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Bless air’s gift of sweetness, honey
from the bees, inspired by clover,
marigold, eucalyptus, thyme,

the hundred perfumes of the wind.
Bless the beekeeper

who chooses for her hives
a site near water, violet beds, no yew,
no echo. Let the light lilt, leak, green
or gold, pigment for queens,
and joy be inexplicable be there
in harmony of willowherb and stream,
of summer heat and breeze,

each bee’s body

at its brilliant flower, lover-stunned,
strumming on fragrance, smitten.

For this,
let gardens grow, where beelines end,
sighing in roses, saffron blooms, buddleia;
where bees pray on their knees, sing, praise
in pear trees, plum trees; bees
are the batteries of orchards, gardens, guard them.

— Carol Ann Duffy, Virgil’s Bees



Abstract

Pollinators are critical for the production of many of the World’s crops; however, both
wild and managed pollinator populations have undergone serious declines driven by,
among other factors, habitat loss. Restoring floral communities in a habitat can in-
crease the availability of food for pollinators and can be an effective way to promote
pollinator populations and the associated ecosystem service of crop pollination. For flo-
ral restoration to be effective, it must ensure that pollinators are supported throughout
their lifecycle, especially in landscapes dominated by mass-flowering crops, where polli-
nators can experience disjointed pulses of floral resources. To study this issue, a suitable
framework is required for considering temporal aspects of flower-pollinator interactions.

In this thesis, I collect flower-pollinator networks from habitats dominated by the
mass-flowering crop, apple, and develop a novel in silico approach for studying the
structure of flower-pollinator networks through the season. I use this to demonstrate
the exposure of pollinators to food shortage in mass-flowering crops by comparing pol-
linator persistence and network structure through the season in two crops with a short
(apple) and long (strawberry) flowering phenology. I then evaluate differences in tem-
poral network structure between floristically improved and unimproved apple orchards,
and use a field-experiment to demonstrate that floral improvement can increase pollina-
tion service later in the season by increasing the persistence of pollinators through the
season. Finally, I develop a novel modelling approach to identify the best floral compo-
sitions for supporting pollinators throughout the season in apple orchards, and use these
compositions to demonstrate that existing floral management options could be markedly
improved to provide greater abundance and stability of nectar through the season.

By combining field surveys, field experiments and multiple modelling approaches, this
thesis extends our current understanding of how flower-pollinator networks are struc-
tured through the season, and provides a novel toolkit with which to explore this topic
in other habitats and restoration scenarios.
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Chapter 1

Introduction

1.1 Background

1.1.1 The value of pollinators

Animals contribute to the pollination of over 87% of the World’s flowering plant species
(Ollerton et al., 2011), including over three-quarters of globally important food crops
(Klein et al., 2007). Loss of all pollinators could reduce the total supply of fruit, nuts
and seeds by an estimated 22 percent and vegetables by 16 percent (Smith et al., 2015),
reducing global crop production by an estimated 58% (Aizen et al., 2009). The po-
tential annual economic value of animal-mediated pollination is therefore significant,
with current estimates ranging from US$127-152 billion (Bauer and Sue Wing, 2016) to
US$235-577 billion (Lautenbach et al., 2012). Furthermore, a loss of pollinators could
significantly deplete supplies of a range of important vitamins and minerals, including
vitamin A, vitamin C and folic acid (Eilers et al., 2011), with significant implications for
human health. If pollination services were halved, the resulting loss of available nutrients
could lead to 132 million human years lost annually due to ill-health, disability or early
death (Smith et al., 2015).

1.1.2 The value of managed versus wild pollinators

Managed honey bees (Apis mellifera) are important pollinators of a wide range of crops
(Rader et al., 2009; Breeze et al., 2011; Brittain et al., 2013). However, current evidence
suggests there are insufficient honey bee colonies to pollinate crops in 90% of European
countries (Breeze et al., 2014). Furthermore, over-reliance on a single pollinating species

can make pollination services vulnerable, as exemplified by recent, widespread losses of



honey bee colonies in the United States (Ellis et al., 2010; VanEngelsdorp et al., 2009)
and Europe (Potts et al., 2010b).

There is increasing evidence that wild insects are valuable pollinators, working syn-
ergistically with managed pollinators to deliver pollination services that are more robust
and effective (Winfree et al., 2007; Garibaldi et al., 2013; Mallinger and Gratton, 2015).
For example, Mallinger and Gratton (2015) demonstrated that fruit set in commercial
apple orchards significantly increased with the species richness of native, wild bees dur-
ing bloom, whereas the abundance of honey bees had no significant impact. Garibaldi
et al. (2013) found that this association held across 41 important crops, with an increase
in wild pollinator visitation increasing fruit set twice as much as a similar increase in

honey bee visitation.

1.1.3 Pollinator decline

Despite their importance for food security, wild pollinator populations have decreased
significantly (Biesmeijer, 2006; Cameron et al., 2011; Carvalheiro et al., 2013) such that,
within Europe, at least 9.2% of bees (European Red List) and 9% of butterflies (IUCN,
2011) are threatened, with almost 30% of these threatened bee species endemic to Europe
(European Red List). This has the potential to influence ecosystem service provision
as shifts in the abundance and phenology of plant and pollinator species can result in
changes to the structure of pollinator communities (Bommarco et al., 2012b; Bartomeus
et al., 2013a; Burkle et al., 2013), reducing the level and stability of pollination services.
For example, by comparing observations from across 120 years in US temperate forest
understorey, Burkle et al. (2013) found that the majority of bee species had either become
locally extinct or experienced changes in their phenology. These changes to the pollinator
community reduced visitation rates to flowers. Perhaps as a result of degraded pollinator
communities, the yields of crops with a higher pollinator dependence are increasing more
slowly than less pollinator dependent crops (Garibaldi et al., 2011).

Habitat degradation is a principal driver of pollinator decline (Potts et al., 2010a;
Vanbergen and Garratt, 2013; Gonzélez-Varo et al., 2013; Montero-Castaio and Vila,
2012), as it reduces the availability of nesting sites and floral resources for pollina-
tors (Baude et al., 2016; Carvell et al., 2006; Goulson and Hughes, 2015; Roulston and
Goodell, 2011; Scheper et al., 2014; Wallisdevries et al., 2012). In particular, agricultural
intensification is thought to have contributed significantly to the decline of pollinators
(Ollerton et al., 2014); the total area of agricultural land increased by 466% world-
wide from 1700 to 1980 (Meyer and Turner, 1992) and this habitat can have among the



lowest quantity and diversity of nectar resources for pollinators (Baude et al., 2016).
This highlights a potential opportunity to support pollinators in agricultural habitats

by increasing the provision of floral resources and/or nesting sites.

1.1.4 Ecological restoration

Restoring habitats by providing additional floral resources can change the structure of
the associated pollinator community, boosting pollinator abundance, species richness
(Potts et al., 2003) and pollinator health (Alaux et al., 2010; Goulson and Hughes,
2015). These benefits can be realised when floral resources are available at either the
local or landscape scale. For example, areas of semi-natural habitat, which can be rich in
floral resources, enhance pollination services in nearby agricultural areas (Kremen et al.,
2004; Ricketts et al., 2008; Carvalheiro et al., 2010; Holzschuh et al., 2012; Grass et al.,
2016). In a recent meta-analysis, Garibaldi et al. (2011) found that pollinator richness,
visitation rate and fruit set were more stable in areas near to semi-natural habitat,
across a range of crop types. However, areas of semi-natural habitat may be scarce in
agricultural landscapes. Furthermore, relying on floral resources in semi-natural habitats
may leave crops vulnerable to future landscape changes. In addition, less mobile species
may be unable to access areas of semi-natural habitat within the wider landscape.

Integrating floral resources into arable land could be an effective way to increase
pollinator populations by ensuring a consistent, local supply of food for pollinators
regardless of pollinator mobility. There are many examples of pollinator populations
increasing in abundance and/or diversity following the local addition of non-crop floral
resources (Carvell et al., 2004, 2007, 2015, 2017; Haaland and Gyllin, 2010; Kennedy
et al., 2013; Morandin and Kremen, 2013; Cole et al., 2015; Feltham et al., 2015; Kre-
men and M’Gonigle, 2015; M’Gonigle et al., 2015). Most notably, recent research has
shown that the between-year survival of bumblebee (Bombus spp.) family lineages (from
summer worker to spring queen stage) is significantly increased by the presence of high-
quality floral resources within 1km of the colony (Carvell et al., 2017). This is the first
study to establish a direct link between the provision of floral resources and the inter-
annual survival of bumblebee colonies, demonstrating that increasing floral resources has
the potential to increase populations of this key pollinator genus.

Increases in pollinator abundance following the addition of non-crop floral resources
can augment pollination services (Carvalheiro et al., 2012; Blaauw and Isaacs, 2014;
Barbir et al., 2015; Feltham et al., 2015; Campbell et al., 2017; Dainese et al., 2017;
Haussler et al., 2017). For example, Blaauw and Isaacs (2014) found that floral plantings



adjacent to blueberry fields increased pollinator visitation to crop flowers and increased
wildflower seed set. The authors estimated that the cost of such an intervention would
be offset by increases in pollination services within 3-5 years.

In light of these potential benefits, many countries now offer financial incentives for
farmers and land managers to increase the availability of floral resources for pollinators.
In the UK, for example, the Countryside Stewardship scheme is designed to encourage
farmers to adopt a range of environmentally-minded management approaches. Within
this scheme, the Wild Pollinator and Farmland Wildlife Package was designed specifically
to provide floral resources for pollinators (Dicks et al., 2015). Under this package, farmers
must grow at least 500m of flowering hedgerow per 100ha and commit 2% of their land
to flower-rich habitat. Dicks et al. (2015) tentatively estimate that this package can
provide six common pollinating bee species with sufficient pollen to feed their larvae,
based on the lowest estimates of pollinator requirements. However, they highlight the
need for more research to determine the ability of existing agri-environmental schemes

to provide resources for pollinators.

1.1.5 Challenges in ecological restoration

Restoring habitat for pollinators in agricultural landscapes is not always effective (Williams
et al., 2015; Wood et al., 2015; Campbell et al., 2017). For example, Wood et al. (2015)
found no differences in the total number of aculeate or flowering plant species recorded
on farms with or without added flower-rich habitats. In this study, bumblebees and hon-
eybees frequently visited the added flower-rich habitats, but the majority of bee species
foraged from wild flowers not included in the intervention. For ecologically-motivated
bursaries for farmers to be effective, there needs to be a better understanding of the
factors that contribute to this inconsistency.

A factor that might influence the effectiveness of floral enhancement is the extent
of phenological matching between the available flowers and target pollinator species.
Periods of low floral availability may have significant negative impacts on pollinators
(Di Pasquale et al., 2016; Benedek, 1997), especially those with a narrow flight season
(De Palma et al., 2015), but this can only be understood by assessing changes in the
floral and pollinator communities throughout the season (Carvell et al., 2007; Robson,
2014; Rundlof et al., 2014; Williams et al., 2015; Orford et al., 2016).

This is particularly pertinent in agricultural areas dominated by mass flowering crops,
which can produce large pulses of resources separated by periods of resource deficit
(Tscharntke et al., 2005; Blitzer et al., 2012; Kennedy et al., 2013; Scheper et al., 2013).



Pollinators in landscapes dominated by mass flowering crops may therefore depend on
wild flowers and weeds to add diversity to their diet and provide resources between
the crop flowering periods (Kovécs-Hostyanszki et al., 2013; Requier et al., 2015). If
pollinator species are not supported throughout their entire lifecycle by the available
floral resources they can be negatively affected by the presence of mass flowering crops
(Holzschuh et al., 2016). However, studies rarely consider changes in floral and pollinator
composition throughout the season.

The aim of this thesis is, therefore, to study pollinator communities throughout the
season with a view to identifying and addressing periods of vulnerability for pollinators.
By adopting a temporal perspective and considering resource provision throughout the
season, we could be better placed to support pollinators regardless of their phenology,

and maximise the opportunity for pollinator populations to establish and grow.

1.2 A temporal perspective

To understand the importance of a temporal perspective, we must first consider the
nutritional needs of pollinators and how well these needs are currently met in agricultural
habitats throughout the season. In the following section, I will therefore introduce the
focal mass flowering crop, apple, with a particular focus on its pollinator requirements
and associated pollinator communities. I will then briefly outline the lifecycle of key
pollinating insects and our current understanding of their food requirements. In doing
so, I highlight the mismatch between the resources required by pollinators and those

typically provided by mass flowering crops.

1.2.1 Study system: the mass flowering crop, apple

Apple (Malus domestica) is the third most valuable fruit crop in the world (behind
only tomatoes and grapes), with an estimated annual value of USD$51.7 billion (FAO,
2014). Apple yield is highly dependent on pollination (Garratt et al., 2014a) and could
be reduced by an estimated 40-90% in the absence of pollinators (Klein et al., 2007).
Evidence suggests that, within the UK, apple crops can currently experience a pollination
deficit (Garratt et al., 2014b).

Wild bees are the most important pollinators of apple because they are frequent
visitors to apple flowers and their visits result in higher seed set (Bosch and Vicens,
2000; Garratt et al., 2016). However, the short, early-season flowering phenology of

apple is insufficient to cover the entire flight period of key bee pollinators of apple



(see Section 1.2.3 below). Consequently, commercial apple orchards may be unable
to sustain robust populations of wild bees, which could make pollination services to
apple vulnerable. Conversely, extensively managed apple orchards often contain highly
diverse plant communities which exist as part of the orchard grassland understorey
and hedgerows (Smart and Winnall, 2006; Natural England, 2009). The extra flowers
available in these habitats can ensure a year-round supply of nectar and pollen, reducing

pollinator exposure to food shortages (Garcia and Minarro, 2014).

1.2.2 The value and vulnerability of wild bees

A wide range of insect families act as crop pollinators (Rader et al., 2009) and there is
strong evidence that diverse pollinator communities provide the most effective (Hoehn
et al., 2008; Albrecht et al., 2012; Brittain et al., 2013) and reliable (Bartomeus et al.,
2013b) pollination services, perhaps by increasing functional diversity and redundancy
of the underlying pollinator community. To encapsulate this diversity, this thesis pri-
marily adopts a community-level approach; however, there is a focus on wild bee species

throughout, for which there are several reasons:

1. Bees are consistently and repeatedly identified as important pollinators, across a
wide range of crops (Klein et al., 2007; Roulston and Goodell, 2011) and there is
strong evidence that they are the most effective pollinators of apple (Garratt et al.,
2016).

2. There is strong evidence that bee populations have declined (Bartomeus et al.,
2013a; Burkle et al., 2013; Goulson and Hughes, 2015; Senapathi et al., 2015)
and this has been linked to agricultural intensification and expansion (Carvalheiro
et al., 2013; Ollerton et al., 2014). A reduction in bee populations is particularly

concerning in these habitats, as this is where they can confer the greatest benefits.

3. Bees are particularly vulnerable because they are centrally-placed foragers (Falk
and Lewington, 2015), meaning the resources available to them are limited to those
within a specific radius of their home. More mobile pollinators such as bumblebees,
which can readily forage up to several hundred metres from their nest (Darvill et al.,
2004; Osborne et al., 1999; Knight et al., 2005; Cresswell et al., 2000), may have
access to floral resources throughout a landscape. However, smaller and less mobile
pollinators such as some solitary bees, may only be able to use floral resources at
a more local scale (Albrecht et al., 2007; Greenleaf et al., 2007; Jonsson et al.,
2015; Marini et al., 2012; Cresswell et al., 2000; Williams et al., 2010; Ockinger



et al., 2010; Winfree et al., 2011). This makes it important that floral resources

are available locally within agricultural habitat.

1.2.3 The lifecycle and nutritional requirements of bees

Bees require flowers as a source of protein-rich pollen and sugar-rich nectar. Nectar is
required throughout the entire flight period of a bee as the primary source of energy
to fuel mobility (Harder and Barclay, 1994). Pollen is required as a protein source for
developing larvae (Falk and Lewington, 2015), and shortages can reduce the rate of larval
development (Di Pasquale et al., 2016). There are four main life cycles that bee species
can follow, each of which demands nutrients at different times of year.

Social bumblebees follow an annual colony cycle in which new queens hibernate in
autumn and emerge in spring, in search of a nesting site (Falk and Lewington, 2015). The
survival and re-establishment of overwintering queens is crucial for population persis-
tence, and requires a good supply of early-season floral resources (Harder and Barclay,
1994). Queen bees will produce up to several hundred workers, which will forage for
pollen and nectar throughout spring, summer and early autumn to provide for new male
and queen offspring (Falk and Lewington, 2015). The energy demands of a bumblebee
colony is typically at its greatest in late summer, when the rate of brood rearing is at its
highest (Harder and Barclay, 1994). Social bumblebee species therefore require a con-
tinuous supply of energy from approximately March until September, and may benefit

from resources beyond this (Figure 1.1).
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Figure 1.1: The flight season of bumblebee species (dark grey), relative to the apple
flowering phenology (red). All of the species shown were among the twenty most common
visitors to apple flowers in a recent study by Garratt et al. (2016). Bee phenology data
is taken from Falk and Lewington (2015) whereas apple flowering phenology was directly
surveyed (see Chapter 2).



These resource needs are somewhat similar for primitively eusocial solitary bee
species, such as many furrow bees (Halictus spp., Lasioglossum spp.), where a single
nesting cycle is split into two distinct phases: female workers are produced earlier in the
season and males and queens produced later (Figure 1.2). These species are particularly
vulnerable to inconsistencies in food supply throughout the season as they cannot com-
plete a full reproductive cycle without completing both reproductive phases (Falk and
Lewington, 2015).
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Figure 1.2: The flight season of Lasioglossum species (dark grey), relative to the apple
flowering phenology (red). Both species shown were among the twenty most common
visitors to apple flowers in a recent study by Garratt et al. (2016). Bee phenology data
is taken from Falk and Lewington (2015) whereas apple flowering phenology was directly
surveyed (see Chapter 2).

Conversely, univoltine solitary bee species produce a single generation per year,
within a specific window (Figure 1.3). This window varies between species, but can
begin as early as late-February (e.g. Andrena clarkella) and as late as late-August (e.g.
the ivy bee, Colletes hederae). Univoltine species have often evolved greater specialism
on historically-abundant flowers available in their flight period (Falk and Lewington,
2015), which can make them vulnerable to food shortages if floral resources are inappro-

priate.
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Figure 1.3: The flight season of univoltine mining bee species (dark grey), relative to the
apple flowering phenology (red). All of the species shown were among the twenty most
common visitors to apple flowers in a recent study Garratt et al. (2016). Bee phenology
data is taken from Falk and Lewington (2015) whereas apple flowering phenology was
directly surveyed (see Chapter 2).

Bivoltine species, including some mining bee (Andrena spp.) and nomad bee (No-



mada spp.) species, complete two independent nesting cycles at different times in the
year (Figure 1.4). A deficit in floral resources during a single nesting cycle would only
directly impact that cycle, although populations of some species (in particular, mining
bees) are rarely maintained with only a single successful cycle (Falk and Lewington,
2015).
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Figure 1.4: The flight season of bivoltine mining bee species (dark grey), relative to the
apple flowering phenology (red). Both of the species shown were among the twenty most
common visitors to apple flowers in a recent study by Garratt et al. (2016). Bee phenol-
ogy data is taken from Falk and Lewington (2015) whereas apple flowering phenology
was directly surveyed (see Chapter 2).

Of the most common bee species that visit apple flowers (Garratt et al., 2016), only
three are supported for at least 80% of their potential phenophase by apple flowers.
Adding floral resources to apple orchards could support key apple pollinators by extend-
ing their food supply beyond the crop flowering period, but floral management regimes
currently vary in their ability to provide continuous forage for pollinators (Carvell et al.,
2006; Havens and Vitt, 2016; Wood et al., 2017). This may jeopardise the establish-
ment and persistence of many bee species. Providing a reliable source of diverse flowers
throughout the season should be the target for all pollinator-focused agri-environment
schemes as only this can ensure that pollinators are supported regardless of their spe-

cialisation, seasonality or flight period.

1.3 Ecological networks as a restoration tool

So far, I have outlined that pollinators need floral resources throughout the season and
that different pollinators have different phenophases. Consequently, resource gaps could
jeopardise the growth of long-season pollinators and prevent short-season pollinators
from establishing. I have discussed the relevance of this problem in landscapes dominated
by mass-flowering crop, where floral resources may fluctuate throughout the season.
However, to study the continuity of floral resources through time, and the effect this
has on the pollinator community, we need a suitable framework for studying restoration
efforts from a temporal perspective. In this section, I introduce ecological networks and

their potential to address questions in restoration ecology. I then outline the challenges



of using ecological network approaches to track plant-pollinator communities through
the season.

Ecological networks are mathematical representations of plant-pollinator communi-
ties, in which nodes (species) are connected by links (observed interactions). Ecological
networks have been used to address a wide range of ecological questions regarding com-
munity dynamics and stability (Bastolla et al., 2009; Thebault and Fontaine, 2010),
habitat restoration (Albrecht et al., 2007; Forup and Memmott, 2005; Forup et al., 2008;
Devoto et al., 2012; Pocock et al., 2012; Kaiser-Bunbury et al., 2017) and ecosystem
service provision (MacFadyen et al., 2009, 2011; Carvalheiro et al., 2010, 2011; Gagic
et al., 2011; Peralta et al., 2014).

Ecological networks provide a convenient framework for studying ecological restora-
tion as they incorporate species composition and the behaviour of the constituent pol-
linator species (Tylianakis et al., 2010; Memmott, 2009; Gray et al., 2014). In this
regard, they capture characteristics of the plant-pollinator community that are relevant
for biodiversity conservation and ecosystem service provision.

Studying ecological networks throughout the season is challenging because, even with
high sampling effort, a significant proportion of interactions can go unobserved (Chacoff
et al., 2012). This can prevent researchers from acquiring detailed, representative net-
work data for individual days or weeks; instead, most ecological networks are assembled
by aggregating observed interactions across one or more seasons. Unfortunately, this pro-
cess often aggregates interactions that could never feasibly occur together and, in doing
so, may provide a false impression of the network structure (Rasmussen et al., 2013),
dynamics (Olesen et al., 2008; Tanaka et al., 2012) and robustness (Kaiser-Bunbury
et al., 2010). In habitats dominated by short-flowering crops, the network topology and
identity of interacting species are likely to undergo sharp changes. In these habitats, net-
works constructed for different points throughout the season could give greater insight

into how consistently pollinators are supported.

1.4 Thesis Structure

The aim of this thesis is to develop and employ a broad analytical toolkit to evaluate:
how well pollinators are supported throughout the season in apple orchards; how this
affects pollinator activity after the flowering period of the crop; and how we can best
support pollinators in apple orchards by restoring floral communities.

In Chapter 2, I outline a new approach for studying the structure of ecological net-

works through a season and use this to highlight fundamental differences in the temporal
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network structure of flower-pollinator networks in a crop with a long and short flower-
ing phenophase. More specifically, I use highly-temporally resolved flower-pollinator
networks for 6 floristically improved and 6 unaltered apple orchards and 3 strawberry
farms to develop a new approach to reconstruct networks throughout the season. Using
these network reconstructions, I demonstrate that pollinator persistence is lower in ap-
ple orchards but that adding floral resources increases pollinator persistence to match
that of strawberry, which is reflected in a distinctive temporal network structure. This
chapter highlights the importance of filling gaps in floral resources in apple orchards and
identifies potential target network structures as restoration goals.

In Chapter 3, I evaluate whether differences in the temporal network structure of
improved apple orchards influences the activity of pollinator communities beyond the
crop-flowering period. In particular, I address whether increased pollinator persistence
in improved orchards is due to aggregation of pollinators from the surrounding habitat,
or local-scale increases in pollinator persistence. To consider this, I combine measures
of orchard-level nectar and phytometer pollination and find that improved orchards are
providing more resources beyond the flowering period of apple, and that this is allowing
pollinators to persist for longer at a local scale. This suggests that floral improvements
in orchards could increase the abundance and diversity of pollinator populations by
providing a longer reproductive window for pollinators, regardless of their mobility.

In Chapter 4, I identify ways to fill gaps in floral resource provision for pollinators
in apple orchards. Specifically, I use an in silico approach, inspired by an existing
economics framework, to identify floral compositions that offer the highest quantity,
stability and diversity of nectar for pollinators throughout the season. I then demonstrate
that optimised floral mixes have the potential to significantly outperform surveyed floral
areas managed under existing agri-environmental schemes, both in terms of the total
amount and stability of nectar provided throughout the season. In doing so, I highlight
a significant opportunity for improving the quality of resource provision for pollinators
in apple orchards.

In Chapter 5, I collate my key findings and, in doing so, highlight the exposure
of pollinators to food instability in the mass-flowering crop, apple, before evaluating
existing restoration efforts in this crop. I conclude by outlining key limitations of my
research and worthwhile future avenues in the field of restoration ecology.

By combining intensive field observations, a field experiment and novel computational
approaches, this thesis considers how restoration efforts could be better targeted to
support pollinators in agricultural habitats and highlights the importance of adopting a

temporal perspective when studying habitat restoration for pollinators.
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Chapter 2

Floral enhancement and the
temporal structure of
flower-pollinator networks in

apple orchards

2.1 Introduction

Over the past 50 years, the proportion of global agriculture dependent on animal pollina-
tion has increased by over 300% (Aizen et al., 2009). However, the growth of honey bee
populations is insufficient to match growth in agricultural demand for pollination (Aizen
et al., 2009) whilst populations of wild pollinators have declined (Biesmeijer, 2006; Bom-
marco et al., 2012a; Cameron et al., 2011; Carvalheiro et al., 2013; Potts et al., 2016),
driven by factors including disease pressure, pesticide use and habitat degradation (Ellis
et al., 2010; Potts et al., 2010a). Consequently, the yields of the more highly pollinator
dependent crops, including many of our most nutrient-rich crops (Eilers et al., 2011),
are increasing more slowly than less pollinator dependent crops (Garibaldi et al., 2011)
such that a continued loss of pollinators could undermine food production and human
nutrition (Allen-Wardell et al., 1998; Kevan and Phillips, 2001; Steffan-Dewenter et al.,
2005; Klein et al., 2007; Gallai et al., 2009).

Habitat degradation decreases the availability of nesting sites and food for pollinators
(Baude et al., 2016; Goulson and Hughes, 2015; Roulston and Goodell, 2011; Scheper

et al., 2014; Wallisdevries et al., 2012) and is recognised as a primary driver of pollinator
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decline (Aguilar et al., 2006; Ferreira et al., 2015; Potts et al., 2010a; Vanbergen and
Garratt, 2013). In particular, floral resources have undergone severe declines in both
abundance and diversity, especially in agricultural habitats (Goulson and Hughes, 2015;
Baude et al., 2016). Reduced diversity and abundance of nectar sources in a habitat can
decrease pollinator abundance and species richness (Potts et al., 2003), most likely by
failing to meet the nutritional requirements of pollinators (Alaux et al., 2010; Goulson
and Hughes, 2015).

Restoring floral communities can increase pollinator abundance (Carvell et al., 2007;
Pywell et al., 2005), diversity (Hannon and Sisk, 2009; Carvell et al., 2011; Sardinas
and Kremen, 2015) and contribution to crop pollination (Barbir et al., 2015; Blaauw
and Isaacs, 2014; Campbell et al., 2017; Carvalheiro et al., 2012; Feltham et al., 2015;
Héussler et al., 2017). For restoration efforts to be mutually beneficial for wildlife and
agriculture, they must support individual populations whilst also promoting beneficial
interactions between plants and pollinators. However, choosing appropriate restoration
targets and monitoring progress towards those targets is challenging. This is especially
difficult in agricultural habitats, where restoration efforts must support biodiversity
whilst allowing commercial yield targets to be achieved. The ideal is for restoration
efforts to be mutually beneficial for pollinators and the crops they pollinate, satisfying
both conservation and commercial needs.

Ecological networks, in which nodes (species) are connected by links (observed inter-
actions between species), provide a useful framework for studying ecological restoration
and ecosystem service provision as they capture both species composition and the for-
aging behaviour of pollinator species (Tylianakis et al., 2010). Consequently, networks
capture all the necessary information to analyse the impacts of restoration efforts on
pollinator communities and pollination services.

Within the field of ecological networks, community detection could be an important
tool for understanding the link between network structure and network function. Com-
munity detection involves the identification of modules, which are network regions with
particularly high interaction density relative to the overall network. Importantly, mod-
ules can represent clusters of species that fulfil a particular ecological function (Pimm
and Lawton, 1980; Montoya et al., 2015) and so studying the modular structure of a
network may reveal information about network functioning.

Within ecological modules, different species fulfil different topological network roles
(Guimera and Amaral, 2005; Olesen et al., 2007), depending on their pattern of interac-
tion with other species in the network. For example, species that form many interactions

within their own module are classified as provincial hubs, and may have a role in the
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Figure 2.1: Basic examples of string-periphery and multi-star network structures, as
described by Guimera et al. (2007).

stability of individual modules (Crucitti et al., 2004). Species that interact with a wide
range of modules are classified as connectors. Connectors may contribute to both over-
all network cohesiveness and the flow of perturbations between modules (Guimera and
Amaral, 2005). Due to their potential influence on network stability and functioning,
some authors have suggested that hub and connector species should be considered con-
servation priorities (Tylianakis et al., 2010).

Finally, the number of links formed between species of different roles can reveal oth-
erwise hidden structural network features. In a general study of network properties,
Guimera et al. (2007) used these counts, which they termed role-role connectivity pro-
files, to analyse the structure of four different non-ecological network types (e.g. protein
interaction networks). They found that metabolic and air transportation networks were
examples of stringy-periphery networks, containing long chains of nodes that were oth-
erwise poorly connected (Figure 2.1). For example, in metabolic pathways, these chains
might represent the degradation of metabolites into a series of simpler molecules. Con-
versely, Internet and protein interaction networks formed multi-star networks, containing
a higher frequency of links between poorly-connected nodes and module hubs, creating
star-like structures (Figure 2.1). The authors hypothesise that these fundamental struc-
tural differences reflect differences in the growth and functioning of different network
types. Whilst this approach is rarely, if ever, applied to ecological networks, it could be
a useful way to summarise how functionally important species are interacting with other

species in the network.

15



Modules, species’ roles and role-role connectivity profiles all provide simple measures
with which to compare ecological networks, whilst capturing structural features of the
network that are relevant to network functioning. However, the usefulness of ecologi-
cal networks are currently limited by their lack of temporal information (Olesen et al.,
2011), which limits their application in restoration ecology. Ecological networks are typ-
ically constructed by aggregating observed interactions over an entire season, or over
multiple years. However, within ecological networks, the constituent species have a fixed
phenophase, which will determine when that species is able to form interactions (Visser,
2016). Species can also show plasticity in their interaction partners throughout time
(Olesen et al., 2011). Static, aggregate networks mask this temporal variability, which
may have important implications for the dynamics and stability of the overall network
(Tanaka et al., 2012). For example, Han et al. (2004) demonstrated that hubs in yeast
protein interaction networks can be split into two types, each with a different tempo-
ral profile: party hubs, interacted with most of their partners simultaneously whereas
date hubs interacted with their partners at different times. The network was much
more vulnerable to collapse following the simulated removal of date hubs than party
hubs, demonstrating the importance of including information on the temporal nature of
interactions.

This date/party distinction could be useful when considering floral resource provision
for pollinators. For example, a generalist pollinator with a long flight period may have
many interaction partners through the season, fulfilling a hub role in the aggregate,
season-long flower-pollinator network. However, if the majority of these interactions are
formed during a short time window (i.e. partying) then it could suggest the pollinator
cannot find sufficient food at other points in the season. Conversely, if these interactions
are formed sequentially through the season (i.e. dating), it suggests that the pollinator is
accessing a continuous food supply, which is more likely to allow that pollinator species
to complete its lifecycle. The most favourable scenario would be for this species to form
many interactions at each point in time (i.e. partying and dating) as this would suggests
the species is able to find ample and/or diverse floral resources throughout the entire
season.

This classification is also useful for plant species within the network. For example,
a plant species that forms the majority of its interactions in a narrow time window
(i.e. partying) could promote biodiversity by offering a hub with which pollinators
entering the network can interact. This is in line with the preferential attachment
model of network growth, which states that species entering a network tend to do so

by forming interactions with already well-connected species (Barabasi and Albert, 1999;
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Olesen et al., 2008). Conversely, plants that form interactions more uniformly through
time (i.e. dating) are providing a consistent resource for both long-season pollinators and
chronosequences of functionally similar pollinators. Of course, this reasoning depends on
the specific resource needs of pollinators during a season, but understanding how both
pollinator and plant species form interactions through time could be very informative
when planning restoration efforts.

In this chapter, I develop a new network reconstruction method to improve the
temporal resolution of plant-pollinator networks. I use this method to analyse the impact
of floral improvement on pollinator persistence and the temporal structure of plant-
pollinator networks. My objectives are four-fold: (1) To develop a novel approach to
predict plant-pollinator networks through the season in apple orchards and strawberry
farms. I expect predicted network slices to be less sparse and more continuous through
the season than those directly observed, as interactions that were missed due to inevitable
under-sampling will be included in predicted networks. (2) To compare the persistence
of pollinators in apple orchard and strawberry farm networks. I predict that pollinators
will persist for a larger proportion of their potential phenophase in strawberry farm
networks, as crop floral resources will be available more continuously through the season.
(3) To compare the persistence of pollinators in floristically improved and unimproved
apple orchard networks. I predict that pollinators will persist for a larger proportion of
their potential phenophase in improved apple orchard networks, as non-crop flowering
species will increase the continuity of floral resources outside the flowering period of the
apple crop. (4) To compare the temporal network structure of improved apple orchard,
unimproved apple orchard and strawberry farm networks. I predict that each of these
network types will have a distinct temporal network structure that reflects differences

in the roles that plant and pollinator species are fulfilling through the season.

2.2 Methods

2.2.1 Study system

Due to their contrasting flowering phenologies, apple (Malus domestica) and strawberry
(Fragaria anassa) crops are excellent systems in which to compare the structure of plant-
pollinator networks through the season. Apple is an early-season mass-flowering crop,
which produces a peak of flowers in spring, whereas commercial strawberry farms provide
crop flowers continuously from c¢. mid-spring to c. early-autumn. Both crops are highly

pollinator dependent (Klein et al., 2007). Wild and managed bees are key pollinators of
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apple (Garratt et al., 2016), but apple flowers have too short a phenophase to support
the entire lifecycle of many bee species. Conversely, strawberry farms will provide a
continuous supply of floral resources. Where non-crop floral resources are present, apple
orchards may have greater overall plant diversity, which could increase pollinator diver-
sity. However, if these non-crop flowers provide insufficient or discontinuous resources,

apple orchards could be more vulnerable to network collapse.

2.2.2 Field Sites

Twelve apple orchards were studied and ranged in size from 1.5 - 3ha; they were grouped
into three geographically distinct blocks of four orchards (grid references of the sites
are provided in Appendix A), all within the South West of England. The first block
of orchards (improved: B.St, B.Ra; unimproved: B.Ba, B.Mo), located in Dymock,
Gloucestershire, consisted of young (<10 years since planting) bush, dessert apple or-
chards grown intensively. These sites are representative of commercially grown apple
orchards in terms of their apple cultivars, chemical and physical management and plant-
ing density. The surrounding landscape of these sites consisted primarily of improved
grassland that was periodically grazed by cattle. The second block of orchards (im-
proved: D.A, D.M; unimproved: D.K, D.T), located in Brookthorpe, Gloucestershire,
England consisted of diverse mixtures of standard apple trees grown organically and
extensively and lightly grazed by sheep. These sites are representative of organic, tradi-
tional orchards in terms of their apple cultivars, chemical and physical management and
planting density. The associated landscape was a mosaic of gardens, deciduous wood-
land and semi-natural grassland habitat. Site D.A sustained damage from overgrazing
in July of the study year. The final block of orchards (improved: T.N, T.S; unimproved:
T.E, T.W), located in Sandford, Somerset, consisted of young (<10 years since plant-
ing) intensively grown bush cider orchards. These sites are representative of intensive,
commercial cider apple orchards in terms of their apple cultivars, chemical and physical
management and planting density. These orchards were primarily surrounded by arable
farms, including apple orchards. Each geographical block consisted of two floristically
improved and two unimproved orchards. In floristically improved sites, 0.8 - 1.2% of
the total orchard ground area had been left as unmown, unimproved grassland strips,
and each improved site had at least 50m of flowering hedgerow. This is in line with the
requirements of the Wild Pollinator and Farm Wildlife Package, which forms part of the
UK’s Countryside Stewardship Scheme. Typically, improvements included the addition

of willow (Saliz sp.) and blackthorn (Prunus spinosa) to hedgerows, and unmown strips
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included high quantities of summer-flowering perennials such as thistles (Cirsium sp.).
These improvements had been in place for at least 2 years in all sites. Within each block,
all other management options, such as the timing and composition of chemical/fertiliser
application, floral thinning, mowing regime and crop tree density were similar.

All orchards within a block were between 700 and 1,500m apart, which is beyond
the typical foraging range of most pollinating bee species (Osborne et al., 1999; Green-
leaf et al., 2007). Nevertheless, bumblebees can have foraging ranges exceeding 700m
and hence could be moving between orchards. However, the close-proximity of orchards
within one block made it logistically possible to sample all sites within a block on the
same day. This minimised the effect of weather and the timing of weather-dependent
chemical applications on network structure. It also made it possible to study orchards
managed by the same owner (within a block), minimising the effects of management
decisions on the pollinator community. Finally, their closeness ensures that all orchards
within a block were within a similar landscape, such that differences in pollinator com-
position within sites could be largely attributed to site-specific differences, rather than
the species pool within the wider landscape. Network differences have been identified
in adjacent habitat patches before (Forup et al., 2008), indicating that local-scale differ-
ences in a network can be revealed even when exposed to an very similar pool of species
in the landscape.

Three commercial strawberry farms (hereafter referred to as sites StrawbA, StrawbB
and StrawbC) were sampled by Rachel Gibson, in 2009. Strawberry sites ranged in size
from 8 - 19ha, and grew strawberries in fields and open-sided polytunnels. Natural and
semi-natural habitats in strawberry sites consisted of grassy and naturally occurring
wildflower margins plus hedgerows and associated hedge-base flora. Site StrawbB used
a small number (approx. 10) of commercial bumblebee (Bombus terrestris) colonies

between late-April and mid-June to supplement pollination.

2.2.3 Field sampling

In apple orchards, surveys were conducted between the 1st April and the 9th September
2016. For each sampling date, floral abundance counts were conducted for 25 randomly
positioned 1 m x 1 m quadrats in both the cropped and boundary habitats. Random
quadrat locations were determined by using a random number generator to select a
random latitude and longitude within the appropriate bounds. Quadrats were placed
centrally on this coordinate, with a flat surface directed northwards. The cropped habitat

included apple trees and the permanent grassland understorey, which were surveyed as a
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single habitat because they were so closely interlinked. The boundary habitat included
areas of hedgerow and unmown margins. In each quadrat, the number of open floral
units (Saville, 1993) of each flowering species was counted.

Flower-pollinator networks were constructed for each site using standard transect-
based sampling (Memmott, 1999). Sampling was conducted along three randomly placed
2 x 2bm transects in the morning and two randomly placed 2 x 25m transects in the
afternoon, in both the cropping and boundary habitats (resulting in a total of 10 x 50m?
of sampling per site per sampling round). Random transect start-locations were deter-
mined by using a random number generator to select a random latitude and longitude
within the appropriate bounds. A random number generator was used to provide a di-
rection of travel between 0 and 359 degrees, where 0 represents directly North and 180
represents directly South. Any insect seen contacting the reproductive part of a flower
was caught. With the exception of bumblebee (Bombus sp.) queens and honeybees
(Apis mellifera), insects were killed and collected for identification by taxonomists (see
Acknowledgements). Bumblebee queens and honeybees were caught and identified in
the field before being released once the transect sampling was complete.

Strawberry farms were sampled at the whole-farm scale between the 16th of March
and the 28th of September 2009 (collected by Rachel Gibson). Each site was sampled
approximately once per week, resulting in a total of 24 sampling events per site. For
each sampling date at site StrawbA, ten randomly positioned 25 m x 2 m transects were
sampled in both the cropped and non-cropped areas (boundary habitats such as grass
margins and hedgerows). At sites StrawB and StrawbC, five transects were sampled in
each habitat such that sites StrawB and StrawbC were sampled at half the intensity of
site StrawbA. The number of open floral units (Saville, 1993) of each flowering species
were counted along each transect, and any insects seen contacting a flower’s reproductive
parts were caught. With the exception of bumblebee queens, insects were killed and
collected for identification by professional taxonomists. Bumblebee queens were caught
and identified in the field before being released. To standardise the networks from
the three sites, StrawbA networks from each sampling date were rarefied by randomly
removing 50% of the observed transects for each sampling date.

In both crop types, sampling was limited to dry, warm (>10°C) days where wind
speed was less than 5 ms™, so timing between samples varied (mean for apple = 16 days;
mean for strawberry = 7 days). To remove the difference in sampling frequency between
apple and strawberry networks, every other strawberry sampling round was removed
during analysis. This created two sets of strawberry samples for each site, depending on

which half of the sampling dates were removed. Each set was analysed separately, and
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the results averaged for each strawberry site.

2.2.4 Objective 1: Develop a novel approach to predict plant-pollinator
networks through the season in apple orchards and strawberry

farms

Predicting networks for specific dates through the season involved four steps, which
are summarised in Table 2.1 and Figure 2.2. For an explicit definition of the method,
see Appendix B. This approach was repeated for each of the 12 apple orchards and 3
strawberry farms.

Network metrics were calculated for each predicted network slice. All calculations
were conducted in the R programming environment (Yan et al., 2011). Interaction di-
versity (Shannon Index) was calculated using the vegan package (Oksanen et al., 2015).
Interaction evenness was calculated by dividing the interaction diversity for each pre-
dicted network slice by the log of the number of interactions in that slice, which gives
Pielou’s evenness (McCune and Grace, 2002). Interaction turnover was calculated using
the Bray-Curtis index of similarity between adjacent predicted network slices, using the
vegan package (Oksanen et al., 2015). Both evenness and interaction turnover had a
negative skew and so were subtracted from 1 and square root transformed to normalise
before analysing.

To evaluate the effect of date on each metric, I used linear mixed effect modelling
with date as a fixed effect and site as a random effect. I modelled apple orchards and
strawberry farms separately. For each metric, the full model was compared to a reduced
model in which date was removed. The likelihood ratio test was used to compare the
relative likelihood of each model. All linear mixed models were carried out using the

Ime/ package (Bates et al., 2014) in the R programming environment (Yan et al., 2011)

2.2.5 Objective 2: Compare the persistence of pollinators in apple
orchard and strawberry farm networks.

To assess whether seasonal pollinator persistence varied between apple orchards and
strawberry farms, a linear mixed effect model was constructed with crop type as the
independent variable and pollinator persistence as the dependent variable. Pollinator
persistence is defined as the proportion of prediction network slices a pollinator is present

in relative to the total number of prediction dates in which it could feasibly be present.
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Pollinator presence was deemed feasible on a prediction date if that pollinator species
had been observed within one week of that date in any one of the sites. Given that the
composition of local pollinator populations might influence the occurrence of pollinators,
the site was included as a random effect in the model.

We considered only species seen pollinating the crop in both apple and strawberry
farms and observed in at least 50% of sites. The reason for limiting the focal species were
twofold. Firstly, considering only pollinating species that visit both crop types ensured
that focal pollinators were directly exposed to the contrasting temporal flowering pattern
of apple and strawberry crops. Secondly, it ensured that taxonomic differences between
pollinator communities was not influencing the average value of pollinator persistence.
For example, a site with a higher proportion of early-season pollinators could have a

higher average overall pollinator persistence.

2.2.6 Objective 3: Compare the persistence of pollinators in floristi-
cally improved and unimproved apple orchard networks.

To assess whether seasonal pollinator persistence varied between improved and unim-
proved apple orchard networks, a linear mixed effect model was constructed with treat-
ment (i.e. improved/unimproved) as the independent variable and pollinator persistence
as the dependent variable. Given that the management of a site (e.g. pesticide usage,
human traffic) might influence the occurrence of pollinators, block was included as a ran-
dom effect in the model. I considered only pollinator species seen pollinating apple in at
least 75% of apple orchards. This was to exclude rarer pollinator species, which could
be absent due to poor resource provision (i.e. zero pollinator persistence) or because

that species does not occur in the area.

2.2.7 Objective 4: Compare the temporal network structure of im-
proved apple orchard, unimproved apple orchard and strawberry

farm networks.

Simulated annealing, a standard module detection algorithm (Guimera et al., 2004), was
used to identify modules within networks. Species roles (hub, connector, peripheral) were
determined using a standard protocol (outlined by Guimera and Amaral (2005) and first
applied to ecological networks by Olesen et al. (2007). This procedure was repeated for
each predicted network slice, to determine the network role of each species through the
season. To determine the overall role of each species, this was repeated for season-long

aggregate networks, which were constructed by summing all predicted network slices for
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each site.

Each species’ role in both the aggregate network and predicted network slices was
used to create a distinction between date and party network roles. Date roles were
allocated where a species develops its role through the season (i.e. it occupies a role in
the season-long aggregate network as a result of interactions formed at different times).
Party roles were allocated where a species fulfills a role only at a specific point in the
season. Global roles were allocated where a species fulfils a role at several points across
the season and in the aggregate network, and represents species with dating and partying
characteristics (see Table 2.2 for explicit role definitions). Both date and global roles
represent species that are present for a minimum of three time slices, which represents a
minimum phenophase of between 4 and 8 weeks (depending on whether a species occurs
between these dates exactly, or extends to nearly occur in the adjacent network slices).
Crucially, this period is sufficient for many key pollinators to complete their lifecycle
(Falk and Lewington, 2015).

As outlined in the introduction of this chapter, role-role connectivity profiles provide
a mathematical summary of how functionally important species are interacting with
other species in the network. Role-role connectivity profiles were constructed, using
an approach defined below, for all strawberry farms, unimproved apple orchards and
improved apple orchards. Networks that form similar structural patterns through time
are likely to have similar temporal role-role connectivity profiles.

To create role-role connectivity profiles for each site, the proportion of links between
plants of role 7 and pollinators of role j was calculated (for all values of i and j). To evalu-
ate the impact of including temporal role definitions in role-role connectivity profiles, this
approach was repeated for standard role-role connectivity profiles (i.e. including hub,
connector, and peripheral role definitions) and temporal role-role connectivity profiles
(i.e. also including global, date and party distinctions). This created two connectivity
profiles for each site (standard and temporal profiles), represented as vectors (Figure
2.3).

The networks of unimproved apple orchards, improved apple orchards and strawberry
farms likely have distinct temporal role-role connectivity profiles due to their particular
pattern of floral resource provision through time. To evaluate the similarity of role-role
connectivity profiles between different sites, the cosine similarity was calculated between
corresponding vectors. This was repeated separately for the standard and temporal
analysis. Cosine similarity is a widely used metric that measures the cosine of the angle
between two vectors and varies between 1 (similar) to -1 (dissimilar). In this case, a

value of one indicated that two sites have similar connectivity profiles. This approach is
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Proportion of unique interactions that occur between:

10.10 | < Hub plant, hub pollinator
0.70 | ¥ Hub plant, connector pollinator

CPp standard _ 0.02 | ¥ Hub plant, peripheral pollinator

| etc.

Proportion of unique interactions that occur between:
0.01

0.43
0.05

Party-hub plant, party-hub pollinator
Party-hub plant, date-hub pollinator

Tt

CPp temporal Party-hub plant, peripheral pollinator

etc.

Figure 2.3: Vector representations of hypothetical standard and temporal role-role con-
nectivity profiles.
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based on the fact that a vector provides a co-ordinate in space. Each co-ordinate can be
reached from the origin of this space by following a particular angle. If two co-ordinates
are close together in space, there will only be a small difference in this angle and the
cosine of this difference will be close to 1. Conversely, if these points are in near-opposite
directions, the difference in angle will be close to 180°, the cosine of which equals -1. To
identify relationships between site network structures, complete-linkage clustering was

implemented via the heatmap function in R (Yan et al., 2011).

2.3 Results

2.3.1 Objective 1: Develop a novel approach to predict plant-pollinator
networks through the season

The new network prediction approach was used to predict networks through the season
for each apple orchard and strawberry farm. Predicted network slices had a significantly
higher interaction diversity (apple: x?(1) = 10.6, p = 0.00112; strawberry: x2(1) = 14.0,
p < 0.001) and lower interaction turnover (apple: x2(1) = 23.0, p < 0.001; strawberry:
x2(1) = 21.3, p < 0.001) than observed network slices (Figure 2.4). This suggests that,
in line with expectations, predicted network slices are less sparse and more continuous
through the season than those directly observed.

In apple networks, there was a significant effect of date on interaction diversity
(x%(1) = 12.7, p < 0.001), evenness (x?(1) = 28.8, p < 0.001), and interaction turnover
(x%(1) = 9.12, p < 0.00253). For strawberry networks, there was a significant effect of
date on interaction diversity (x?(1) = 14.4, p < 0.001) but not on evenness (x%(1) =
0.766, p = 0.381) or interaction turnover (x?(1) = 2.17, p = 0.141). In line with
expectation, this suggests strawberry farm networks are more consistent through time

than apple orchard networks, both in terms of species identity and overall structure.

2.3.2 Objective 2: Compare the persistence of pollinators in apple
orchard and strawberry farm networks.

There was a significant difference in the persistence of the focal pollinators through the
season between apple orchards and strawberry farms (Fy 13 = 15.8, p = 0.0016; Figure
2.5). Whilst pollinator species were present for an average of 79.6% of their feasible
phenological breadth in strawberry farms, they only occurred in 44.1% of their feasible

phenological breadth in the apple orchards.
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Figure 2.5: Pollinator persistence for floristically improved and unimproved apple or-
chards for (top) individual species, where dark blue denotes a value of 1 (i.e. maximally
persistent) and (bottom) with data from all species combined as boxplots showing me-
dian with 95% confidence intervals).

2.3.3 Objective 3: Compare the persistence of pollinators in floristi-
cally improved and unimproved apple orchard networks.

When comparing a different set of pollinator species (i.e. those believed to be the most
important pollinator of apple), there was a significant difference in pollinator persistence
through the season between floristically improved and unimproved orchards (Fq 92 = 6.2,
p = 0.0145; Figure 2.6, 2.7). Improved orchards had an average pollinator persistence of
0.724 compared to 0.397 in unimproved orchards, indicating that these pollinator species
were interacting for 72.4% and 39.7% percent of their potential phenophase in improved

and unimproved orchards, respectively.
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Figure 2.6: Pollinator persistence for 12 apple orchard sites (top), when considering the
most important pollinators of apple. Dark blue denotes a value of 1 (i.e. maximally
persistent). Persistence of these pollinators in floristically improved and unimproved
apple orchard sites (bottom).

Whilst the honey bee (Apis mellifera) was persistent throughout its entire feasible
phenology in 9 out of 12 sites, bumblebees (Bombus sp.) and solitary mining bees (An-
drena sp.) were supported for their entire phenology in only 3 and 2 sites, respectively,
when averaging across the relevant species. This demonstrates that pollinators were
not occurring for as long as they could in the majority of apple orchards surveyed, and
highlights an opportunity for supporting crop pollinator populations through increasing
floral provision.

When considering bumblebees, each species had on average 7 sites in which they were
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present for only part of their possible phenophase. Of these incidences, 36% were caused
by bumblebee species occurring only for the duration of the crop; 25% were caused
by bumblebee species occurring continuously during crop flowering and one prediction
date either side; 39% were caused by bumblebee species occurring during crop flowering
before returning to the site in July or August after a period of absence. This suggests
that, in some apple orchards, pollinators may periodically enter into the network from
the surrounding landscape.

When considering solitary mining bees, each species had, on average, 6.33 sites in
which they occurred for only part of their possible phenophase. In every such case, these
species were lacking resources either directly before or after apple flowering, such that
their phenophase was curtailed. There was therefore no evidence of species entering and
leaving the network at different times in the season, even when those species are known

to be bivoltine.

2.3.4 Objective 4: Compare the temporal network structure of im-
proved apple orchard, unimproved apple orchard and strawberry

farm networks.

It was predicted that improved apple, unimproved apple and strawberry farm networks
would have distinct temporal structures; temporal role-role connectivity profiles should
reveal these patterns, which were previously hidden in standard role-role connectivity
profiles. In the following section, I describe the identified standard role-role connectivity
profiles before comparing them to role-role connectivity profiles created using temporal
role definitions. I then describe specific differences in network structure that are revealed

by adding a temporal perspective.

Role-role connectivity profiles using standard role definitions

When comparing all 15 networks using standard role definitions (i.e. hub, connector,
peripheral), the networks for each site fall into one of four main role-role connectivity
profiles (Figure 2.8; Table 2.3; see Appendix C for a depiction of role-role connectivity

profiles for each site).
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Similarity of standard role-role connectivity profiles
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Figure 2.8: The cosine similarity of role-role connectivity profiles for each pairwise com-
bination of sites constructed using standard role definitions where paler colours indicate
greater similarity.
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Network similarity using standard versus temporal role-role connectivity pro-
files

When using temporal role definitions to create connectivity profiles (Figure ?7), there
are two notable changes in the clustering of sites based on their profile similarity (i.e.
networks that appeared similar using standard network role definitions but appear dis-
similar when using temporal network role definitions) (Figure 2.10, Zone 1 and 2). This
demonstrates that a temporal perspective can highlight otherwise hidden differences in
the structure of networks.

Similarity of temporal role-role connectivity profiles
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Figure 2.9: The cosine similarity of temporal role-role connectivity profiles for each
pairwise combination of sites constructed using temporal role definitions where paler
colours indicate greater similarity.
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Figure 2.10: The absolute difference in site similarity between the standard and temporal
profiling methods, where a dark red indicates a greater change in similarity (i.e. a pair
of sites that have changed most in their similarity when moving from the standard to
temporal connectivity profiles).

By considering the reasons for these changes in clustering, it is evident that temporal
role-role connectivity profiles are revealing ecologically relevant features of the network.
For example, the first shift in clustering (Figure 2.10, Zone 1) can be attributed to
changes in pollinator role. Using standard role definitions, the connectivity profiles of
these networks were dominated by interactions with hub pollinators. However, when
using temporal role definitions networks, these pollinator hubs are discerned as either
party hubs (apple orchards T.W, B.Ra), forming most interactions in a small number
of time slices, or date/global hubs (apple orchards B.St, D.M), interacting with flowers
more consistently through the season.

The second shift in clustering (Figure 2.10, Zone 2) is explained by the network
role of plants. When using standard network role definitions, most interactions in these
sites occurred with hub plants. However, in all strawberry networks and one apple
orchard (B.Mo), interactions most frequently involve global hub plants, whereas in the
remaining four apple orchards in Zone 2 (D.T, T.N, B.Ra, B.St, D.M), interactions were
more frequently with party hubs.
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Temporal role-role connectivity profiles of improved and unimproved apple

orchard networks

The temporal role-role connectivity profiles of improved apple networks form a separate
cluster (Figure 2.10, Zone E) to the strawberry farms and unimproved apple networks
(Figure 2.10, Zone F), with the exception of a single unimproved apple orchard (D.T).
This two-way clustering was statistically significant (p = 0.00458). This suggests that
there are fundamental differences in the topology of improved and unimproved orchard
networks, which are only revealed when adopting a temporal perspective.

Networks in Zone E (including all improved apple networks) are characterised by
a significantly smaller proportion of interactions involving global hub plants (t102 =
-3.03, p = 0.0125) and interactions involving peripheral pollinators (t19.3 = -3.30, p =
0.00779) relative to networks in Zone F (most unimproved apple orchards and strawberry
farms). Instead, these networks had a significantly larger proportion of interactions
involving party hub plants (t7.9 = 2.55, p = 0.0344) and date/global-role pollinators (tg
= 0.0367, p = 0.0367). This suggests that highly attractive generalist plants are forming
chronological sequences throughout the season, supporting the persistence of generalist

pollinators.

2.4 Discussion

By developing an approach to predict flower-pollinator networks through the season,
this chapter has demonstrated the importance of considering temporal network structure
when restoring habitats for pollinators. In line with prediction, pollinator species were
supported by flowers for almost twice as long in strawberry farms relative to apple
orchards. However, modest enhancement of floral resources (covering 1% of the total
orchard area) in apple orchards increased the phenophase of key pollinators at a local
scale. Floristically improved apple orchards had a fundamentally different temporal
network topology such that pollinators were interacting with more plant species over a
longer period (dating), whereas plants were forming hubs at specific points in the season
(partying). This specific temporal fingerprint, which was seen only in improved orchards,
has implications for both the functioning and stability of flower-pollinator networks. In
this section, I first discuss the limitations of my approach. I then focus on the value
of adopting a temporal perspective and the potential implications of temporal network
structure on network functioning. I finish by outlining future directions in the study and

application of ecological networks in restoration ecology.
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2.4.1 Limitations

There are two main limitations to my approach. Firstly, constructing networks with a
high temporal resolution is time intensive, which made it necessary to sample a relatively
small number of sites. As such, this study includes no replication of crops with short-
and long-season flowering phenologies. More studies are needed to test whether the
differences in temporal structure between these crop flowering regimes are generalisable.

Secondly, simplifying assumptions have to be made when using a modelling approach.
The network prediction method developed in this chapter assumes that the changes in
a network through a season are determined by the passage of time and changes in
floral composition. Whilst these are likely to be key drivers of network change, there are
several others factors that may have an effect, including regular habitat disturbances, the
species composition of pollinator populations and landscape-level differences in species
composition. However, these factors are mostly addressed by having a block-design,
such that orchards within one block are managed consistently and exposed to a similar

landscape structure.

2.4.2 A temporal perspective when studying mass-flowering crops

Mass-flowering crops can provide beneficial resources for pollinators (Herrmann et al.,
2007; Jauker et al., 2012; Kallioniemi et al., 2017; Westphal et al., 2003) but can also
undermine pollinator populations (Benedek, 1997; Kallioniemi et al., 2017) by reducing
the continuity of floral resources in a landscape (Di Pasquale et al., 2016). Pollinators re-
quire a continuous supply of floral resources throughout their lifecycle (Menz et al., 2011;
Vaughan et al., 2007) and so will utilise non-crop flowers (Bernardino and Gaglianone,
2008; Requier et al., 2015) or even the honeydew secretions of other invertebrates (Mein-
ers et al., 2017) when crop flowers are unavailable. Ecological networks could provide
a valuable tool for planning the restoration of pollinator communities in agricultural
habitats dominated by mass-flowering crops. However, they are rarely analysed through
the season as gathering accurate networks for a specific time windows is impractical.
By combining observed network data in an ecologically justifiable way, I predicted
networks for specific dates throughout the season. This reduced the number of inter-
actions missing in a network due to under-sampling, allowing networks to be compared
through the season. I was able to identify clear differences in how the networks of a
short-flowering crop, apple, and long-flowering crop, strawberry, changed through time.
Apple orchard networks showed rapid turnover of interactions at the start and end of

apple bloom. Conversely, in strawberry farms, new interactions gradually added to an

39



otherwise stable network. These interpretations were supported when considering the
persistence of a subset of pollinators shared by apple and strawberry, which was almost
50% lower in the networks of apple orchards.

These findings highlight that pollinator species are indeed more vulnerable to food
shortages in the short-flowering crop, apple. For many spring-flying species, including
several species of bumblebee and solitary mining bee, apple flowers do not appear early
enough in the season to feed reproductive females. This could prevent these species from
successfully establishing a nest (Harder and Barclay, 1994; Falk and Lewington, 2015).
In addition, many bee species will have phenophases that extend beyond the flowering
period of the crop. This is true of all 20 of the most common bee visitors to apple that
were identified by (Garratt et al., 2016) (see Chapter 1). The fitness of these bee species
could be compromised if non-crop floral resources are unavailable to extend the flowering
season; for example, honeybee fitness drops significantly after exposure to a moderate
5-10% drop in pollen supply (Di Pasquale et al., 2016). This could explain why the
negative impacts of mass-flowering crops on pollinator populations can be alleviated by
the addition of late-season flowering resources (Kallioniemi et al., 2017; Rundlof et al.,
2014).

By predicting networks through time, I was also able to develop a new framework
to summarise key features of temporal network structure. Analysing the patterns of
connections between species of different roles highlighted fundamental differences in the
structure of different networks. The temporal network structure of strawberry farms
suggests that pollinators were fulfilling mostly peripheral network roles or, occasionally,
short-lived hub roles. Network studies have repeatedly shown that abundant species
have a tendency to be generalists (Vazquez et al., 2007), so we would expect these
species to be forming hubs that interact with multiple plant species. The lack of long-
lived hub pollinators in strawberry farms could indicate that pollinators are receiving
a low-diversity diet. This is in line with previous findings of low floral diversity in
agricultural habitat (Baude et al., 2016). Low floral resource diversity can reduce the
health of pollinators, which need a varied diet of nectar and pollen to maintain good
immune-functioning (Alaux et al., 2010; Goulson et al., 2010). Pollinators might be
better supported in strawberry farms if more diverse floral resources were available.

Analysing temporal network structure also highlighted differences in apple orchard
sites that had been improved through the addition of non-crop floral resources, relative
to those left unimproved. In improved apple orchards, there was a greater prevalence
of plant species acting as short-lived hubs (party hubs). These plant species, which

included members of the Apiaceae family (Anthriscus sylvestris, Daucus carota, Her-
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acleum sphondylium) and Apiaceae family (Tarazacum agg., Cirsium arvense), were
providing a popular resource at specific points through the season. Given that species
entering a network tend to interact with already well-connected species (Olesen et al.,
2008), party hub plants could facilitate network growth and diversity by allowing new
pollinator species to join the network.

Pollinator species in improved apple orchards more frequently fulfilled a long-lived
(date or global) hub or connector role, suggesting these species were interacting with
a greater diversity of plant species for a larger portion of the season. In combination,
the increased proportion of partying plant species and dating pollinator species suggests
that plant species are forming chains of resources through the season, offering sequences
of high-quality resources for pollinators. This specific temporal fingerprint, with many
interactions involving partying plants and dating pollinators, suggests that improved
orchards can support greater pollinator abundance and diversity than either unimproved

apple orchards or strawberry farms.

2.4.3 Future directions

If temporal network analysis is to be used as a restoration tool, it is crucial that the
ecological properties of networks with different temporal structures are evaluated, either
through field observation or in silico simulation. In particular, it would be beneficial to
determine how robust and resilient different temporal network topologies are to pertur-
bation and how different network topologies affect the transfer of pollen within the plant
community. In addition, we need a better practical and mechanistic understanding of
how to manipulate an ecosystem to achieve desirable temporal network structures.
Secondly, there is a need to consider a wider range of species when evaluating restora-
tion efforts. Manipulating floral communities will influence a wide range of insect species
(Balzan et al., 2016; Blaauw and Isaacs, 2012; Tschumi et al., 2015; Wackers, 2004) which
will affect the provision of both ecosystem services and disservices. The flowering and
cropping window for apple are separate, which creates a temporal distinction between
the ecosystem service of pollination and the ecosystem disservice of crop herbivory.
This temporal decoupling gives opportunity for ecologically-minded management that
promotes pollinators whilst minimising pests. However, this approach would require a
greater understanding of the temporal structure of plant-herbivore networks in apple

orchards.
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2.5 Conclusion

The complex lifecycle of pollinators demands a continuous supply of floral resources. For
many pollinators, these needs are not met in landscapes dominated by crops, especially
where these crops flower for a short period. Ecological networks are a useful tool when
planning and evaluating land management options for pollinators. However, studying
networks through a season is made difficult by the high sampling intensity required
to accurately depict network slices. To overcome this limitation, I developed a new
tool to predict networks through the season. I used this to show that pollinators can
be vulnerable to food shortages in the short-season crop, apple, but that this can be
addressed by adding non-crop floral resources. Floristically improved apple orchards all
shared a specific temporal network structure, with pollinators taking less of a peripheral
network role, supported by sequences of plants through the season. This suggests that
improved apple orchards have the propensity to support pollinators at least as well as
the long-season crop, strawberry. This specific temporal fingerprint could represent a
desirable restoration target when supporting pollinator communities in crops with a

short flowering season.
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Chapter 3

Reducing gaps in floral resource
provision increases pollination

services later in the season

3.1 Introduction

Animal pollinators are of great importance for food security, fertilising over 87 of the
world’s leading food crops (Klein et al., 2007). However, pollinator populations have
undergone serious declines (Biesmeijer, 2006; Cameron et al., 2011; Carvalheiro et al.,
2013) and the conservation and restoration of pollinator populations is now of utmost
concern, both from the perspective of biodiversity conservation (Goulson and Hughes,
2015) and food security (Garibaldi et al., 2011).

The intensification of agricultural habitat decreases the quantity and diversity of
floral resources for insect pollinators (Baude et al., 2016) and has been linked to pollina-
tor decline (Ollerton et al., 2014). The low floral diversity of agricultural habitats may
support fewer functional groups of pollinator species (Kennedy et al., 2013) and reduce
the immunocompetence of pollinators (Alaux et al., 2010). Enhancing the abundance
and diversity of floral resources in agricultural habitat by adding extra areas of non-crop
flowers could address these issues, resulting in larger (Carvell et al., 2007; Williams et al.,
2015; Kallioniemi et al., 2017), healthier and more diverse (Carvell et al., 2007; Williams
et al., 2015; Kallioniemi et al., 2017) pollinator populations.

Floral enhancement might be particularly beneficial where it increases the overall
phenological coverage of flowers, especially in landscapes dominated by areas of a sin-

gle, short-flowering crop (Benedek, 1997; Bernardino and Gaglianone, 2008; Menz et al.,
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2011; Kallioniemi et al., 2017). In these habitats, the addition of non-crop flowers could
ensure that pollinators are fed throughout their flight season, regardless of their phenol-
ogy. In the previous chapter, I explored this idea by analysing the temporal structure
of flower-pollinator networks in apple orchards, an early-flowering crop. Apple orchards
that had been floristically improved showed a distinct temporal network topology that
suggested popular flowering species were forming chronosequences, supporting pollina-
tors at different points through the season.

The results of Chapter 2 suggest that improved apple orchards have an increased
phenological coverage of flowers, allowing pollinators to persist for longer through the
season. However, the specific mechanism by which orchard improvement increased the
persistence of pollinators cannot be fully addressed using ecological networks. A limi-
tation of ecological networks is that the occurrence of plant and pollinator species in a
network is dependent on the availability of interaction partners. For example, the ab-
sence of a species from a network could either be due to the true absence of that species
from a site (i.e. it is not present in the area) or an absence of plausible interaction
partners (i.e. it is present in an area, but not interacting with surveyed flowers). In the
latter case, a species may be present at a site but will not feature in the network. This
limits the ability of networks to identify correlations between floral resource provision
and pollinator community composition. Specifically, network data is not best placed to
distinguish between the following two scenarios: (1) Improved orchards are providing
more consistent floral resources such that pollinators are surviving continuously through
the season. This would suggest that floral improvement has the propensity to support
a wide range of pollinator species (see Section 1.2.3). (2) Improved orchards are pro-
viding pulses of high-quality floral resources, causing periodic aggregation of pollinators
from the surrounding landscape (Kohler et al., 2008). This would suggest that floral
improvement may only benefit more mobile species that can readily move through the
landscape.

Disentangling these scenarios requires a better understanding of how floral improve-
ment affects both the consistency of floral resources through the season and pollinator
activity beyond the flowering period of the crop. Phytometer species are a useful tool
in this scenario, as they provide a measure of pollinator activity that can be readily
compared between study sites. A phytometer is a plant whose attributes reflect some
characteristic of its surroundings. For example, the shape of a strawberry is determined
by the quality of pollination it has received (Figure 3.1). This makes phytometer species
useful for evaluating the impact of ecological restoration on pollinator communities. For

example, phytometer species have been used to evaluate the effectiveness of different
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Open insect Self-pollination Self and wind
pollination pollination

Figure 3.1: Strawberries that have been open pollinated, self-pollinated and wind-
pollinated. The open pollinated strawberry has received greater pollination and therefore
has no deformities. Photo by Kristine Krewenka, Agroecology, Gottingen, Germany.

agricultural management option for supporting wild pollinators (Albrecht et al., 2007;
Andersson et al., 2012; Hardman et al., 2016; Orford et al., 2016) and the effects of
mass-flowering crops on the pollinator community (Diekotter et al., 2010; Hanley et al.,
2011).

By combining data on floral provision through the season with measurements of phy-
tometer pollination later in the season, this chapter aims to evaluate the relationship
between orchard improvement and pollinator persistence. Specifically, I predict that the
addition of non-crop floral resources to apple orchards increases pollinator persistence
by providing more consistent floral resources through the season. This can be addressed
through the following two objectives: (1) determine if pollination of a phytometer species,
placed towards the end of the season, varies between floristically improved and unim-
proved apple orchards. The prediction is that pollination will be higher in improved than
unimproved apple orchards because pollinators will be have a larger window in which
to reproduce, resulting in higher pollinator abundance and diversity. (2) Determine if
patterns of nectar provision through the season vary between floristically improved and
unimproved apple orchards. The prediction is that improved apple orchards provide a
higher quantity of nectar between apple crop flowering and phytometer placement, but
not during phytometer placement because pollinators will be able to persist later into

the season.
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3.2 Methods

3.2.1 Field sites

Twelve apple orchards, grouped into three geographically distinct blocks of four orchards,
were studied between 1st April and 9th September 2016 (see Section 2.2.2). Each geo-
graphical block of orchards consisted of two floristically improved and two floristically
unaltered orchards (see Section 2.2.2). In each orchard, floral abundance surveys were
conducted between the 1st April and the 9th September 2016 (see Section 2.2.3). In
one site, D.A, sheep destroyed the experimental set-up so this site is excluded from

phytometer analysis.

3.2.2 Estimating nectar resources through time

The quantity of nectar available in a habitat can be used as measure of floral resource
availability. Nectar and pollen are both important floral resources for pollinators (Harder
and Barclay, 1994; Falk and Lewington, 2015; Hicks et al., 2016). However, nectar is
required throughout the flight season as the principal energy source for many pollinators
(Harder and Barclay, 1994). As such, the sugar content of nectar is an ecologically
relevant currency with which to capture the nutritional value of different plant species
(Baude et al., 2016). Measured flower nectar productivity data can be combined with
estimates of floral abundance to quantify the total availability of nectar sugars in a given
area (Baude et al., 2016).

To estimate the total nectar production on each orchard site for each sampling round,
floral abundance surveys were combined with existing data on the nectar production of
different flowering species (Baude et al. (2016) - this data provides direct measurements
of daily nectar production for the UK’s most common flowering species). For each plant
species observed flowering in an apple orchard, the floral abundance was multiplied by the
per-flower daily nectar production to estimate the total nectar produced by this species
on this site. This value was summed across all flowering species for each sampling round
to estimate total daily nectar production per round, per orchard. For each orchard, the
total nectar production per sampling round was calculated for (a) the middle of June to
the beginning of August, which represents the period of potential shortfall between apple
flowering and phytometer placement, and (b) the duration of phytometer placement. By
focusing on the resources available in the six weeks following apple flowering, this study
covers a period of peak pollinator reproductive activity that is not covered by apple

flowering,.
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Of the plant species observed in apple orchard floral abundance surveys, the nectar
production of 71% had been directly measured by Baude et al. (2016). This included the
majority of the most common plants, such that 93% of sampled quadrats included only
plant species with measured nectar production. The nectar production of the remaining
flower species was estimated from the nectar production of plants with similar traits,
as follows. For each plant species lacking directly measured nectar production values,
plant species were identified from the Baude et al. (2016) database that shared their
taxonomic family, height category and life span (annual/perennial) with missing plants.
The mean of the daily nectar production of these plant species was used as an estimate
for each missing plant species.

In all but 2 sites, this estimated (rather than directly measured) nectar formed <1%
of the total nectar production across the entire season. It is therefore unlikely to impact
results at most sites; however, in two sites, D.T and D.K, the predicted nectar provided
46% and 40% of the total nectar on the site, respectively. The vast majority (95%) of
this predicted nectar was produced by vetch (Vicia hirsuta) and upright hedge-parsley
(Torilis japonica). The flowers of vetch are significantly smaller than those of related
flowers (e.g. other Vicia sp.), and hence likely to hold a smaller nectar volume. All
analyses were therefore repeated with a 50% and 99% reduction in estimated nectar
production for this species. For the purpose of sensitivity analysis, analyses were also
repeated with a 50% reduction and 99% increase in estimated nectar production for
upright hedge-parsley, as this covered the entire measured range of annual Apiaceae

members. This created 9 possible nectar-value combinations.

3.2.3 Phytometer experiment

A strawberry consists of multiple achenes, each of which must be pollinated to develop.
If few achenes are pollinated then a strawberry will be misshapen, indicating lower
pollinator activity. Conversely, if the majority of achenes are pollinated, strawberries
will have a typical, full symmetrical strawberry shape. Strawberry plants are an excellent
phytometer species to use in apple orchards as strawberry and apple are members of the
same plant family (Rosaceae) and their flowers are of a similar shape, colour and form
(Figure 3.2).

Field work

Alpine strawberries (Fragaria vesca) were planted in John Innes Potting Compost No.

3 in 30 litre plastic buckets and grown in an unheated glasshouse until established. Five
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Alpine strawberry (Fragaria vesca) Apple (Malus domestica)

Figure 3.2: Typical flowers of apple (Malus domestica) and alpine strawberry (Fragaria
vesca).

plants were grown per bucket which, once established, filled the majority of the bucket
(>90% of the visible area was covered when viewed from above). Every three days, any
open buds or flowers were removed and, a day before placement, all open flowers were
removed, leaving only unopened buds.

Five buckets were placed in each orchard, resulting in a total of 25 plants per site.
In each orchard, buckets were positioned in a sheltered spot in full sun, 10m away from
the hedge. It was not possible to integrate strawberries within the apple crop as this
area was regularly exposed to herbicide spray and general disturbance. Buckets were
placed in a single cluster, with 30cm between each bucket, to maximise the visibility for
pollinators. Each cluster of buckets was protected from herbivory by mammals using
wide-spaced wire mesh to a height of 1.2m. Within each geographical block of orchards,
buckets were placed on the same date (B block = 3rd August, D block = 4th August,
T block = 5th August).

After two weeks, buckets were returned to an unheated glasshouse where they were
arranged in a randomised block design. Pollinators were excluded from the glasshouse.
All open flowers were counted and any unopened buds removed. Buckets were watered
once every 3 days, directly to the soil to prevent water splashes transferring pollen. Plants
were checked every two days for ripe strawberries, which were collected and frozen.

Immediately after picking, strawberries were assigned a class based on their shape,
where Class 1 was allocated to symmetrical strawberries, with less than 10% deformed
surface area. Class 2 was allocated to all other strawberries. Strawberry classification

was carried out blind to orchard treatment.
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Lab-based measurements

Frozen strawberries were placed in 50ml glass vials then thawed for 1 hour. 10ml of
distilled water was added to each vial, which was lidded and shaken vigorously for either
30 seconds or until the strawberry flesh had fully disintegrated. After the addition of
a further 10ml of distilled water, the strawberry mixture was transferred to a 200ml
glass beaker. 80ml of distilled water was used to rinse any remaining seeds into the
glass beaker. All the floating (non-fertilised) and sinking (fertilised) seeds were counted.
The proportion of sinking seeds was used as a measure of phytometer pollination (Klatt
et al., 2013).

Statistics

Mixed effect logistic regression was used to analyse whether strawberry class varied be-
tween improved and unimproved sites. A basic model was constructed including straw-
berry class as the dependent variable, sampling block as a fixed effect and a random
effect of plant ID nested within bucket ID nested within site. Linear mixed-effects mod-
elling was used to analyse whether phytometer pollination varied between improved and
unimproved sites. A basic model was constructed including the proportion of sinking
seeds as the dependent variable, sampling block as a fixed effect and a random effect
of plant ID nested within bucket ID nested within site. In both cases, the basic model
was compared to a second model - in which the independent variable, floral improve-
ment treatment, was added as a fixed effect - using chi-square tests on the log-likelihood
values. All analyses were carried out in the R programming language and environment
(Yan et al., 2011) using the package Imej (Bates et al., 2014).

3.3 Results

3.3.1 Field results

A total of 110 plant species were observed, with a mean of 37 observed species per site.
In any one sampling round, a mean of 39 plant species were seen, with a minimum mean
of 14 plant species in the final sampling round (mid-Sep), and a maximum mean of 53
in sampling round 6 (late-May). More than three thousand plant-pollinator interactions
were recorded (3,329), consisting of 804 unique interactions. There was a mean of 277

observed interactions per site and a mean of 102 unique interactions per site.
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3.3.2 Phytometer pollination

Of the 2,162 strawberries collected, 110 were damaged and excluded from the analysis,
leaving a total of 2,052 strawberries (range = 155 - 212 per site). Strawberries placed
in improved orchards had significantly higher class (65.6% categorised as class 1) than
those in unimproved orchards (39.2% categorised as class 1) (x?(1) = 13.6, p < 0.001;
Figure 3.3). The proportion of fertilised seeds was significantly higher in improved (u =
64.0%) than unimproved sites (1 = 39.9%) (x?(1) = 14.9, p < 0.001; Figure 3.4).

3.3.3 Nectar provision throughout the year

Excluding the sheep-damaged site, D.A, there was significantly greater daily nectar pro-
duction from mid-June until the beginning of August in improved relative to unimproved
orchards (F; = 12.3, p = 0.00987, Figure 3.5). This significant difference was maintained
(Table 3.1) when proxy measures were used as estimates of nectar production for site
D.A (i.e. estimates of nectar production had sheep not caused damage to the site).
There was no significant difference in the number of plant species (F; = 0.619, p =
0.457) or families (F; = 0.308, p = 0.596) present on improved and unimproved sites
during this period.

Table 3.1: The measures used as an estimate of the daily nectar production of the
damaged site, D.A.

Measure used as estimate for site D.A | Nectar (ug) | Statistics

Mean of all undamaged improved sites | 19,036 Fi1 = 13.3, p = 0.00653
Minimum of sampling block D 13,283 Fi1 =9.40, p = 0.0155
Mean of all undamaged sites 12,233 F, = 8.65, p = 0.0187

For the duration of the phytometer placement, there was no significant difference
in the daily nectar production between improved and unimproved sites (F; = 0.048,
p = 0.832, Figure 3.5). This result was maintained (Table 3.2) when proxy measures
were used for nectar production for site D.A. A post-hoc Tukey test showed a significant
difference in nectar production between blocks, with block D producing significantly
more nectar in this period than either block B (p < 0.001) or T (p < 0.001).
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Table 3.2: The measures used as an estimate of the daily nectar production of the
damaged site, D.A.

Measure used as estimate for site D.A | Nectar (ug) | Statistics

Mean of all undamaged improved sites | 5,058 F, =0.0177, p = 0.898
Mean of all undamaged sites 4,969 Fi =0.0143, p = 0.908
Mean of sampling block D 10,436 F1 =246, p = 0.156

All results were consistent across all possible nectar-value combinations for the esti-

mated species Vicia hirsuta and Torilis japonica.

3.4 Discussion

By combining measures of floral resource provision and phytometer pollination, this
chapter demonstrates that floral enhancement of apple orchards can support pollinator
populations by extending the availability of floral resources beyond the crop-flowering
period.

Specifically, floristically improved orchards provided more nectar between apple flow-
ering and phytometer placement than unimproved orchards, whereas there was no dif-
ference in nectar availability during phytometer placement. This suggests that floral
improvement increased phytometer pollination by allowing pollinators to persist later
into the season, rather than aggregating pollinators from the surroundings (e.g. Kohler
et al. (2008)).

This has implications for the abundance of pollinator populations as it suggests that
improved orchards provide pollinators with a greater window in which to reproduce.
Furthermore, it suggests that by offering less mobile species access to continuous local-
scale resources, improved orchards could support a more diverse, and hence more effective
(Garibaldi et al., 2016), pollinator population. Improving apple orchards through the
addition of flowers could therefore provide a way to promote the establishment and
growth of pollinator populations that are not fully supported by the flowering window
of the crop, with potential benefits to crop pollination.

In the following section, I outline limitations of the approaches used in this chapter. 1
then discuss key findings within the context of previous research on ecological restoration
of agricultural habitats, with a focus on the mechanism by which orchard improvement
increases pollination services, and the potential economic implications. In doing so, I
highlight the value of using a range of field approaches and analytical tools to study

ecosystems through a season.
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3.4.1 Limitations

Many factors are hard to measure directly in ecology and so proxies are frequently used.
In this chapter, I have used nectar supply as a measure of food supply and phytometer
pollination as a measure of pollinator activity; however, neither is a perfect measure.

Pollinators require pollen in addition to nectar, as this provides a protein source for
developing larvae. Previous studies have found that nectar and pollen production of
a plant species do not always correlate (Hicks et al., 2016). Furthermore, nectar and
pollen requirements of different pollinator species will vary through time, but this is
poorly studied in most pollinator species. There is therefore a need to determine the
complete resource needs of different pollinator species through a season and match this
to those provided by flowers in improved and unimproved orchards. However, nectar
provides the most relevant available measure of resource provision as it represents an
ecologically meaningful currency that can be used to compare orchards.

Phytometer pollination is a useful measure of pollinator activity; however, it offers no
way to discern between differences in the structure of the pollinator community. Apple
and strawberry flowers have a similar structure, but this does not guarantee that the
pollinator community which promotes strawberry pollination will be the same as that
which promotes apple pollination. However, bee species are known to be effective polli-
nators of both crops (Klatt et al., 2013; Garratt et al., 2016). Accordingly, phytometer
pollination will still provide a useful measure of relevant features of the pollinator com-
munity which can supplement more specific measures of the pollinator community, such
as those offered by ecological networks.

Another limitation of this study is that it was conducted over a single year. Whilst I
can conclude that floral improvement increased pollinator persistence in the study year,
this may not be consistently true across multiple years. Furthermore, studying each
orchard for a single year does not allow pollinator populations to be tracked between
years to assess whether impacts on the pollinator population propagate from one year
to the next. This question would be best addressed using molecular techniques to track
family lineages of pollinators between years (e.g. Carvell et al. (2017)) when exposed
to different levels of resource provision and volatility, which was outside the scope of
this study. However, as molecular techniques become cheaper and more available, this

approach should be prioritised.
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3.4.2 Supporting pollinator persistence at a local scale

Adding non-crop floral resources can be an effective way to increase local-scale pollinator
abundances (Carvell et al., 2004, 2007, 2015, 2017; Haaland and Gyllin, 2010; Kennedy
et al., 2013; Morandin and Kremen, 2013; Cole et al., 2015; Feltham et al., 2015; Kremen
and M’Gonigle, 2015; M’Gonigle et al., 2015) and, in some cases, pollination services to
crops (Carvalheiro et al., 2012; Blaauw and Isaacs, 2014; Barbir et al., 2015; Feltham
et al., 2015; Campbell et al., 2017; Dainese et al., 2017; Haussler et al., 2017); however,
the results of such interventions are variable, with some studies finding no impact on
wild pollinator communities (Williams et al., 2015; Wood et al., 2015; Campbell et al.,
2017). This variability could be because additional floral resources are aggregating pol-
linators from the surrounding habitat (e.g. Kohler et al. (2008)), rather than promoting
population-level increases (Scheper et al., 2013).

This chapter demonstrates that, by filling gaps in floral resource provision through
the season, floral improvement of apple orchards can increase pollinator activity later
in the season, even when resources later in the season are not enhanced. This strongly
suggests that the improved orchard habitat is allowing pollinators to persist through the
season, independent of resources in the surrounding landscape. This finding is in line
with the findings of Chapter 1, which suggested that additional floral resources form
chronosequences of desirable resources, supporting pollinators through the season.

Providing continuous floral resources is crucial for supporting diverse pollinator pop-
ulations as less mobile pollinators, such as solitary bees, may only be able to use floral
resources at a local scale (Albrecht et al., 2007; Williams et al., 2010; Winfree et al.,
2011; Marini et al., 2012; Jonsson et al., 2015; Sardinas and Kremen, 2015). By pro-
viding continuous floral resources, improved apple orchards are therefore more likely to
result in population-level changes in these pollinator communities, resulting in a more

diverse pollinator community.

3.4.3 Economic value of orchard improvement

By providing more continuous floral resources, improved apple orchards showed increased
pollinator activity later in the season. This manifested itself as an increase in the polli-
nation and quality of strawberries, a high value crop, later in the season. This demon-
strates that functionally important pollinator communities were being supported by the
intervention.

Floral enhancement has been shown to increase crop pollination in a wide range of
crops (Carvalheiro et al., 2012; Blaauw and Isaacs, 2014; Barbir et al., 2015; Feltham

56



et al., 2015; Campbell et al., 2017; Dainese et al., 2017; Haussler et al., 2017), which it
may do by increasing the abundance and diversity of pollinator communities (Carvell
et al., 2004, 2007, 2015, 2017; Haaland and Gyllin, 2010; Kennedy et al., 2013; Morandin
and Kremen, 2013; Cole et al., 2015; Feltham et al., 2015; Kremen and M’Gonigle, 2015;
M’Gonigle et al., 2015). Whilst I have no direct measure of pollinator abundance, there
is evidence that improved orchards had a greater propensity to increase the abundance
of pollinator populations by lengthening the window of opportunity for many pollinator
species to reproduce. This could increase the number of overwintering reproductive
pollinators available to pollinate apple flowers in the following year (Carvell et al., 2017).
Orchard improvement could also increase pollinator diversity by providing for a wider
range of pollinating species, including those with narrower phenophase or lower mobility,
which are often the pollinators most vulnerable to decline (Albrecht et al., 2007; Jonsson
et al., 2015; Marini et al., 2012; Cresswell et al., 2000; Williams et al., 2010; Ockinger
et al., 2010; Winfree et al., 2011). By doing this, floral improvement could increase the
quality and robustness of pollination services, which have been linked to the diversity of

pollinator populations (Garibaldi et al., 2016).

3.4.4 Future Directions

This study has focused on the structure and function of the flower-pollinator community
through the season. However, there are several properties of orchard networks that could
not be analysed within the small sample size of this study. In particular, the functional
diversity of flowers through the season could impact heavily on the temporal structure
of flower-pollinator networks. This is because pollinator species require that nectar is
not only abundant but also provided in flowers that are accessible, and the accessibility
of floral nectaries will vary between pollinator species.

Within my data, there is anecdotal evidence that this factor affects the persistence
of pollinator species and the network structure through the season. I tentatively explore
this idea in Figure 3.6 and Table 3.3. Figure 3.6 depicts the plant-pollinator networks
through time for three orchards. Orchards B.St and T.S are the improved orchards
with the highest and lowest phytometer pollination, respectively. Orchard T.W is a
representative unimproved orchard for comparison. By comparing these orchards, I
highlight the potential importance of functional diversity for supporting chronosequences
of functionally similar pollinators. In particular, I suggest that a greater diversity of floral
resources at each point through the season can allow a wider range of pollinator species

to persist through the season (Table 3.3).
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It would be highly beneficial to conduct large-scale studies in which the nectar abun-
dance and diversity of the plant community are varied independently through the season.
Such studies could provide a better understanding of the relative importance of these

aspects of the plant community in supporting pollinator populations.
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3.4.5 Conclusions

By combining novel network tools (Chapter 2) with other ecological measures, I have
demonstrated that orchards with additional non-crop floral resources have the propensity
to support more abundant, diverse and effective pollinator populations. This highlights
the potential benefit of improving floral resources in apple orchards to promote both
conservation and food-production objectives. Fundamental to this is the ability of im-
proved orchards to support pollinator populations throughout the season. Future work
considering restoration of pollinator populations in agricultural habitat should there-
fore endeavour to take a temporal perspective to identify periods of vulnerability for

pollinators.
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Chapter 4

Increasing the quantity, stability
and diversity of nectar provided
by floral management regimes in

a mass-flowering crop

4.1 Introduction

Insect pollinators are responsible for increasing the yield and quality of over 75% of crops
globally (Klein et al., 2007); accordingly, the pollination services provided by managed
and wild pollinators have been valued at between EUR153 billion (Gallai et al., 2009) and
US$235-577 billion (Lautenbach et al., 2012) annually. There is increasing evidence that
wild and managed pollinators work synergistically to deliver more effective and robust
pollination services than managed pollinators alone (Winfree et al., 2007; Garibaldi
et al., 2013; Mallinger and Gratton, 2015), making wild pollinators economically valuable
targets for conservation.

Despite being targeted, the abundance and diversity of pollinator populations have
sharply declined (Biesmeijer, 2006; Bommarco et al., 2012a; Cameron et al., 2011; Car-
valheiro et al., 2013; Potts et al., 2016) such that yields of crops with a higher pollinator
dependence are increasing at a lower rate and showing more variability than those of
less pollinator dependent crops (Garibaldi et al., 2011). If pollination services were lost
entirely, so would an estimated 5-8% of global crop production (Aizen et al., 2009), in-

cluding a wide range of fruits, legumes, nuts and some commodity crops. Given that
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within Europe at least 9% of bees and butterflies are threatened, and up to 50% of bee
species are threatened in the UK (Potts et al., 2016), insect pollinator declines are both
of conservation and economic concern.

A key driver of pollinator decline is habitat loss (Aguilar et al., 2006; Potts et al.,
2010a; Vanbergen and Garratt, 2013; Ferreira et al., 2015), which can reduce both habi-
tat connectivity and the availability of nesting sites and floral resources for pollinators
(Roulston and Goodell, 2011; Wallisdevries et al., 2012; Scheper et al., 2014; Goulson
and Hughes, 2015; Baude et al., 2016). Floral resources in a habitat structure the pol-
linator community at both a local and landscape scale, with increased abundance and
diversity of nectar leading to increased pollinator abundance and species richness (Potts
et al., 2003) and promoting pollinator health (Alaux et al., 2010; Goulson and Hughes,
2015). However, the quantity and diversity of floral resources available to pollinators
have seen sharp declines (Goulson and Hughes, 2015; Baude et al., 2016).

Adding floral resources to agricultural areas could bolster local pollinator populations
and give agricultural habitat greater independence from the surrounding landscape. The
addition of non-crop floral resources can increase the abundance and diversity of pol-
linator populations (Carvell et al., 2004, 2006, 2015, 2017; Haaland and Gyllin, 2010;
Williams et al., 2012; Kennedy et al., 2013; Cole et al., 2015; Feltham et al., 2015) and
pollination services (Carvalheiro et al., 2012; Blaauw and Isaacs, 2014; Barbir et al.,
2015; Feltham et al., 2015; Campbell et al., 2017; Haussler et al., 2017). Similarly, floris-
tically diverse hedgerows can provide preferred forage for pollinators (de Vere et al., 2017;
Wood et al., 2017), increase pollinator abundance, diversity and colonisation (Morandin
and Kremen, 2013; Kremen and M’Gonigle, 2015; M’Gonigle et al., 2015) and enhance
pollination services (Dainese et al., 2017). Accordingly, in many countries farmers and
growers are now offered financial incentives to increase the availability of floral resources
for pollinators; however, the results of such interventions are variable (Williams et al.,
2015; Wood et al., 2015; Campbell et al., 2017). If ecologically-motivated payments to
farmers are to be effective, it is important that this this inconsistency is minimised.

One reason for this variability could be that additional floral resources simply aggre-
gate the pollinators that are already present in an area (e.g. Kohler et al. (2008)), rather
than promoting population-level increases (Scheper et al., 2013). Whilst pollinator ag-
gregation can, in some cases, increase crop visitation (Pereira et al., 2015), it is unclear
to what extent it influences the size and stability of the underlying pollinator populations
(Williams et al., 2012). Moreover, while large pollinators such as bumblebees (Bombus
spp.) are sufficiently mobile to use floral resources throughout a landscape, smaller and

less mobile pollinators, such as solitary bees, may only be able to use floral resources at
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a more local scale (Cresswell et al., 2000; Albrecht et al., 2007; Williams et al., 2010;
Winfree et al., 2011; Marini et al., 2012; Jonsson et al., 2015; Sardinas and Kremen,
2015). This suggests that, in order to have a consistent, positive impact on a wide range
of pollinating species, floral resources need to meet the local nutritional demands of less
mobile species too.

For this to be achieved, there must be a continuous supply of locally-available flo-
ral resources throughout the season, which will ensure that pollinators can find food
during their entire lifecycle, regardless of their phenology (Mayfield and Belavadi, 2008;
Rundlof et al., 2014; De Palma et al., 2015; Wood et al., 2017). However, floral manage-
ment regimes currently vary in their ability to provide continuous forage for pollinators
(Carvell et al., 2006; Havens and Vitt, 2016; Wood et al., 2017). This could be partic-
ularly important in landscapes dominated by mass-flowering crops (Blitzer et al., 2012;
Kennedy et al., 2013; Scheper et al., 2013), which can only provide significant floral
resources for short periods throughout the year (Riedinger et al., 2015). The presence of
mass-flowering crops can increase the abundance of pollinators (Westphal et al., 2003;
Diekétter et al., 2010; Jauker et al., 2012; Crone, 2013; Holzschuh et al., 2013; Grab et al.,
2017), especially when those with different phenologies are combined in a landscape (Rao
and Stephen, 2010; Riedinger et al., 2014). However, pollinators depend on wild flowers
and weeds to add diversity to their diet and provide resources between the crop flower-
ing periods (Kovéacs-Hostyanszki et al., 2013; Requier et al., 2015) without which they
may be negatively affected by the presence of mass-flowering crops (Holzschuh et al.,
2016). Adding floral resources to these areas through either hedgerow management or
the addition of floral strips provides a means to harness the significant nectar and pollen
resources provided by mass-flowering crops to promote sustainable pollinator population
growth.

In this chapter, I assess the ability of floral areas managed under existing agri-
environment schemes to support the nutritional demands of pollinators in the mass-
flowering crop apple (Malus domestica). Specifically, I consider the quantity and stability
of nectar that different surveyed areas provide throughout the season and compare this
to floral compositions that have been optimised in silico. I then consider how we might
tailor floral compositions to support specific key pollinator groups in apple orchards.
Finally, I consider how we might increase the quantity and stability of nectar provision
without sacrificing the diversity of nectar available to pollinators.

Apple, an early-season mass-flowering crop, has a global value of USD$51.7 billion
annually (FAO, 2014) and, given that apple production would be reduced by an estimated
40-90% in the absence of pollinators (Klein et al., 2007), insect pollination of apples has
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an estimated value of at least USD$20.7 billion. Solitary bees are key pollinators of
apple (Garratt et al., 2016), but the short, early-season flowering phenology of apple is
insufficient to cover the entire flight period of most species (Garcia and Minarro, 2014);
therefore these species are likely to be reliant on other, locally-available floral resources
outside the crop flowering period. Apple orchards therefore provide a highly relevant
system in which to study pollinator resource needs through the season.

To ensure that the nutritional demands of pollinators can be met by local-scale
floral resources, ecologists and land managers need a robust approach for identifying
suitable and complimentary flowering species that can support pollinator populations
throughout the year. However, whilst there is a growing body of literature evaluating
plants based on their desirability to specific pollinator groups (e.g. Fussell and Corbet
(1992); Carvell et al. (2006); Connop et al. (2010); Wood et al. (2017), the quality of
resources they provide (Somme et al., 2015) and their phenology relative to the crop
(Russo et al., 2013; Robson, 2014), there is limited research on how flowering plants
should be combined to best promote the quantity and continuity of floral resources in
agricultural habitats.

In one of the very few studies that does this M’Gonigle et al. (2017) produced a tool
that optimises plant mixes for pollinator visitation, richness, and phenology. Whilst this
is a valuable start, their analysis considers floral phenology in a binary manner (presence
or absence of any flowers) such that a mix scores highly if it provides continuous flowering
for a greater number of pollinating species. Their tool is therefore unable to distinguish
more subtle, yet important, nuances of floral provision such as the quantity of available
floral resources throughout time, the extent of gaps in floral provision or the trade-off
between increasing nectar quantity and stability.

By considering the nectar production of common British plants (Baude et al., 2016),
I aim to evaluate floral mixes based on the amount and stability of nectar they provide
throughout the season and, in doing so, identify opportunities for improving the quality
of floral resource provisioning for pollinators.

A useful framework for incorporating rewards (i.e. nectar supply) and volatility (i.e.
fluctuations in nectar supply) of different floral resources is the portfolio optimisation
framework of economics. This approach is underpinned by the concept that an investor
can reduce their exposure to risk whilst maintaining a given average return by selecting
assets that vary differently through time. Similarly, by selecting flowering plants with
different phenologies, we can reduce the volatility of the overall flowering portfolio for
a given average nectar supply. Optimal flowering portfolios are those with the highest

average nectar supply across the season for a given volatility (Figure 4.1).
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b Portfolios containing 3 lowering species

Average Reward
e.g. Mean Nectar Production per Day
Average Nectar Production (mg/day)

v
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e.g. Standard Deviation of Nectar Production per Day

Figure 4.1: An illustration of the reward-volatility profile for hypothetical floral port-
folios. Each point on the graph represents a hypothetical floral portfolio, where each
portfolio represents an area of planted flowers, which will produce a certain amount of
nectar throughout the year. Right: The flowering phenology of two of the floral port-
folios, where each line represents the nectar production through the season of a single
flowering species. Left: The reward and volatility of these two portfolios (blue and yel-
low points) relative to other hypothetical portfolios (grey points). The blue portfolio
is deemed optimal as there are no portfolios with a higher reward and lower volatility
(blue box). The yellow portfolio is sub-optimal as there are several other portfolios with
a higher reward and lower volatility (grey points within yellow box).
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In what follows, I use a portfolio optimisation framework to address 5 objectives: 1)
Determine which flower combinations (including flowering hedgerows, weeds and wild-
flowers) maximise nectar reward and stability through the season in an apple orchard;
2) Determine whether existing floral management options provide high nectar reward
and stability through the season relative to floral portfolios optimised in silico; 3) Eval-
uate the potential of flowering hedgerows to increase nectar reward and stability in an
apple orchards; 4) Determine which floral combinations (including flowering hedgerows,
weeds and wildflowers) provide the highest and most stable nectar supply for eight key
apple-pollinating bee species (genera: Bombus and Andrena); 5) Investigate the trade-
off between providing a high quantity and stability of nectar whilst maintaining nectar

diversity.

4.2 Methods

4.2.1 Collecting field data

To determine a suitable pool of flowering species from which to construct floral portfolios,
and the pollinators they could support, I conducted floral abundance and flower-visitor

surveys across twenty-one apple orchards.

Field sites

Orchards across the South West of England were visited for up to two seasons (mid-
March to mid-September) between 2014 and 2016. These sites covered a wide range of
floral management strategies including the addition of floristically diverse hedgerows and
flowering strips, and unmown grassland and were representative of the typical breadth
of modern, commercial apple orchards.

In 2014, a single, organic apple orchard was visited between mid-March and mid-
September. In 2015, twenty orchards, across four geographical blocks, were visited
between early-April and mid-September. Sixteen of these orchards were commercial
apple orchards, whereas four were organic, ancient orchards. In 2016, twelve of the
orchards visited in 2015, the details of which are given in Section 2.2.2, were re-visited

between mid-March and early-September. For site locations, see Appendix A.

Floral abundance surveys

The number of open floral units were counted in randomly positioned quadrats (see Sec-

tion 2.2.3 for details). The number and size of quadrats and the sampling frequency var-
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ied between years. In 2014, a single site was surveyed using twelve 0.5 x 0.5m quadrats,
3 times a week. In 2015, 20 sites were surveyed using ten 1 x 1m quadrats, once each
fortnight. In both of these years, quadrats were placed randomly within each site, where
a site was defined as the apple trees, grassland understorey and associated hedgerows.
In 2016, 12 of these sites were further sampled using twenty-five 1 x 1m quadrats placed

randomly in each of the ground and hedgerow flora.

Flower-visitor surveys

At each site, interactions were observed between flower-visiting insects and open flowers.
In 2014, all interactions were observed 1m either side of randomly placed transects,
with apple tree, hedgerow and grassland understorey areas sampled proportionally to
their area. Three times per week, two 25m transects were completed in the grassland
understorey, two bm transects were completed in the adjacent hedgerows and ten 5m
transects were completed in apple trees.

In 2015, two 50m transects were completed in each of the ground (grassland under-
storey and apple trees) and hedgerow areas, once per fortnight.

In 2016, interactions were observed along two 25 minute random walks, one covering
the ground flora (grassland understorey and apple trees) and the other covering the

hedgerow area (see Section 2.2.3 for details).

4.2.2 Constructing random floral portfolios
Selecting plants

I define a floral portfolio as mixes of flowering species, where the area of each species is
defined in terms of 1m? blocks. To represent apple flowers, each portfolio was populated
with 25,000 blocks of apple (2.5 hectares). This area was the average size of all cropped
areas in the study to the nearest half a hectare. From a total plant list of 124 surveyed
species, 120 species occurred in at least 2 of the surveyed orchards and hence had the
demonstrated potential to grow in apple orchards. Grass species do not produce nectar
and so were not considered. Nectar production data was not available from Baude
et al. (2016) for one of these plant species, hemlock water dropwort (Oenanthe crocata),
so this species was excluded. Portfolios were constructed by randomly selecting 250
x 1m? blocks of single flowering species to populate a total area of 250m. This area
was chosen as it is the minimum area of improved land that meets the requirements
of the Wild Pollinators and Farm Wildlife Mid-Tier Countryside Stewardship Package,
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a frequently adopted agri-environment scheme option that has been evaluated for its

ability to support pollinators (Dicks et al., 2015).

Measuring portfolio nectar reward

Portfolio nectar reward was calculated using estimated annual nectar production per
area and flowering phenology for the UK’s most common flowering plant species using
the data available in Baude et al. (2016). This paper provides direct and modelled annual
nectar production, per grown area, for many of the UK’s most common flowering plant
species. In line with Baude et al. (2016), the floral abundance of each plant in each in
silico orchard was assumed to follow a triangular distribution, increasing at a linear rate
from the flowering start date to the flowering peak date and decreasing at a linear rate
from the peak date to the end date. The daily nectar production per unit area was then

calculated from the annual nectar production for each plant as follows:

ANp X FAdp
Nap = S~i=rp g
n dp

(4.1)

where AN, = annual nectar production per unit area for plant p

FAg, = floral abundance at day d for plant p

For each portfolio, the total daily nectar production was calculated by summing
daily nectar production for each 1m? flowering block for each day. The mean of this
daily nectar production from 1st March to 30th September was used as the measure of
portfolio reward.

Two measures of portfolio nectar volatility were used: the standard deviation of
daily nectar production (standard deviation model) and the number of days where total
nectar production fell below 6.5% of the nectar produced by the 2.5ha apple crop at
peak flowering (shortfall model) between 1st March and 30th September. The threshold
value of 6.5% was chosen as it resulted in the most normal distribution in shortfall across
10,000 randomly generated portfolios (see Figure 4.2 and Appendix D for details) and
hence was best able to distinguish between portfolios with different consistency of nectar
supply.

For brevity, results presented here are for the shortfall measure of volatility as this
is more representative of pollinator exposure to periods of risk; however, both metrics

give qualitatively similar results.
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Figure 4.2: Three potential threshold values demonstrated for two hypothetical floral
portfolios. If the threshold is too high (pale blue) then the nectar production of portfolios
will rarely exceed the threshold whereas if the threshold is too low (darkest blue) then
the nectar production of portfolios will frequently exceed the threshold. More suitable
threshold values (e.g. medium blue) will more readily distinguish between different
nectar profiles because some portfolios will have nectar production that is mostly below
the threshold (higher shortfall) whereas other will have nectar production that is mostly
above the threshold (lower shortfall). The best threshold value will result in a roughly
symmetrical (in this case, normal) distribution of higher shortfall and lower shortfall
portfolios.

4.2.3 Objective 1: Determine which flower combinations maximise
nectar reward and minimise nectar volatility through the sea-
son

Superior floral portfolios are those with the highest reward for a given volatility, meaning
that near-optimal floral portfolios will be those with higher mean daily nectar provision
and lower nectar volatility. The relative optimality of randomly generated portfolios
was determined using an iterative algorithm that identified the portfolio with the high-
est reward before successively identifying the next most rewarding portfolios of lower
volatility (Appendix E).

One-thousand random portfolios were generated using the 119 chosen plant species
(i.e. 120 species minus hemlock water dropwort). Random portfolios were then split
equally into ten optimality bands, henceforth referred to as portfolio ranks, where a
rank of 1 is allocated to the 10% of portfolios that were most optimal. To identify
any relationship between portfolio rank and plant composition, the area of each plant
species in a portfolio was regressed against portfolio rank. Plants with a greater area in
more optimal portfolios and a lower area in less optimal portfolios will have a negative
correlation in this regression; therefore, plants with a significant negative correlation
were those that occurred more frequently in highly ranked portfolios. This analysis was

repeated 1,000 times to establish 95% confidence intervals for each plant species.
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4.2.4 Objective 2: Determine whether existing floral management op-
tions provide high nectar reward and low nectar volatility through
the season relative to floral portfolios optimised in silico

The nectar reward and volatility was calculated for areas of land managed under four
existing agri-environment options: sown with nectar mix, sown with bird-seed mix,
enhanced margins, and unmown grassland. Nectar production was calculated from data
on the floral abundance of different plant species within thirty-nine managed patches (26
sown with a nectar mix, 4 sown with a bird seed mix, 5 areas of enhanced margins and
4 of unmown grassland) provided by Mathilde Baude from Baude et al. (2016). These
data were from replicate sites in the UK and floral counts had been conducted at least
twice during patch-flowering.

To estimate the start and end flowering date for each flowering species in each patch,
I used phenology data from the online EcoFlora database, as compiled by Baude et al.
(2016), as this data was not available from the field trials. A LOESS smoothing function
was used to estimate floral abundance throughout the season for each constituent plant
species which was then used to calculate nectar reward and volatility. To check that the
estimated start and end dates did not have a large influence on the analysis, the analysis
was repeated with these dates shifted by 20% of the total flowering duration (simulating
an early shift, late shift and shortening of the flowering period).

With 119 potential flowering species, there are 119,250 possible portfolio configura-
tions. As such, random portfolio generation could only capture a small portion of all
possible floral portfolios, and is unlikely to capture the most extreme (i.e. very best and
worst) portfolios. To identify floral portfolios with higher reward:volatility ratios than
those constructed using random plant selection, I created an optimisation algorithm that
iteratively removed plants from the available pool of species prior to portfolio construc-
tion. As the objective of this analysis was to identify more-optimal floral mixes that
could be utilised as part of agri-environment schemes, I began the optimisation process
with a reduced pool of 96 plant species, including only those species that were observed
growing as part of the ground flora during orchard surveys; this removed hedgerow-
specific plant species that would be unsuitable in a flowering strip. In each iteration,
one-thousand portfolios were randomly generated and the plant species with the greatest
over-representation in the lowest-ranked portfolios was removed. This process is non-
deterministic and hence will not necessarily identify the same optimal portfolios across

multiple runs, but is useful for investigating the potential for improving floral mixes.
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4.2.5 Objective 3: Determine the extent to which areas of flowering
hedgerow influence the nectar reward and volatility of floral port-
folios

To evaluate the contribution of hedgerow and ground flora to portfolio reward and volatil-
ity, portfolios were constructed with varying areas of hedgerow flora. Each portfolio was
constructed as before but the area of non-crop flowering plants was populated with fixed
proportions of hedgerow and ground flora. Portfolios were constructed with 0% to 100%
of the non-crop area as hedgerow, at 10% increments. In each case, the area of crop was
not reduced; rather, the composition of the additional floral resources within the floral
portfolio were reduced. For example, portfolios with 100% hedgerow area represent an
orchard populated with apple trees and an area of flowering hedgerow, but lacking any
flowering ground plants.

Hedgerow plants were defined as plants that were seen exclusively in hedgerows
during field surveys and included hedgerow shrubs, such as willows (Saliz spp.) and
hawthorn ( Crataegus monogyna), as well as climbing plants, such as bittersweet (Solanum
dulcamara) and bramble (Rubus fruticosus agg.), but did not include plants that grow
at the base of hedgerows such as deadnettle (Lamium spp.). This is because hedgerow
specialist plants require a different management input (i.e. the planting of flowering
hedgerows) whereas other species were seen to exist in flowering meadow areas and
could possibly be introduced in the absence of hedgerows. This allowed me to evaluate
whether proactive planting of hedgerows is a worthwhile element of agri-environmental
management.

As there were fewer hedgerow plants than ground plants, the plant selection process
was standardised such that the number of plant species chosen from the ground and
hedgerow flora was proportional to that habitats’ area in the portfolio and summed to a
maximum of 25 plant species (the total number of hedgerow plants). For example, when
20% of the area of the portfolio was hedgerow, a maximum of 5 hedgerow species and

20 ground species could be used to form a portfolio.

4.2.6 Objective 4: Determine how floral portfolios differ when opti-
mised to support different key pollinating bee species

Bombus terrestris, Bombus hortorum, Bombus pascuorum, Bombus lapidarius, Andrena
nitida, Andrena cineraria, Andrena dorsata and Andrena haemorrhoa were chosen as
focal pollinator species. These species were chosen as they are important pollinators

of a range of crops (Dicks et al., 2015) including apple (Garratt et al., 2016) and all
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were found in my orchard surveys. Portfolios specific to each pollinating species were
constructed using only flowers each species was observed foraging on in the 21 orchards.
However, in reality pollinators will be able to use a wider range of plants than observed in
these orchards, so forage plants listed for each pollinator species by Falk and Lewington
(2015) were also included in their potential forage plants.

To investigate the optimal portfolio for each of the bee species, the nectar reward
and volatility of each portfolio was evaluated separately for each of their flight seasons.
The flight season of each pollinating species was found in Falk and Lewington (2015), as
the alternative (using the first and last dates that a pollinator was seen in the surveyed

orchards) would likely underestimate phenological breadth.

4.2.7 Objective 5: Determine whether a trade-off exists between max-
imising nectar quantity and nectar diversity and whether this
can be reconciled by optimising portfolios using both criteria

Optimising floral portfolios could have the side effect of decreasing the diversity of nectar
available, which could have adverse effects on pollinator populations (Scheper et al., 2014;
Goulson and Hughes, 2015). To evaluate this, Shannon’s Diversity Index of the amount
of nectar contributed by each plant was calculated for each day using the vegan package
(Oksanen et al., 2015) within R statistical software (Yan et al., 2011), the average of
which was used as a third portfolio selection criteria. Portfolios were then optimised
to maximise the product of nectar abundance and nectar diversity whilst minimising
nectar volatility. These floral portfolios were then compared to those generated without

considering nectar diversity.

4.3 Results

4.3.1 Field Results

Consistent with the work of Garratt et al. (2016), the most frequent wild pollinators of
apple were Bombus spp. and Andrena spp., which formed 61% of the total visits to apple
and 14% of all flower visits when considering all sites. Andrena spp. and Bombus spp.
were observed visiting 22 and 43 different flowering species within all surveyed orchards,
respectively. (For complete lists of observed flowers and the interaction partners of the

focal Bombus spp. and Andrena spp., please see F).
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4.3.2 Objective 1: Determine which flower combinations maximise
nectar reward and minimise nectar volatility through the sea-

son

At the 95% confidence level, there was as significant negative correlation between the
planted area in the portfolio and portfolio rank for 22 plant species (Zone A, Figure
4.3), indicating that the presence of these flowers will significantly increase the quality
of nectar provision for pollinators (by increasing the abundance and/or stability of nectar
provision). These species included hedgerow shrubs (e.g. willows (Saliz spp.), hawthorn
(Crataegus monogyna), Buddleja davidii), wild flowers (e.g. Centaurea nigra, Leucan-
themum vulgare, Lamium album, Trifolium spp.), and agricultural weeds (e.g. Cirsium
spp., Senecio jacobaea). Plant species in the most optimal portfolios had a significantly
higher total nectar production (u = 187.7 g¢/m?/y) than those in random portfolios (1 =
41.3 g/m?/y)(tos.3 = 14.4, p < 0.001) but no significant difference in flowering duration
(ts1.5 = -1.87, p = 0.0715) or the distance between their flowering peak and that of the
apple crop (to47 = 0.331, p = 0.744) relative to plant species in random portfolios.

Ten plant species were, on average, more likely to occur in more optimal floral port-
folios, but not consistently so (Tarazacum officinale agg., Salvia pratensis, Myosotis
arvensis, Hedera helix, Succisa pratensis, Leontodon autumnalis, Chamaerion angusti-
folium, Prunella vulgaris, Vicia sativa, Acer campestre), suggesting that these species
are not sufficient to ensure high or stable nectar supply but do make positive contribu-
tions relative to other plant species (Zone B, Figure 4.3).

The remaining eighty-seven species were more likely to occur in less-optimal port-
folios, on average, indicating that they do not contribute to the quantity and stability
of nectar provision as well as other plant species (Zone C, Figure 4.3). This included
several species that were frequently observed in surveyed agri-environmental patches
(Epilobium montanum, Galium verum, Lotus corniculatus, Medicago lupulina, Ranun-
culus acris, Ranunculus repens, Silene dioica, Sonchus arvensis) suggesting that these

plants make poor contributions to nectar provision.187.7

4.3.3 Objective 2: Determine whether existing floral management op-
tions provide high nectar reward and low nectar volatility through
the season relative to floral portfolios optimised in silico

Thirty of the 39 surveyed patches (nectar seed mix, enhanced margins, unmown grass-
land and wild-bird seed mix) were less optimal (had lower mean daily nectar production

and higher volatility) than random floral portfolios, whereas only 3 were more optimal
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Figure 4.3: The coefficient of the linear regression between portfolio rank and the planted area of a plant species in the
portfolio, for all plant species. A negative coefficient indicates plant species that occur frequently in optimal portfolios and

Error bars indicate 95% confidence intervals such that plants in Zone A

occurred more frequently in more-optimal portfolios at least 95% of the time, those in Zone B occurred more frequently in

more-optimal portfolios 1-94% of the time and those in Zone C occurred more frequently in less-optimal portfolios.

hence should be included in planting regimes.



(Figure 4.4). These three patches were all sown with nectar seed mix and were the only
mixes in which 20% of the flowers recorded were from at least 4 of the following: Cen-
taurea nigra, Senecio jacobaea, Trifolium pratense, Cirsium arvense and Leucanthemum
vulgare. All patches of enhanced margins, unmown grassland or wild-bird seed mix had
lower mean daily nectar production and higher nectar volatility than all random in silico
portfolios.

When creating optimised floral portfolios in silico, there was a significant, positive
linear relationship between mean nectar production and optimisation step (R? = 0.953,
F210097 = 1.13e+05, p < 0.001) and a significant negative linear relationship between
shortfall and optimisation step (R? = -0.872, Fa, 10997 = 1.02e+05, p < 0.001), indicating
that floral portfolios can be improved to increase both the amount and stability of nectar
provided to pollinators. However, even optimised portfolios were not able to provide the
threshold level of nectar (6.5% of that produced by the apple crop at peak flowering) for
19% of days.

Patches managed under existing agri-environment schemes were all less optimal than
optimised mixes with an equivalent number of flowering species. Nectar seed mix pro-
vided the highest quantity and stability of nectar; however, optimised floral portfolios
provided 57% more nectar across the season whilst exposing pollinators to only 46% of

the volatility when compared to the best nectar seed mix.

4.3.4 Objective 3: Determine the extent to which areas of flowering
hedgerow influence the nectar reward and volatility of floral port-
folios

Hedgerow-only portfolios had significantly greater mean nectar production (t1gg4 = 16.8,
p < 0.001, Figure 4.5) than ground-only portfolios without significant differences in mean
seasonal nectar volatility (t1975 = 0.588, p = 0.557, Figure 4.5), even when controlling
for the number of species permitted in each portfolio type. However, the least volatile
ground-only portfolios exposed pollinators to 40% of the nectar volatility compared to
the least volatile hedge-only portfolios, suggesting that some ground flora mixes can
offer a more stable nectar supply than areas of hedgerow. Including hedgerow plants in
random portfolios to create mixed hedge/ground portfolios significantly increased mean
nectar production (tige0 = 15.8, p < 0.001, Figure 4.5) without significantly altering
seasonal nectar volatility (t1946 = 0.346, p = 0.729, Figure 4.5) relative to ground-only

random portfolios.
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4.3.5 Objective 4: Determine how floral portfolios differ when opti-
mised to support different key pollinating bee species

Willows (Saliz spp., common knapweed (Centaurea nigra), thistles ( Cirsium spp.) and
white dead-nettle (Lamium album) were consistently found in optimised portfolios for
all 119 of the focal pollinator species. Of the plants commonly found in surveyed agri-
environment scheme patches, only ox-eye daisy (Leucanthemum vulgare), clovers (Tri-
folium spp.), ragwort (Senecio jacobaea) and yarrow (Achillea millefolium) consistently
ranked within the top 20 plants for all of the pollinator species. Apart from clovers
(Trifolium spp., common vetch (Vicia sativa) was the only Fabaceae flower to rank
within the top twenty plants, and only for a single species (Bombus terrestris). Whilst
floral portfolios optimised for bumblebee species contained many flowers from the fam-
ilies Lamiaceae and Dipsacaceae, those optimised for solitary bees typically contained
higher numbers of hedgerow shrubs from the Rosaceae family, as well as members of the

Apiaceae family (Figures 4.6 and 4.7).

4.3.6 Objective 5: Determine whether a trade-off exists between max-
imising nectar quantity and nectar diversity and whether this
can be reconciled by optimising portfolios using both criteria

There was a significant, negative quadratic relationship between seasonal nectar diversity
and optimisation step (R? = 0.590, F2 10997 = 7919, p < 0.001; Figure 4.8), showing that
nectar provision in optimised portfolios was dependent on a smaller subset of plants than
random portfolios. However, portfolios containing the twenty most optimal plants are
only slightly less nectar diverse than random portfolios (u = 1.78 compared to u = 1.86)
but have considerably higher mean daily nectar production ( = 236 gm-2 compared to =
92 gm-2), indicating an opportunity for increasing nectar provision without significantly
impacting nectar diversity. An average of nine flowering plant species grew in the 39
surveyed agri-environment patches but an average of 34 plant species were recorded in
each of the surveyed apple orchards (range: 20 to 52), including hedgerow and ground
flora, suggesting that even low diversity sites are able to meet this recommendation.
When portfolios were optimised to maximise the product of mean nectar produc-
tion and diversity whilst minimising nectar volatility, portfolios had significantly higher
mean nectar diversity (t1902.1 = 109.15, p < 0.001) but significantly lower mean nectar
production (t19964 = -156.73, p < 0.001) and significantly higher volatility (t1954.9 =
100.96, p < 0.001) than when nectar diversity was not considered in the optimisation.

However, these differences had low absolute magnitude (3.80% higher nectar diversity,
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7.16% lower mean nectar production, 0.856% higher volatility). This indicates a small
trade-off between promoting high, stable nectar supply and ensuring a diversity of plants

at any given time point.
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4.4 Discussion

Mass-flowering crops can provide large quantities of nectar but do not flower for long
enough to support the lifecycle of most pollinating species. Adding floral resources to
agricultural habitat can be an effective way of filling these gaps to support pollinating
insects. In this study, I successfully developed a new computational framework, based
on the portfolio optimisation framework of economics, to evaluate the quantity and
stability of nectar provided by different floral portfolios throughout the season. I found
considerable variation in the quantity and stability of nectar offered by different floral
portfolios, which may influence how effectively different floral portfolios can sustain
pollinator populations. This could explain why adding floral resources to agricultural
habitat is not always an effective way to increase pollinator populations (Williams et al.,
2015; Wood et al., 2015; Campbell et al., 2017) and highlights the potential to design
floral mixes that better support key pollinators in apple orchards.

Of four existing agri-environment strategies (nectar seed mix, bird seed mix, en-
hanced margins, unmown grassland), areas sown with nectar seed mix provided the
highest quantity and stability of nectar; however, floral portfolios optimised in silico
provided an estimated 50% more nectar across the season whilst exposing pollinators to
half the nectar volatility when compared to the best nectar seed mix. Hedgerow species
such as willow (Saliz spp.) were found disproportionately often in the most nectar-rich
and nectar-stable floral portfolios, far outperforming common hedgerow species such as
blackthorn (Prunus spinosa), whilst agricultural weeds such as dandelion (Tarazacum
agg.), ragwort (Senecio jacobaea) and thistles (Cirsium spp.) outperformed most popu-
lar constituents of existing floral mixes.

Optimising the quantity and stability of nectar provided by floral portfolios reduced
the diversity of nectar providers, decreasing the redundancy of nectar provision whilst
also limiting pollinator diet breadth; however, by including a minimum of 20 plant species
in a floral portfolio, large gains in nectar quantity and stability can be achieved without
significantly compromising the diversity of nectar available throughout the season.

Overall, these results highlight the value of quantifying the amount and stability of
nectar offered by different floral management options, rather than merely identifying
flowering gaps, when planning restoration efforts. In this section I first consider the
limitations of my approach, before outlining key results and practical recommendations
for land managers. I finish by discussing potential future avenues for developing a better

understanding of pollinator restoration in agricultural habitats.
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4.4.1 Limitations

A key limitation of my approach is that it remains untested in the field; in reality, the
quantity and phenology of flowers produced by a particular management regime, and
the amount of nectar each flower produces, may not be accurately reflected by model
estimates.

Establishing a particular ratio of flowers, with a particular flowering phenology, de-
mands a greater understanding of how floral abundance and phenology relate to the
composition and management of the floral community. As well as uncertainty over floral
abundance and phenology estimates, we cannot be sure that the realised nectar produc-
tion of a given floral community will reflect modelled estimates. For example, growth
conditions, such as soil type, water availability or light conditions (Petanidou et al.,
1999), and regional genetic variation (Leiss and Klinkhamer, 2005) can influence the
rate of nectar production of individual flowers. In addition, nectar production may de-
pend heavily on how frequently a flower is visited by the pollinator population, such
that popular flower species might be depleted more rapidly than others.

These limitations do not invalidate my approach, however, as there is an order of
magnitude difference in nectar production between flowering plant species, suggesting
that relative nectar availability of each floral portfolio is unlikely to change significantly

even with changes in absolute nectar availability.

4.4.2 Key Findings

There are four key findings, which are discussed in turn below.

1) Floral communities should be evaluated based on the stability of nectar

they provide

Floral communities vary greatly in their ability to provide pollinators with nectar; how-
ever, to my knowledge, this is the first study to consider two key elements of nectar
provision - quantity and stability - simultaneously. Evaluating these components of nec-
tar provision showed that floral compositions vary greatly in their ability to provide
nectar consistently throughout the season. This is particularly pertinent when consider-
ing mass-flowering crops, which can have narrow flowering windows, leaving pollinators
vulnerable to food shortages before and after crop flowering (Tscharntke et al., 2005;
Blitzer et al., 2012; Kennedy et al., 2013; Scheper et al., 2013).

Bombus spp. and Andrena spp. are key pollinators of apple, but queens of most of

these species will be active for several weeks before apple flowers (Falk and Lewington,
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2015). During this period, queens will be highly active, prospecting for nest sites and/or
provisioning offspring (Falk and Lewington, 2015) and so having locally-available nectar
prior to apple flowering may promote the establishment of these pollinator populations.
Similarly, in temperate climates, bumblebees are active for the majority of the year
and so require floral resources well beyond the flowering period of apple. In particular,
bumblebee colonies need plentiful resources in late summer when the rate of larval rearing
is at its highest (Dicks et al., 2015).

However, the phenology of nectar availability should also be considered alongside
the total quantity of nectar provided by a floral community. Notably, the threshold I
used to evaluate nectar volatility of floral portfolios was a mere 6.5% that of the total
nectar produced by apple at peak flowering; despite this, even optimised floral mixes
did not produce this much nectar on 20% of days (Figure 4.4). This demonstrates
that small areas of locally-restored floral resources may never be able to stabilise nectar
production to the level of the crop throughout the season. Instead, managing existing
floral populations, such as agricultural weeds and flowering hedgerows, or systematically
combining mass flowering crops with different phenologies might better maximise the
amount of nectar provided throughout the season by providing larger areas of floral

cover.

2) Existing floral mixes can be improved

Existing floral management options mostly provided low or inconstant nectar supplies,
as has been highlighted in other studies (Carvell et al., 2006; Havens and Vitt, 2016;
Wood et al., 2017); however, a small number of nectar seed mixes were more optimal
than random portfolios. In general, nectar seed mixes provided a greater supply and
consistency of nectar than wild bird seed mix, unmown grass or enhanced margins;
however, optimised floral portfolios far surpassed the nectar provision of these mixes
whilst also providing a more stable nectar supply.

Several plants were frequently found in the most optimal portfolios; these included
those that offer high nectar reward (e.g. thistles (Clirsium spp.), common knapweed
(Centaurea nigra)) and/or fill key phenological gaps (e.g. willow (Saliz spp.), ivy (Hedera
heliz)). Thistles are frequently recognised as important floral resources for bees and
butterflies (Andrada et al., 2004; Carvell et al., 2006; Wallisdevries et al., 2012) as they
produce large quantities of nectar.

Willows are already documented as an important early-season nectar source for pol-

linators, especially queen bumblebees (Rowe et al., 2011; de Vere et al., 2017), whereas
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ivy has been identified as an important late-season nectar source that may increase the
viability of overwintering pollinator populations (Garbuzov and Ratnieks, 2014). Wil-
lows also produce large quantities of high quality pollen which provides an important
source of early-season protein for a range of pollinator species (Moerman et al., 2015).

Interestingly, in line with existing research showing the importance of weeds for polli-
nators (Hicks et al., 2016), many of the most valuable plants in our analysis were consid-
ered agricultural weeds (e.g. dandelion (Tarazacum agg.), ragwort (Senecio jacobaea),
thistles); discouraging the removal of these plants could therefore be an effective way to
support pollinators.

Hedgerows have also frequently been identified as valuable habitat for pollinators
providing both food, nesting sites and navigation across the landscape (Cranmer et al.,
2011; Morandin et al., 2011; Kovacs-Hostyanszki et al., 2013; Kremen and M’Gonigle,
2015; Morandin et al., 2016; de Vere et al., 2017). In our study, flowering hedgerow
significantly increased portfolio mean daily nectar production. This is unsurprising given
that hedgerows typically contain a high proportion of perennial climbing plants and
shrubs which are able to produce higher quantities of nectar (Hicks et al., 2016). Adding
hedgerow plants to floral portfolios did not significantly lower the nectar volatility; this is
probably because, apart from willow and ivy, many of the most prolific nectar providers
in hedgerows appear in spring when the apple crop is already providing a large quantity
of nectar (e.g. blackthorn (Prunus spinosa)). This highlights the importance of selecting
hedgerow plants based not only on their floral display but also their floral phenology.

Combining areas of flowering hedgerow with areas of sown with standard nectar seed
mixes increased the quantity and stability of nectar provision of the overall management
option, suggesting that whilst nectar-rich flowering strips are a good way of increas-
ing nectar provision, they could work more effectively when combined with hedgerow

management practises that promote flowering species.

3) Floral mixes can be tailored to pollinators

By optimising portfolios we were able to identify planting regimes that outperformed ran-
dom portfolios for all pollinator species. Several plant species (common knapweed (Cen-
taurea nigra), thistles (Cirsium spp.), willows (Saliz spp.), white deadnettle (Lamium
album)) consistently formed part of the most optimal portfolios across all pollinator
groups, suggesting that these species should always form part of planting regimes in
apple orchards but the exact composition of floral portfolios varied between pollinators.

A lot of attention has been given to leguminous plant mixes (Fabacea), which are
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deemed attractive to bumblebees (Carvell et al., 2006; Orford et al., 2016) and provide
floral resources throughout summer. Our analysis showed that, with the exception of
clovers (Trifolium spp.), these species were not found frequently in optimal floral port-
folios, with common knapweed ( Centaurea nigra), thistles (Cirsium spp.), willows (Saliz
spp.) and white deadnettle (Lamium album) all ranking above the most-highly ranking
member of the Fabaceae family for all bumblebee species analysed. This is in line with
national surveys of floral use by bumblebees (Fussell and Corbet, 1992) in which the gen-
era Lamium, Buddleija, Cirsium, Symphytium, Centaurea, and Stachys were frequently
visited.

Nevertheless, Fabacea flowers may be more energetically favourable forage for longer-
tongued pollinators such as bumblebees because their nectaries can only be accessed by
a small subset of pollinating species and so might be depleted less frequently. This is
not reflected in my analysis and so I may have underestimated the value of less acces-
sible plant species, including members of the Fabaceae. However, there are alternative
flowering species that are not only frequently found in optimal portfolios but also of-
fer some exclusivity to longer-tongued pollinators, such as members of the Lamiaceae
family. These species could provide good alternative to Fabaceae flowers such as bird’s
foot trefoil (Lotus corniculatus), and vetch ( Vicia spp.) for supporting larger pollinating
insects. In addition, current evidence suggests that members of the Lamiaceae provide
higher quantities of amino acids per flowers than members of the Fabaceae and are par-
ticularly good providers of the amino acids phenylalanine and lysine (Petanidou et al.,
2006).

Early-season pollinators, including Andrena nitida, A. cineraria and A. haemorrhoa,
are less exposed to nectar volatility in apple orchards as a large portion of their lifecycle
occurs within the flowering period of the apple crop. However, the lower mobility of
these species may make them more dependent on local scale resources (Cresswell et al.,
2000; Biesmeijer, 2006; Albrecht et al., 2007; Jonsson et al., 2015). Floral portfolios
optimised for these species included a greater proportion of spring flowering hedgerow
plants such as Prunus spp., as well as a range of Apiaceae. This is in line with previous
research showing the preference of bees for arable weeds and hedgerow flowers over sown
flowers (Wood et al., 2015; de Vere et al., 2017) and highlights the importance of often

overlooked resources in agricultural habitats.
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4) Including at least twenty flowering species maintains nectar diversity

Maximising nectar production whilst minimising nectar volatility reduces the nectar
diversity of floral portfolios. This has three implications: firstly, there will be less redun-
dancy such that nectar provision will be more vulnerable to environmental disruption.
Having redundancy is particularly important when floral resources are being provided
by a wide taxonomic range of flowering species, the phenologies of which could respond
differently to environmental stressors. Secondly, pollinators will be provided with a less
varied diet, which may compromise their health (Alaux et al., 2010; Goulson and Hughes,
2015). Thirdly, lower nectar diversity is likely to support less pollinator functional diver-
sity (Williams et al., 2015), which may reduce the quality of pollination services (Hoehn
et al., 2008; Klein, 2009; Winfree and Kremen, 2009). We found that floral portfolios con-
sisting of twenty of the most optimal flowering species offered the best trade-off between
maximising the stability and abundance of nectar whilst maintaining nectar diversity.
Given that even low-diversity orchard sites contained at least 20 plants species, this
should be a practical target. However, it may be more readily achieved by encouraging
farmers to reduce removal of weeds (e.g. thistles, ragwort), or allowing low-lying plants

(e.g. dandelion, clover) to grow in the grass strips between rows of apple trees.

4.4.3 Future directions
Other pollinator groups

I chose to focus on wild bees as they are key pollinators of a wide range of crops (Klein
et al., 2007; Roulston and Goodell, 2011) including apple (Garratt et al., 2016) and are
centrally-placed foragers, making them vulnerable to local-scale nectar shortages. This
does not detract from the conservation or service-provision value of other pollinating
insect species such as flies and butterflies; however, we have a much poorer understanding
of the feeding requirements of these groups and their propensity to use resources across
a landscape (Dicks et al., 2015). From a conservationist’s perspective, it is important
that we establish the feeding requirements and habits of non-Hymenopteran pollinating
insects so that floral portfolios can be designed to promote a wider range of pollinating

species.

Other resource needs for pollinators

Nectar provides energy to fuel metabolic processes but most pollinators also require

pollen as a source of protein (Miiller et al., 2006; Dicks et al., 2015). In a previous study
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of food provision by floral mixes, Hicks et al. (2016) found that relatively few species
were both good nectar and pollen providers. In the same study, common knapweed
and ox-eye daisy produced an order of magnitude more pollen per floral unit per day
than white clover or oregano, yet all of these species featured heavily in floral portfolios
optimised for nectar provision. A lack of available data on pollen production prevented
consideration of this important floral reward; however, it is a factor that could and should
be incorporated into this type of analysis as more data on the quantity and quality of
pollen becomes available.

For pollinator species to establish in an agricultural habitat, they must not only be
provided with adequate nutrition, but also adequate nesting resources. For example,
Grundel et al. (2010) found that bee species richness was related to both plant rich-
ness and abundance of potential nesting resources. Nesting requirements vary between
pollinator species (Falk and Lewington, 2015) such that, in order to support a diverse
pollinator community, agricultural habitats must provide a range of appropriate nesting
habitats. For example, Potts et al. (2005) found that whilst the availability of bare
ground and potential nesting cavities were the two primary factors influencing the struc-
ture of the bee community, several other nesting resources (steep and sloping ground,
plant species providing pithy stems, and pre-existing burrows) also had an influence.
These studies highlight the importance of combining the provision of diverse floral and

nesting resources to support pollinators in agricultural habitats.

Other ecosystem services

Adding floral resources has the potential to influence other ecosystem service providers.
For example, plants provide nectar to parasitoid wasps which may promote natural pest
control. Conversely, plants can provide refuge and food sources for pests which may
increase the ecosystem disservice of herbivory. With the emergence of the novel, highly-
damaging pest Drosophila suzukii (Walsh et al., 2011; Calabria et al., 2012), this is
particularly important where apples are grown alongside stone fruit crops; D. suzukii is
a highly generalist pest that oviposits in a range of berry-producing plants, including
honeysuckle (Lonicera spp.), Prunus spp. and ivy (Hedera heliz). Given the recent and
potentially continued loss of a range of valuable plant protection products for managing
pests (The Andersons Centre, 2014), future work should focus on the trade-off between

ecosystem services and disservices.
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4.5 Conclusions

Adding floral resources to agricultural habitats has the potential to be mutually beneficial
for pollinators and land managers but it is important that the needs of pollinators are
met throughout the season. We have shown that flowering mixes can be optimised
to support the nutritional demands of pollinators in specific crops by increasing the
quantity, stability and diversity of nectar throughout the season. Plant species that are
prolific nectar producers and/or fill key phenological gaps should be core plants when
restoring food for pollinators in apple orchards but additional plants should be used to
promote specific pollinator groups, attract a wider range of pollinator guilds and/or to
maximise the redundancy of the system, as well as providing other resources such as
pollen and nesting sites. However, these decisions cannot be made without considering
entire portfolios of flowers, rather than individual plant species. Doing so is crucial if we
want to provide pollinators with nectar throughout the season, a pre-requisite for stable,

population-level change.
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Chapter 5

Discussion

Restoring healthy pollinator communities to agricultural habitats could benefit both
wildlife and food production. Increasing the availability of floral resources through tar-
geted management can be an effective way to restore pollinator communities (Albrecht
et al., 2012; Blaauw and Isaacs, 2014; Carvalheiro et al., 2012; Carvell et al., 2007;
Williams et al., 2012); however, such interventions currently provide inconsistent results
(Williams et al., 2015; Wood et al., 2015, 2017). This could be because we rarely consider
how floral resources are partitioned through the season. I argue that habitats are more
able to support pollinator communities if they provide continuous resources at a local
scale, but such continuity is often lacking in landscapes dominated by mass-flowering
crops (Benedek, 1997; Bernardino and Gaglianone, 2008; Menz et al., 2011).

The objective of this thesis was to develop new tools to identify and address periods
of vulnerability through the season for pollinators, with a view to informing restora-
tion efforts in agricultural habitats. In this chapter, I draw together my key findings
to highlight the exposure of pollinators to food instability in the mass-flowering crop,
apple, before evaluating existing restoration efforts in this crop. I finish by outlining
key limitations of my research and worthwhile future avenues in the field of restoration

ecology.

5.1 Vulnerability of pollinators

Pollinators require resources throughout their entire lifecycle (Falk and Lewington, 2015),
but this is rarely considered in restoration ecology. To redress this imbalance, I explored
the provision and utilisation of floral resources through the season in an early-flowering

crop, apple, and revealed that pollinators can experience a volatile food supply in this
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system. The availability of nectar following crop-flowering varied significantly between
orchards (Chapter 3) which was reflected in the extent to which pollinators interacted
with flowers through the season (Chapter 2). This was such that focal pollinators were
feeding from flowers for almost twice as long through the season, on average, in straw-
berry farms, where the crop flowers continuously through the season, than in apple or-
chards. These results highlight an opportunity to support pollinators in apple orchards

by improving floral resource availability.

5.2 Restoration of pollinators

There is a large body of evidence demonstrating that floral restoration can be an effective
way to support pollinator communities (Albrecht et al., 2007; Carvell et al., 2007) and in-
crease crop pollination (Carvalheiro et al., 2012; Blaauw and Isaacs, 2014; Feltham et al.,
2015; Pywell et al., 2015; Orford et al., 2016; Héussler et al., 2017). I found consistent
evidence that the addition of floral resources can support pollinators in apple orchards.
Key apple pollinators were feeding from flowers for almost 20% more of their potential
phenophase, on average, in apple orchards with improved floral resources than those
without (Chapter 2). Furthermore, by analysing the structure of the flower-pollinator
network through the season, I found that pollinators were more likely to fulfil a function-
ally important network role in improved apple orchards (Chapter 3). By combining field
and modelling techniques, I was also able to demonstrate that increased pollinator per-
sistence in improved apple orchards was likely due to local-scale increases in pollinator
persistence, rather than pollinators aggregating from the surrounding habitat (Chapter
3). These data suggest that improving floral resources in apple orchards could support
local and landscape scale conservation objectives, whilst increasing the persistence of

crop pollinators in agricultural habitats.

5.3 Refining restoration efforts

Both field and modelling results suggested that floral improvements can vary significantly
in the extent to which they provide an abundant and stable food supply for pollinators.
Pollinator persistence was three times as high in the best versus worst floristically im-
proved apple orchards (Chapter 2) and nectar provision after crop-flowering varied by
an order of magnitude between improved orchards (Chapter 3). These data suggest pol-
linators could still be left vulnerable to food shortage even following efforts to increase

food provision.
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In an attempt to address this variability, I developed a new tool to evaluate floral
enhancements based on their ability to provide continuous, diverse and abundant floral
resources (Chapter 4). Using this, I demonstrated that habitat patches managed in
line with existing agri-environment options were poor nectar-providers, both in terms of
nectar quantity and stability. Floral portfolios optimised in silico provided 57% more
nectar across the season whilst exposing pollinators to only 46% of the volatility when
compared to the best agri-environmental habitat patches. In line with existing research,
agricultural weeds (Bretagnolle and Gaba, 2015; Carvalheiro et al., 2011; Requier et al.,
2015; Pocock et al., 2012; Morandin et al., 2011) were identified as valuable resources
for pollinators. This is heartening, as encouraging the growth of weeds may be more
feasible and cost-effective for growers than sowing areas of wild flowers; however, there is
a need to raise the perceived value of pollinators in the farming community to overcome

the negative perceptions of weediness.

5.4 Limitations

There are three key limitations of this thesis: the focus on a single crop, the lack of
model testing, and the lack of direct measures of crop value. Many of my conclusions

could be given more breadth, certainty and value were these limitations addressed.

5.4.1 Breadth: considering a wider range of mass-flowering crops

In this thesis, I have focused on a single species of early-flowering crop: apple. This was
due to the time-intensive nature of the field work conducted. However, there is reason
to believe that different mass-flowering crops affect pollinator populations in different
ways (Kallioniemi et al., 2017). Therefore, we need to study a wider range of crop types
to determine the best way to support pollinators in different contexts.

Crop flowering phenology, for example, could strongly affect the appropriateness
of different floral management options for supporting pollinators. Pollinators in ar-
eas of early flowering crops could benefit from floral mixes currently promoted under
agri-environment schemes, which typically provide high quantities of floral resources in
summer. However, these mixes can be poor at providing resources in spring (Havens
and Vitt, 2016; Carvell et al., 2007) such that pollinators in areas of late flowering crop
might receive greater benefit from the addition of shrubs or perennial species, such as
Saliz sp. or Prunus sp., which flower earlier in the year. There is a need to evaluate

the vulnerability of pollinators across a much wider range of crop phenologies and to
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consider how pollinators are best supported in each scenario.

In addition to this, the practical and economic feasibility of different management
strategies will vary between crop types. For example, fruit trees are grown within areas
of permanent grassland understorey which can be florally diverse throughout the season
(Garcia and Minarro, 2014). Conversely, in annual crops these areas are unavailable,
so hedgerow improvement and set-aside land may provide more practical alternatives.
Establishing feasible and effective management strategies for different crop types should
be prioritised but requires collaboration between researchers and land managers so that

sufficiently broad crop types can be evaluated.

5.4.2 Validation: testing model conclusions

Modelling is an extremely valuable tool in ecology as it gives access to questions that
are too time-consuming or expensive to address using field approaches. However, model-
based conclusions gain further value when they can be validated in field trials.

In Chapter 4, I highlighted floral combinations that offer the highest quantity and
stability of nectar resources for pollinators. These mixes could provide effective alterna-
tives to existing agri-environment seed mixes. However, there is a need to trial different
floral-mixes over multiple years to evaluate whether ‘optimised’ floral mixes do indeed
offer higher nectar quantity and stability and whether this results in increased pollina-
tor abundance and diversity. There is also the need to develop effective management
strategies to establish and maintain chosen floral communities, which is not trivial given
the different growth habits and lifecycles of plants.

In Chapter 2, I developed a novel approach to increase the temporal resolution of
ecological networks. This could be a valuable tool when considering pollinator restora-
tion in habitats with inconsistent floral resource provision (e.g. mass-flowering crops).
However, there is a need to evaluate the accuracy of reconstructed networks. This could
be achieved by rarefying highly-resolved networks to reduce their temporal resolution,
before applying the reconstruction approach of Chapter 2 to these rarefied networks.
This would allow reconstructed networks to be compared to observed networks to check

for similarities in structure and composition.

5.4.3 Relevant currency: assessing the economic benefits of restoration

The broad economic value of pollinators is now widely recognised (Klein et al., 2007;
Lautenbach et al., 2012), but there are few studies considering the financial costs and

benefits of specific management options for pollinators. In this project, I speculate
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that floral enhancement could increase apple pollination by increasing the abundance
of overwintering apple pollinators. However, to evaluate whether floral enhancement
is an effective and economical way to increase crop pollination, it would be necessary
to determine changes in crop value following floral enhancement and the cost of differ-
ent floral enhancement options. For example, Blaauw and Isaacs (2015) studied floral
enhancements in highbush blueberry fields and showed that the resultant increase in
pollination services would counteract the cost of the intervention within 3-5 years. Such
studies are inherently challenging and expensive as they demand broad data sets and
skill sets, which are best achieved in larger, interdisciplinary teams. However, they can
provide a relevant currency with which to engage policymakers and land managers and

can allow agri-environment initiatives to direct money in a more cost-efficient manner.

5.5 Future directions

“The search for truth is in one way hard and in
another way easy, for it is evident that no one can
master it fully or miss it wholly. But each adds
a little to our knowledge of nature, and from all

the facts assembled there arises a certain grandeur.”

— Aristotle

The work in this thesis contributes to the rapidly developing fields of restoration
and network ecology. In this section, I highlight what I believe are key areas of missing
knowledge in these fields. I then go on to discuss the importance of developing breadth
in ecological research and the tools that can be used to do this. I finish by discussing
the importance of engaging relevant stakeholders in what is, ultimately, a highly applied

field of science.

5.5.1 Knowledge: relating network properties to ecosystem function

There is a general understanding that network properties can relate to network function-
ing (Olesen et al., 2007; Bascompte, 2010; Thebault and Fontaine, 2010). However, if
this concept is to be a useful tool in restoration ecology, it is crucial that we gain a better

understanding of this relationship, as well as how network structure can be manipulated
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effectively.

In particular, it would be beneficial to know how different network structures, in-
cluding the temporal role distribution of species (Chapter 2), affect network growth and
stability through the season, and how this influences the provision and stability of pol-
lination services. For example, I have speculated that party hub plant species increase
the propensity of a network to grow throughout the season, which could promote bio-
diversity. However, it is impossible to say for certain which features of a network are
desirable without first studying the relationship between different elements of network
structure and function either in silico or across a larger number of orchards.

Following on from this, it would be beneficial to understand how specific network
properties can be achieved in practise. Understanding the determinants of species net-
work roles could facilitate this. However, it is currently unclear whether network role
is more dependent on species’ traits, species’ abundance or on the ecological context in
which a species is placed. This information could inform the identity and quantity of
plant species that should be encouraged in an area to encourage a particular distribu-
tion of plant roles. Crucially, this could allow ecologists to develop simple, generalisable

guidance to help growers manipulate their plant communities effectively.

5.5.2 Breadth: combining network types

Ecologists have traditionally compartmentalised complex processes into more manage-
able parts. However, there is growing evidence that we cannot fully understand ecologi-
cal processes that are broken up in this way; that is, the study compartments are never
truly independent. Accordingly, ecological networks are increasingly being combined to
include multiple interaction types (Pocock et al., 2012).

This is particularly appropriate in agricultural habitats as manipulating floral com-
munities is likely to influence a wide range of insect species and this will affect the
provision of both ecosystem services and disservices (Zhang et al., 2007). A frequent
concern of growers is that floral resources may harbour pests (personal communication).
However, by using knowledge of plant-pollinator and plant-herbivore interactions, it may
be possible to develop bespoke management regimes that provide continuous floral re-
sources for pollinators whilst minimising the opportunity for plant-pest interactions. A
greater understanding of the temporal structure of plant-herbivore and plant-pollinator
networks could offer insight into management schedules that modify resource availability
for pollinators, pests and pest-controllers through the season, for example by selective

mowing.
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Given the potential importance of the pest-pollinator trade-off, I collected plant-
pollinator, plant-insect herbivore and insect herbivore-parasitoid networks in 20 apple
orchards across the South West of England. Whilst I invested considerable effort in this
process, I was unable to use the plant-herbivore and herbivore-parasitoid networks due
to challenges with rearing herbivores in an unfamiliar laboratory environment and a lack
of time for taxonomic identification of parasitoid species. Ultimately, the task proved
infeasible for only a single person to complete. Despite this, I believe there is huge
potential in the study of multi-guild ecological networks, which may give insight into
the dynamics and robustness of a system (Pocock et al., 2012; Thebault and Fontaine,

2010), whilst also providing a relevant tool for asking practical questions.

5.5.3 Tools: adopting molecular techniques

Collecting ecological networks is an intensive process which is inherently expensive.
Molecular techniques, which are becoming cheaper, more accurate and more widely avail-
able, could revolutionise the study of ecological networks by providing a faster and more
reliable way to identify interactions. This could offer the opportunity for researchers to
establish increasingly complex multi-guild networks and/or integrate population ecology
into network studies.

In the past decade, molecular techniques have been increasingly applied in studies of
predator-prey interactions, where prey DNA detected within the gut of predators can be
used to infer interactions (Sheppard and Harwood, 2005), and seed-dispersal networks,
where micro-satellite markers can be used to identify the source of seeds carried by
different seed-dispersers (Jordano et al., 2007). More recently, molecular techniques
have been used to genetically identify species of pollen collected by honey bees (de Vere
et al., 2017).

Such studies can teach us how pollinators are using the landscape, as they are not
limited to interactions observed within a specific boundary. Furthermore, analysing the
pollen carried by individual pollinators could provide a useful tool for monitoring the
movement and foraging behaviour of different species, which may have implications for
crop pollination, pollinator conservation, and gene transfer within the plant community.
Finally, molecular tools may capture a larger proportion of a species’ interactions than
field sampling, especially where the species is rare or interacts with rare species, and so
could provide a valuable tool in the field of conservation ecology, where rarer species are
often of greatest interest.

Molecular techniques can also be used to measure the impact of restoration efforts on

101



the size and dynamics of pollinator populations. For example, Goulson et al. (2010) used
molecular markers to track the survival of bumblebee colonies through a season. Using
a similar approach, Herrmann et al. (2007) demonstrated that increased abundance of
bumblebees in areas of mass-flowering crop was due to an increase in colony size, rather
than an increase in the number of nests. More recently, Carvell et al. (2017) used micro-
satellite markers to track over 1,600 families of bumblebees across a farmed landscape,
and found that colonies produced more daughter queens that survived to the following
year when they were located within 250-1,000 metres of habitats with high-quality floral
resources. It would be exciting to use this approach in an orchard system to track
the survival of pollinator species within a manipulative study in which floral resources
were removed at specific points in the season. This could help to identify key period of

vulnerability for pollinators.

5.5.4 Tools: citizen science and the technological era

Citizen science is the involvement of volunteers in the collection and/or analysis of data
(Pocock et al., 2015; Silvertown, 2009). Aided by modern developments in communica-
tion technology, citizen science “offers a means of doing substantial, thoughtful public
outreach and of tackling otherwise intractable, laborious or costly research problems”
(Gura, 2013). More specifically, it can allow for cost-efficient data collection at large
spatio-temporal scales, whilst also giving the public and/or growers insight into key con-
servation issues and the scientific method (Dickinson et al., 2010; Hochachka et al., 2012;
Miller-Rushing et al., 2012).

Citizen science can be a valuable approach for monitoring species or ecosystems (e.g.
the UKs Breeding Bird Survey, Harris et al. (2016)) but can also be used to quantify
ecosystem service provision. For example, Birkin and Goulson (2015) monitored pollina-
tion services in gardens and allotments by asking participants to grow Vicia faba plants
and manipulate the pollination environment. In addition, there have been recent efforts
to use citizen science approaches to construct ecological networks at large spatial scales
(Deguines et al., 2012, 2016; Smith and Roy, 2008; Silvertown et al., 2015). For exam-
ple, Deguines et al. (2016) used a nation-wide dataset to demonstrate that urbanisation
results in functional homogenisation of flower-visitor communities.

Citizen science is not without limitations; there is a need to develop resources, skills
and experience within academic organisations so projects can be delivered effectively.
Furthermore, statistical techniques need to be developed to address some of the inherent

bias within citizen science data. However, if these limitations can be addressed, citizen
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science could have huge potential to expand the scale of ecological network studies whilst

engaging stakeholders in key environmental and ecological issues.

5.5.5 Sharing: knowledge exchange

A key but frequently overlooked element of applied ecological research is sharing findings
with relevant practitioners. Given that pollinators are supported by floral resources in
gardens, allotments, parks and nature reserves (Baldock et al., 2015) as well as both
arable and pastoral farms (Klein et al., 2007; Andersson et al., 2012; Holzschuh et al.,
2013), practitioners of restoration ecology include not only growers of pollinator de-
pendent crops but also pastoral farmers, councils, conservation groups and the general
public. Knowledge exchange needs to be at the forefront of restoration ecology, and sci-
ence more generally. There are many ways this can be encouraged by funding bodies and
research establishments including offering training at an undergraduate and postgradu-
ate level, forming partnerships with relevant organisations and non-academic institutions
and providing funding to put theory into practise. The benefits can be mutual to both
parties in the knowledge exchange process: applied research will remain relevant to the
needs of practitioners and practitioners will have the best information with which to put

theory into action.

5.6 Final remarks

No individual study can master the complexity of natural systems completely. In this
thesis, I have contributed new tools and new insight into how apple orchard ecosystems
change through a season, which I believe is a valuable contribution to our understanding
of ecological restoration in agricultural habitats. However, this is only a small part of an
exciting whole. In a stimulating era of interdisciplinary work between ecologists, molec-
ular biologist, mathematicians and practitioners, now is the time to begin assembling

our knowledge to expose the true grandeur of ecological systems.
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Appendix A

Orchard Field Site Details
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Site Latitude Longitude
B.Ra 51.964188 -2.4239016
B.Mo 51.959944 -2.4268413
B.Ba 51.955369 -2.4223566
B.St 51.956413 -2.4303603
D.A 51.804138 -2.2306752
D.M 51.810692 -2.2263622
D.T 51.810559 -2.2349238
D.K 51.816383 -2.2212982
T.N 51.344320 -2.8385282
T.E 51.337014 -2.8240013
T.S 51.340500 -2.8323054
T.W 51.335044 -2.8392792

Table A.1: Site locations for each site, surveyed in 2016, for blocks B, D and T.
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Appendix B

Network reconstruction approach
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Appendix C

Role-role connectivity profiles
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Appendix D

Threshold selection as portfolio

optimisation volatility criteria

A threshold value of 0.065 times the maximum daily nectar production of apple as this

resulted in the most normal distribution of the shortfall nectar volatility measure.
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Threshold = 0.18 Threshold = 0.16 Threshold = 0.14 Threshold = 0.12 Threshold = Q.1

Threshold = 0.09 Threshold = 0.08 Threshold = 0.07 Threshold = 0.06 Threshold = 0.05

Threshold = 0.04 Threshold = 0.03 Threshold = 0.02 Threshold = 0.01 Threshold = 0.001

Figure D.1: The distribution of the ’shortfall’ nectar volatility measure, given different
threshold values, where, for each individual graph, the x-axis represents ‘shortfall’ and
the y-axis represents mean daily nectar production.
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Appendix E

Optimality bands for portfolio

optimisations
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Appendix F

Interactions of focal pollinator

species

Andrena cineraria

Heracleum sphondylium Malus domestica, Oenanthe crocata, Ranunculus repens, Saliz
cinerea, Symphoricarpos albus, Tarazacum agg.

Andrena dorsata

Malus domestica, Rubus fruticosus agg., Taraxacum agg.

Andrena haemorrhoa

Heracleum sphondylium, Malus domestica, Ranunculus ficaria, Rubus fruticosus agg.,
Pyrus communis, Salix alba, Saliz cinerea, Tarazacum agg., Trifolium pratense
Andrena nitida

Heracleum sphondylium, Malus domestica, Oenanthe crocata, Prunella vulgaris, Prunus
spinosa, Ranunculus ficaria, Ranunculus repens, Rubus fruticosus agg., Tarazacum agg.
Bombus hortorum

Calystegia sepium, Cirsium vulgare, Galeopsis tetrahit agg., Glechoma hederacea, Lamium
album, Leucanthemum vulgare, Malus domestica, Ranunculus repens, Rosa canina agg.,

Rubus fruticosus agg., Taraxacum agg., Trifolium pratense
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Bombus lapidarius

Cirsium arvense, Cirsium vulgare, Glechoma hederacea, Lamium album, Malus domes-
tica, Ranunculus repens, Rubus fruticosus agg., Salix cinerea, Symphoricarpos albus,

Taraxzacum agg., Trifolium pratense, Trifolium repens

Bombus pascuorum

Calystegia sepium, Centaurea nigra, Cirsium arvense, Cirsium palustre, Cirsium vul-
garis, Epilobium hirsutum, Geranium robertianum, Glechoma hederacea, Lamium album,
Lamium purpureum, Lotus corniculatus, Malus domestica, Oenanthe crocata, Ranuncu-
lus repens, Rubus fruticosus agg., Taraxacum agg., Trifolium pratense, Trifolium repens,

Vicia hirsuta, Vicia sativa, Vicia sepium

Bombus terrestris

Angelica sylvestris, Calystegia sepium, Cirsium arvense, Clirsium vulgare, Convolvulus
arvensis, Digitalis purpurea, Galeopsis tetrahit agg., Glechoma hederacea, Heracleum
sphondylium, Lamium album, Lamium purpureum, Malus domestica, Ranunculus repens,

Rubus fruticosus agg., Saliz cinerea, Tarazacum agg., Trifolium repens
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Appendix G

Link to R Code

All code used in the production of this thesis can be found at:

https://github.com/seardin/sam.ardin.supporting.code



Bibliography

Aguilar, R., L. Ashworth, L. Galetto, and M. A. Aizen
2006. Plant reproductive susceptibility to habitat fragmentation: Review and synthesis
through a meta-analysis. Ecology Letters, 9(8):968-980.

Aizen, M. A., L. A. Garibaldi, S. A. Cunningham, and A. M. Klein
2009. How much does agriculture depend on pollinators? Lessons from long-term
trends in crop production. Annals of Botany, 103(9):1579-1588.

Alaux, C., F. Ducloz, D. Crauser, and Y. Le Conte
2010. Diet effects on honeybee immunocompetence. Biology Letters, 6(4):562-565.

Albrecht, M., P. Duelli, C. Miiller, D. Kleijn, and B. Schmid
2007. The Swiss agri-environment scheme enhances pollinator diversity and plant
reproductive success in nearby intensively managed farmland. Journal of Applied
Ecology, 44(4):813-822.

Albrecht, M., B. Schmid, Y. Hautier, and C. B. Muller
2012. Diverse pollinator communities enhance plant reproductive success. Proceedings
of the Royal Society B: Biological Sciences, 279(1748):4845-4852.

Allen-Wardell, G., P. Bernhardt, R. Bitner, A. Burquez, S. Buchmann, J. Cane, P. A.
Cox, V. Dalton, P. Feinsinger, M. Ingram, D. Inouye, C. E. Jones, K. Kennedy, P. Ke-
van, H. Koopowitz, R. Medellin, S. Medellin-Morales, and G. P. Nabhan
1998. The potential consequences of pollinator declines on the conservation of biodi-

versity and stability of food crop yields. Conservation Biology, 12(1):8-17.

Andersson, G. K. S., M. Rundlof, and H. G. Smith
2012. Organic farming improves pollination success in strawberries. PLoS ONE,
7(2):e31599.



Andrada, A., A. Valle, P. Paoloni, and L. Gallez
2004. Pollen and nectar sources used by honeybee colonies pollinating sunflower (He-
lianthus annuus) in the Colorado River Valley, Argentina. Bol. Soc. Arg. Bot, 39(1-
2):75-82.

Baldock, K. C. R., M. A. Goddard, D. M. Hicks, E. Kunin, N. Mitschunas, L. M.
Osgathorpe, S. G. Potts, K. M. Robertson, A. V. Scott, G. N. Stone, I. P. Vaughan,
and J. Memmott
2015. Where is the UK’s pollinator biodiversity ? The importance of urban areas
for flower-visiting insects. Proceedings of the Royal Society B: Biological Sciences,
282(1803):20142849.

Balzan, M. V., G. Bocci, and A. C. Moonen
2016. Utilisation of plant functional diversity in wildflower strips for the deliv-

ery of multiple agroecosystem services. FEntomologia Experimentalis et Applicata,
158(3):304-319.

Barabasi, A.-L. and R. Albert
1999. Emergence of scaling in random networks. Science, 286(5439):509-512.

Barbir, J., F. R. Badenes-Pérez, C. Fernandez-Quintanilla, and J. Dorado
2015. Can floral field margins improve pollination and seed production in coriander
Coriandrum sativum L. (Apiaceae)? Agricultural and Forest Entomology, 17(3):302—
308.

Bartomeus, I., J. S. Ascher, J. Gibbs, B. N. Danforth, D. L. Wagner, S. M. Hedtke, and
R. Winfree
2013a. Historical changes in northeastern US bee pollinators related to shared ecolog-
ical traits. Proceedings of the National Academy of Sciences, 110(12):4656-4660.

Bartomeus, 1., M. G. Park, J. Gibbs, B. N. Danforth, A. N. Lakso, and R. Winfree
2013b. Biodiversity ensures plant-pollinator phenological synchrony against climate
change. Ecology Letters, 16(11):1331-1338.

Bascompte, J.
2010. Structure and Dynamics of Ecological Networks. Science, 329(5993):765-766.

Bastolla, U., M. A. Fortuna, A. Pascual-Garcia, A. Ferrera, B. Luque, and J. Bascompte
2009. The architecture of mutualistic networks minimizes competition and increases
biodiversity. Nature, 458(7241):1018-1020.



Bates, D., M. Machler, B. Bolker, and S. Walker
2014. Fitting linear mixed-effects models using lme4. Journal of Statistical Software,
67(1):1-48.

Baude, M., W. E. Kunin, N. D. Boatman, S. Conyers, N. Davies, M. A. K. Gillespie,
R. D. Morton, S. M. Smart, and J. Memmott
2016. Historical nectar assessment reveals the fall and rise of floral resources in Britain.
Nature, 530(7588):85-88.

Bauer, D. M. and I. Sue Wing
2016. The macroeconomic cost of catastrophic pollinator declines. FEcological Eco-
nomics, 126:1-13.

Benedek, P.
1997. Structure and density of Lucerne pollinating wild bee populations as affected

by changing agriculture. Acta Horticulturae, 437:353-357.

Bernardino, A. S. and M. C. Gaglianone
2008. Nest distribution and nesting habits of Xylocopa ordinaria Smith (Hymenoptera,
Apidae) in a restinga area in the northern Rio de Janeiro State, Brazil. Revista
Brasileira de Entomologia, 52:434-440.

Biesmeijer, J. C.
2006. Parallel declines in pollinators and insect-pollinated plants in Britain and the
Netherlands. Science, 313(5785):351-354.

Birkin, L. and D. Goulson
2015. Using citizen science to monitor pollination services. FEcological Entomology,
40(S1):3-11.

Blaauw, B. R. and R. Isaacs
2012. Larger wildflower plantings increase natural enemy density, diversity, and bio-
logical control of sentinel prey, without increasing herbivore density. Ecological Ento-
mology, 37(5):386—-394.

Blaauw, B. R. and R. Isaacs
2014. Flower plantings increase wild bee abundance and the pollination services pro-

vided to a pollination-dependent crop. Journal of Applied Ecology, 51(4):890-898.



Blaauw, B. R. and R. Isaacs
2015. Wildflower plantings enhance the abundance of natural enemies and their ser-

vices in adjacent blueberry fields. Biological Control, 91:94-103.

Blitzer, E. J., C. F. Dormann, A. Holzschuh, A. M. Klein, T. A. Rand, and T. Tscharntke
2012. Spillover of functionally important organisms between managed and natural

habitats. Agriculture, Ecosystems and Environment, 146(1):34-43.

Bommarco, R., O. Lundin, H. G. Smith, and M. Rundlof
2012a. Drastic historic shifts in bumble-bee community composition in Sweden. Pro-
ceedings of the Royal Society B: Biological Sciences, 279(1727):309-315.

Bommarco, R., L. Marini, and B. E. Vaissiere
2012b. Insect pollination enhances seed yield, quality, and market value in oilseed
rape. Oecologia, 169(4):1025-1032.

Bosch, J. and N. Vicens
2000. Pollinating efficacy of Osmia cornuta and Apis mellifera (Hymenoptera:
Megachilidae, Apidae) on ‘Red Delicious’ apple.  Environmental Entomology,
29(2):235-240.

Breeze, T. D., A. P. Bailey, K. G. Balcombe, and S. G. Potts
2011. Pollination services in the UK: How important are honeybees? Agriculture,
Ecosystems and Environment, 142(3-4):137-143.

Breeze, T. D., B. E. Vaissiere, R. Bommarco, T. Petanidou, N. Seraphides, L. Kozdk,
J. Scheper, J. C. Biesmeijer, D. Kleijn, S. Gyldenkserne, M. Moretti, A. Holzschuh,
I. Steffan-Dewenter, J. C. Stout, M. Partel, M. Zobel, and S. G. Potts
2014. Agricultural policies exacerbate honeybee pollination service supply-demand
mismatches across Europe. PLoS ONE, 9(1):e82996.

Bretagnolle, V. and S. Gaba
2015. Weeds for bees? A review. Agronomy for Sustainable Development, 35(3):891—
909.

Brittain, C., N. Williams, C. Kremen, and A.-M. Klein
2013. Synergistic effects of non-Apis bees and honey bees for pollination services.
Proceedings of the Royal Society B: Biological Sciences, 280(1754):20122767-20122767.



Burkle, L. A., J. C. Marlin, and T. M. Knight
2013. Plant-pollinator interactions over 120 Years: loss of species, co-occurrence, and
function. Science, 339(6127):1611-1615.

Calabria, G., J. Maca, G. Bachli, L. Serra, and M. Pascual
2012. First records of the potential pest species Drosophila suzukii (Diptera:
Drosophilidae) in Europe. Journal of Applied Entomology, 136(1-2):139-147.

Cameron, S. A., J. D. Lozier, J. P. Strange, J. B. Koch, N. Cordes, L. F. Solter, and
T. L. Griswold
2011. Patterns of widespread decline in North American bumble bees. Proceedings of
the National Academy of Sciences, 108(2):662-667.

Campbell, A. J., A. Wilby, P. Sutton, and F. L. Wackers
2017. Do sown flower strips boost wild pollinator abundance and pollination services
in a spring-flowering crop? A case study from UK cider apple orchards. Agriculture,

Ecosystems and Environment, 239:20-29.

Carvalheiro, L. G., W. E. Kunin, P. Keil, J. Aguirre-Gutiérrez, W. N. Ellis, R. Fox,
Q. Groom, S. Hennekens, W. Van Landuyt, D. Maes, F. Van de Meutter, D. Michez,
P. Rasmont, B. Ode, S. G. Potts, M. Reemer, S. P. M. Roberts, J. Schaminée, M. F.
Wallisdevries, and J. C. Biesmeijer
2013. Species richness declines and biotic homogenisation have slowed down for NW-

European pollinators and plants. Ecology Letters, 16(7):870-878.

Carvalheiro, L. G., C. L. Seymour, S. W. Nicolson, and R. Veldtman
2012. Creating patches of native flowers facilitates crop pollination in large agricultural
fields: Mango as a case study. Journal of Applied Ecology, 49(6):1373-1383.

Carvalheiro, L. G., C. L. Seymour, R. Veldtman, and S. W. Nicolson
2010. Pollination services decline with distance from natural habitat even in
biodiversity-rich areas. Journal of Applied Ecology, 47(4):810-820.

Carvalheiro, L. G., R. Veldtman, A. G. Shenkute, G. B. Tesfay, C. W. W. Pirk, J. S.
Donaldson, and S. W. Nicolson
2011. Natural and within-farmland biodiversity enhances crop productivity. FEcology
Letters, 14(3):251-2509.

Carvell, C., A. F. G. Bourke, S. Dreier, S. N. Freeman, S. Hulmes, W. C. Jordan, J. W.



Redhead, S. Sumner, J. Wang, and M. S. Heard
2017. Bumblebee family lineage survival is enhanced in high-quality landscapes. Na-
ture, 543(7646):547-549.

Carvell, C.; A. F. G. Bourke, J. L. Osborne, and M. S. Heard
2015. Effects of an agri-environment scheme on bumblebee reproduction at local and
landscape scales. Basic and Applied Ecology, 16(6):519-530.

Carvell, C.;, W. R. Meek, R. F. Pywell, D. Goulson, and M. Nowakowski
2007. Comparing the efficacy of agri-environment schemes to enhance bumble bee
abundance and diversity on arable field margins. Journal of Applied Ecology, 44(1):29—
40.

Carvell, C., W. R. Meek, R. F. Pywell, and M. Nowakowski
2004. The response of foraging bumblebees to successional change in newly created
arable field margins. Biological Conservation, 118(3):327-339.

Carvell, C., J. L. Osborne, A. F. G. Bourke, S. N. Freeman, R. F. Pywell, and M. S.
Heard
2011. Bumble bee species’ responses to a targeted conservation measure depend on

landscape context and habitat quality. FEcological Applications, 21(5):1760-1771.

Carvell, C., P. Westrich, W. R. Meek, R. F. Pywell, and M. Nowakowski
2006. Assessing the value of annual and perennial forage mixtures for bumblebees by

direct observation and pollen analysis. Apidologie, 37(3):326-340.

Chacoff, N. P., D. P. Vazquez, S. B. Lomaéscolo, E. L. Stevani, J. Dorado, and B. Padrén
2012. Evaluating sampling completeness in a desert plant-pollinator network. Journal
of Animal Ecology, 81(1):190-200.

Cole, L. J., S. Brocklehurst, D. Robertson, W. Harrison, and D. I. McCracken
2015. Riparian buffer strips: Their role in the conservation of insect pollinators in

intensive grassland systems. Agriculture, Ecosystems and Environment, 211:207-220.

Connop, S., T. Hill, J. Steer, and P. Shaw
2010. The role of dietary breadth in national bumblebee (Bombus) declines: Simple
correlation? Biological Conservation, 143(11):2739-2746.

Cranmer, L., D. McCollin, and J. Ollerton
2011. Landscape structure influences pollinator movements and directly affects plant
reproductive success. Oikos, 000:001-007.



Cresswell, J. E., J. L. Osborne, and D. Goulson
2000. An economic model of the limits to foraging range in central place foragers with

numerical solutions for bumblebees. FEcological Entomology, 25(3):249-255.

Crone, E. E.
2013. Responses of social and solitary bees to pulsed floral resources. The American
Naturalist, 182(4):465-473.

Crucitti, P., V. Latora, M. Marchiori, and A. Rapisarda
2004. Error and attack tolerance of complex networks. Physica A: Statistical Mechan-
ics and its Applications, 340(1-3):388-394.

Dainese, M., S. Montecchiari, T. Sitzia, M. Sigura, and L. Marini
2017. High cover of hedgerows in the landscape supports multiple ecosystem services
in Mediterranean cereal fields. Journal of Applied Ecology, 54(2):380-388.

Darvill, B., M. E. Knight, and D. Goulson
2004. Use of genetic markers to quantify bumblebee foraging range and nest density.
Oikos, 107(3):471-478.

De Palma, A., M. Kuhlmann, S. P. M. Roberts, S. G. Potts, L. Borger, L. N. Hudson,
I. Lysenko, T. Newbold, and A. Purvis
2015. Ecological traits affect the sensitivity of bees to land-use pressures in European
agricultural landscapes. Journal of Applied Ecology, 52(6):1567-1577.

de Vere, N., L. E. Jones, T. Gilmore, J. Moscrop, A. Lowe, D. Smith, M. J. Hegarty,
S. Creer, and C. R. Ford
2017. Using DNA metabarcoding to investigate honey bee foraging reveals limited
flower use despite high floral availability. Scientific Reports, 7:42838.

Deguines, N., R. Julliard, M. de Flores, and C. Fontaine
2012. The whereabouts of flower visitors: contrasting land-use preferences revealed

by a country-wide survey based on citizen science. PLoS ONE, 7(9):e45822.

Deguines, N., R. Julliard, M. de Flores, and C. Fontaine
2016. Functional homogenization of flower visitor communities with urbanization.
Ecology and Evolution, 6(7):1967-1976.

Devoto, M., S. Bailey, P. Craze, and J. Memmott
2012. Understanding and planning ecological restoration of plant-pollinator networks.
Ecology Letters, 15(4):319-328.



Di Pasquale, G., C. Alaux, Y. L. Conte, J. F. Odoux, M. Pioz, B. E. Vaissiere, L. P.
Belzunces, and A. Decourtye
2016. Variations in the availability of pollen resources affect honey bee health. PLoS
ONE, 11(9):e0162818.

Dickinson, J. L., B. Zuckerberg, and D. N. Bonter
2010. Citizen science as an ecological research tool: challenges and benefits. Annual
Review of Ecology, Evolution, and Systematics, 41(1):149-172.

Dicks, L. V., M. Baude, S. P. M. Roberts, J. Phillips, M. Green, and C. Carvell
2015. How much flower-rich habitat is enough for wild pollinators? Answering a key

policy question with incomplete knowledge. FEcological Entomology, 40(S1):22-35.

Diekotter, T., T. Kadoya, F. Peter, V. Wolters, and F. Jauker
2010. Oilseed rape crops distort plant-pollinator interactions. Journal of Applied
Ecology, 47(1):209-214.

Eilers, E. J., C. Kremen, S. S. Greenleaf, A. K. Garber, and A. M. Klein
2011. Contribution of pollinator-mediated crops to nutrients in the human food supply.
PLoS ONE, 6(6):e21363.

Ellis, J. D., J. D. Evans, and J. Pettis
2010. Colony losses, managed colony population decline, and Colony Collapse Disorder
in the United States. Journal of Apicultural Research, 49(1):134-136.

Falk, S. and R. Lewington
2015. Field guide to the bees of Great Britain and Ireland, 1st edition. British Wildlife
Publishing.

FAO
2014. FAOSTAT database collections. Food and Agriculture Organization of the
United Nations.

Feltham, H., K. Park, J. Minderman, and D. Goulson
2015. Experimental evidence that wildflower strips increase pollinator visits to crops.
Ecology and Evolution, 5(16):3523-3530.

Ferreira, P. A., D. Boscolo, L. G. Carvalheiro, J. C. Biesmeijer, P. L. Rocha, and B. F.
Viana
2015. Responses of bees to habitat loss in fragmented landscapes of Brazilian Atlantic
Rainforest. Landscape Ecology, 30(10):2067-2078.



Forup, M. L., K. S. E. Henson, P. G. Craze, and J. Memmott
2008. The restoration of ecological interactions: plant-pollinator networks on ancient
and restored heathlands. Journal of Applied Ecology, 45(3):742-752.

Forup, M. L. and J. Memmott
2005. The restoration of plant-pollinator interactions in Hay meadows. Restoration
Ecology, 13(2):265-274.

Fussell, M. and S. A. Corbet
1992. Flower usage by bumblee-bees: a basis for forage management. Journal of
Applied Ecology, 29(2):451-465.

Gagic, V., T. Tscharntke, C. F. Dormann, B. Gruber, A. Wilstermann, and C. Thies
2011. Food web structure and biocontrol in a four-trophic level system across a land-

scape complexity gradient. Proceedings of the Royal Society B: Biological sciences,
278(1720):2946-53.

Gallai, N., J. M. Salles, J. Settele, and B. E. Vaissiere
2009. Economic valuation of the vulnerability of world agriculture confronted with

pollinator decline. Ecological Economics, 68(3):810-821.

Garbuzov, M. and F. L. W. Ratnieks
2014. Ivy: An underappreciated key resource to flower-visiting insects in autumn.
Insect Conservation and Diversity, 7(1):91-102.

Garcia, R. R. and M. Minarro
2014. Role of floral resources in the conservation of pollinator communities in cider-

apple orchards. Agriculture, Ecosystems and Environment, 183:118-126.

Garibaldi, L. A., L. G. Carvalheiro, B. E. Vaissiere, B. Gemmill-Herren, J. Hipolito,
B. M. Freitas, H. T. Ngo, N. Azzu, A. Saez, J. Astrom, J. An, B. Blochtein, D. Bu-
chori, F. J. C. Garcia, F. Oliveira da Silva, K. Devkota, M. d. F. Ribeiro, L. Freitas,
M. C. Gaglianone, M. Goss, M. Irshad, M. Kasina, A. J. S. P. Filho, L. H. P. Kiill,
P. Kwapong, G. N. Parra, C. Pires, V. Pires, R. S. Rawal, A. Rizali, A. M. Saraiva,
R. Veldtman, B. F. Viana, S. Witter, and H. Zhang
2016. Mutually beneficial pollinator diversity and crop yield outcomes in small and
large farms. Science, 351(6271):388-391.

Garibaldi, L. A., I. Steffan-Dewenter, C. Kremen, J. M. Morales, R. Bommarco, S. A.
Cunningham, L. G. Carvalheiro, N. P. Chacoff, J. H. Dudenhoffer, S. S. Greenleaf,



A. Holzschuh, R. Isaacs, K. Krewenka, Y. Mandelik, M. M. Mayfield, L. A. Morandin,
S. G. Potts, T. H. Ricketts, H. Szentgyorgyi, B. F. Viana, C. Westphal, R. Winfree,
and A. M. Klein

2011. Stability of pollination services decreases with isolation from natural areas
despite honey bee visits. Ecology Letters, 14(10):1062-1072.

Garibaldi, L. A., I. Steffan-Dewenter, R. Winfree, M. A. Aizen, R. Bommarco, S. A.
Cunningham, C. Kremen, L. G. Carvalheiro, L. D. Harder, O. Afik, I. Bartomeus,
F. Benjamin, V. Boreux, D. Cariveau, N. P. Chacoff, J. H. Dudenhoffer, B. M. Freitas,
J. Ghazoul, S. Greenleaf, J. Hipolito, A. Holzschuh, B. Howlett, R. Isaacs, S. K.
Javorek, C. M. Kennedy, K. M. Krewenka, S. Krishnan, Y. Mandelik, M. M. Mayfield,
1. Motzke, T. Munyuli, B. A. Nault, M. Otieno, J. Petersen, G. Pisanty, S. G. Potts,
R. Rader, T. H. Ricketts, M. Rundlof, C. L. Seymour, C. Schuepp, H. Szentgyorgyi,
H. Taki, T. Tscharntke, C. H. Vergara, B. F. Viana, T. C. Wanger, C. Westphal,
N. Williams, and A. M. Klein
2013. Wild pollinators enhance fruit set of crops regardless of honey bee abundance.
Science, 339(6127):1608-1611.

Garratt, M. P., T. D. Breeze, V. Boreux, M. T. Fountain, M. McKerchar, S. M. Webber,
D. J. Coston, N. Jenner, R. Dean, D. B. Westbury, J. C. Biesmeijer, and S. G. Potts

2016. Apple pollination: demand depends on variety and supply depends on pollinator
identity. PLoS ONE, 11(5):e0153889.

Garratt, M. P. D., T. D. Breeze, N. Jenner, C. Polce, J. C. Biesmeijer, and S. G. Potts
2014a. Avoiding a bad apple: insect pollination enhances fruit quality and economic

value. Agriculture, Ecosystems and Environment, 184:34—40.

Garratt, M. P. D., C. L. Truslove, D. J. Coston, R. L. Evans, E. D. Moss, C. Dodson,
N. Jenner, J. C. Biesmeijer, and S. G. Potts

2014b. Pollination deficits in UK apple orchards. Journal of Pollination Ecology,
12(2):9-14.

Gongzélez-Varo, J. P., J. C. Biesmeijer, R. Bommarco, S. G. Potts, O. Schweiger, H. G.
Smith, I. Steffan-Dewenter, H. Szentgyorgyi, M. Woyciechowski, and M. Vila
2013. Combined effects of global change pressures on animal-mediated pollination.
Trends in Ecology and Evolution, 28(9):524-530.

Goulson, D. and W. O. H. Hughes



2015. Mitigating the anthropogenic spread of bee parasites to protect wild pollinators.
Biological Conservation, 191:10-19.

Goulson, D.,; O. Lepais, S. O’Connor, J. L. Osborne, R. A. Sanderson, J. Cussans,
L. Goffe, and B. Darvill
2010. Effects of land use at a landscape scale on bumblebee nest density and survival.
Journal of Applied Ecology, 47(6):1207-1215.

Grab, H., E. J. Blitzer, B. Danforth, G. Loeb, and K. Poveda
2017. Temporally dependent pollinator competition and facilitation with mass flow-

ering crops affects yield in co-blooming crops. Scientific Reports, 7:45296.

Grass, 1., J. Albrecht, F. Jauker, T. Diekotter, D. Warzecha, V. Wolters, and N. Farwig
2016. Much more than bees: wildflower plantings support highly diverse flower-visitor
communities from complex to structurally simple agricultural landscapes. Agriculture,

Ecosystems and Environment, 225:45-53.

Gray, C., D. J. Baird, S. Baumgartner, U. Jacob, G. B. Jenkins, E. J. O’Gorman, X. Lu,
A. Ma, M. J. O. Pocock, N. Schuwirth, M. Thompson, and G. Woodward
2014. FORUM: Ecological networks: the missing links in biomonitoring science. Jour-
nal of Applied Ecology, 51(5):1444-1449.

Greenleaf, S. S., N. M. Williams, R. Winfree, and C. Kremen
2007. Bee foraging ranges and their relationship to body size. Oecologia, 153(3):589—
596.

Grundel, R., R. P. Jean, K. J. Frohnapple, G. A. Glowacki, P. E. Scott, and N. B.
Pavlovic
2010. Floral and nesting resources, habitat structure, and fire influence bee distribu-

tion across an open-forest gradient. Fcological Applications, 20(6):1678 — 1692.

Guimera, R. and L. A. N. Amaral
2005. Cartography of complex networks: modules and universal roles. Journal of
Statistical Mechanics: Theory and Ezperiment, 2005(P02001):P02001.1 — P02001.13.

Guimera, R., M. Sales-Pardo, and L. A. N. Amaral
2004. Modularity from fluctuations in random graphs and complex networks. Physical
Review E: Statistical, Nonlinear, and Soft Matter Physics, 70(025101).



Guimera, R., M. Sales-Pardo, and L. A. N. Amaral
2007. Classes of complex networks defined by role-to-role connectivity profiles. Nature
Physics, 3:63-69.

Gura, T.
2013. Citizen science: amateur experts. Nature, 496(7444):259-261.

Haaland, C. and M. Gyllin
2010. Butterflies and bumblebees in greenways and sown wildflower strips in southern
Sweden. Journal of Insect Conservation, 14(2):125-132.

Han, J.-D. J., N. Bertin, T. Hao, D. S. Goldberg, G. F. Berriz, L. V. Zhang, D. Dupuy,
A. J. M. Walhout, M. E. Cusick, F. P. Roth, and M. Vidal
2004. Evidence for dynamically organized modularity in the yeast proteinprotein
interaction network. Nature, 430(6995):88-93.

Hanley, M. E., M. Franco, C. E. Dean, E. L. Franklin, H. R. Harris, A. G. Haynes, S. R.
Rapson, G. Rowse, K. C. Thomas, B. R. Waterhouse, and M. E. Knight
2011. Increased bumblebee abundance along the margins of a mass flowering crop:
evidence for pollinator spill-over. Oikos, 120(11):1618-1624.

Hannon, L. E. and T. D. Sisk
2009. Hedgerows in an agri-natural landscape: potential habitat value for native bees.
Biological Conservation, 142(10):2140-2154.

Harder, L. D. and R. M. R. Barclay
1994. The Functional Significance of Poricidal Anthers and Buzz Pollination: Con-
trolled Pollen Removal From Dodecatheon, volume 8, second edition. Cambridge:

Harvard University Press.

Hardman, C. J., K. Norris, T. D. Nevard, B. Hughes, and S. G. Potts
2016. Delivery of floral resources and pollination services on farmland under three dif-
ferent wildlife-friendly schemes. Agriculture, Ecosystems and Environment, 220:142—
151.

Harrell Jr, F. E., with contributions from Charles Dupont, and many others.

2017. Hmisc: Harrell Miscellaneous. R package version 4.0-3.

Harris, S., D. Massimino, S. Newson, E. M.A., J. Marchant, D. Balmer, D. Noble,



S. Gillings, D. Procter, and J. Pearce-Higgins
2016. The Breeding Bird Survey 2015. BTO Research Report 687. Technical report,
British Trust for Ornithology, Thetford.

Haussler, J., U. Sahlin, C. Baey, H. G. Smith, and Y. Clough
2017. Pollinator population size and pollination ecosystem service responses to en-

hancing floral and nesting resources. Ecology and Evolution, 7(6):1898-1908.

Havens, K. and P. Vitt
2016. The Importance of Phenological Diversity in Seed Mixes for Pollinator Restora-
tion. Natural Areas Journal, 36(4):531-537.

Herrmann, F., C. Westphal, R. F. A. Moritz, and 1. Steffan-Dewenter
2007. Genetic diversity and mass resources promote colony size and forager densities

of a social bee (Bombus pascuorum) in agricultural landscapes. Molecular Ecology,
16(6):1167-1178.

Hicks, D. M., P. Ouvrard, K. C. Baldock, M. Baude, M. A. Goddard, W. E. Kunin,
N. Mitschunas, J. Memmott, H. Morse, M. Nikolitsi, L. M. Osgathorpe, S. G. Potts,
K. M. Robertson, A. V. Scott, F. Sinclair, D. B. Westbury, and G. N. Stone
2016. Food for pollinators: quantifying the nectar and pollen resources of urban flower
meadows. PLoS ONE, 11(6):e0158117.

Hochachka, W. M., D. Fink, R. A. Hutchinson, D. Sheldon, W. K. Wong, and S. Kelling
2012. Data-intensive science applied to broad-scale citizen science. Trends in Ecology
and Evolution, 27(2):130-137.

Hoehn, P., T. Tscharntke, J. M. Tylianakis, and I. Steffan-Dewenter
2008. Functional group diversity of bee pollinators increases crop yield. Proceedings
of the Royal Society B: Biological Sciences, 275(1648):2283-2291.

Holzschuh, A., M. Dainese, J. P. Gonzélez-Varo, S. Mudri-Stojni¢, V. Riedinger,
M. Rundléf, J. Scheper, J. B. Wickens, V. J. Wickens, R. Bommarco, D. Kleijn,
S. G. Potts, S. P. Roberts, H. G. Smith, M. Vila, A. Vuji¢, and I. Steffan-Dewenter
2016. Mass-flowering crops dilute pollinator abundance in agricultural landscapes
across Europe. Ecology Letters, 19(10):1228-1236.

Holzschuh, A., C. F. Dormann, T. Tscharntke, and I. Steffan-Dewenter
2013. Mass-flowering crops enhance wild bee abundance. Oecologia, 172(2):477-484.



Holzschuh, A., J. H. Dudenhoffer, and T. Tscharntke
2012. Landscapes with wild bee habitats enhance pollination, fruit set and yield of
sweet cherry. Biological Conservation, 153:101-107.

Jauker, F., B. Bondarenko, H. C. Becker, and 1. Steffan-Dewenter
2012. Pollination efficiency of wild bees and hoverflies provided to oilseed rape. Agri-
cultural and Forest Entomology, 14(1):81-87.

Jonsson, A. M., J. Ekroos, J. Dédnhardt, G. K. S. Andersson, O. Olsson, and H. G. Smith
2015. Sown flower strips in southern Sweden increase abundances of wild bees and

hoverflies in the wider landscape. Biological Conservation, 184:51-58.

Jordano, P., C. Garcia, J. A. Godoy, and J. L. Garcia-Castano
2007. Differential contribution of frugivores to complex seed dispersal patterns. Pro-
ceedings of the National Academy of Sciences, 104(9):3278-3282.

Kaiser-Bunbury, C. N., J. Mougal, A. E. Whittington, T. Valentin, R. Gabriel, J. M.
Olesen, and N. Bliithgen

2017. Ecosystem restoration strengthens pollination network resilience and function.
Nature, 542(7640):223-227.

Kaiser-Bunbury, C. N., S. Muff, J. Memmott, C. B. Miiller, and A. Caflisch
2010. The robustness of pollination networks to the loss of species and interactions: A
quantitative approach incorporating pollinator behaviour. Ecology Letters, 13(4):442—
452.

Kallioniemi, E., J. Astrom, G. M. Rusch, S. Dahle, S. Astrém, and J. O. Gjershaug
2017. Local resources, linear elements and mass-flowering crops determine bumblebee
occurrences in moderately intensified farmlands. Agriculture, FEcosystems and Envi-
ronment, 239:90-100.

Kennedy, C. M., E. Lonsdorf, M. C. Neel, N. M. Williams, T. H. Ricketts, R. Winfree,
R. Bommarco, C. Brittain, A. L. Burley, D. Cariveau, L. G. Carvalheiro, N. P. Chacoff,
S. A. Cunningham, B. N. Danforth, J. H. Dudenhéffer, E. Elle, H. R. Gaines, L. A.
Garibaldi, C. Gratton, A. Holzschuh, R. Isaacs, S. K. Javorek, S. Jha, A. M. Klein,
K. Krewenka, Y. Mandelik, M. M. Mayfield, L. Morandin, L. A. Neame, M. Otieno,
M. Park, S. G. Potts, M. Rundlof, A. Saez, I. Steffan-Dewenter, H. Taki, B. F. Viana,
C. Westphal, J. K. Wilson, S. S. Greenleaf, and C. Kremen
2013. A global quantitative synthesis of local and landscape effects on wild bee polli-
nators in agroecosystems. Ecology Letters, 16(5):584-599.



Kevan, P. G. and T. P. Phillips
2001. The economic impacts of pollinator declines: An approach to assessing the

consequences. Ecology and Society, 5(1).

Klatt, B. K., A. Holzschuh, C. Westphal, Y. Clough, I. Smit, E. Pawelzik, and
T. Tscharntke
2013. Bee pollination improves crop quality, shelf life and commercial value. Proceed-
ings of the Royal Society B: Biological Sciences, 281(1775):20132440-20132440.

Klein, A. M.
2009. Nearby rainforest promotes coffee pollination by increasing spatio-temporal

stability in bee species richness. Forest Ecology and Management, 258(9):1838-1845.

Klein, A.-M., B. E. Vaissiere, J. H. Cane, I. Steffan-Dewenter, S. A. Cunningham, C. Kre-
men, and T. Tscharntke
2007. Importance of pollinators in changing landscapes for world crops. Proceedings
of the Royal Society B: Biological Sciences, 274(1608):303-313.

Knight, M. E., A. P. Martin, S. Bishop, J. L. Osborne, R. J. Hale, R. A. Sanderson, and
D. Goulson
2005. An interspecific comparison of foraging range and nest density of four bumblebee
(Bombus) species. Molecular Ecology, 14(6):1811-1820.

Kohler, F., J. Verhulst, R. Van Klink, and D. Kleijn
2008. At what spatial scale do high-quality habitats enhance the diversity of forbs and

pollinators in intensively farmed landscapes? Journal of Applied Ecology, 45(3):753—
762.

Kovéacs-Hostyanszki, A., S. Haenke, P. Batary, B. Jauker, A. Baldi, T. Tscharntke, and
A. Holzschuh
2013. Contrasting effects of mass-flowering crops on bee pollination of hedge plants

at different spatial and temporal scales. Ecological Applications, 23(8):1938-1946.

Kremen, C. and L. K. M’Gonigle
2015. Small-scale restoration in intensive agricultural landscapes supports more spe-

cialized and less mobile pollinator species. Journal of Applied Ecology, 52(3):602-610.

Kremen, C., N. M. Williams, R. L. Bugg, J. P. Fay, and R. W. Thorp
2004. The area requirements of an ecosystem service: Crop pollination by native bee
communities in California. Ecology Letters, 7(11):1109-1119.



Lautenbach, S., R. Seppelt, J. Liebscher, and C. F. Dormann
2012. Spatial and temporal trends of global pollination benefit. PLoS ONE,
7(4):e35954.

Leiss, K. A. and P. G. Klinkhamer
2005. Genotype by environment interactions in the nectar production of Echium
vulgare. Functional Ecology, 19(3):454-459.

MacFadyen, S., R. Gibson, A. Polaszek, R. J. Morris, P. G. Craze, R. Planqué, W. O. C.
Symondson, and J. Memmott
2009. Do differences in food web structure between organic and conventional farms

affect the ecosystem service of pest control? FEcology Letters, 12(3):229-238.

MacFadyen, S., R. H. Gibson, W. O. C. Symondson, and J. Memmott
2011. Landscape structure influences modularity patterns in farm food webs: Conse-

quences for pest control. Ecological Applications, 21(2):516-524.

Mallinger, R. E. and C. Gratton
2015. Species richness of wild bees, but not the use of managed honeybees, increases

fruit set of a pollinator-dependent crop. Journal of Applied Ecology, 52(2):323-330.

Marini, L., M. Quaranta, P. Fontana, J. C. Biesmeijer, and R. Bommarco
2012. Landscape context and elevation affect pollinator communities in intensive apple
orchards. Basic and Applied Ecology, 13(8):681-689.

Mayfield, M. and V. Belavadi
2008. Cardamom in the Western Ghats: Bloom sequences keep pollinators in fields.
In: FAO. 2008. Initial Survey of Good Pollination Practices. Technical report, FAO,

Rome.

McCune, B. and J. Grace

2002. Analysis of ecological communities.

Meiners, J. M., T. L. Griswold, D. J. Harris, and S. K. M. Ernest
2017. Bees without flowers: before peak bloom, diverse native bees find insect-
produced honeydew sugars. The American Naturalist, 190(2):281-291.

Memmott, J.
1999. The structure of a plant-pollinator food web. FEcology Letters, 2(5):276-280.



Memmott, J.
2009. Food webs: a ladder for picking strawberries or a practical tool for practical

problems?  Philosophical Transactions of the Royal Society B: Biological Sciences,
364(1524):1693-1699.

Menz, M. H. M., R. D. Phillips, R. Winfree, C. Kremen, M. A. Aizen, S. D. Johnson,
and K. W. Dixon
2011. Reconnecting plants and pollinators: Challenges in the restoration of pollination

mutualisms. Trends in Plant Science, 16(1):4-12.

Meyer, B. and I. Turner
1992. Human population growth and global land-use/cover change. Annual Review of
Ecology and Systematics, 23(1992):39-61.

M’Gonigle, L. K., L. C. Ponisio, K. Cutler, and C. Kremen
2015. Habitat restoration promotes pollinator persistence and colonization in inten-

sively managed agriculture. Ecological Applications, 25(6):1557-1565.

M’Gonigle, L. K., N. M. Williams, E. Lonsdorf, and C. Kremen
2017. A tool for selecting plants when restoring habitat for pollinators. Conservation
Letters, 10(1):105-111.

Miller-Rushing, A., R. Primack, and R. Bonney
2012. The history of public participation in ecological research. Frontiers in FEcology
and the Environment, 10(6):285-290.

Moerman, R., M. Vanderplanck, N. Roger, S. Decleves, B. Wathelet, P. Rasmont,
D. Fournier, and D. Michez
2015. Growth rate of bumblebee larvae is related to pollen amino acids. Journal of
Economic Entomology, 109(1):25-30.

Montero-Castanio, A. and M. Vila
2012. Impact of landscape alteration and invasions on pollinators: A meta-analysis.
Journal of Ecology, 100(4):884-893.

Montoya, D., M. Yallop, and J. Memmott
2015. Functional group diversity increases with modularity in complex food webs.
Nature Communications, 6(May):7379.



Morandin, L., R. F. Long, C. Pease, and C. Kremen
2011. Hedgerows enhance beneficial insects on farms in California’s Central Valley.
California Agriculture, 65(4):197-201.

Morandin, L. A. and C. Kremen
2013. Hedgerow restoration promotes pollinator populations and exports native bees
to adjacent fields. Fcological Applications, 23(4):829-839.

Morandin, L. A.; R. F. Long, and C. Kremen
2016. Pest control and pollination cost-benefit analysis of hedgerow restoration in a

simplified agricultural landscape. Journal of Economic Entomology, 109(3):1020-1027.

Miiller, A., S. Diener, S. Schnyder, K. Stutz, C. Sedivy, and S. Dorn
2006. Quantitative pollen requirements of solitary bees: Implications for bee conserva-

tion and the evolution of bee-flower relationships. Biological Conservation, 130(4):604—
615.

Natural England

2009. Biodiversity studies of six traditional orchards in England. Technical report.

OCkinger, E., O. Schweiger, T. O. Crist, D. M. Debinski, J. Krauss, M. Kuussaari, J. D.
Petersen, J. Poyry, J. Settele, K. S. Summerville, and R. Bommarco
2010. Life-history traits predict species responses to habitat area and isolation: A

cross-continental synthesis. Ecology Letters, 13(8):969-979.

Oksanen, J., F. Blanchet, R. Kindt, P. Legendre, P. R. Minchin, R. O’Hara, G. L.
Simpson, P. Solymos, M. Stevens, and H. Wagner
2015. Community Ecology Package.

Olesen, J. M., J. Bascompte, Y. L. Dupont, and P. Jordano
2007. The modularity of pollination networks. Proceedings of the National Academy
of Sciences, 104(50):19891-19896.

Olesen, J. M., J. Bascompte, H. Elberling, and P. Jordano
2008. Temporal dynamics in a pollination network. Ecology, 89(6):1573-1582.

Olesen, J. M., C. Stefanescu, and A. Traveset
2011. Strong, long-term temporal dynamics of an ecological network. PLoS ONE,
6(11):€26455.



Ollerton, J., H. Erenler, M. Edwards, and R. Crockett
2014. Extinctions of aculeate pollinators in Britain and the role of large-scale agricul-
tural changes. Science, 346(6215):1360-1362.

Ollerton, J., R. Winfree, and S. Tarrant
2011. How many flowering plants are pollinated by animals? Oikos, 120(3):321-326.

Orford, K. A., P. J. Murray, I. P. Vaughan, and J. Memmott
2016. Modest enhancements to conventional grassland diversity improve the provision

of pollination services. Journal of Applied Ecology, 53(3):906-915.

Osborne, J. L., S. J. Clark, R. J. Morris, I. H. Williams, J. R. Riley, A. D. Smith, D. R.
Reynolds, and A. S. Edwards
1999. A landscape-scale study of bumble bee foraging range and constancy, using
harmonic radar. Journal of Applied Ecology, 36(4):519-533.

Peralta, G., C. M. Frost, T. A. Rand, R. K. Didham, and J. M. Tylianakis
2014. Complementarity and redundancy of interactions enhance attack rates and
spatial stability in host-parasitoid food webs. Ecology, 95(7):1888-1896.

Pereira, A. L. C., T. C. Taques, J. O. S. Valim, A. P. Madureira, and W. G. Campos
2015. The management of bee communities by intercropping with flowering basil ( Oci-
mum basilicum) enhances pollination and yield of bell pepper (Capsicum annuum).
Journal of Insect Conservation, 19(3):479-486.

Petanidou, T., V. Goethals, and E. Smets
1999. The effect of nutrient and water availability on nectar secretion and nectary

structure of the dominant Labiatae species of phrygana. Systematics and Geography
of Plants, 68(1):233-244.

Petanidou, T., A. Van Laere, W. N. Ellis, and E. Smets
2006. What shapes amino acid and sugar composition in Mediterranean floral nectars?
Oikos, 115(1):155-169.

Pimm, S. L. and J. H. Lawton
1980. Are food webs divided into compartments? Journal of Animal Ecology, 49:879—
898.

Pocock, M. J., H. E. Roy, C. D. Preston, and D. B. Roy
2015. The Biological Records Centre: A pioneer of citizen science. Biological Journal
of the Linnean Society, 115(3):475-493.



Pocock, M. J. O., D. M. Evans, and J. Memmott
2012. The robustness and restoration of a network of ecological networks. Science,
335(6071):973-977.

Potts, S. G., J. C. Biesmeijer, C. Kremen, P. Neumann, O. Schweiger, and W. E. Kunin
2010a. Global pollinator declines: Trends, impacts and drivers. Trends in Ecology and
FEvolution, 25(6):345-353.

Potts, S. G., V. Imperatriz-Fonseca, H. T. Ngo, M. A. Aizen, J. C. Biesmeijer, T. D.
Breeze, L. V. Dicks, L. A. Garibaldi, R. Hill, J. Settele, and A. J. Vanbergen

2016. Safeguarding pollinators and their values to human well-being. Nature,
540(7632):220-229.

Potts, S. G., S. P. M. Roberts, R. Dean, G. Marris, M. A. Brown, R. Jones, P. Neumann,
and J. Settele
2010b. Declines of managed honey bees and beekeepers in Europe. Journal of Api-
cultural Research, 49(1):15-22.

Potts, S. G., B. Vulliamy, A. Dafni, G. Ne’eman, and P. Willmer
2003. Linking bees and flowers: How do floral communities structure pollinator com-
munities? Ecology, 84(10):2628-2642.

Potts, S. G., B. Vulliamy, S. Roberts, C. OToole, A. Dafni, G. Neeman, and P. Willmer
2005. Role of nesting resources in organising diverse bee communities in a mediter-

ranean landscape. Ecological Entomology, 30(1):78 — 85.

Pywell, R. F., M. S. Heard, B. A. Woodcock, S. Hinsley, L. Ridding, M. Nowakowski,
and J. M. Bullock
2015. Wildlife-friendly farming increases crop yield: evidence for ecological intensifi-
cation. Proceedings of the Royal Society B: Biological Sciences, 282(1816):20151740.

Pywell, R. F., E. A. Warman, C. Carvell, T. H. Sparks, L. V. Dicks, D. Bennett,
A. Wright, C. N. R. Critchley, and A. Sherwood
2005. Providing foraging resources for bumblebees in intensively farmed landscapes.
Biological Conservation, 121(4):479-494.

Rader, R., B. G. Howlett, S. A. Cunningham, D. A. Westcott, L. E. Newstrom-Lloyd,
M. K. Walker, D. A. J. Teulon, and W. Edwards
2009. Alternative pollinator taxa are equally efficient but not as effective as the

honeybee in a mass-flowering crop. Journal of Applied Ecology, 46(5):1080-1087.



Rao, S. and W. P. Stephen
2010. Abundance and diversity of native bumble bees associated with agricultural

crops: The Willamette valley experience. Psyche.

Rasmussen, C., Y. L. Dupont, J. B. Mosbacher, K. Trjgelsgaard, and J. M. Olesen
2013. Strong impact of temporal resolution on the structure of an ecological network.
PLoS ONE, 8(12):e81694.

Requier, F., J. F. Odoux, T. Tamic, N. Moreau, M. Henry, A. Decourtye, and V. Bre-
tagnolle
2015. Honey bee diet in intensive farmland habitats reveals an unexpectedly high

flower richness and a major role of weeds. FEcological Applications, 25(4):881-890.

Ricketts, T. H., J. Regetz, 1. Steffan-Dewenter, S. A. Cunningham, C. Kremen, A. Bog-
danski, B. Gemmill-Herren, S. S. Greenleaf, A. M. Klein, M. M. Mayfield, L. A.
Morandin, A. Ochieng’, and B. F. Viana
2008. Landscape effects on crop pollination services: Are there general patterns?
Ecology Letters, 11(5):499-515.

Riedinger, V., O. Mitesser, T. Hovestadt, I. Steffan-Dewenter, A. Holzschuh, and J. A.
Rosenheim
2015. Annual dynamics of wild bee densities: Attractiveness and productivity effects
of oilseed rape. Ecology, 96(5):1351-1360.

Riedinger, V., M. Renner, M. Rundlof, I. Steffan-Dewenter, and A. Holzschuh
2014. Early mass-flowering crops mitigate pollinator dilution in late-flowering crops.
Landscape Ecology, 29(3):425-435.

Robson, D.
2014. Identification of plant species for crop pollinator habitat enhancement in the
Northern Prairies. Journal of Pollination Ecology, 14(21):218-234.

Roulston, T. H. and K. Goodell
2011. The role of resources and risks in regulating wild bee populations. Annual
Review of Entomology, 56(1):293-312.

Rowe, R. L., M. E. Hanley, D. Goulson, D. J. Clarke, C. P. Doncaster, and G. Taylor
2011. Potential benefits of commercial willow Short Rotation Coppice (SRC) for
farm-scale plant and invertebrate communities in the agri-environment. Biomass and
Bioenergy, 35(1):325-336.



Rundlof, M., A. S. Persson, H. G. Smith, and R. Bommarco
2014. Late-season mass-flowering red clover increases bumble bee queen and male
densities. Biological Conservation, 172:138-145.

Russo, L., N. Debarros, S. Yang, K. Shea, and D. Mortensen
2013. Supporting crop pollinators with floral resources: Network-based phenological
matching. Ecology and Evolution, 3(9):3125-3140.

Sardinas, H. S. and C. Kremen
2015. Pollination services from field-scale agricultural diversification may be context-

dependent. Agriculture, Ecosystems and Environment, 207:17-25.

Saville, N. M.
1993. Bumblebee ecology in woodlands and arable farmland. PhD thesis, University of
Cambridge.

Scheper, J., A. Holzschuh, M. Kuussaari, S. G. Potts, M. Rundlof, H. G. Smith, and
D. Kleijn
2013. Environmental factors driving the effectiveness of European agri-environmental

measures in mitigating pollinator loss: a meta-analysis. FEcology Letters, 16(7):912—
920.

Scheper, J., M. Reemer, R. van Kats, W. A. Ozinga, G. T. J. van der Linden, J. H. J.
Schaminée, H. Siepel, and D. Kleijn
2014. Museum specimens reveal loss of pollen host plants as key factor driving wild
bee decline in The Netherlands. Proceedings of the National Academy of Sciences,
111(49):17552-17557.

Senapathi, D., L. G. Carvalheiro, J. C. Biesmeijer, C.-A. Dodson, R. L. Evans, M. McK-
erchar, R. D. Morton, E. D. Moss, S. P. M. Roberts, W. E. Kunin, and S. G. Potts
2015. The impact of over 80 years of land cover changes on bee and wasp pollina-

tor communities in England. Proceedings of the Royal Society B: Biological Sciences,
282(1806):8.

Sheppard, S. K. and J. D. Harwood
2005. Advances in molecular ecology: Tracking trophic links through predator-prey
food-webs. Functional Ecology, 19(5):751-762.

Silvertown, J.
2009. A new dawn for citizen science. Trends in Ecology and Evolution, 24(9):467-471.



Silvertown, J., M. Harvey, R. Greenwood, M. Dodd, J. Rosewell, T. Rebelo, J. Ansine,
and K. McConway

2015. Crowdsourcing the identification of organisms: A case-study of iSpot. ZooKeys,
(480):125-146.

Smart, M. and R. Winnall
2006. The biodiversity of three traditional orchards within the Wyre Forest SSSI in
Worcestershire: a survey by the Wyre Forest Study Group. Technical report.

Smith, M. R., G. M. Singh, D. Mozaffarian, and S. S. Myers
2015. Effects of decreases of animal pollinators on human nutrition and global health:
A modelling analysis. The Lancet, 386(10007):1964—-1972.

Smith, R. M. and D. B. Roy
2008. Revealing the foundations of biodiversity: The Database of British Insects and
their Foodplants. British Wildlife, 20(1):17-25.

Somme, L., M. Vanderplanck, D. Michez, 1. Lombaerde, R. Moerman, B. Wathelet,
R. Wattiez, G. Lognay, and A. L. Jacquemart
2015. Pollen and nectar quality drive the major and minor floral choices of bumble
bees. Apidologie, 46(1):92-106.

Steffan-Dewenter, 1., S. G. Potts, L. Packer, and J. Ghazoul
2005. Pollinator diversity and crop pollination services are at risk. Trends in Ecology
and Evolution, 20(12):651-653.

Tanaka, G., K. Morino, and K. Aihara
2012. Dynamical robustness in complex networks: the crucial role of low-degree nodes.
Scientific Reports, 2(1):232.

The Andersons Centre
2014. Crop Production Technology : The Effect of the Loss of Plant Protection
Products on UK Agriculture and Horticulture and the Wider Economy. Technical

report.

Thebault, E. and C. Fontaine
2010. Stability of ecological communities and the architecture of mutualistic and
trophic networks. Science, 329(5993):853-856.



Tscharntke, T., A. M. Klein, A. Kruess, I. Steffan-Dewenter, and C. Thies
2005. Landscape perspectives on agricultural intensification and biodiversity: ecosys-

tem service management. Fcology Letters, 8(8):857-874.

Tschumi, M., M. Albrecht, M. H. Entling, and K. Jacot
2015. High effectiveness of tailored flower strips in reducing pests and crop plant
damage. Proceedings of the Royal Society B: Biological Sciences, 282(1814):20151369.

Tylianakis, J. M., E. Laliberté, A. Nielsen, and J. Bascompte
2010. Conservation of species interaction networks.  Biological Conservation,
143(10):2270-2279.

Vanbergen, A. J. and M. P. Garratt
2013. Threats to an ecosystem service: Pressures on pollinators. Frontiers in Ecology
and the Environment, 11(5):251-259.

VanEngelsdorp, D., J. D. Evans, C. Saegerman, C. Mullin, E. Haubruge, B. K. Nguyen,
M. Frazier, J. Frazier, D. Cox-Foster, Y. Chen, R. Underwood, D. R. Tarpy, and J. S.
Pettis
2009. Colony collapse disorder: A descriptive study. PLoS ONE, 4(8):e6481.

Vaughan, M., J. Hopwood, E. Lee-Méader, M. Shepherd, C. Kremen, A. Stine, and
S. Hoffman Black
2007. Farming for bees: guidelines for providing native bee habitat on farms. The
Xerces Society, Pp. 1-44.

Vazquez, D. P., C. J. Melidan, N. M. Williams, N. Bliithgen, B. R. Krasnov, and R. Poulin
2007. Species abundance and asymmetric interaction strength in ecological networks.
Oikos, 116(7):1120-1127.

Visser, M. E.
2016. Phenology: Interactions of climate change and species. Nature, 535(7611):236—
237.

Wackers, F. L.
2004. Assessing the suitability of flowering herbs as parasitoid food sources: Flower

attractiveness and nectar accessibility. Biological Control, 29(3):307-314.

Wallisdevries, M. F., C. A. M. Van Swaay, and C. L. Plate
2012. Changes in nectar supply: A possible cause of widespread butterfly decline.
Current Zoology, 58(3):384-391.



Walsh, D. B., M. P. Bolda, R. E. Goodhue, A. J. Dreves, J. Lee, D. J. Bruck, V. M.
Walton, S. D. O’Neal, and F. G. Zalom
2011. Drosophila suzukii (Diptera: Drosophilidae): invasive pest of ripening soft fruit

expanding its geographic range and damage potential. Journal of Integrated Pest
Management, 2(1):G1-GT.

Westphal, C., I. Steffan-Dewenter, and T. Tscharntke
2003. Mass flowering crops enhance pollinator densities at a landscape scale. Ecology
Letters, 6(11):961-965.

Wickham, H.
2009. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York.

Williams, N. M., E. E. Crone, T. H. Roulston, R. L. Minckley, L. Packer, and S. G.
Potts
2010. Ecological and life-history traits predict bee species responses to environmental
disturbances. Biological Conservation, 143(10):2280-2291.

Williams, N. M., J. Regetz, and C. Kremen
2012. Landscape-scale resources promote colony growth but not reproductive perfor-
mance of bumble bees. FEcology, 93(5):1049-1058.

Williams, N. M., K. L. Ward, N. Pope, R. Isaacs, J. Wilson, E. A. May, J. Ellis,
J. Daniels, A. Pence, K. Ullmann, and J. Peters
2015. Native wildflower plantings support wild bee abundance and diversity in agricul-
tural landscapes across the United States. Ecological Applications, 25(8):2119-2131.

Winfree, R., B. J. Gross, and C. Kremen

2011. Valuing pollination services to agriculture. Ecological Economics, 71(1):80-88.

Winfree, R. and C. Kremen
2009. Are ecosystem services stabilized by differences among species? A test using crop
pollination. Proceedings of the Royal Society B: Biological Sciences, 276(1655):229—
237.

Winfree, R., N. M. Williams, J. Dushoff, and C. Kremen
2007. Native bees provide insurance against ongoing honey bee losses. Fcology Letters,
10(11):1105-1113.



Wood, T. J., J. M. Holland, and D. Goulson
2015. Pollinator-friendly management does not increase the diversity of farmland bees

and wasps. Biological Conservation, 187:120-126.

Wood, T. J., J. M. Holland, and D. Goulson
2017. Providing foraging resources for solitary bees on farmland: current schemes for
pollinators benefit a limited suite of species. Journal of Applied Ecology, 54(1):323—
333.

Yan, J., E. A. Valdez, P. K. Trivedi, D. M. Zimmer, A. Staudt, A. E. Shemyakin,
H. Youn, C. Sempi, M. Ennio, U. Salento, B. Schweizer, J. S. Romeo, N. I. Tanaka,
A. C. Pedroso-de Lima, R. R Development Core Team, R. B. Nelsen, A. Meucci,
C. Methods, F. R. Management, J. Li, C. D. Lai, N. Balakrishnan, I. Kojadinovic,
L. Hua, H. Joe, M. Hofert, M. Machler, A. M. Hofert, M. Maechler, P. Georges, A.-
g. Lamy, E. Nicolas, G. Quibel, T. Roncalli, C. &. N. Genest, A.-C. Favre, E. W.
Frees, W. Madison, M. Faria, S. Iseg, M. Escola, I. F. Conference, A. Charpentier,
J.-d. Fermanian, O. Scaillet, Z. Cai, X. Chen, Y. Fan, X. Wang, P. Bickel, P. Diggle,
S. Fienberg, U. Gather, I. Olkin, S. Zeger, R. M. D. Assis, [. W. Paper, and S. Aktuarief
2011. R: A Language and Environment for Statistical Computing. R Foundation for

Statistical Computing, Vienna, Austria.

Zhang, W., T. H. Ricketts, C. Kremen, K. Carney, and S. M. Swinton

2007. Ecosystem services and dis-services to agriculture. Fcological Economics,
64(2):253-260.





