology (Desurmont et al., 2014).

Predators can also have strong indirect effects on pollination and plant fitness via consumption of
pollinators or altering pollinator behaviours (Dukas, 2001, 2005; Knight et al., 2006). Invasive predators
such as the cats, stoats and rats introduced to oceanic islands have reduced the population sizes of

vertebrate pollinators (birds, lizards), with associated impacts on their mutualistic interactions with plants
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(Traveset and Richardson, 2006). For example, in the Ogasawara archipelago of Japan, invading
predatory lizards consumed endemic bee species to the point that the honey bee (A. mellifera), invasive in
these islands, became the dominant pollinator (Abe et al., 2011). The preference of the honey bee for
visiting flowers of invasive alien plants over flowers of endemic plants meant that the invasive predator
transformed the ecological system by eliciting a shift from the native to an invasive-dominated pollination
system (Abe et al., 2011). Insect predators also have the potential to disrupt pollinator communities and
pollination. For instance, the yellow-legged hornet (Vespa velutina), a recent (2004) accidental
introduction into Europe from Asia, is a predator of insects including bees and is thought to represent a
direct or indirect threat to already stressed European honey bee populations, via altered ecological
dynamics (Monceau et al., 2014). Invasive ant species in South Africa and Mauritius, which are more
aggressive or competitive than native ants, can deter pollinator visitation, disrupt pollination and seed
dispersal, thereby leading to reductions in plant fitness (Lach, 2007; Hansen and Miiller, 2009). Alien
parasitoids have been deliberately introduced worldwide for biocontrol of exotic agricultural pests. In
many cases, these parasitoids have also reduced populations of indigenous non-target insects, including
butterflies, moths and flies that are potential pollinators of native plant species (Louda et al., 2003). In
New Zealand beech (Nothofagus solandri var. solandri) forests, invasive alien wasps (Vespula vulgaris,
V. germanica) compete for energy-rich food, in the form of honeydew secretions produced by native scale
insects, with alien honey bees (A. mellifera) and also native vertebrate (birds) pollinators. The wasps
significantly appropriate and reduce this food resource thereby representing a threat to the native bird
pollinators (Markwell et al., 1993; Moller et al., 1991). In Hawaii, the experimental removal of the
invasive predatory wasp (V. pensylvanica) increased visitation rates to flowers of a native tree
(Metrosideros polymorpha) by both native bees (Hylaeus spp) and the invasive alien honey bee A.
mellifera. This change to species interactions resulted in greater fruit production of this tree species
(Hanna et al., 2013). Removal of V. pensylvanica led to A. mellifera becoming the most effective
pollinator in this system, likely replacing a niche previously fulfilled by extinct or declining bird
pollinators, highlighting the complex nature of species interactions among predators, pollinators and
plants, and the potential role invasive species may have in supporting pollination in human-modified

ecosystems (Hanna et al., 2013).

2.5.5 Invasive alien pollinators

Certain bee species — introduced accidentally or intentionally to provide apicultural or pollination services
to agriculture — can also disrupt native pollinator communities either by directly outcompeting indigenous

insects for floral or nesting resources or by spreading pests and pathogens to which other pollinators are
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susceptible. Transmission of pest and pathogens through movements and use of managed bees is dealt
with elsewhere (see section 2.4 on pollinator diseases and management). Here we assess the ecological

impacts of human-mediated invasion of natural communities by alien bees.

The western honey bee (A. mellifera) has over centuries been transplanted worldwide for apiculture
(production of honey, beeswax, etc.) and crop pollination and is often managed in large densities. The
intentional and accidental movement of different honey bee (Apis) species continues (e.g., A. mellifera
globally, A. florea into Israel, Sudan and Iran) (Goulson, 2003; Moritz et al., 2010; Moritz et al., 2005).
Migratory beekeeping practice (see section 2.4) in South Africa trans-located the honey bee sub-species
A. mellifera capensis into the range of A. m. scutellata, where it behaved as a social parasite, leading to
substantial colony losses of A. m. scutellata (Moritz et al., 2005). This is a stark example of a negative
interaction between Apis sub-species. However, there is little evidence that the human-assisted movement
of the principal managed pollinator, the European sub-species (A. m. mellifera) into the regions (Europe,
Africa) where other sub-species of A. mellifera are endemic has had a significant impact on these
conspecifics (Moritz et al., 2005). Moreover, while A. mellifera introductions into ecosystems that lack
other subspecies but contain other congeneric Apis species (i.e., East Asia) can lead to interspecific
competition for floral and nesting resources, overall there is little sign that the net effect is the domination
or replacement of the indigenous Apis species (Moritz et al., 2005). However, in China, the distribution
and population size of A. cerana in China has reduced by over 75% and 80%, respectively, following the
introduction of A. m. ligustica in 1896. Coupled with overall losses of food and nesting resources, direct
competition with A. m. ligustica and inter-species transfer of pathogens (e.g. Sacbrood viruses) to A.
cerana have been implicated in this decline (Ji et al., 2002; Yang, 2005). In the Americas, a region
lacking indigenous congeneric Apis species, various sub-species of A. mellifera were introduced for
apiculture and became naturalized in North America ~ 250 years ago. More recently, feral descendants of
the introduced African honey bee sub-species A. m. scutellata (again introduced for apiculture) have
spread across tropical America and into the southern USA (Goulson, 2003; Moritz et al., 2005). It is
possible that the lack of native Apis spp. in the Americas means the introduced honey bee has occupied a
vacant ecological niche, although they do have the same proboscis length as workers of the North
American short-tongued bumble bees (Inouye, 1977). The consequences of this invasion for non-Apis
pollinators are not clear, either because it had little effect or the historical impacts went unrecorded
(Moritz et al., 2005).

Overall, alien honey bee populations have become readily integrated into pollinator communities and

direct competition for food has sometimes altered native wild bee behaviour and reproductive success in a
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locale, although these species interactions are highly dynamic (Dohzono and Yokoyama, 2010; Roubik,
1980; Roubik and Wolda, 2001; Thomson, 2004; Traveset and Richardson, 2006). There have been very
few reports of invasive alien honey bees reducing the survival or densities of native wild bees through
competition (Kenis et al., 2009; Paini, 2004; Roubik and Wolda, 2001; Yang, 2005) and to date no
extinctions have been recorded (Goulson, 2003; Moritz et al., 2005; Paini, 2004; Traveset and
Richardson, 2006). However, it is possible that alien honey bee invasions may have contributed to
historic declines of native pollinators in places like oceanic islands (Kato and Kawakita, 2004; Magnacca,
2007). Behavioural interactions between alien honey bees and native pollinators (bees and birds) have
been documented both reducing and enhancing pollination of native plants and crops (Brittain et al.,
2013; Dohzono and Yokoyama, 2010; Greenleaf and Kremen, 2006; Traveset and Richardson, 2006). The
ecological traits of the honey bee (e.g., high dispersal, generalised feeding habit, forager recruitment),
have also maintained pollination function once they have been introduced to areas where indigenous
pollinator species losses have been incurred by anthropogenic disruption of natural ecosystems (Aizen
and Feinsinger, 1994; Dick, 2001; Hanna et al., 2013). There is potential, however, for micro-
evolutionary effects on wild plant-pollinator networks arising from A. mellifera introductions.
Mathematical models have predicted that the widespread introduction of this super-generalist honey bee
may promote convergence in flower traits across many wild species, which may alter the functioning and

structure of wild plant-pollinator communities (Guimaraes et al., 2011).

The introduction (see section 2.4) and subsequent establishment of feral populations of bumble bee
(Bombus) species has led to some disruption of indigenous pollination systems involving native
congeners (Dohzono and Yokoyama, 2010; Kenis et al., 2009; Morales et al., 2013). Many native plant
taxa in the temperate, alpine and arctic zones of the world have evolved to become closely associated with
different bumble bee species. A few bumble bee species are managed for crop pollination (see section
2.4), but in particular the life-history traits of B. terrestris have predisposed its commercial rearing and
translocation around the world for crop pollination (Dohzono and Yokoyama, 2010). Many of these traits
(e.g., nesting flexibility, generalist feeding habit) have also enabled this species once introduced to
establish successfully in novel temperate environments such as in Australasia, Japan, Israel and South
America (Dafni et al., 2010; Morales et al., 2013). Introduced alien bumble bee species can transmit novel
pathogens into native bee populations (see section 2.4) and often compete with native congeners for
nesting and floral resources (Dafni et al., 2010; Dohzono and Yokoyama, 2010; Ings et al., 2006). This
competitive displacement of native pollinators by alien ones can reduce native plant species richness and
abundance and promote processes leading to inbreeding depression (by enhancing selfing) or

hybridization (by moving pollen across closely related alien and native plants) and ultimately lower
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fitness of plants (Dohzono and Yokoyama, 2010; Kenta et al., 2007; Morales et al., 2013; Morales and
Traveset, 2008). Certain solitary bee species have been introduced, some possessing similar traits to
invasive social bees, but relatively little is known about their impact on the ecology of native pollinators;
representing a gap in understanding that could help to forecast impacts of future invasions (Goulson,
2003; Kenis et al., 2009).

2.5.6 Vulnerability of different pollinator habitats to invasions

As invasions are primarily a human-mediated process, anthropogenic and disturbed environments are
likely to be prone to the immigration and establishment of alien species, for example where human
activity creates or makes accessible new niches (Catford et al., 2012; Mack et al., 2000). A recent global
meta-analysis suggested that the tendency for alien invasions to reduce pollinator diversity or abundance
was both statistically non-significant and did not differ among forest, shrubland, and grassland
ecosystems (Montero-Castafio and Vila, 2012). While these broad ecosystem classifications were
necessary for this meta-analysis due to data limitations, they were lacking important contextual
information (e.g., level of disturbance or human activity, carrying capacity of recipient habitat, mainland
vs. island), which may have affected the sensitivity of the analysis (Mack et al., 2000). Oceanic island
ecosystems may be particularly vulnerable to disruption of pollination systems, at least where those
ecosystems support a smaller and more specialised plant-pollinator fauna (Abe et al., 2011; Hansen and
Miiller, 2009; Mack et al., 2000; Traveset et al., 2013; Traveset and Richardson, 2006). Island pollination
systems tend to be more robust when the native pollination system is generalised and thus the invasive
alien species becomes integrated without significant disruption (Kaiser-Bunbury et al., 2011; Olesen et
al., 2002). Although because of likely different demographic processes, populations of animal or plant
species that are rare or restricted to oceanic islands or have undergone a strong recent genetic bottleneck
related to habitat fragmentation are likely to have less genetic diversity than more common or less
spatially restricted species (Darvill et al., 2006; Eckert et al., 2010; Frankham, 1997; Stuessy et al., 2014).
The impoverished genetic diversity of such species may thus affect adaptive processes that could
contribute to the success or failure of invasions, depending of the type of interaction they have with the
invasive species. For instance, modeling approaches indicated that a higher ability to adapt (higher
genetic diversity) in the invasive species generally leads to establishment, and further, higher genetic
diversity in the resident species can lead to exclusion of the invasive in predator-prey interactions, and
may allow adaptation to the invasive (and thus favor invasion) and survival of both species (mutualism or

competition) (Jones and Gomulkiewicz, 2012).
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2.5.7 Conclusions

The outcome of an invasion on pollinator populations, diversity, network structure or pollination
processes is likely to be highly contingent on the ecological and evolutionary context. For example,
invasive plant species are often readily incorporated into native pollination networks, especially where
generalised plants and pollinators predominate. This can have major consequences for the function,
structure and stability of pollinator networks, negative impacts on particular native pollinator species and,
less commonly, reductions in overall pollinator abundance or diversity. The ramifications of such changes
for native plant pollination can be positive or negative depending on the traits of the species involved. By
altering the plant community, introduced mammal herbivores can have a profound effect on pollinator
communities and pollination, but the effects of invasive insect herbivores are unknown. Invasive
predators can directly kill pollinators or disrupt pollinator communities and associated pollination
systems, whilst invasive pollinators can outcompete or transmit diseases to native pollinator species or
simply be accommodated in the existing pollinator assemblage. The ecological complexity and context of
different invasions precludes overall generalisation. Nonetheless, the trophic position
(plant/herbivore/pollinator/predator) of an invasive species and the degree of specialisation in the invasive
and the recipient pollination system are crucial to understanding the outcome of alien species invasions.
There is also a risk that the impact of invasive alien species on pollinators and pollination may be further
exacerbated when it occurs in combination with other threats (section 2.7) such as diseases, climate or
land-use change (Gonzalez-Varo et al., 2013; Schweiger et al., 2010; Vanbergen and the Insect
Pollinators Initiative, 2013).

2.6 Climate change

2.6.1 Vulnerability of biodiversity and ecosystems to climate change

Climate change “refers to a change in the state of the climate that can be identified ... by changes in the
mean and/or the variability of its properties, and that persists for an extended period, typically decades or
longer. Climate change may be due to natural internal processes or external forcings such as modulations
of the solar cycles, volcanic eruptions and persistent anthropogenic changes in the composition of the
atmosphere or in land use” (IPCC, 2013). Species respond to climate change by adaptation, by moving
out of unfavorable into favorable climates, or by going first locally and later globally extinct (Dawson et
al., 2011, Bellard et al., 2012). Climate change is regarded as one important factor contributing to the
decline of pollinators (Potts et al., 2010) and changes and disruptions of plant—pollinator interactions

(Memmott et al., 2007; Hegland et al., 2009). Vulnerability of biodiversity and ecosystems to climate
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change is defined as the combination of three things: a) the degree to which their climatic environment
has or will change relative to conditions under which they evolved; b) the sensitivity of the ecosystem
processes to the elements of climate which are changing; and c) the degree to which the system can
maintain its structure, composition and function in the presence of such change, either by tolerating the
change or adapting to it (Settele et al., 2014; see Oppenheimer et al., 2014 for a comprehensive discussion

on vulnerability concepts).

2.6.2 Evidence of changes in ecosystems, pollinators and pollination

2.6.2.1 Phenology change and interaction mismatch

Monitoring of the phenology of biological events across a large number of sites worldwide has allowed
the detection of an advance in spring events (breeding, bud burst, breaking hibernation, flowering, flight
time, migration) for many plant and animal taxa in many regions, especially in the northern hemisphere
(e.g., Europe, North America, Arctic) but also some in the southern hemisphere and in tropical areas (e.g.,
Africa, Australia, South America, Antarctica). Studies on plants include Cleland et al. (2007), Amano et.
al. (2010) and Gordo and Sanz (2010), while plants and animal taxa in combination have been dealt with
by Haye et al. (2007), Primack et al. (2009), and McKinney et al. (2012). Meta-analyses based on
observation studies were conducted by Parmesan (2006, 2007), Cook et al. (2012b), Ma and Zhou (2012),
and Wolkovich et al. (2012), while those of Cleland et al. (2012) and Wolkovich et al. (2012) were based

on warming experiments.

Generally, there is great intra- and interspecific variability in phenological responses to changing climatic
factors. Insect species with phenotypic plasticity in their life-cycle may increase in number of generations
per year due to increase in temperatures and length of growing seasons (e.g. due to the contraction of the
onset and cessation of winter frosts; Menzel et al., 2006; Robinet and Roques, 2010). Uncertainties and
biases are introduced in research that (1) compares different taxonomic groups or geographic regions with
incomplete or non-overlapping temporal and/or spatial time series and scales, or (2) fails to consider the
effects of local climatic variability (e.g., wind speed, climatic conditions at stop-over places during
migrations) or the mostly unknown pressures on winter ranges for migratory species (Hudson and
Keatley, 2010). Further, if time series are too short, long-term trends in phenological changes cannot be
detected, although responses to annual climate variability can often be characterized. Cross-taxa
observations show high variation in species- and location-specific responses to increasing temperatures in

both direction and magnitude (e.g. Parmesan, 2007; Primack et al., 2009).
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Changes in interspecific interactions stemming from changes in phenological characteristics and
breakdown in synchrony between species have been reported (Gordo and Sanz, 2005). Species unable to
adjust their behavior, such as advancement of spring flowering in response to temperature, are likely to be
negatively affected, if for example, their pollinators do not respond to the same signals. The degree,
direction and strength of the asynchrony due to changing climatic variables depends on differences in the
phenology of the interacting species (van Asch and Visser, 2007). Increasing temperatures may either
increase or decrease synchrony between species, depending on their respective starting positions (Singer
and Parmesan, 2010). Climate changes (e.g. warming, elevated CO>) and its consequences (e.g. increased
drought) may affect the synchrony between plants and pollinators by altering the chemical signals emitted
by plants (floral volatiles) to attract pollinators (Farre-Armengol et al., 2013). For example, increased
temperatures may elevate the overall rate of volatile emissions, and hence the strength of the signal to
pollinators, but alter the chemical composition potentially affecting the ability of specialist pollinators that
rely on species-specific floral bouquets to locate food-plants (Farre-Armengol et al., 2014). However, the
consequences of individual and multiple climate-stressors on pollination are likely to be complex due to
different impacts on various plant biochemical pathways and biotic interactions and much remains to be

understood (Farre-Armengol et al., 2013).

Generally, changes in synchrony of interacting species are assumed to affect ecological community
dynamics, such as trophic cascades, competitive hierarchies and species coexistence (Nakazawa and Doi,
2012). For example, fig plants are keystone species in tropical rain forests at the centre of an intricate web
of specialist and generalist animals. Jevanandam et al. (2013) report that fig plants have a reciprocally
obligate mutualism with tiny, short-lived (1-2 days) fig wasps (Agaonidae). Their results of experiments
from equatorial Singapore suggest that the small size and short life of these pollinators make them more
vulnerable to climate change than their larger and longer-lived hosts. An increase of 3°C or more above
the current temperatures across much of the equatorial tropics would markedly decrease the active adult
lifespan of all four species investigated. Unless fig wasps can acclimate or adapt to warmer temperatures
in time, these responses may disrupt the mutualism, potentially affecting multiple trophic levels
(Jevanandam et al., 2013).

Insects show a variety of phenological responses to changing temperatures (reviewed in Robinet and

Roques, 2010). In a 2009 review, Hegland et al. (2009) find empirical evidence for linear relationships
between phenological events and temperature in both plants (e.g., first flowering) and pollinators (e.g.,
first emergence date), however, they also emphasise that temporal mismatch may still occur due to the

varying slopes of the linear relationships in the two mutualistic partners. Observations that show the
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phenological de-coupling of plants and their pollinators are also presented by Gordo and Sanz (2005) and
McKinney et al. (2012). Parmesan (2007) found that butterflies showed spring advancement three times
stronger than for herbs and grasses. Because most butterflies use herbs and grasses as host plants, this
suggests an increasing asynchrony between these two interacting groups. Bartomeus et al. (2011)
similarly reported that the phenology of 10 bee species from northeastern North America has advanced by
about 10 days over about 130 years with most of this advance occurring since 1970; however, this rate of
advance in bee phenology was not distinguishable from co-occurring advances in forage plant phenology.
This suggested that the phenology of generalist bee species, such as those investigated by Bartomeus et al.
(2011), will keep pace with shifts in forage-plant flowering. This view is supported by experimental
evidence (Willmer, 2012), which also suggests that phenological effects on pollinator-plant synchrony
may be of limited importance. However, an analysis of phenological observations in plants (Wolkovich et
al., 2012) showed that experimental data on phenology may grossly underestimate phenological shifts.

Shifts in flowering phenology can reshape entire plant and pollinator communities (CaraDonna et al.,
2014). Earlier snowmelts are reported to decrease floral resources and can hence affect survival of
associated insects (Boggs and Inouye, 2012). In temperate, arctic and alpine habitats, snow cover is a
more important factor than temperature per se. Interactions between temperature and precipitation
determine snowmelt changes, which are reported to lead to earlier flowering and appearances of plants
and arthropods in Greenland (Haye et al., 2007), earlier flowering in an alpine plant (Lambert et al.,

2010), and an increase in frost damage to montane wildflowers (Inouye, 2008).

In a modelling study, Memmott et al. (2007) used a highly resolved empirical network of interactions
among 1420 pollinator and 429 plant species to simulate the consequences of phenological shifts in plant-
pollinator networks that can be expected with a doubling of atmospheric CO.. They found that diet
breadth (i.e., number of plant species visited) of the pollinators might decrease due to the reduced
phenological overlap between plants and pollinators and that extinctions of plant, pollinators and their
crucial interactions could be expected as consequences of these disruptions. While there are
methodological shortcomings (e.g., sampling effects and rarity are both confounded with specialization;
Blithgen, 2010), and while the results of Benadi et al. (2014) suggest that many pollinator species are not
threatened by phenological decoupling from specific flowering plants, a follow-up empirical study by
Burkle et al. (2013) in which the highly resolved network analysed by Memmott et al. (2007) was
resampled. Their empirical evidence suggests that climate change over the last 120 years may have

resulted in phenological shifts that caused interaction mismatches between flowering plants and bee
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pollinators. As a consequence, many bee species were extirpated from this system, potentially as a result

of climate-induced phenological shifts.

In a study on the influence of climatic seasonality on tropical pollinator groups Abrahamczyk et al. (2011)
it was stated that the species richness of pollinating hummingbirds was most closely correlated to the
continuous availability of food, that of bees and wasps to the number of food planst species and flowers,
and that of butterflies to air temperature. In relation to climate change the authors state that all pollinators
will likely be directly affected by an increase in climatic seasonality and indirectly by changes in the
distribution and phenologies of food plants (see Potts et al., 2009), with the latter being especially likely
for hummingbirds, bees, and wasps in their study system.

In summary, an increasing number of observational and experimental studies across many organisms
provide strong evidence that climate change has contributed to the overall spring advancement observed
especially in the Northern Hemisphere (Settele et al., 2014). Additionally, there is some evidence that
daily activity patterns may change with climate change (e.g. Rader et al., 2013). However, the effects of
these shifts in terms of interacting species are still not well understood and require further investigation
(Burkle and Alarcon, 2011; Bartomeus et al., 2011). It can be assumed, that climate change-induced shifts
in phenology may be a particularly pronounced problem for migratory pollinator species in temperate
regions, with numerous moths (Macgregor et al., 2015) and other insect groups being well known for
their extended migrations. However, how climate change influences most migratory pollinators has not

been studied.

2.6.2.2 Observed changes in species range and abundance

Observed changes in species abundance are difficult to relate to climate change, because of the complex
set of factors mediating population dynamics in non-managed (wild) populations. Some of the clearest
examples of climate-related changes in species populations come from high-latitude ecosystems where
non-climate drivers are of lesser importance (see Settele et al. 2014, Kighl et al., 2011, Hegland et al.,
2009). There are also documented changes in effective population size in response to climate change
since the last glacial maximum, demonstrating the potential plasticity in certain populations (Lopez-Uribe
et al., 2014; Groom et al., 2014).

Some examples of climate change impacts on pollinator abundance are reported from Indonesia. Wild

honey bees Apis dorsata perform annual migration cycles, which are influenced by seasonal (Kahono et
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al., 1999; Kahono, 2002) and non-seasonal periods of natural flowering (Itioka et al., 2001). Wetter
climate has led to a decline in food resources of Apis dorsata (flowering plants) and thus a decrease in the
number of Apis dorsata colonies, largely as a result of a failure to produce new queens (Kahono, 2011).
However, the increasing volume and frequency of rainfall in Indonesia and the consequent reduction in
food resources have also led to a sharp decline in honey production by both Apis dorsata and the western
honey bee Apis mellifera (Kahono, 2011). Kullu farmers, who practice traditional beekeeping with Apis
cerana in the Himalayas, report that the potential effects of climate change on pollinators have included
changes to swarming times (advanced by at least a month) and also changes in population sizes (Sharma
2004).

There is substantial evidence that terrestrial plant and animal species' ranges have moved in response to
warming over the last several decades and this movement will accelerate over the coming decades
(Settele et al., 2014). A synthesis of range shifts by Chen et al. (2011) indicates that terrestrial species
(e.g. butterflies) have moved poleward about 17 km per decade (sites in Europe, North America and
Chile) and 11 m per decade in altitude up mountains (sites in Europe, North America, Malaysia, and
Marion Island), which corresponds to predicted range shifts due to warming. The "uphill and poleward"
view of species range shifts in response to warming is a simplification of species response to changing
climate, since response to climate change is also conditioned by changes in precipitation (including
desertification), interactions with land use, and possibly many other factors (see section 2.7). These
interactions can lead to responses that are not predictable from warming alone (Rowe et al., 2010;
Crimmins et al., 2011; Hockey et al., 2011). For bumble bees, Kerr et al. (2015) report on consistent
trends across continents in failures to track warming through time at species’ northern range limits (based
on averaging observations across species), although range losses from southern range limits and shifts to
higher elevations among southern species occur, leading to range contractions. Their study underscores

the need to test for climate impacts at both leading and trailing latitudinal and thermal limits for species.

Detailed investigations of the mechanisms underlying observed range shifts show that there are many
confounding factors (e.g., Crimmins et al., 2011; Hockey et al., 2011), but our ability to detect range
shifts and attribute them to changes in climate has drastically improved (Parmesan and Yohe, 2003;
Parmesan, 2006; Chen et al., 2011; Kerr et al., 2015). There is, however, tremendous variation in range
shifts among species and species groups. Much of this variation can be explained by large differences in
regional patterns of temperature trends over the last several decades (Burrows et al., 2011) and by

differences in species dispersal capacity, life history and behavior (Lenoir et al., 2008; Devictor et al.,
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2012a, 2012b), like an increased susceptibility of rare or highly specialized pollinator species to changes

in ranges and composition of plant communities (Goulson and Darvill, 2004; Williams, 2005).

On average, plants and animals appear to be tracking recent changes in climate (Chen et al., 2011), but
there is also evidence that many species are lagging far behind (Lenoir et al., 2008; Devictor et al.,
2012a). Species with short life cycles and high dispersal capacity — such as butterflies or herbaceous
plants — are generally tracking climate more closely than longer-lived species or those with more limited
dispersal such as birds (in terms of expanding their breeding ranges) and trees (Lenoir et al., 2008;
Devictor et al., 2012a). While the rate of climate change in Europe was equal to a 249 km northward shift
between 1990-2008, butterfly and bird community composition only made average shifts of 114 km and
37 km northward shifts, respectively; thus leading to an accumulated climatic debt of 212 km for birds
and 135 km for butterflies (Devictor et al., 2012a).

2.6.2.3 Models and scenarios on changes in species range and abundance

Models indicate that range shifts for terrestrial species will accelerate over the coming century. Much of
the contemporary work relies on species distribution models that predict future ranges based on current
relationships between climate and species distribution (a.k.a., "niche" or "bioclimatic envelope™ models;
Peterson et al., 2011), applied to projected future climates. A variety of mechanistic species distribution
models are also being developed and more widely used (e.g., Dawson et al., 2011; Cheaib et al., 2012).
Recent model comparisons suggest that niche models often predict larger range shifts than more
mechanistic models (Morin and Thuiller, 2009; Kearney et al., 2010; Cheaib et al., 2012). Most models
do not realistically account for species migration rates, so they generally indicate changes in areas of
favorable and unfavorable climate from which shifts in species distribution are inferred (but see Midgley
et al., 2010 and Meier et al., 2012 for examples of models that include migration). Pacifici et al. (2015)
present a review on the assessment of species vulnerabilities to climate change. They describe the three
main approaches (correlative, mechanistic and trait-based), and their associated data requirements, spatial

and temporal scales of application and modelling methods.

Major findings of niche modeling studies can be summarized as follows. In regions with weak climate
gradients (e.g., little altitudinal relief), most species would need to migrate many 10s to 100s of km by the
end of the century to keep pace with climate change (Leadley et al., 2010). Species that cannot migrate
will see their favorable climate space diminish or disappear, but migration that keeps pace with climate

change would allow some species to increase their range size (Thomas et al., 2006). Models that account
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for migration mechanisms indicate that many species will be unable to keep pace with future climate
change due to dispersal and establishment limitations (Nathan et al., 2011; Meier et al., 2012; Renwick et
al., 2012). Biotic interactions such as pollination or predator-prey networks can be disrupted due to
decoupling of range overlaps or phenological mismatches, and this may cause much greater impacts on
biodiversity than generally predicted (Memmott et al., 2007; Schweiger et al., 2008; Bellard et al., 2012;
Nakazawa and Doi, 2012). Climate change mitigation would substantially reduce the distance that species
would need to migrate to track favorable climates (Thuiller et al., 2005). Topography also reduces the
distance, but as you go up mountains you have less area available.

Two studies have used envelope modelling techniques to investigate the effects of climate change on
important pollinators of a particular crop, always however with underlying uncertainties due to limitations
of the data (e.g. bias, unknown sampling effort, patchiness). Giannini et al. (2013) estimated present and
future distributions of important passion fruit pollinators (four large carpenter bee Xylocopa species) and
33 plant species they rely on for nectar and pollen when passion fruit is not flowering, in mid-Western
Brazil under a moderate climate change scenario. The study showed a substantial reduction and
northward shift in the areas suitable for passion fruit pollinators by 2050. Polce et al. (2014) modelled the
present and future distributions of orchard crops in the UK, and 30 species of bees and hoverflies known
to visit fruit tree flowers under a medium emissions scenario. They showed that the present distribution of
orchards in the UK largely overlaps with areas of high pollinator richness, but there could be a substantial
geographical mismatch in the future (2050), as the area with climate most suitable for orchards moves
substantially north and west. Future ranges also have been projected for some bee species using the
approach in Europe (Roberts et al. 2011) and South Africa (Kuhlmann et al. 2012), and in particular for
bumble bees and butterflies on a European continental scale (see Box 2.6.1). Giannini et al. (2012)
modelled a decrease in bee habitats due to climate change in Brazil. However, the possibility that
pollinators gradually change their target plant species is not taken into account in such approaches. There
are indications for such shifts (Schweiger et al., 2008) which would mean that there is no necessity to
move with the current plant species. Instead, this is a component of novel ecosystems evolving under

climate change.

Box 2.6.1: Climatic risks for bumble bees and butterflies in Europe
Due to the large number of species assessed in a very similar overall approach, we want to highlight some

core results of two large-scale studies available on the potential future distribution on butterflies (Settele et
al. 2008) and bumble bees (Rasmont et al. 2015a) in Europe.
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Both studies used three scenarios that were based on storylines developed within the EU FP6 project

ALARM (www.alarmproject.net; Settele et al., 2005; Spangenberg et al., 2012). The three scenarios were:

a) SEDG, Sustainable Europe Development Goal scenario — a storyline for moderate change which in the
climate change component approximates the IPCC (Intergovernmental Panel on Climate Change) Bl
scenario with a mean expected temperature increase in Europe until 2100 by 3.0°C; b) BAMBU, Business-
As-Might-Be-Usual scenario — a storyline for intermediate change, which approximates the IPCC A2
scenario with an expected increase in temperature until 2100 of 4.7°C; and ¢) GRAS, GRowth Applied
Strategy scenario — a storyline for maximum change which approximates the IPCC A1FI climate change
scenario. Here the mean expected increase in temperature until 2100 is 5.6°C.

Based on these scenarios, the future distributional ranges of bumble bees and butterflies have been projected
for the years 2050 and 2080 (butterflies), and 2050 and 2100 (bumble bees), with climate envelopes derived
from the distribution of the species from 1970 to 2000 (bumble bees) and 1980 to 2000 (butterflies),
respectively. Changes have been quantified in numbers of 10°x10° grid cells and led to the following climate
risk categories used throughout both studies: HHHR extremely high climate change risk: loss of > 95% of
grid cells; HHR very high climate change risk: loss of > 85 to 95% of grid cells; HR high climate change
risk: loss of > 70 up to 85% of grid cells; R climate change risk: loss of > 50 up to 70% of grid cells; LR
lower climate change risk: loss of < 50% of grid cells; PR potential climate change risk: any change in

number of grid cells, but modelling of present distribution had a low reliability.

Results of the different scenarios for the years 2080 (butterflies) and 2100 (bumble bees) are presented in
Figure 2.6.1 for the 244 butterfly and the 56 bumble bee species that could be modelled reasonably well
(modelling results were of low reliability for an additional 50 butterfly and 13 bumble bee species). A
species’ ability to disperse and colonise new potentially suitable areas in the course of climate change is a
key factor to predict species responses to climate shifts. However, as detailed dispersal distances are not
available for most species two extreme assumptions/scenarios have been simulated: a) unlimited or full
dispersal, such that the entire projected niche space denotes the actual future distribution, and b) no
dispersal, in which the future distribution results solely from the overlap between current and future niche

space.
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under full dispersal

15. Figure 2.6.1 Climate change risk categories of European bumble bees and butterflies
(assuming full dispersal and no dispersal; see text in Box 2.6.1 for definition of categories and scenarios).

Under the extreme, no dispersal GRAS scenario for bumble bees and butterflies (years 2100 and 2080,
respectively) 16% (9 species) of the modelled European bumble bees and 24% (59 species) of the
analysed butterflies are projected to be at an extremely high climatic risk, 29% (16 spp.) and 16% (39
spp.) will be at very high risk, 46% (26 spp.) and 30% (74 spp.) are at high risk, 5% (3 spp.) and 24% (58
spp.) are at risk, and only 2% (1 sp.) and 6% (14 spp.) are at low risk.

Because bumble bees are mainly better adapted to colder conditions, they show a higher degree of
vulnerability to climate change than butterflies: only 7% of bumble bees compared to 30% of butterflies
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were categorized as R or LR. In addition to the projections of the modelled bumble bee and butterfly
species, species that were not modelled due to data limitations are all very rare and localized in
distribution and so their ranges are very likely to shrink considerably in any global change situations.
Only a limited number of species are projected to benefit from climate change under a full dispersal
assumption (and given there are adequate floral or larval resources) and can potentially enlarge their
current distributions in Europe: among the bumble bees there are only 7% (4 species), including Bombus
zonatus (see Figure 2.6.2), while 18% (43 species) of butterflies could potentially profit, including
Apatura metis (see Figure 2.6.2).

Note: Contrary to the mostly cold-adapted bumble bees, many more solitary bees might benefit in a way
similar to B. zonatus, as they are more frequently adapted to drier and warmer climates and thus show
higher diversity in, for example, the Mediterranean regions.

As could be expected, the three scenarios considered provide considerably different projections for 2080
and 2100, respectively. While under the moderate change scenario (SEDG) only 8 butterfly and no
bumble bee species are projected to be at the verge of extinction, 26 butterflies and 6 bumble bees are at
this particular high risk under the intermediate change scenario (BAMBU). Under the most severe change
scenario (GRAS) 59 butterflies and 9 bumble bees are projected to lose almost all of their climatically

suitable area.
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16. Figure 2.6.2: Butterfly and bumblebee examples of climate spaces within the GRAS scenario,
according to different distributional characteristics (maps: bumblebees after Rasmont et al., 2015a, butterflies after
Settele et al., 2008).

HHHR (extremely high climate change risk); HHR (very high climate change risk); HR (high climate
change risk); AUC (Area under curve — the closer the value is to 1, the better is the model).

For many species, especially the very cold-adapted ones in Alpine and Artic regions such as the bumble
bees B. alpinus, B. balteatus and B. polaris, or the butterflies Boloria chariclea, Euphydryas iduna and
Colias hecla (see Figure 2.6.1), their dispersal abilities are actually irrelevant for the assessment of their
future fate because climate change will only lead to reductions of areas with suitable climatic conditions
while no new suitable regions will emerge. These projected changes can be expected to lead to changes in
the threat status as has been currently assessed by the IUCN Red List (Rasmont et al., 2015b). The
additional threat posed by climate change would lead to an increased number of threatened bumble bee
species. Currently, there are 18 species (of a total of 69 species) considered as threatened in Europe in the
IUCN Red List, mostly because of climate change. However, under the moderate change scenario
(SEDG) the number of threatened bumble bee species may be clearly above 20 while under the most
severe change scenario (GRAS) it could rise to above 40 threatened species.

Due to considerable differences in larval resources among the different pollinator groups, it is uncertain
whether the impacts of climate change on bees and syrphid flies will show similar patterns as those for
butterflies and bumble bees (Settele et al., 2008, Rasmont et al. 2015a). Carvalheiro et al. (2013) show
that bumble bees and butterflies are far more prone to local and regional extinction than other bees or
hoverflies, and Kerr et al. (2015) show the drastic effects of climate change on bumble bees. However, in
all groups, landscape connectivity, the mobility of species and effects on plants and on floral resources are

important and widely unknown factors, which might drastically change the expected future impacts.

2.6.2.4 Further climate change impacts on pollinators

Climate change might modify the balance between honey bees and their environment (including
diseases). Le Conte and Navajas (2008) state that the generally observed decline of honey bees is a clear
indication for an increasing susceptibility against global change phenomena, with pesticide application,
new diseases and other stress (and a combination of these) as the most relevant causes. Honey bees also
have shown a large capacity to adjust to a large variety of environments (not at least as they are often
managed and hence may be buffered accordingly) and their genetic variability should allow them to also
cope with climatic change, which is why the preservation of genetic variability within honey bees is

regarded as a central aim to mitigate climate change impacts (Le Conte and Navajas, 2008). Also, due to
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the great capacity of the honey bee to regulate the temperature inside the colony (hive) by thermogenesis

or cooling, this species seems not directly threatened by global warming.

While for the majority of species climate space itself is already limiting (e.g., on the pollinators’
physiology), all pollinators that more or less depend on certain plants, potentially suffer indirectly because
of climate change impacts on these plants (Schweiger et al., 2008; Schweiger et al., 2010; Schweiger et
al., 2012). In butterflies the nectar plants are more independent from the insect in their development (as
there is mostly no specific link for the plants’ pollination), while one might expect impacts in “tighter”
pollination systems. The absence of a pollinator could mean absence of a pollination-dependent plant and
vice versa (Biesmeijer et al. 2006). These effects can be expected only for the rare cases of high
specialization, and indeed Carvalheiro et al. (2013) reanalyzed the data from Biesmeijer et al. (2006) and
found that declines are not parallel in time. Hoover et al. (2012) have shown, in a pumpkin model system,
that climate warming, CO; enrichment and nitrogen deposition non-additively affect nectar chemistry
(among other traits), thereby altering the plant’s attractiveness to bumble bees and reducing the longevity

of the bumble bee workers. This could not be predicted from isolated studies on individual drivers.

Generally, it can be assumed that climate change results in novel communities, i.e. creation of species
assemblages that have not previously co-existed (Schweiger et al., 2010). As these will have experienced
a much shorter (or even no) period of coevolution, substantial changes in pollination networks are to be
expected (Tylianakis et al., 2008; Schweiger et al., 2012). This might generally result in severe changes in
the provision of services (like pollination), especially in more natural or wild conditions (Montoya and
Raffaelli, 2010).

Climate change-induced changes in habitat encompass i) shifts in habitat distributions that cannot be
followed by species, ii) shifts in distribution of species that drive them outside their preferred habitats and
iii) changes in habitat quality (Urban et al., 2012). However, these phenomena are not yet widespread,
while models of future shifts in biome and vegetation type (and species distributions, see previous
sections) suggest that within the next few decades many species could have been driven out of their
preferred habitats due to climate change (Urban et al., 2012). Wiens et al. (2011) also find that climate
change may open up new opportunities for protecting species in areas where climate is currently
unsuitable. Indeed, in some cases climate change may allow some species to move into areas of lower
current or future land use pressure (Bomhard et al., 2005). These and other studies strongly argue for a

rethinking of protected areas networks and of the importance of the habitat matrix outside protected areas
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to enhance the ecosystem connectivity as a key to and guarantee for migration and long-term survival of

species (Perfecto et al., 2009).

Over longer periods, habitat types or biomes may shift their distributions due to climate change or
disappear entirely (Settele et al., 2014) and climates with no analog in the past can be expected to occur in
the future (Wiens et al., 2011). However, because species can show substantial capacity to adapt to novel
habitats, the consequences of this non-analogy on species abundance and extinction risk are difficult to
guantify (Prugh et al., 2008; Willis and Bhagwat, 2009; Oliver et al., 2009). Effects of climate change on
habitat quality are less well studied than shifts in species or habitat distributions. However, several recent
studies indicate that climate change may have and probably will alter habitat quality and functions (e.g.,
Martin and Maron, 2012).

2.6.2.5 Climate change-induced extinctions

Global species extinctions are now at the very upper limits of observed natural rates of extinction in the
fossil record (Barnosky et al., 2011) and have mostly been attributed to habitat loss, invasive species or
overexploitation throughout the last centuries (Millennium Ecosystem Assessment, 2005). The attribution
of extinctions to climate change is much more difficult, but there is a growing consensus that it is the
interaction of other global change pressures with climate change that poses the greatest threat to species
(Hof et al., 2011; Vanbergen and the Insect Pollinators Initiative, 2013; Gonzélez-Varo et al., 2013; see

also section 2.7).

Estimates of future extinctions are nowadays based on a wide range of methods (incl. the ones described
above). Generally, large increases in extinction rates are projected compared to current rates and very
large increases compared to the paleontological record (Bellard et al., 2012). Lack of confidence in the
models used as well as evidence from the paleontological record led to questioning of forecasts of very
high extinction rates due to climate change as being overestimated (Botkin et al., 2007; Willis and
Bhagwat, 2009; Dawson et al., 2011; Hof et al., 2011; Bellard et al., 2012). However, as most models did
not consider species interactions, potential tipping points in terrestrial ecosystems or future extinction
risks may also have been substantially underestimated (Leadley et al., 2010; Bellard et al., 2012; Urban et
al., 2012). This is even the case when many pollinators are able to move in response to climate change at
the same speed as the plants they depend on, as e.g., the directions of the movements might be different
for plants and pollinators concerned (Schweiger et al. 2008, 2012). While there is no scientific consensus
concerning the magnitude of direct impact of climate change on extinction risk, there is broad agreement

that climate change will contribute to and result in shifts in species abundances and ranges. In the context
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of other global change pressures this will contribute substantially to increased extinction risks over the
coming century (Settele et al., 2014). Also, the results of a very recent analysis by Urban (2015) suggest
that extinction risks will accelerate with future global temperatures, threatening up to one in six species
under current policies. His study revealed that extinction risks were highest in South America, Australia,
and New Zealand, and risks did not vary by taxonomic group (but no differentiation has been made
among invertebrates). Studies on the impacts of extreme events (e.g. hurricanes) on pollinators and
pollination are rare (but see Rathcke, 2000).

2.6.3 Conclusions

Many plant and pollinator species have moved their ranges, altered their abundance, and shifted their
seasonal activities in response to observed climate change over recent decades. They are doing so now in
many regions and will very likely continue to do so in response to projected future climate change. The
broad patterns of species and biome shifts toward the poles and higher altitudes in response to a warming
climate have been observed over the last few decades in some well-studied species groups such as
butterflies and can be attributed to observed climatic changes, while knowledge on climate change effects
generally is sparse in groups like bats (Kasso and Balakrishnan, 2013) or birds (but see e.g. Abrahamczyk
et al., 2011 on hummingbirds).

Under all climate change scenarios for the second half of the 21% century, (i) community composition will
change as a result of decreases in the abundances of some species and increases in others, leading to the
formation of novel communities; and (ii) the seasonal activity of many species will change differentially,
disrupting life cycles and interactions among species. Both composition and seasonal change will alter
ecosystem structure and function in many instances, while in other cases the phenology of pollinators

(e.g., generalist bee species) will keep pace with shifts in forage-plant flowering.

Climate change impacts may not be fully apparent for several decades (Settele et al., 2008; Rasmont et
al., 2015a), owing to long response times in ecological systems. In high-altitude and high-latitude
ecosystems, climate changes exceeding low end scenarios (e.g., SEDG —see box 2.6.1; or Representative
Concentration Pathway 2.6; http://sedac.ipcc-data.org/ddc/ar5_scenario_process/RCPs.html) will lead to
major changes in species distributions and ecosystem function, especially in the second half of the 21st
century. Honey bees do not appear directly threatened by climate change because of their large capacities

of thermoregulation.
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For many pollinator species the speed of migration is unknown (including bees, for which foraging ranges
are known once the nest is stablished, but not their dispersal ability). For those where more knowledge
exists, the rate of movement of the climate across the landscape will exceed the maximum speed at which
pollinators can disperse or migrate, especially in order to reach new areas of suitable habitats where
climate and other requirements are fulfilled in synchrony. Populations of species that cannot keep up with
their climate niche will find themselves in unfavorable climates. Species occupying extensive flat
landscapes are particularly vulnerable because they must disperse over longer distances than species in
mountainous regions to keep pace with shifting conditions in climates and habitats. Large magnitudes of
climate change will particularly affect species with spatially restricted populations, such as boreo-alpine
relicts and those confined to small and isolated habitats (e.g., bogs), as they may no longer find suitable
habitats, or mountain tops (no upwards move possible), even if the species has the biological capacity to
move fast enough to track suitable climates.

A large fraction of pollinator species may face increased extinction risk under projected climate change
during the 21% century, especially as climate change interacts with other pressures, such as habitat

modification, overexploitation, pollution, and invasive species.

2.7 Multiple, additive or interacting threats

Changes in land use or climate, intensive agricultural management and pesticide use, invasive alien
species and pathogens affect pollinator health, abundance, diversity and pollination directly (Sections 2.2-
2.6). Moreover, these multiple direct drivers also have the potential to combine, synergistically or
additively, in their effects leading to an overall increase in the pressure on pollinators and pollination
(Gonzalez-Varo et al., 2013; Goulson et al., 2015; Vanbergen and the Insect Pollinators Initiative, 2013).
These drivers differ in being a physical, chemical or biological threat, in the spatial or temporal scale at
which they impact, and in whether they interact simply (additive interactions), or in complex or non-
linear ways (e.g., synergistic or antagonistic). For instance, drivers may constitute a chain of events such
as when indirect drivers (e.g., increases in economic wealth, changes in consumption) lead to a direct
driver (e.g., agricultural intensification) that changes pollinator biodiversity and pollination (Figure 2.7.1).
Another possibility is that a direct driver’s impact on pollinators and pollination (e.g. climate changes
decouple plant and pollinator distributions) might also be manifested through interaction with a second
driver (e.g., climate change exacerbates invasive alien species or disease spread) thereby compounding
the impact (Gonzalez-Varo et al., 2013; Ollerton et al., 2014; Potts et al., 2010; Vanbergen and the Insect

Pollinators Initiative, 2013). Moreover, certain drivers of change (e.g., conventional agricultural
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intensification) are themselves a complex combination of multiple, factors (e.g., pesticide exposure, loss
of habitat, altered pollen and nectar food resources), which affect pollinators and pollination (Ollerton et
al., 2014; Potts et al., 2010; Vanbergen and the Insect Pollinators Initiative, 2013).
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17. Figure 2.7.1: Evidence based and potential pathways for single and combined impacts of different
pressures on pollinators and pollination.

Arrows indicate pressures resulting in both either decrease or increase of pollinator number and abundance
depending on the studied context. The signs in the text boxes indicate increase (+) or decrease (-) of pollinator
number and abundance.

This inherent complexity (Figure 2.7.1) means that, to date, this phenomenon of a multifactorial impact
on pollinators and pollination has only been demonstrated in comparatively few studies, limited in the
scope of species (i.e. honey bees and bumble bees) or combinations of pressures considered (Table 2.7.1).
Consequently, the current empirical evidence base is relatively poor due to a relative scarcity of data. It is
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rarely possible to rule out a single, proximate cause for changes in pollinators and pollination in a
particular locality, for a given species or under a certain set of circumstances. However, it seems likely
that in the real world a complex interplay of factors is affecting pollinator biodiversity and pollination,
although the exact combination of factors will vary in space, time and across pollinator species (Cariveau
and Winfree, 2015; Goulson et al., 2015; Vanbergen and the Insect Pollinators Initiative, 2013).
Therefore, science and policy need to consider equally the separate and combined impacts of the various
drivers affecting pollinators and the pollination they provide. Below we report some case studies together
with a Table and a Figure summarising the evidence base and potential pathways for combined impacts of
different pressures on pollinators and pollination.

2.7.1 Case study 1: Climate change and land-use

Climate changes may provide opportunities and threats for pollinators, and changes to the composition,
extent and configuration of habitat in the landscape are likely to pose a challenge to many pollinator
species as climate change progresses (Table 2.7.1). For instance, pollinator species currently at the limits
of their climatic range may migrate with global warming into new geographic regions, thus increasing the
abundance and diversity of recipient communities (Forister et al., 2010; Giannini et al., 2015; Warren et
al., 2001). However, if such immigrants are highly invasive there may be an attendant risk of further
ecological changes, for example through alteration of pre-existing plant-pollinator relationships,
interspecific competition for food or transfer of pests and diseases (2.4, 2.5). Rates of migration are likely
to differ among pollinator and plant species, raising the prospect of a spatial dislocation of plants and their
pollinators; recent evidence of climate change impacts on bumble bees suggests there are adaptive limits
to the capacity of this pollinator group to track climate change (Kerr et al., 2015; Schweiger et al., 2010).
While pollinators with broad diets have the capacity to switch to alternative food plants, thereby
maintaining populations and pollinator network structure (Kleijn and Raemakers, 2008; Valdovinos et al.,
2013), other evidence suggests specific food-plant diets may underpin pollinator declines (Biesmeijer et
al., 2006; Scheper et al., 2014). Habitat loss and fragmentation arising from land-use changes (e.qg.,
habitat conversion to agriculture) may also limit compensatory species migration in the face of climate
change (Forister et al., 2010; Giannini et al., 2015; Warren et al., 2001). In general, lower connectivity
between habitat remnants combined with future climate shifts may reduce population sizes and increase
extinction likelihoods of pollinators (Figure 2.7.1), especially species that are poor dispersers or habitat
specialists (Burkle et al., 2013; Giannini et al., 2015; Warren et al., 2001). Land-use driven changes to

landscape structure coupled with climate changes might therefore lead to increasingly species-poor plant-
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pollinator communities dominated by highly mobile, habitat generalist species (Burkle et al., 2013;
Hegland et al., 2009).

Furthermore, the delivery of pollination may also be affected by spatial and temporal shifts in pollinator
populations or communities. For example, a long-term study of pollinator network structure and
pollination delivery to a wild plant species (Claytonia virginica L.) revealed that a combination of climate
and land-use change reduced pollinator species numbers, affecting network structure and, leading to
reduced flower visitation by bee species (Burkle et al., 2013). In addition to affecting species spatial
distributions, climate changes may alter the synchrony between pollinator activity and timing of
flowering, diminishing or curtailing nectar and pollen food supplies (Memmott et al., 2010; Memmott et
al., 2007) (see section on climate change). Therefore, there is potential for climate-driven changes in the
availability pollinator foods over time to be exacerbated by the reduced nutritional resources that seem to
be a feature of large-scale monocultures (Carvell et al., 2006; Kleijn and Raemakers, 2008).

However, there is likely to be considerable variation in how pollinator populations and communities
respond to the combined effects of climate and land-use changes, due not only to variation in life-history
traits among pollinator species and guilds, but also the complexity of wider ecological interactions in the
ecosystem (Figure 2.7.1). This is illustrated by a plot-scale field experiment that mimicked the combined
effects of habitat fragmentation (distance to semi-natural habitat in the landscape) and climate change
(manipulation of advanced flower phenology and plant growth) on plant pollination (Parsche et al., 2011).
It showed that bee visitation was affected by isolation from other habitat patches, whereas pollinating flies
were unaffected by isolation; while advancement of floral phenology did disrupt pollinator mutualisms,
this was offset by the plant’s escape from herbivore enemies, meaning that net plant reproductive success

was unaffected (Parsche et al., 2011).

In summary, there remain relatively few published assessments of the combined effect of land use and
climate change on pollinators and pollination (Burkle et al., 2013; Forister et al., 2010; Giannini et al.,
2015; Kerr et al., 2015; Parsche et al., 2011; Warren et al., 2001). This is partly because of a lack of
suitable data due to the spatial and temporal scales at which these drivers operate, which make inter-
correlation likely and their experimental or statistical testing difficult. Nonetheless, our understanding of
the separate effects of land-use (see section 2.2) and climate (see section 2.6) changes enables us to
predict to a high level of confidence that a combined impact on pollinators is likely in the real world

(Table 2.7.1 and Figure 2.7.1). A major source of uncertainty lies in whether such a combined impact
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lowers the inherent robustness or resilience of pollinator networks (diversity, modularity, etc.) to the point

where pollination delivery is affected.

2.7.2 Case study 2: Pathogens and chemicals in the environment

The combined impacts of pathogens and insecticides have implications for the physiological health of
individual honey bees and potentially up to the colony scale (Table 2.7.1 and Figure 2.7.1). Laboratory
studies have shown increased larval or worker honey bee mortality and energetic stress due to the additive
or synergistic interactions between sub-lethal doses of either neonicotinoid or phenylpyrazole insecticides
and infection by the microsporidian fungus Nosema ceranae or black queen cell virus (BQCV) (Alaux et
al., 2010; Aufauvre et al., 2012; Doublet et al., 2014; Retschnig et al., 2014; Vidau et al., 2011). There is
some evidence that the synergism between insecticide exposure and N. ceranae infection may be
contingent on the actual insecticide dose to which the insect is exposed (Retschnig et al., 2014). Less
studied are the impacts on pollinators of interactions between insect pathogens and either the miticides
used to control invertebrate mites and pests (e.g., Varroa) of managed honey bee hives or the
herbicides/fungicides applied to crop fields to control weeds and fungal pathogens. One recent study
showed the presence of miticides (amitraz and fluvalinate) and fungicides (chlorothalonil and
pyraclostrobin) in pollen consumed by honey bees led to a reduction in the individual bee’s capacity to
resist N. ceranae infection (Pettis et al., 2013). There is some evidence that pesticide exposure impairs the
function of the insect immune system, which offers a potential mechanism for combined pesticide-

pathogen impacts on bee health (Collison et al., 2015; Goulson et al., 2015).

The synergistic interaction between the neonicotinoid imidacloprid and N. ceranae also reduced the
activity of an enzyme (glucose oxidase) that is used by worker honey bees to sterilize colony and brood
food stores (Alaux et al., 2010). This implies that the effects of pathogen infection and sub-lethal chronic
pesticide exposure observed on the individual worker bee’s physiology has the potential to be up-scaled,
through worker behaviour, to limit the ability of a bee colony to combat pathogen transmission.
Currently, there is limited evidence at the honey bee colony level of disease-pesticide interactions,
because only a single study has shown that colony exposure to sub-lethal levels of the neonicotinoid
insecticide (imidacloprid) resulted in higher N. ceranae infection levels in individual honey bees (Pettis et
al., 2012). In a bumble bee species (B. terrestris) there is some evidence that chronic exposure to the
neonicotinoids thiamethoxam and clothianidin and the trypanosome parasite C. bombi in the laboratory
can reduce queen survival, a crucial colony trait (Fauser-Misslin et al., 2014). In contrast, the exposure of

B. terrestris individuals and colonies to laboratory treatments combining C. bombi infection and a field-
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relevant dose of the pyrethroid insecticide A-cyhalothrin had no effect on worker bee susceptibility to
infection or survival (Baron et al., 2014). There remains a need to understand better such combined

impacts on social bees at the colony scale.

To date all empirical studies of pathogen-chemical interactions have focused solely on a few eusocial bee
species, mainly honey bees. Sociality through the colony hierarchy may to an extent protect reproductive
individuals (queens) from exposure to such stressors (Maavara et al., 2007), but see Fauser-Misslin et al.,
(2014) for an example of bumble bee queen mortality, whilst the impacts on thousands of solitary bee

species worldwide remain unstudied.

Differences in experimental design (e.g., doses of chemicals, microorganisms and host tested) and
different physiological detoxification pathways among organisms and chemical compounds will tend to
lead to alternative outcomes (Collison et al., 2015). For example, most studies to date that have produced
some evidence of synergistic pesticide-pathogen interactions have focussed on Nosema (Alaux et al.,
2010; Aufauvre et al., 2012; Pettis et al., 2012; Pettis et al., 2013; Retschnig et al., 2014; Vidau et al.,
2011). The few studies to date on C. bombi have produced different results (Baron et al., 2014; Fauser-
Misslin et al., 2014) and it remains to be seen whether other pathogens tested in combination with
pesticide stressors conform to the general pattern of negative synergistic impacts seen for Nosema.
Furthermore, most studies have to date been performed under laboratory or semi-field conditions, and the
outcome of co-occurring pesticide and disease stress is likely to be further influenced by variations in
pesticide dose, and number and combinations of pesticides, actually experienced by pollinators in the
field (Collison et al., 2015; Godfray et al., 2014; Retschnig et al., 2014).

In summary, there is some evidence that the interaction between chemicals, especially pesticides, and
pathogens may represent a threat to individual bee health and survival. Research is needed to understand
disease-pesticide impacts across levels of biological organization (i.e., genetic to colony or population)
and combinations of stressors (Table 2.7.1 and Figure 2.7.1), especially in field realistic situations, to
obtain insight into their contribution to pollinator losses (Alaux et al., 2010; Collison et al., 2015;
Goulson et al., 2015; Pettis et al., 2012; Vanbergen and the Insect Pollinators Initiative, 2013).

2.7.3 Case study 3: Bee nutrition and stress from disease and pesticides

Pollinators such as bees need an optimum balance of nutrients across the individual and colony life-cycle
to support their growth and reproduction (Paoli et al., 2014). Global environmental changes (land-use,

climate, invasion and pollution) have and continue to result in declines in the diversity and abundance of
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flowering plants that provide pollinators with pollen and nectar foods (Biesmeijer et al., 2006;
Carvalheiro et al., 2013; Carvell et al., 2006; Goulson et al., 2008; Stevens et al., 2006) and with
alterations in their composition and quality (Barber and Gorden, 2014; Hladun et al., 2013; Lopezaraiza-
Mikel et al., 2007; Stout and Morales, 2009). These changes to pollinator nutritional resources in
contemporary landscapes may lead to malnutrition of pollinator individuals and colony stress, which in
turn may increase their vulnerability to multiple stressors such as pesticides and pathogens (Archer et al.,
2014; Goulson et al., 2015; Vanbergen and the Insect Pollinators Initiative, 2013). Malnutrition in bees is
known to affect bee immune function and potentially the function of enzymes used to break-down toxins
in diet, so there is thus a risk that this may exacerbate the individual and combined impact of pesticides
and pathogens on bees (Goulson et al., 2015; Vanbergen and the Insect Pollinators Initiative, 2013).
Immune system activation has a metabolic cost to the individual, and together with exposure to chemicals
(section 2.3) and disease (section 2.4), can impair behaviours important in locating floral resources,
thereby intensifying the underlying nutritional stress (Goulson et al., 2015; Vanbergen and the Insect
Pollinators Initiative, 2013).

2.7.4 Conclusion

Multiple pressures individually impact the health, diversity and abundance of many pollinators across
levels of biological organisation spanning genetic to regional scales (Cariveau and Winfree, 2015;
Gonzalez-Varo et al., 2013; Goulson et al., 2015; Potts et al., 2010; Vanbergen and the Insect Pollinators
Initiative, 2013).

To date, evidence for a combined impact of different pressures on pollinators and pollination is drawn
from relatively few laboratory experiments or correlative field studies that only reflect a small subset of
possible scenarios. Doubtless, the precise interactions among different pressures may vary with location,
the balance of pressures involved, and among pollinator species according to their different genetics,
physiology and ecology (Cariveau and Winfree, 2015; Vanbergen, 2014). Nonetheless it is likely that
changes in pollinator biodiversity and pollination are being driven by both the individual and combined

effects of multiple anthropogenic factors.

The potential consequences for future food security, human health and natural ecosystem function mean it
is crucial that new experiments in field settings (e.g., Hoover et al., 2012) are launched to disentangle the
relative effects of different drivers on pollinators and pollination (Cariveau and Winfree, 2015; Gonzalez-
Varo et al., 2013; Potts et al., 2010; Vanbergen and the Insect Pollinators Initiative, 2013). Aside from

this important challenge to advance knowledge of the multifactorial pressure on pollinators and
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pollination, there is an urgent need for decision makers to consider how policy decisions are framed with
regard to pollinators and pollination. This may require joint framing across policy and other sectors (e.g.,
science, business, NGOs) to capture the individual and combined effects of different drivers. The result
may lead to more inclusive policy development, taking into account the needs of various stakeholders and

advances in science.

2.8 Indirect effects in the context of globalization

Indirect drivers are producing environmental pressures (direct drivers) that alter pollinator biodiversity
and pollination. Major indirect drivers relevant to this assessment include the growth in global human
population size, economic wealth, globalised trade and commerce, the less stringent environmental
regulations in those nations where other markets exist, and technological and other developments, e.g.,
increases in transport efficiency, or new impacts on land use and food production through climate change
adaptation and mitigation (Watson, 2014). These have transformed the climate, land cover and
management intensity, ecosystem nutrient balance, and biogeographical distribution of species, and
continue to produce consequences for pollinators and pollianation worldwide (2.2-2.7).

Humans now exploit approximately 53% of the Earth’s terrestrial surface. For example, croplands are
expanding at continental and global scales, with predictions of a net forest loss associated with a 10%
increase in the area of agricultural land by 2030, mainly in the developing world. Urban areas are also
projected to expand with 66% (vs. 54% today) of the increasing global human population expected to be
living in urban areas by 2050 (Ellis et al., 2010; Ellis, 2011; Foley et al., 2005; Foley et al., 2011; Steffen
et al., 2011). Increased incomes in emerging economies have driven increased land devoted to pollinator-

dependent crops (Monfreda et al., 2008).

International trade is an underlying driver of land-use change, species invasions and biodiversity loss
(Hill et al., 2015). The global expansion of industrialised agriculture (e.g., conventional and organic)
driven by increased or changing consumption in the developed and emerging economies will continue to
drive habitat changes or losses in the developing world, and this can be expected to affect pollinators and
pollination. For example, whilst framed around carbon emissions, Persson et al. (2014) showed that much
of tropical forests are cleared for export markets. However, direct drivers of change in pollinators and
pollination such as land management and landscape structure are also strongly influenced by the local or
regional socio-cultural or economic context (Bravo-Monroy et al., 2015). Food sovereignty may offer an
alternative direction than ever-increasing trade for feeding the world and reducing negative impacts on
ecosystems (Moon, 2011; Billen et al., 2015; Pirkle et al., 2015).
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Pesticide regulations, especially in Europe and the US, led to business decisions to shift pesticide sales to
alternative markets during the last four decades (Galt, 2008). The less-stringent environmental regulations
in those nations where alternative markets occur have the potential to exacerbate local impacts on
pollinators (e.g., section 2.3.1.3), yet data are generally lacking, making accurate assessment difficult.
Furthermore, pesticides banned in developed nations have, in the recent past, often been used widely on
export crops in developing nations, leading to the re-importation of the pesticides into developed nations
as a contaminent of the imported food: the so-called “circle of poison” (Galt, 2008). This has been halted
on a large scale due to global changes in pesticide regulation, production, trade, sales, and use driven by a
number of dynamic economic, social, and ecological processes (Galt, 2008). Nonetheless, countries still
differ in their regulation of pest management practices, which creates regulatory asymmetries with
unintended economic and environmental consequences (Waterfield and Zilberman, 2012). There is a risk
that developing countries may engage in a “race to the bottom™* in terms of environmental standards, a
socio-economic phenomenon where governments deregulate the business or tax environment to attract or
retain economic activity in their jurisdictions (Porter, 1999; Asici, 2013). Furthermore, where national
support of programmes to reduce pesticide use has been removed or reduced this has been immediately
followed by increased marketing of pesticide products by international and local companies, almost

independent of actual need and without consideration of IPM practices (Thorburn, 2015).

4 “The race to the bottom is a socio-economic phenomenon in which governments deregulate the business environment or taxes
in order to attract or retain economic activity in their jurisdictions", https://en.wikipedia.org/wiki/Race_to_the_bottom
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Executive Summary

Many wild bees and butterflies have been declining in abundance, occurrence and diversity at
local and regional scales, as it has been recorded in North West Europe and North America
(established but incomplete). Loss of pollinators has negative impacts on the reproduction of wild
plants (established but incomplete). In agricultural systems, the local abundance and diversity of wild
bees have been found to decline strongly with distance from field margins and remnants of natural
and semi natural habitat at scales of a few hundred metres (well established) (3.2.2, 3.2.3). At larger
spatial scales, declines in bee diversity and shrinkage of geographical ranges, e.g. of bumble bees,
have been recorded in highly industrialized regions of the world, particularly Europe and North
America, over the last century (well established). Beyond records of species-specific population
declines, e.g. Franklin’s bumble bee (Bombus franklini) in Western USA and the giant bumble bee
(Bombus dahlbomii) in Southern South America, trends are mainly unknown for other regions and
continents because of a lack of baseline datasets and monitoring schemes (3.2.3). Declines have been
also recorded in other insect pollinator groups, such as butterflies and moths, and among some
vertebrate pollinators, particularly hummingbirds and bats (established but incomplete) (3.2.1, 3.2.2).
Local declines in pollinator abundance and diversity have been linked to decreasing trends in wild
plant pollination and seed production in habitat fragments (well established), and to declines in the
diversity of pollinator-dependent wild plant species at regional scales (established but incomplete)
(3.6.3).

The International Union for Conservation of Nature (IUCN) Red List assessments indicate that
16.5 per cent of vertebrate pollinators are threatened with global extinction (increasing to 30
per cent for island species). There are no global Red List assessments specifically for insect
pollinators. However, regional and national assessments indicate high levels of threat for some
bees and butterflies. In Europe, 9% of bees and butterfly species are threatened and populations are
declining for 37% of bees and 31% of butterflies (excluding data deficient species, which includes
57% of bees). Where national Red List assessments are available, they show that often more than 40

per cent of bee species may be threatened (3.2.1, 3.2.3).

Large and well-connected plant-pollinator networks, i.e., those with many links between the
plants and pollinators, are needed to guarantee satisfactory levels of pollination for wild plants
and crops, as well as sufficient availability of food for pollinators (established but incomplete).
Wild and domestic pollinators involved in crop pollination also require floral resources provided by
wild plants (well established). Therefore, large, and well-connected plant-pollinator networks are

associated with viable populations and diverse communities of pollinators (established but
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incomplete). Habitat disturbance tends to lead to loss of interaction links and species from plant-

pollinator networks (established but incomplete) (3.5.2, 3.5.3).

There is a loss of indigenous and local knowledge and sustainable bee management practices
within local communities (established but incomplete). Shifts in social systems, cultural values, and
accelerated loss of natural habitats have been associated with a decrease in the transfer of knowledge
within and between generations. This has led to a decline in stingless bee husbandry in the Americas
and Africa and changes in habitat management for wild honey bee species in Asia by local and
indigenous communities (established but incomplete). Whether this has led to loss of pollination of
crops and wild flowering plants remains unknown (3.9.1).

The number of managed western honey bee hives is increasing at the global scale, although
seasonal colony loss is high in some European countries and in North America (well established).
FAO data show that the number of western honey bee hives has increased globally by about 50% over
the last five decades, despite a temporary drop during the 1990s after the dissolution of the Soviet
Union and Eastern-European Soviet Bloc (well established). It is unknown whether this decline is an
artefact of how data were collected and reported, or the result of a true decrease in honey bee hives
that resulted from the political and economic disruption caused by the Soviet collapse (unresolved).
FAOQ data also show that national trends vary widely among countries, with contrasting trends
(increases, decreases, no change) found among countries within continents (well established). On the
other hand, the status of shifts in abundance and distribution of wild honey bees (Apis mellifera and
other Apis species) is largely unknown, with the exception of some records on the spread of the

Africanized honey bee in the Americas (established but incomplete) (3.3.2).

Trade in and movement of the managed western honey bee, Apis mellifera, has led not only to it
being a global presence (Antarctica excluded), but also to spillover of pathogens and parasites.
Particularly, the shift of the varroa mite (Varroa destructor), originally a parasite of the Asian honey
bee Apis cerana, to the western honey bee has led to severe loss of beehives and makes beekeeping
more difficult and costly in many regions (established but incomplete). The Varroa mite is associated
with viruses, such as the deformed wing virus, which is now spreading to bumble bees and wild bees
with yet unknown consequences (unresolved). The impact of the invasion of honey bees, such as the
Africanized honey bee in the Americas, on native bee communities and animal-pollinated plants

remains largely unclear (unresolved) (3.4.2, 3.4.3).
Commercial management, mass breeding, transport and trade in pollinators outside their
original ranges have resulted in new invasions, transmission of pathogens and parasites and

regional extinctions of native pollinator species (well established). Recently developed commercial
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rearing of bumble bee species for greenhouse- and field-crop pollination, and their introduction in
other continents outside of their original ranges, have resulted in numerous cases of biological
invasion, pathogen transmission to native species and the decline of congeneric (sub-)species
(established but incomplete). A well-documented case is the severe decline in and extirpation from
many areas of its original range of the giant bumble bee, Bombus dahlbomii, since the introduction
and spread of the European B. terrestris in southern South America (well established) (3.2.3, 3.3.3,
3.4.2,3.4.3).

More food is produced every year and global agriculture’s reliance on pollinator-dependent
crops has increased in volume by more than 300 per cent over the last five decades (well
established). Because the degree of yield dependency on pollinators varies greatly among crops,
pollinators are responsible, in a direct way (i.e., the production of seeds and fruits we consume), for a
relatively minor fraction (5-8%) of total agricultural production volume (well established). However,
pollinators are also responsible for many indirect contributions, such as the production of many crop
seeds for sowing but not consumption (well established). The small fraction of total agricultural
production that depends directly on pollinators has increased four-fold during the last five decades,
whereas the fraction of food production that does not depend on pollinators has only increased two-
fold. Therefore, global agricultural is now twice as pollinator-dependent compared to five decades
ago, a trend that has been accelerating since the early ‘90s (well established). Agricultural
production, in terms of volume, of some Mediterranean and Middle East countries is particularly
dependent on pollinators because of the cultivation of a large variety of temperate and subtropical
fruit and seed crops. Rapid expansion of many of these crops in other countries (e.g., China) and
cultivation of some genetically-engineered and moderately pollinator-dependent crops, like soybean
(e.g., Argentina, Paraguay, Uruguay, and Bolivia) and canola (oilseed rape) (Canada) are responsible
for the large increase in the pollinator dependency of global agriculture (established but incomplete)
(3.7.2,3.7.3).

Decreased crop yield relates to local declines in pollinator diversity (well established), but this
trend does not scale up globally (established but incomplete). At the local scale, yield of many
pollinator-dependent crop species is positively related to wild pollinator diversity. As a consequence,
reductions in crop yield have been found in agricultural fields with impoverished bee faunas despite
high honey bee abundance (well established). While pollination efficiency varies considerably
between species and crops, wild bees as a group have been found, on average, to increase crop yield
twice as much as honey bees on a per-visit basis (well established). A Global analyses of FAO data
did not show slowing in yield growth of pollinator-dependent crops relative to pollinator-independent
crops over the last five decades (1961-2007) (established but incomplete), although the trend in

declines of some native bees may change this situation (3.8.2, 3.8.3).
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Globally, yield growth and stability are, between 1961-2008, negatively associated with the
increasing dependency of crops on biotic pollination (well established). Despite no sign of
deceleration in average yield growth among pollinator-dependent crops over time, FAO data revealed
that yield growth, and yield stability are all negatively related to increasing crop pollinator-
dependency (well established) (3.8.3).

Cultivation of pollinator-dependent crops largely accounts for the 30% expansion of the global
cultivated area occurring during the last fifty years (well established). FAO data revealed that
crops that largely depend on pollinators have experienced the fastest global expansion in cultivated
area (well established). However, these crops exhibited the slowest average growth in yield and
highest inter-annual yield variability (well established) (3.7.3, 3.8.3).

3.1 Introduction

In recent years, the widely-publicized decline of pollinators and its implications for global food
security and natural ecosystems has seized popular and scientific attention. Is this widespread concern
justified? This chapter presents an overview of the trends in pollinators and pollination worldwide. It
addresses the spatial and temporal status and trends in wild pollinators, managed pollinators,
introduced invasive pollinators and plants, the structure of pollination networks, wild plant pollination
and reproductive success, agricultural pollinator dependence, crop pollination and yields.

This chapter focuses on the following questions: For wild and managed pollinators, is there an on-
going, long-term decline? What changes have actually been observed (i.e., decline in abundance,
decline in species diversity, or changes in community composition)? What are the consequences of
these changes for the reproduction of wild plants and crop yields? Specifically, does the evidence
indicate clear spatial or temporal trends in pollinator abundance and diversity, changes in pollinator
composition, in mean flower visitation rates and their variability, or in pollination deficits? Moreover,
it is important to understand whether and how current trends can be extrapolated to larger scales and

new areas, or used as the basis for predictive analyses.

In the process of pollination, there is a clear link between flowering plants and pollinators, both of
which diversified in the mid-Cretaceous ca. 120-150 million years ago (Hu et al., 2008). This means
that there is a long evolutionary history for the ecosystem function of pollination, which may even
predate the flowering plants (Ollerton and Coulthard, 2009). The first historical observation of
pollinators being important, namely affecting crop yield, includes depictions in ancient art (Buchmann
and Nabhan, 1997). Numerous other examples have since become known, and can be found

referenced in the subsequent sections of this chapter and in previous chapters. Without a doubt
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pollinators are an essential component of biodiversity, yet relatively few studies address the threat of
(local) extinctions. Most emphasis is on the characterisation of the interactions between plants and
pollinators (Bond, 1994). Some examples from island systems are exceptions in this regard, where
disruptions of animal-plant interactions have been more readily quantified (Cox and EImqvist, 2000)
and there are several documented pollinator extinctions (Ollerton et al., 2014; Cox and EImgvist,
2000; Fleischer et al., 2008). Recently, examples document regional declines and local extinctions of
native pollinators as a consequence of the international commercial traffic in bees and plants (Stout
and Morales, 2009).

Over the past 200 years, attention from academic researchers, and to some degree the general public,
has shifted from (managed) honey bees to pollinators in general, with a steep increase starting in the
1970s (Figure 3.1).
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0.0000000%
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18. Figure 3.1. Temporal trend in the use of the terms ‘pollinator’, ‘honeybee’ and ‘honey bee’ generated
using Google Ngram.

This shows the trend in the currently databased collection of Google Books between the years 1800 and 2008
(percentage of all books published in the USA in English that contain the designated term). Note the recent (post
2000) switch to the term ‘pollinator’ appearing more frequently in publications than ‘honey bee’. This may be
attributed to the increased number of publications that are focused on the breadth and diversity of pollinators as
providers of an essential ecosystem function.

Concern about pollinator decline is relatively recent (Kevan, 1999; Raw, 2001; Spira, 2001,
Committee on the Status of Pollinators in North America, 2007; Williams, 1982), but there is a
growing perception among both scientists and the general public that at least some populations and
species are declining in at least some areas. Much of this concern comes from well-documented
declines in managed honey bee (A. mellifera) populations in North America and Europe, as well as
more recent reports of declines and even local or global extinctions of some native bees, such as
bumble bees (Bombus species) (Bommarco et al., 2012; Bartomeus et al., 2013; Williams et al.,
2009). However, the number of managed colonies of A. mellifera, the major commercial pollinator
worldwide, has increased over the past 50 years (Aizen and Harder, 2009a). Likewise, the diversity of

additional native bee species nowadays managed for pollination (e.g., Osmia, Megachile, Anthophora,
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Bombus) has increased, partly because of their greater efficiency compared to honey bees in
pollinating specific crops (e.g., Freitas and Pereira, 2004). The fact that almost half the studies on
pollinator decline comes from only five countries (Australia, Brazil, Germany, Spain and the USA),
with only 4% of the data from the continent of Africa (Archer et al., 2014), highlights the bias in
information and the lack of data for some regions. Even among studies that address pollination as an
ecosystem function or service, there is substantial variation in how this is measured, and therefore it is
difficult to compare studies and derive management recommendations (Liss et al., 2013). The scale of
sampling that would be required to provide an answer to whether pollinator populations are declining
in a specific region has been estimated at around 200-250 sampling locations, each sampled twice
over five years to provide sufficient statistical power to detect small (2-5%) annual declines in the
number of species and in total abundance, and would cost US$2,000,000 (LeBuhn et al., 2013).
These conclusions were drawn from analysis of studies that used seven different sampling techniques
(pan traps, Moericke traps, visual counts of the number of animals, malaise traps, hand netting, funnel
traps, and baits) in relatively small study sites.

In addition to concern about individual species, there is increased concern about the effects of
pollinator decline on plant communities (Lever et al., 2014). A recent study shows that loss of a single
pollinator species can reduce floral fidelity in the remaining pollinators, “with significant implications
for ecosystem functioning in terms of reduced plant reproduction, even when potentially effective
pollinators remained in the system” (Brosi and Briggs, 2013). Below we provide detailed summaries

of the state of the science in each of the above-mentioned areas.

3.2 Trends in wild pollinators

3.2.1 Outline of section

Wild pollinators are a diverse group, and include vertebrate species such as birds, mammals, and
reptiles, and invertebrates such as bees, butterflies, flies, moths, beetles, ants, and wasps. This very
diverse group includes a few species that are very well known, such as the European honey bee (Apis
mellifera), some bumble bees (Bombus spp.), butterflies, and hummingbirds, but for the vast majority
of pollinators there are tremendous knowledge gaps about their life histories, distribution, and

abundance that hinder our analysis of trends.

The regulation of animal populations in the wild has been the object of research by ecologists and
conservation biologists for many years, but the application of these ideas to non-pest insect species
such as pollinators is relatively recent. For example, it was not until 1912 that Sladen (1912)

published a treatise on bumble bees, and only in the 1950s did studies begin to appear about their
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colony dynamics and foraging behavior (Free and Butler, 1959). In 1963 the first study was published
about bumble bee diseases (Skou, 1963), and in that same decade studies about the ability of bumble
bees to increase pollination of clover and alfalfa appeared (Free, 1965; Holm, 1966; Bohart, 1957), as
did a paper about how to rear bumble bees in captivity (Plowright and Jay, 1966), opening up the
possibility of managing their populations. Heinrich published a monograph about bumble bee ecology

and foraging energetics in 1979.

Only recently, a study assessed the limited evidence of how food resources and risks regulate wild bee
populations (Roulston and Goodell, 2011). For vertebrate pollinators, and even more so for most
insect species, there are few studies investigating the environmental factors, and biotic interactions
such as competition, predation, parasitism, and disease that influence their populations. Among bird
pollinators, information about ecological interactions is available for hummingbirds (Trochilidae:
Gill, 1988; Sandlin, 2000; Tiebout, 1993; Fleming, 2005), sunbirds (Nectariniidae: Carstensen, 2011),
and honeyeaters (Meliphagidae: Craig et al., 1981; McFarland, 1996; Paton, 1985; Pyke et al., 1996),
and a little for lorikeets (Loriinae: Richardson, 1990). Some information is also available for bat
pollinators (Chiroptera: Winter and von Helversen, 2001; Fleming et al., 2005). More generally, the
insights that ecologists have gained for regulation of animal populations in general can also shed light

on pollinator populations (e.g. Knape and de Valpine, 2011).

The changes in pollinator populations described in sections 3.2.2 (distribution) and 3.2.3 (abundance),
and future challenges they face, are in part the consequences of the changing climate and changing
landscapes. Pollinator responses to the changing climate are likely to include changes in their
latitudinal and altitudinal distributions, producing changes in species occurrence and hence diversity
at any particular locality. Evidence of such shifts and their consequences is beginning to accumulate,
with declines recorded for both managed and wild bee populations in both Europe and North America
(Becher, 2013), altitudinal and latitudinal range changes for butterflies (Heikkinen et al., 2010; Casner
et al., 2014), and altitudinal shifts for bumble bees (Ploquin et al., 2013; Pyke et al., 2016).

The standard objective assessment of the status of a species, e.g. a pollinator, is the IUCN Red List
assessment. Global assessments are available for many vertebrate pollinators, e.g. birds and bats.
Most insect pollinators have not been assessed at a global level. In total 16.5% of vertebrate
pollinators are threatened with global extinction (increasing to 30% for island species; Aslan et al.
2013). The trend is generally towards more extinctions. Regional and national assessments of insect
pollinators indicate high levels of threat particularly for bees and butterflies (often >40% of species
threatened) (IUCN Red List for Europe; www.iucn.org; van Swaay et al. 2010). The recent European-
scale red lists revealed that 9% of bees and 9% of butterflies are threatened and populations are

declining for 37% of bees and 31% of butterflies (excluding data-deficient species). Note, however,
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that for the majority of European bees data are insufficient to make IUCN assessments. Many if not
most of the data-deficient species are likely to have a very limited (endemic) distribution or are very
rare, traits often found in threatened species. At national levels numbers of threatened species tend to
be much higher than at regional levels, e.g., more than 50% for bees in some European countries. In
contrast, crop-pollinating bees are generally common species and rarely threatened species. Of 130
common crop-pollinating bees (Kleijn et al., 2015) only 58 species have been assessed either in
Europe or North America. Only two species are threatened (Bombus affinis, Bombus terricola), two
are near threatened (Andrena ovatula, Lasioglossum xanthopus), 42 are doing well (all assessed as
Least Concern), whereas for 12 of these species data are insufficient for assessment. Of 57 species
mentioned as crop pollinators in Klein et al. (2007) only 10 species have been formally assessed, of
which one bumble bee species, Bombus affinis, is critically endangered. However, at least 10 other
species, including three honey bee species, are known to be very common.

Human-altered landscapes can reduce gene flow in pollinator populations (Jha, 2015), and the
interaction between land use and fragmentation (Hadley and Betts, 2012) can also have negative
impacts (Kenefic et al., 2014). Land use intensity has also been shown to correlate with pollinator
populations (Clough et al., 2014). A recent paper has reviewed the effects of local and landscape
effects on pollinators in agroecosystems (Kennedy et al., 2013); bee abundance and richness were
higher in diversified and organic fields (e.g., Holzschuh et al., 2007) and in landscapes comprising
more high-quality habitats, while bee richness on conventional fields with low diversity benefited
most from high-quality surrounding land cover (e.g., Klein et al., 2012). Stresses from pesticides and
parasites (Chapter 2) can also alter pollinator distributions and abundance. Increases in nitrogen inputs

can also affect flower production, pollinator visitation, and fruit set (Mufioz et al., 2005).

3.2.2 Evidence for spatial shifts and temporal changes in species occurrence

Information about wild pollinator populations is primarily available from two sources, either historical
information from museum collections and records collected by amateur naturalists and scientists, or
very recent surveys initiated in response to concerns about current declines that can now provide
baseline information for future comparison. For example, Biesmeijer et al. (2006) compiled almost 1
million records for bee and hoverfly observations for Britain and the Netherlands from national
entomological databases to compare areas with extensive sets of observations before and after 1980.
They found significant declines in the bee species richness in many areas, and also that outcrossing
plant species that are reliant on insect pollinators (United Kingdom) or bee pollinators (Netherlands)
also declined relative to species with wind- or water-mediated pollination. These results strongly

suggest, but do not prove, a causal connection between local extinctions of functionally-linked plant
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and pollinator species. Another example of how museum records can be used to gain insights is a re-
survey of bee fauna and associated flora from a grassland site in Brazil, originally surveyed 40 years
ago and again 20 years ago, which found that bee species richness has declined by 22% (Martins et
al., 2013). Some previously abundant species had disappeared, a trend that was more accentuated for
large rather than small bees. However, one study found that the abundance of common bee species

was more closely linked to pollination than bee diversity (Winfree et al., 2015).

A recent long-term study of relative rates of change for an entire regional bee fauna in the
northeastern United States, based on >30,000 museum records representing 438 species (Bartomeus et
al., 2013), found that over a 140-year period native species richness decreased slightly, but declines in
richness were significant (p = 0.01) only for the genus Bombus. “Of 187 native species analyzed
individually, only three declined steeply [in abundance], all of these in the genus Bombus. However,
there were large shifts in community composition, as indicated by 56% of species showing significant
changes in relative abundance over time.” At the community level some of the decline was masked by
the increase in exotic species (increased by a factor of 9, to a total of 20, including species of
Anthidium, Hylaeus, Lasioglossum, Megachile, Osmia, etc.), with an accompanying trend toward
homogenization. The study also provided insights into the traits associated with a declining relative
abundance: small dietary and phenological breadth and large body size, which may provide clues to
identify which species are likely to be susceptible to declines in other areas as well. It is somewhat
reassuring that, despite marked increases in human population density in the northeastern USA and
large changes in anthropogenic land use in that area, Bartomeus et al. (2013) found that aggregate
native species richness declines were modest outside of the genus Bombus; the number of rarefied
non-Bombus bee species per time period has declined by 15%, but the trend is not statistically

significant (p = 0.07).

A third example of re-sampling of bees, in Colorado, USA, used a century-old record of bee fauna
that had found 116 species in grassland habitats (Kearns and Oliveras, 2009a). The re-sampling, a
five-year effort, recorded 110 species, two genera of which were not present in the original 1907
collection. Their comparison was hampered by the lack of information about the sampling techniques
of the original study, and taxonomic changes, but the authors concluded that the conservation of most
of the original species had been facilitated by the large amount of preserved habitat in the study area
(Kearns and Oliveras, 2009b). An even longer re-sampling period of 120 years in Illinois, in
temperate forest understory, found a degradation of interaction network structure and function, with
extirpation of 50% of the original bee species (Burkle et al., 2013). The authors attributed much of
this loss to shifts in both plant and bee phenologies that resulted in temporal mismatches, nonrandom

species extinctions, and loss of spatial co-occurrences between species in the highly modified
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landscape. Thus negative changes in the degree and quality of pollination seem to be ameliorated by

habitat conservation.

Examination of museum specimens has also been shown to provide insights into reasons for bee
population declines. Pollen analysis from 57 generalist bee species caught before 1950 showed that
loss of preferred host plants was strongly related to bee declines, with large-bodied bees (which
require more pollen) showing greater declines than small bees (Scheper et al., 2014).

In a meta-analysis of long-term observations across Europe and North America over 110 years, Kerr
et al. (2015) looked for climate change—related range shifts in bumble bee species across the full
extents of their historic latitudinal and thermal limits, and changes along elevation gradients. They
found consistent trends from both continents with bumble bees failing to track warming through time
at their northern range limits, range losses from southern range limits, and shifts to higher elevations
among southern species. These effects were not associated with changing land uses or pesticide

applications.

A monitoring program for butterflies in the Flanders region of Belgium (Maes and Van Dyck, 2001)
provides evidence for that region having the highest number of butterfly extinctions in Europe, with
19 of the original 64 indigenous species having gone extinct. Half of the remaining species are now
threatened with extinction. The authors attribute these losses to more intensive agricultural practices
and the expansion of building and road construction (urbanization), which increased the extinction

rate more than eight-fold in the second half of the 20" century.

In the absence of population trend data, studies of species diversity can also provide some information
about the status of pollinators. Studies such as those of Keil et al. (2011) for Syrphidae, and another
study of species of bees, hoverflies (Syrphidae) and butterflies (Carvalheiro et al., 2013) are examples
of this. Carvalheiro et al. (2013) looked at these three groups of pollinators in Great Britain,
Netherlands, and Belgium for four consecutive 20-year periods (1930-2009). They found evidence of
extensive species richness loss and biotic homogenization before 1990, but those negative trends
became substantially less accentuated during recent decades, even being partially reversed for some
taxa (e.g., bees in Great Britain and Netherlands). They attributed these recoveries to the cessation of
large-scale land-use intensification and natural habitat loss in the past few decades. Most vulnerable
species had been lost by the 1980s from the bee communities in the intensively farmed northwestern
European agricultural landscapes, with only the most robust species remaining (Becher, 2013;
Heikkinen et al., 2010, Casner et al., 2014; Holzschuh, 2008). New species are continuously
colonizing north-western Europe from the much richer Central and South European regions. This may

also contribute to increases of insect pollinator richness. Bartomeus et al. (2013) found that bee
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species with lower latitudinal range boundaries were increasing in relative abundance in the
northeastern USA, and Pyke et al. (2016) compared altitudinal distributions of bumble bees in the
Colorado Rocky Mountains from 1973 and 2007 and found that queens had moved up in altitude by
an average of 80m. Also, uphill shifts in bumble bee altitudinal distributions have been recorded in
the Cantabrian Cordillera of northern Spain during the last 20 years leading to local extinctions and
bee fauna homogenization where previously there were distinct community differences (Ploquin et al.,
2013).

Temperature increases can directly affect bee metabolism but there have also been significant
temperature-related changes in the phenology of floral resources important for pollinators, including
earlier flowering of most species, and changes in the seasonal availability of flowers that may also
affect pollinator survivorship (Aldridge et al., 2011). Forrest (2015) reviewed research on plant—
pollinator mismatches, and concluded that although certain pairs of interacting species are showing
independent shifts in phenology (a mismatch), only in a few cases have these independent shifts been
shown to affect population vital rates (seed production by plants) but this largely reflects a lack of
research. Bartomeus et al. (2011) combined 46 years of data on apple flowering phenology with
historical records of bee pollinators over the same period, and found that for the key pollinators there
was extensive synchrony between bee activity and apple peak bloom due to complementarity between
the bees’ activity periods. Differential sensitivity to temperature between plants and their pollinators
can also affect butterflies; flowering time of butterfly nectar food plants is more sensitive to
temperature than the timing of butterfly adult flight (Kharouba and Vellend, 2015).

Bedford et al. (2012) focused on evidence for geographical range shifts among butterflies in Canada.
They collected data for 81 species and measured their latitudinal displacement between 1960 and
1975 (a period prior to contemporary climate change) and from 1990 — 2005 (a period of large climate
change). They identified an unexpected trend, given the mobility of butterflies, for species’ northern
borders to shift progressively less relative to increasing minimum winter temperatures, suggesting that
even these mobile pollinators have been unable to extend their ranges as quickly as would be required
to keep pace with climate change; this might be because of their dependence on larval host plants,

which may not be shifting quickly either (Bedford et al., 2012).

A similar study of 48 butterfly species in Finland found that they shifted their range margins
northward on average by 59.9km between 1992-1996 and 2000-2004, with non-threatened species
showing a larger change than the more stationary threatened species (POyry, 2009). Such poleward
shifts (Parmesan, 1999) are probably a common feature of many pollinator species geographical
distributions in recent years (although not much is known about southern hemisphere species), and are

likely being matched by altitudinal shifts as well, as seen for both butterflies and bumble bees
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(Forister et al., 2011; Pyke et al., 2012; Wilson et al., 2007). However, Kerr et al. (2015) found in a
survey of historical data for bumble bee distributions in both Europe and North America that there
were consistent trends in failures to track warming through time at species’ northern range limits,
range losses from southern range limits, and shifts to higher elevations among southern species. So
this important group of pollinators is being affected negatively by this response to climate change.
Responses to climate change are also compounded by changes in habitat. For example, Warren et al.
(2001) found that 75% of 46 butterfly species expected to be expanding their range north are
declining in abundance, and attributed this to negative responses to habitat loss that have outweighed
positive responses to climate warming. Adverse effects of nitrogen deposition on butterfly host plants
may also be taking a toll on that group of pollinators (Feest et al., 2014).

The changing climate may also pose challenges for avian pollinators. One study of the potential
changes in distribution that will result considered South Africa, where some of the migratory
pollinator species may be at particular risk (Simmons et al., 2004; Huntley and Barnard, 2012), and a
study of hummingbird migration in North America found that if phenological shifts continue at
current rates, hummingbirds will eventually arrive at northern breeding grounds after flowering

begins, which could reduce their nesting success (McKinney et al., 2012).

3.2.3 Shifts in pollinator abundance

All animal populations fluctuate in abundance and pollinator populations are no exception. That said,
there is evidence that some pollinator populations are now changing in abundance to such a degree
that they have exceeded the range of variation previously recorded (Cameron et al., 2011); a few have
suffered local or even global extinctions (Cox and EImqvist, 2000; Maes and Van Dyck, 2001; Grixti
et al., 2008; Mortensen et al., 2008; Ollerton et al., 2014). Although there is some evidence for
changes (see references cited in previous section), this is a topic for which much additional work is

needed before we have a clear picture for trends on a global scale.

Insect populations are notoriously variable in abundance (Andrewartha, 1954), and with few
exceptions we do not fully understand the underlying causes for this variation in insect pollinator
populations. Despite our ignorance of the exact causes of variation in most pollinator populations, we
do know that diseases (Colla et al., 2006; Koch and Strange, 2012; Fiirst et al., 2014; Manley, 2015),
parasites (Antonovics and Edwards, 2011; Arbetman et al., 2013), pesticides (Gill et al., 2012;
Stokstad, 2013; Johansen, 1977; Canada, 1981), a lack of diverse food sources (Alaux et al., 2010),
and habitat loss (not always separated from fragmentation; Hadley and Betts, 2012) (Schiiepp et al.,

2014), which reduces both nest sites and floral resources (Kearns et al., 1998), can all potentially

257



affect pollinators negatively, including species of particular concern for crop pollination (Stephen,
1955). (See Chapter 2 for additional information.)

Bumble bees (Hymenoptera)

Very few studies assess shifts in pollinator abundance, mainly because historic population counts are
not available. A remarkable exception is that of clover pollination by bumble bees in Scandinavian
countries (Bommarco et al., 2012; Dupont et al., 2011). Drastic decreases in bumble bee community
evenness (relative abundance of species), with potential consequences for the level and stability of red
clover (Trifolium pratense) seed yield, were observed in Swedish clover fields over the last 90 years
(Bommarco et al., 2012; Figure 3.2.). Two short-tongued bumble bees (Bombus terrestris and Bombus
lapidarius) increased in relative abundance from 40 to 89 per cent and now dominate the
communities. Several long-tongued bumble bees declined strikingly over the same period. The mean
number of bumble bees collected per field was typically an order of magnitude higher in the 1940s
and 1960s compared with the most recent data. Associated with this, average clover seed yield
declined, while yield variability doubled. The authors infer that the current dependence on few species
for pollination has been especially detrimental for the stability of seed yield. In parallel to this,

bumble bee abundances and species composition have shifted in Danish red clover (Trifolium
pratense) fields as well (comparing the 1930s with present data; Dupont et al., 2011). Abundance
(bees observed per m?) of short-tongued bumble bees did not change significantly. Long-tongued
bumble bee species, however, showed consistent and large declines in species richness and abundance
throughout the flowering season. Of 12 Bombus species observed in the 1930s, five species were not

observed in 2008-2009. The latter were all long-tongued, late-emerging species (Dupont, 2011).
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19. Figure 3.2. Map of visited sites and detected proportional shifts in bumble-bee community
composition in red clover seed fields in the last 70 years.

Blue circles, all three periods; green circles, 1940s and present; blue squares, 1940s; yellow squares, 1960s;
green squares, present. Proportion of bumble-bee abundance for the different species is presented as cumulative
proportions for the communities averaged among sites and years within each period.

Bommarco et al. (2010) found that the effects of habitat loss on wild bee populations in Sweden,
Germany, and Finland were dependent on dispersal capacity and diet breadth. Small generalist bees
tended to be more strongly affected by habitat loss as compared with small specialists, and social bees
were negatively affected by habitat loss irrespective of body size. Habitat loss thus led to clear shifts
in the species composition of wild bee communities. It seems likely that this effect of habitat loss

would be found in other pollinator communities.

A survey of bumble bee populations in North America found that relative abundances of four species
have declined by up to 96% and that their geographic ranges have contracted by 23-87%, some within
the last 20 years (Cameron et al., 2011). Colla and Ratti (2010) studied the abundance of Bombus
occidentalis in blueberry fields in western Canada and found that abundance of that species had
declined from 27 and 22% in 1981-82 to 1% in 2003-04, indicating that at least that species had
become much rarer. Quantitative data are also available for transects surveyed in the Colorado Rocky
Mountains in 1974, and again in 2007 (Pyke et al., 2011; Pyke et al., 2016).

In the case of bumble bees, the development of a commercial international trade has led to the
phenomenon of “pathogen spillover”, whereby introduced colonies infected with disease-causing
parasites (e.g., Crithidia bombi, Nosema bombi) have spread those diseases to wild populations in
North America (Colla et al., 2006; Otterstatter and Thomson, 2008). A 2012 review of the status of
North American bumble bees (Schweitzer et al., 2012) suggested that pathogen spillover might be a
primary factor in the decline of eight species from three subgenera that have declined drastically
during the last 15 to 20 years. These include three species that are obligate parasites on other

declining species.

Szabo et al. (2012) found weakly significant correlations between losses of B. terricola and B.
pensylvanicus and vegetable greenhouse density in some native populations (R? = 0.17, P= 0.0048 for
B. terricola; and R? = 0.08, P= 0.0034 for B. pensylvanicus), including local extinctions. Importation
of disease-carrying bumble bees has also been documented recently in South America (Arbetman,
2013; Schmid-Hempel et al., 2014) and elsewhere (Graystock et al., 2013). Declining populations in
North America have significantly higher infection levels of the microsporidian pathogen N. bombi and
lower genetic diversity compared with co-occurring populations of the stable, non-declining, species
(Cameron et al., 2011).
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A study of bumble bees in Illinois, using museum data, found that bumble bee species richness
declined substantially during the middle of the 20" century (1940-1960), with local extinctions of
four species, and range contractions in four other species (Grixti et al., 2008). The authors concluded
that half of the bumble bee species found historically in lllinois have been locally extirpated or have
suffered declines, supporting observations of broader declines in North America. These declines
coincided with large-scale agricultural intensification between 1940 and 1960, which would have
reduced nesting habitat and floral resources, and increased exposure to pesticides. In Europe, 24% of
bumble bee species are threatened with extinction, according to a recent IUCN study assessing the
species (Nieto et al., 2014). Eight species are listed as Vulnerable, seven as Endangered, and one as
Critically Endangered. Bumble bees are of concern in part because they are most abundant and
diverse in colder (high altitude, high latitude) climates that are very susceptible to climate change
(Williams and Osborne, 2009; Rasmont et al., 2015). Well- documented cases of species-specific
bumble bee declines are Franklin’s bumble bee (Bombus franklini) in Western USA (Thorp, 2005)
and the giant bumble bee (Bombus dahlbomii) in Southern South America, the latter clearly linked to

the introduction of European B. ruderatus and B. terrestris (Morales et al., 2013).

A meta-analysis of studies on bumble bees in Britain, Canada, and China found that decline
susceptibility is generally greater for species that have greater climatic specialization, for species in
areas where they occur closest to the edges of their climatic ranges, and for species that have queens
that become active later in the year (Williams et al., 2009). The later initiation of colonies may
become a problem if there is a mid-season decline in resource abundance, as was found recently in a
montane study site in Colorado (Aldridge et al., 2011). Some European bumble bees have also been
found to be declining in abundance over the past 60 years (Goulson et al., 2008), with these changes
driven primarily by habitat loss and declines in floral abundance and diversity resulting from
agricultural intensification. The declines in bees in Brazil reported by Martins et al. (2013) were also
attributed in part to habitat change (urbanization). Competition for floral and nest site resources can

negatively affect bumble bee diversity in urban areas (McFrederick and LeBuhn, 2006).

Box 3.1 — Bumble bee monitoring programs

BeeWalk is a UK national recording scheme run by the Bumble Bee Conservation Trust to monitor
the abundance of bumble bees on transects across the country. These transects are conducted by
volunteers, who identify and count the bumble bees they see on a monthly walk along a set route from
March to October. http://beewalk.org.uk/

The Irish Pollinator Initiative http://www.biodiversityireland.ie/projects/irish-pollinator-initiative/

offers a similar opportunity for monitoring bumble bees and other pollinators.
Canadian collaborators with the Grey Bruce Centre for Agroecology facilitate pollinator monitoring

in Ontario. http://gbcae.com/pollinators.html
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The Xerces Society has organized a citizen science effort, Bumble Bee Watch, to monitor these

pollinators in USA and Canada. http://bumblebeewatch.org/contents/about/

Wasps (Hymenoptera)

Wasps are not common pollinators for very many plant species, but are involved in some interesting
sexual deception pollination systems of orchids (e.g., Peakall and Beattie, 1996, Schiestl et al., 2003).
They are perhaps best known as obligate specialist pollinators of figs (Ficus spp.), which produce
fruits that are important resources for many herbivores (Herre et al., 2008). The susceptibility of the
wasps to changes in flowering patterns induced by drought was documented in northern Borneo, when
an El Nifio Southern Oscillation (ENSO) event led to the local extinction of the pollinators because of
a gap in the availability of flowers (Harrison, 2000). In general, however, almost nothing is known
about the size and variability of pollinating wasp populations.

Flies (Diptera)

Flies can be efficient pollinators of both wild and crop plants (Jauker and Wolters, 2008; Howlett et
al., 2009; Rader et al., 2009; Howlett, 2012; Jauker, 2012), and a great diversity of them have been
recorded as flower visitors (Larson et al., 2001; Speight, 2010; Woodcock et al., 2014). Some crops,
such as onions, that are not visited well by bees can be pollinated by flies (Currah, 1984), and they
can be used in greenhouses for sweet pepper pollination (Jarlan et al., 1997). Species from at least 86
families of Diptera have been observed visiting flowers, and over eleven hundred species of plants from
172 families have been reported as being visited by flies (Kearns, 2001, 2002; Inouye et al., 2015). One
species is even available commercially for pollination; Lucilia sericata (common green bottle fly) are
available as “Natufly”. Flies are particularly important at high latitudes (Totland, 1993; Woodcock et
al., 2014) and high altitudes, especially in areas where bumble bees are not present, such as alpine
Auwstralia (Inouye and Pyke, 1988).

Despite their obvious importance, there are very few data available on population sizes and trends.
Keil et al. (2011) looked for temporal change in species richness of hoverflies (Syrphidae) from the
UK and the Netherlands, comparing museum specimen data prior to and post 1980. They were
particularly interested in the effects of spatial scale, and compared grid resolutions from 10 x10 km to
160x160 km. Trends differed across spatial scales, but species richness increased in the Netherlands
and decreased in the UK at the fine scale (10 x 10km), while trends differed between countries at the
coarsest scale (positive in UK, no change in Netherlands). Thus Keil et al. (2011) concluded that
explicit considerations of spatial (and temporal) scale are essential in studies documenting past

biodiversity change or attempting to forecast future changes.
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The Delhi Sands Flower-Loving Fly (Rhaphiomidas terminatus abdominalis) is one of the most

endangered animals on the planet and was listed under the US Endangered Species Act in 1993

(http://www.xerces.org/delhi-sands-flower-loving-fly/). It is a habitat specialist, and the dunes where
it occurs in southern California have largely disappeared due to development. The flies collect nectar

of at least one plant in that habitat (Eriogonum fasiculatum) (U.S. Fish and Wildlife Service, 1997).

ller et al. (2013) analysed a 20-year record of Syrphidae from a Malaise trap maintained at the Rocky
Mountain Biological Laboratory (2,900 m altitude in Colorado, USA). Their primary focus was on
phenology of fly emergence (several species), for which they found no significant trend, suggesting
that the historic interaction with food plants is being maintained in the face of climate change. A 15-yr
study of Syrphidae in the UK (Owen, 1989) found that hoverfly populations are more stable than
those of other terrestrial arthropods, that there are strong correlations (r=0.51 - 0.54, p<.0001)
between abundance and distribution, and that abundance is not affected by body size. However, they
found that larger species tend to have more stable populations. Many species in this family have very
specialized habitat requirements for the larval stage (Rotheray, 2011), which may put them at risk

from habitat alteration.

Butterflies and moths (Lepidoptera)

Butterflies are not as important as bees as pollinators in many ecosystems, because they often visit
flowers less frequently than do bees and may also deposit less pollen per visit (Winfree et al. 2011),
and their abundance and pollen loads (Proctor et al., 1996) are often lower. However, they can deposit
high-quality pollen on the stigmas because frequently flying relatively long distances between
consecutive flower visits (Herrera, 1987). The Xerces Society for Invertebrate Conservation began the
North American 4™ of July Butterfly Count in 1975, and it was passed on to the North American
Butterfly Association in the late 1980s. That one-day count is now the largest butterfly monitoring
program in existence in terms of geographic scope. In 2013, 424 U.S. counts were held in 44 states
plus the District of Columbia. The 27 Canadian counts in 2013 were held in Ontario (22) and
Saskatchewan (5); no data were collected in Mexico. Although there has been little analysis yet of
these data, there is evidence of decline in at least some species

(http://www.naba.org/pubs/abl41/abl41count_column.pdf).
NatureServe has assessed all 800 species of butterflies in the United States and has found that 141

(17%) are at risk of extinction (NatureServe, 2014). Twenty-six species of butterflies in the United

States are listed as threatened or endangered under the Federal Endangered Species Act (U.S. Fish and
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Wildlife Service, 2014). Many of the declining species are rare endemics, with a narrowly limited
geographic range or very specific habitat requirements, but the decline in populations of the monarch
butterfly (Danaus plexippus) in North America shows how a widely-distributed species can also be at
risk (Brower et al., 2011). In Canada, a 2009 survey found that about one-third of the 300 species
found there are at some level of risk (Hall, 2009). All five endemic species are at some level of risk

and 23 are globally at some level of risk.

The United Kingdom Butterfly Monitoring Scheme, initiated in 1976, now records data from over
1,000 sites annually and has recorded declines in many species
(https://www.gov.uk/government/statistics/england-biodiversity-indicators). Similar schemes have
been active for more than ten years in the Netherlands, Belgium, and Germany, and the European
Grassland Butterfly Indicator (http://www.eea.europa.eu/publications/the-european-grassland-
butterfly-indicator-19902011) reports that from 1990 to 2011, grassland butterfly populations declined
by almost 50%; change in rural land use is identified as a primary cause. There is also a French
butterfly count focused on gardens, showing relatively stable populations from 2006 — 2013:
http://www.noeconservation.org/index2.php?rub=12&srub=31&ssrub=98&goto=contenu. The
European Red List of Butterflies
(http://ec.europa.eu/environment/nature/conservation/species/redlist/downloads/European_butterflies.
pdf) summarizes information about their conservation status; 8.5% (37 species) are designated as
Threatened (including 0.7% being Critically Endangered), and another 10% as Near Threatened). The
report concludes that most of these are declining rapidly in parts of their range and are in need of
conservation action. The major drivers of butterfly habitat loss and degradation are related to
agricultural intensification, although climate change plays a role, as do changes in management of

forested and grassland areas that affect butterfly host plants and nectar resources.

Although some moth species are also important pollinators, there are even fewer studies of their
population dynamics outside of economically important pest species. Some moths have closely
coevolved relationships with their nectar plants, with a close correspondence between proboscis
length and corolla size (Nilsson, 1998), although in Kenya Martins and Johnson (2013) found that
adult hawkmoths are routinely polyphagous and opportunistic, regardless of their proboscis length.
Many families of large moths, including sphingids, erebids, noctuids and geometrids, are very
species-rich and also contain a large number of nectar-feeding species that are potential pollinators,
but our knowledge of these primarily nocturnal pollinators is scant. More seems to be known about
their distribution than their significance as pollinators, or population trends, but data on larger moths
in Britain (http://butterfly-conservation.org/files/1.state-of-britains-larger-moths-2013-report.pdf)
show a 28% decline from 1968 — 2007, with two-thirds of 337 species of common and widespread

larger moths declining over the 40-year study.
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Forister et al. (2011) and Casner et al. (2014) analyzed data from a decades-long study of butterfly
distributions along an altitudinal transect in California’s Central valley. They found that declines in
the area of farmland and ranchland, an increase in summer minimum temperatures and maximum
temperatures in the fall negatively affected net species richness, whereas increased minimum
temperatures in the spring and greater precipitation in the previous summer positively affected species
richness. Changes in land use contributed to declines in species richness (although the pattern was not
linear), and the net effect of a changing climate on butterfly richness was more difficult to discern, but
given the dramatic changes in the climate of that area (probably the most severe drought in 500 years
— Belmecheri et al., 2015) it is not surprising that butterfly populations are being affected.

Most of these studies reporting changes in species richness or species abundance are not able to
identify specific causes for declines. For one high-altitude butterfly species, Speyeria mormonia,
Boggs and Inouye (2012) found that snowmelt date explained a remarkable 84% of the annual
variation in population growth rate, but studies successfully identifying environmental factors driving

population size remain rare.

Beetles (Coleoptera)

Beetles are the largest order of insects, and although they are relatively uncommon as pollinators, they
have had a long evolutionary history with flowers (Gottsberger, 1977). They have also been
overlooked in comparison to other groups of pollinators (Mawdsley, 2003). Beetle (weevil)
pollinators are very important for oil palms, and they have been successfully introduced to tropical
areas where these plants have been introduced; they now replace hand-pollination that was initially
required (Greathead, 1983). They are also pollinators of some minor crops such as Annona (Podoler et

al., 1984). There do not appear to be any studies of the trends in beetle pollinator populations.

Vertebrate pollinators

Two recent papers address the conservation status of vertebrate pollinators and the consequences of
their loss. Aslan et al. (2013) estimated the threat posed by vertebrate extinctions to the global
biodiversity of vertebrate-pollinated plants. While recognizing large gaps in research, their analysis
identified Africa, Asia, the Caribbean, and global oceanic islands as geographic regions at particular
risk of disruption of pollination (and dispersal). Plants that lose their mutualists are likely to
experience reproductive declines of 40-58%, potentially threatening their persistence. A recent survey
(Regan et al., 2015) of bird and mammal pollinators was undertaken using IUCN Red List data that

are probably the best source for global information about extinction risk for threatened species. Of
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the 901 bird species reported as pollinators that they considered, 18 were uplisted (e.g., from
Endangered to Critically Endangered) during the period 2008 — 2012, while 15 of the 341 mammal
pollinators qualified for uplisting or were added to the list during the period 1996 — 2008. Thus, it
appears that these two groups of vertebrate pollinators are suffering significant declines. This
conclusion is also supported by reports of overhunting of flying foxes (Brooke and Tschapka, 2002),
which are important pollinators and seed dispersers on some oceanic islands (Cox et al., 1991;
Elmaqvist et al., 1992).

Hummingbirds are charismatic pollinators in the New World. Some data for hummingbirds are
available from the Breeding Bird Survey in the USA and Canada. Although sample sizes are
relatively small, the time period surveyed (1962-2012) is long, and the data appear to be the best
available for trends in population size. Three species (Table 3.1) show increases of between 1-2%/yr,
while four others seem to be declining at 1-5%/yr. These are migratory species, which overwinter in
Mexico or further south in Central America (e.g., Calder, 2004), and no data are available for their
overwintering populations (it is not even clear where most of these birds are going in winter).
However, based on the extent of habitat loss, it is estimated that the Mexican hummingbird
populations may have declined by 15-49% in the past century (Berlanga et al., 2010). For some
species there are extensive records available of the phenology of their migration in the USA and
Canada, as observers across a large latitudinal gradient report their first sightings each spring (e.g.,
http://www.hummingbirds.net/map.html). Habitat loss in their overwintering and summer breeding
grounds, and in the migration corridor, may pose threats to the migratory species, and there is the
potential for effects of climate change on flowering phenology that may also create challenges for
phenology of migration (McKinney et al., 2012). Hummingbirds are most diverse in the Neotropical
and important pollinators of that flora, but information on population trends are completely lacking.

12. Table 3.1. Data on migratory hummingbird population trends from 1966 — 2012 from the Breeding
Bird Survey data from USA and Canada.

Means for number of birds observed per survey route are shown with 95% Confidence Intervals. From
http://www.mbr-pwrc.usgs.gov/bbs/ (data retrieved 15 September 2015).

Common name Species USA annual Canada annual trend
trend (N) (N)

Ruby-throated Archilochus +1.6 (1,910) +2.2 (387) first yr 1968

Hummingbird colubris Cl13-18 Cl11.3-3.0

Black-chinned Archilochus +1.1 (418) +0.2 (10)

Hummingbird alexandri Cl02-19 Cl-54-6.6
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Anna's Hummingbird | Calypte anna +2.0 (220)

Cli13-27
Costa's Calypte costae -1.9 (99)
Hummingbird Cl-6.0-1.1
Calliope Stellula calliope -1.0 (168) 0.9 (52)
Hummingbird Cl-23-0.2 Cl-06-25
Rufous Selasphorus rufus | -2.3 (214) -1.9 (131)
Hummingbird Cl-3.0--15 Cl-31--16
Allen's Hummingbird | Selasphorus sasin | -4.1 (55)

Cl-57--26

Bird occurrence has been monitored in South Africa in two large citizen science projects, the first
Southern African Bird Atlas Project (SABAP1: 1987-1991) and the second Southern African Bird
Atlas Project (SABAP2: 2007-present); data at http://www.gbif.org/dataset/282d0cch-4fa0-40f9-
8593-105c77e88417. A recent comparison of these two data sets finds that the families Pycnonotidae

and Ploceidae, which include nectar as a small component of their diet, have increased in abundance
in 66% and 61% of geographical grid cells respectively, whereas the families Nectariniidae (Sunbirds)
and Promeropidae (Sugarbirds), both of which include nectar as a major component of their diet, have
increased in 52% and 33% of grid cells respectively. Because very few grid cells remain unchanged,
these data indicated that the Promeropidae show a decline in about 67% of grid cells (Loftie-Eaton,
2014).

Bats are another important and diverse group of vertebrate pollinators in many parts of the world
(Fleming and Mucchala, 2008). Population estimates are available for a few species of pollinating
bats, but in general little is known about trends, in part because they are difficult to survey

(http://digitalcommons.unl.edu/usgsstaffpub/35/). In some areas bats are important pollinators of food

resources, such as cactus fruits in Mexico (Arias-Cdyotl et al., 2006), agave species (including those
used for tequila and mezcal) (Rocha, 2005; Trejo-Salazar et al., 2015), species of mango, wild species
of banana, durian, and guava (http://www.bats.org.uk/pages/why_bats matter.html). The migratory
species in Central and North America face many of the same challenges described above for
migratory hummingbirds, as well as the additional constraint of needing caves for roosting (Slauson,
2000). One study found that an island population of a columnar cactus may be moving toward insect
pollination because of a paucity of bats, possibly a consequence of hurricanes (Rivera-Marchand and
Ackerman, 2006).
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Pollinator extinction, reintroduction, and replacement

Local and global extinctions of pollinators have occurred (Cox and EImqvist, 2000; Cameron et al.,
2011), and some conservation efforts have been implemented to re-introduce missing species or
replace their functions as pollinators. An example of re-introduction (See Chapter 6 for additional
information on re-introductions) is the case of the United Kingdom bumble bee species Bombus
subterraneus, which was declared extinct in the UK in 2000. An initial attempt to use queens from
New Zealand in 2011 for reintroduction was unsuccessful (Howlett et al., 2009). However, a
subsequent programme to reintroduce B. subterraneus with queens from Sweden is ongoing following
restoration of appropriate habitat and food plants (Gammans, 2013), and although workers have been
observed, production and successful overwintering of queens has not yet been proved. This re-
introduction protocol developed for B. subterraneus in the UK may be useful in other parts of the
world experiencing similar bumble bee extinctions (e.g., B. occidentalis in parts of its former range in
North America) (Cameron et al., 2011). A fortuitous replacement of pollination occurred in Hawaii,
where the introduced Japanese White-eye (Zosterops japonica) assumed the role of extinct bird

species as a pollinator of the ieie vine (Freycinetia arborea) (Cox, 1983).

The current status of almost all wild pollinator populations is unclear and difficult to assess due to the
lack of data. A few of the re-surveys mentioned in sections 3.2.2 and 3.2.3 suggest that pollinator
populations (diversity and abundance) can be maintained over long periods of time if habitat that
provides nesting sites and food resources are conserved. General trends across studies indicate that the
challenges posed by habitat loss or alteration, introduction of diseases, alien competitors and invasive
plant species, and increasing pesticide use, are resulting in substantial shifts and often declines in
pollinator populations that have prompted concern for their future. One important trend that can be
extrapolated from comparative surveys between disturbed and undisturbed sites (e.g., Chacoff and
Aizen, 2006; Quintero et al., 2010) is that massive habitat disturbance could not only lead to
impoverished pollinator faunas, but also to a spatial homogenization of bee communities (decreased

beta diversity) (see also Carvalheiro et al., 2013 and Chapter 2).

3.3 Trends in managed pollinators

3.3.1 Outline of section

Managed pollinators include the well-known honey bee (A. mellifera) as well as a growing number of
other bee species and other insects such as flies. The number of managed colonies of the western
honey bee (A. mellifera), the major commercial pollinator, has increased on a global scale over the

past 50 years. The diversity of additional bee species nowadays managed for pollination, including
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bumble bees, stingless bees, solitary bees as well as other insects, has also increased (Bosch, 2005;
Velthuis and van Doorn, 2006). This is in part because of their greater efficiency in pollinating
specific crops. It is also in part to reduce reliance on a single managed pollinator, the honey bee,
which is perceived to incur rising management costs due to treatment against emerging pathogens and
increasing rates at which colonies die and need to be replaced. Local species should be chosen to
avoid risks associated with importation of non-native species. Research is also needed to identify
efficient pollinators of crops under threat of pollination shortfall (e.g. Giannini et al., 2015b) and then
to develop methods to ensure sustainability of pollinator numbers, either through appropriate land

management or development of rearing techniques.

3.3.2 Honey bees (Apis spp.)

There are inherent difficulties in determining trends in the number of honey bee colonies for
biological and sociological reasons, and these trends are often conflated with rates of colony
mortality. Specifically, it is difficult to determine the number of honey bee colonies in a geographic
locality because, firstly, unlike other livestock, a honey bee colony can be divided by a beekeeper into
two or more parts during the active season to multiply colony numbers and, conversely, colonies can
be united into one in periods of flower dearth or cold temperatures. Secondly, an entire honey bee
colony may depart (abscond) or be acquired as a passing swarm. Thirdly, beekeeping is a labour-
intensive activity and colonies are often not registered. Fourthly, there are unknown numbers of wild
honey bees, e.g., in Africa, and feral Africanized honey bees in South, Central and southern North
America. Fifthly, there is probably variation across nations, and even across years within a country, in
how data on colony numbers are collected. These factors conspire to hamper acquisition of colony
numbers (the total number of colonies at any one point in time) and annual rates of colony mortality
(the proportion of colonies that die in one year). Indeed, rates of colony mortality have recently been
reported to be much higher than the usual rate of ca. 10%, and up to 30% or more since the winter of
2006-t0-2007 in some parts of the temperate Northern Hemisphere (Oldroyd, 2007; see Chapter 2,
sections 2.5 and 2.6), and may be equally high in South Africa (Pirk et al., 2014). Information from
the FAO database nevertheless suggests an increasing world number of managed colonies of honey
bees (Figure 3.2), a trend driven by Asia (Aizen and Harder, 2009b, Barron, 2015, see Chapter 2,
Figure 3.3), with a current world stock of greater than 81 million hives, each comprising 10,000-
40,000 or more worker honey bees (Figure 3.2). Within this global increase in stock, some countries
have suffered declines whereas others have seen growths (Figure 3.3, Aizen and Harder, 2009b, Potts
etal., 2010a, b, Smith et al., 2013). Even