
 
      

 

 

Agustín M. Bartual

The role of vegetation composition and structure
of semi-natural habitat in determining their ecosys-
tem service provisioning potential and the relation
to pollination in sunflower

December 2016





Academic Year
2016 - 2017
PhD in Agrobiodiversity

The role of vegetation composition
and structure of semi-natural habi-
tat in determining their ecosystem
service provisioning potential and
the relation to pollination in sun-
flower

Author
Agustín M. Bartual

Supervisor
Anna Camilla Moonen

D265ModTPhD/EN00



Cover picture: Honey bee (Apis mellifera L.)
pollinating sunflower (Helianthus annuus L.).
Image by Agustín M. Bartual.



Scuola Superiore Sant’Anna

Institute of Life Sciences

The role of vegetation composition and structure of
semi-natural habitat in determining their ecosystem service
provisioning potential and the relation to pollination in

sunflower

Agustín M. Bartual

December 2016

PhD Candidate:
Agustín M. Bartual
Signature:

Supervisor:
Anna Camilla Moonen
Signature:





...a mode of truth, not of truth coherent and
central, but angular and splintered.

De Quincey. Writings, XI, 68.
(A través de mi bienamado JLB)





Declaration

Declaration

I hereby declare that this PhD thesis comprises only my own research work except where
indicated. Any external contribution regarding data collection or analysis as well as all the
sources of information or any other material used have been fully acknowledged in accordance
with the standard referencing rules. I certify that this thesis has not been previously submitted
–neither partially nor totally– to any University or Institution for the award of any other
degree.

Agustín M. Bartual

Signature

vii





Summary

Summary

Regulating ecosystems services such as pollination and pest control are essential for agricul-
tural activities and depend on the status of their providers. Previous research has linked
agricultural intensification with the observed declines of biodiversity and thereby the pro-
vision of ecosystem services derived from it, which may threaten food security in the near
future. Semi-natural habitats have been widely identified as essential elements for farmland
populations of beneficial insects by offering stable sites for overwintering, shelter or nesting
and alternative feed resources. This PhD thesis explores: (i) the effect of type, structure
and vegetation composition of semi-natural habitats on their pollination and pest control
provisioning potential, using data from four European countries, (ii) the current status
and influence of local and landscape variables on the actual provision of pollination service
in a Mediterranean context, focusing on how this service affects crop yield and quality of
oilseed-sunflower, and (iii) the links between the semi-natural type and the local communities
of visitors/pollinators and the impact of landscape composition –by identifying key land uses–
on pollen diet of managed honey bee (Apis mellifera L.).

Chapter 2 indicates that different types of semi-natural habitat show complementary
attributes better supporting either pollinators or natural enemies, and therefore the presence
of all types may be necessary to guarantee adequate levels of both services to crops. In
addition, it also reveals that the inner part of woodlots generally exhibits lower abundances of
both main groups of service providers, thus hinting that fragmentation of big forest patches
is not necessarily harmful from an ecosystem service provision perspective. Results also
highlight that some specific functional groups of plants are determinant of flower visitor
abundance, thus suggesting that agri-environmental schemes aiming at the promotion of these
species or functional groups will have a greater beneficial impact on pollinator communities.

Chapter 3 reveals the paramount importance of insect-mediated pollination on sunflower
yield, while supporting that no major evidences of pollination deficits harnessing crop
production can be found at present. These results thus suggest that, despite sunflower can
be considered a crop susceptible to suffer yield losses from lack of pollination, the current
levels of pollination –mainly delivered by managed honey bees– ensure a sufficient degree
of cross-fertilization and thereby guarantee crop yields. However, they also highlight the
associated risks –in terms of food security– of over-reliance on one single species for a crucial
service as pollination.

Chapter 4 gives evidences of the importance of woody habitats and leguminous crops in
the pollen diet of honey bees, while remarking the greater richness and constancy of floral
offer, which in turn enhances the diversity of pollinator assemblages, of herbaceous elements
compared to woody ones. These evidences imply that balanced and diverse landscapes with
the presence of woody and herbaceous semi-natural habitats and leguminous crops may be a
desired landscape composition that simultaneously benefits local pollinator communities and
managed honey bees.
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Chapter One

1 General introduction

This PhD thesis is framed within the context of some ecosystem services necessary to develop
a rewarding agricultural activity, the landscape elements supporting these services, and
the implications –in terms of agricultural productivity and quality– of ecosystem service
provision.

1.1 Ecosystem services for agricultural activity

Figure 1.1: Obtaining pollen samples from
honey bee colonies. Image by Simone
Marini.

Ecosystem services are the conditions and processes
through which natural ecosystems and the species
that they host fulfil human life [1]. The Millennium
Ecosystem Assessment distinguished four main types
of services: provisioning, regulating, cultural and sup-
porting services [2, 3]. Provisioning services refer to
the commodities directly procured from ecosystems
–e.g. food, water, timber or medicines–. Regulating
services are those benefits obtained from the regu-
lation of ecosystem processes, for instance pollina-
tion or pest control. Cultural services comprise all
those non-material benefits obtained from ecosystems
–e.g. aesthetical or recreational values–. Lastly, sup-
porting services are those indirect services necessary
for the production of all other ecosystem services –
such as soil formation, photosynthesis, nutrient and
water cycling–. Among this wide list of services sup-
plied by ecosystems, pollination and pest control have
been identified as the most important regulating ser-
vices provided by insects [3] and are characterized by
a strong spatial component defined by the foraging
ranges of their providers [4].

Agriculture can obtain important benefits from these services provided by natural biodiversity
present in agricultural landscapes [5]. For instance, one-third of global food production
comes from crops that are to some extent dependent on pollinators [6, 7]; pollinator diversity
has been found to increase fruit set and quality of cross-pollinated crops such as sunflower,
pumpkin or coffee [8, 9, 10, 11]; the number of visits per floral unit jointly with pollinator
richness reduces the yield gaps especially in small-scale farms (with its implications in terms
of food security for the most vulnerable areas of the globe) [12]; or natural enemies are
reported to play a central role in keeping crop pest populations below damage thresholds
[13]. Nevertheless, the majority of the current conventional farming systems of the European
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Union are heavily reliant on agrochemical inputs, which, if misused, can pollute natural
resources and may cause health risks to farmers and consumers. In addition, the need to
feed a constantly growing population [14] will very likely require further intensification of
agriculture.

1.2 Threatening dynamics and mitigation strategies

During the last decades, important worldwide losses of biodiversity have occurred at an un-
precedented scale, and agricultural intensification has been considered one of the major drivers
of this global change [15, 16, 17, 18, 19]. The concept of agricultural intensification comprises
both, the conversion of complex natural ecosystems to simplified managed ecosystems due to
the expansion of agricultural land –and, as a consequence, the loss and fragmentation of semi-
natural habitats– (landscape scale), and the intensification of resource use (field scale). Both
intensification scales have been widely identified as two key factors threatening biodiversity
and, in turn, causing disruption of ecosystem services [6, 17, 20, 21, 22, 23, 24, 25, 26, 27, 28].
Another drawback of intensification is that intensively managed agricultural landscapes tend
to lack species-rich floras and continuity of floral resources [29], which especially affects social
pollinator species like honey and bumble bees [30]: two key species considered some of the
most important crop and wild plant pollinators [4, 7].

In agricultural landscapes, semi-natural habitats are found in non-cropped areas –such
as woodland, hedgerows and grassy strips–, but also in cropped areas –like cover crops,
spontaneous vegetation during fallow, etc.–. Their vegetation is the basis for provision of
many valuable ecosystem services through the quality and composition of its effect traits
[31], and in turn is determined by the environmental conditions of a specific area and the
management intensity. This vegetation can provide both direct and indirect services to
the agro-ecosystems. A few examples of direct services are a) soil biological quality and
organic matter accumulation, b) nitrogen fixation, c) erosion control, or d) buffer functions
against nutrient leaching, wind or agrochemical drift. Whereas indirect services are those
services delivered by beneficial organisms, such as pollinators or natural enemies, that rely
–at least partially– on the vegetation of these habitats to fulfil their necessities during their
life cycle. For instance, these habitats may provide some singular resources –otherwise hardly
available in agricultural land– necessary to sustain local populations of service providers,
like stable sites for overwintering, shelter or nesting [32, 33, 34], alternative floral resources
for pollinators [35, 36] or alternative preys/hosts for natural enemies [37]. In this regard,
several studies have demonstrated that semi-natural habitats are key elements supporting
farmland populations of beneficial insects and thereby the ecosystem services they provide
(see i.e. [30, 34, 36, 38, 39, 40, 41, 42, 43]); thus suggesting that promoting their presence
within agricultural landscapes may help to revert the current situation of decline.
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(a) (b)

Figure 1.2: Examples of semi-natural habitats found in the Pisa plain. (a) Hedgerow offering early floral
resources and nesting and overwintering opportunities (March 2014). (b) Uncultivated land offering massive
floral resources of common chicory (Cichorium intybus) (July 2013). Images by Agustín M. Bartual.

1.3 Scale issues

On the other hand, pollination and pest control services can be delivered at distances of up
to several km from the semi-natural habitats as a result of movements of beneficials in the
agricultural landscape. However, the movement of the service providers depend first of all on
the movement capacity of the specific organism and second on the connectivity of suitable
habitat or the presence of barriers within the landscape. Furthermore, since the amount
of semi-natural habitats in a given landscape determines the pool of available organisms
while habitat isolation its accessibility for the organisms of this pool [44], and most of these
organisms rely on several habitat types for completion of their life cycle, when evaluating
these services, both local and landscape scales need to be considered. In this regard, the
complex interactions between field-specific management, surrounding landscape complexity
and biodiversity found in previous studies, highlight the importance of tackling ecosystem
services from a landscape perspective: for instance, organic farming practices were found
to have a stronger positive effect on diversity of natural enemies and pollinators in simple
(agricultural intensive) landscapes than in heterogeneous ones [39, 45, 46], whereas Winqvist
et al. [47] did not find any significant interaction between farming practices and landscape
complexity on the diversity or abundance of wild plants, ground beetles and breeding birds.
Despite this contrasting results, there are plenty of evidences supporting that semi-natural
habitats are essential elements for the communities of ecosystem service providers, and that
their effects operate at both local and landscape scales. In example, regarding pollination
services, pollinator richness and flower visitation rates decrease with the distance to natural
habitats [41]; solitary bee abundance and richness are positively correlated with the amount
of natural vegetation [4] or semi-natural pasture land [48] in the surrounding landscape;
abundance of habitat specialist butterflies is related to forest cover [49]; or pollinator crisis
seems to be more acute in landscapes dominated by annual crops than in more heterogeneous
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ones [50]. Whereas, for pest control services, density and diversity of natural enemies is
enhanced by the amount of semi-natural habitats in the landscape [37, 43]; or the presence
of semi-natural habitats is known to increase the level of pest control in adjoining crops
[51, 52, 53, 54].

1.4 Current situation and research needs

Figure 1.3: Bumble bee (Bombus pascuo-
rum Scopoli) visiting flowers of spotted dead-
nettle (Lamium maculatum L.). Image by
Agustín M. Bartual.

All these compiling evidences suggest that conserving
suitable habitats within the agricultural landscapes
can be a correct strategy to improve the level and
stability of pollination and pest control services, since
diversified landscapes hold greater potential for the
conservation of biodiversity and this, in turn, en-
hances ecosystem service provision [37]. The Euro-
pean Union has actively supported the establishment
of semi-natural habitats within agricultural landscapes
through agri-environment programs; nevertheless, so
far their implementation has been quite limited [55].
Some authors argue that it may be due to the in-
sufficient knowledge on the actual benefits, lack of
awareness among users [56], or existence of techno-
logical alternatives to bypass ecosystem service re-
liance [57]. If ecosystem services rely on ecological
processes working at a landscape scale, and these,
in turn, on the presence of semi-natural habitats,
the single farmer’s attitude is generally not sufficient
to increase the availability of these habitats in the
landscape, and policies are needed to stimulate their
conservation/implementation.

It is evident that keeping those patches of semi-natural vegetation in agricultural landscapes
entails a cost for farmers and authorities, but this cost should be compensated by the
benefits derived from an increased ecosystem service provision (i.e. reduction of pesticide use
through enhanced pest control [58], or increased yields through adequate pollination [59]).
In this regard, scientific research may be essential to develop sound and simple techniques
to quantify and predict ecosystem services that are proven to be valid throughout the
wide range of climatic zones and farming systems present in the EU. Therefore, deepening
the knowledge of the role of semi-natural habitats in ecosystem service provision to crops,
and developing clear and simple recommendations regarding their presence in agricultural
landscapes, may contribute to improve overall sustainability of agriculture while maintaining
–or even improving– their productive capacities. This information will help policy makers of
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the EU to further refine the policy instruments already available in the CAP (2nd Pillar) and
in the CAP reform (Greening), and enhance the acceptance and application of those policy
measures by the local stakeholders.

Many studies have described the ecological functions of these habitats –by identify-
ing/quantifying beneficial organism on them–, but very few addressed simultaneously their
ecosystem services to agriculture [60, 61]. Likewise, studies that compare the opportunity
cost of devoting land to semi-natural habitats, or managing the existing SNH properly, with
the value of the services they provide are limited [62]. This knowledge gap has motivated
several authors to recommend research on the relationship between semi-natural habitats
and ecosystem service provision [13, 37, 41, 43, 60, 63]. Despite some authors have recently
pointed out that management strategies aiming at the promotion of ecosystem services are
not necessarily beneficial for the conservation of general biodiversity (i.e. rare, endemic
or threatened species that do not provide salient services), and that biodiversity may be
important to guarantee resilience of ecosystems in a context of future environmental change
[64, 65]; we believe that both strategies (service promotion and biodiversity conservation)
are not necessarily conflicting and can be developed in parallel in the context of landscape
design for agricultural purposes.

(a) (b)

Figure 1.4: Floral resources present in agricultural landscapes commonly used by honey bee (Apis mellifera
L.). (a) visiting flowers of blackberry (Rubus ulmifolius Schott), (b) visiting an inflorescence of sunflower
(Helianthus annuus L.). Note the pollen pellets carried on their corbiculae. Images by Agustín M. Bartual.
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1.5 Framework and general objectives

This PhD project is framed within the overarching European research project QuESSA
(Quantifying Ecological Services for Sustainable Agriculture) www.quessa.eu, which aims
at identifying the key semi-natural habitats providing essential ecosystem services, while
measuring the actual levels of ecosystem service provision, for a range of representative
cropping systems and farming intensities throughout the EU. This information will allow to
develop spatially explicit models determining how the vegetation composition, management,
shape, area and placement of these habitats in agricultural landscapes affect the distribution
of mobile-agent based ecosystem services. Taking into consideration this general framework,
this PhD project will, more specifically, focus on:

• Studying the relation between type, structure and vegetation composition of semi-
natural habitats present in agricultural landscapes and their pollination and pest control
provisioning potential across a wide range of landscape complexities (Chapter 2).

• Quantifying the degree of dependence in terms of yield and quality of sunflower for oil
production (Chapter 3).

• Understanding how landscape configuration affects the real delivery of pollination in
sunflower (Chapter 3).

• Analysing the resource offer of semi-natural habitats and their pollinator communities
(Chapter 4).

• Evaluating the seasonal dynamics and influence of landscape composition on pollen
diet of honey bee (Apis mellifera L.) (Chapter 4).

It is important to note that, despite ecosystem services are more appreciated in low-input
and organic farming systems –and therefore the majority of research up to date has been
mainly centred on them–, we focused our research on conventional farming systems heavily
reliant on external inputs, since these ones constitute the bulk of European agriculture and
thus any reduction –even if it is small– of the use of agrochemicals due to the augmentation
of ecosystem service provision will have a greater impact on the overall environmental quality.

6
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2 Potential of semi-natural habitats to support pollina-
tion and pest control services

2.1 Abstract

A correct evaluation of both costs and benefits of maintaining –or even creating– semi-natural
habitat patches embedded in the agricultural matrix, needs a clear picture about what these
patches can offer in terms of essential ecosystem services underlying agricultural productivity
(like pollination or pest control). So far, the existence of ‘technological’ alternatives to bypass
the reliance on ecosystem services –such as pesticides, self-compatible cultivars, managed
honey bee colonies, etc.– has hindered the implementation of such measures without public
subsidies [57]. Disentangling the differences in ecosystem service potential of various semi-
natural habitat types may help to clarify which SNH types are more suitable to provide
such services, thus reducing the opportunity costs inherent to land management aimed at
ecosystem service maintenance/promotion. We measured structural characteristics, vegetation
composition and floral resources, simultaneously with abundances of the main groups of
providers of pollination and pest control services, in 217 semi-natural habitats belonging
to the four major types of semi-natural habitats (woody areal, woody linear, herbaceous
areal and herbaceous linear) present in 62 landscape sectors of four European countries
during the most important periods in terms of vegetation phenology, activity of service
providers and delivery of ecosystem services to crops. With regards to pollination service,
we found that all assessed typologies sustained similar abundances of pollinators except the
internal part of woody areal elements, which showed a diminished potential. Despite not
being significantly different, herbaceous elements seemed able to sustain higher abundances
of pollinators throughout the whole season than woody ones. We also found evidences that
flowering densities of some singular key groups of plants (i.e. Rubus, Prunus or Trifolium
species) significantly increased the amount of bees. Regarding pest control potential, the
external part of forests sustained greater densities of natural enemies than both herbaceous
elements, whereas the external part of hedgerows displayed higher numbers of parasitic wasp
than the core part of herbaceous areal elements. Floral abundances did not exert any influence
on natural enemies. Therefore, our results support that all evaluated types are relevant in one
way or another to sustaining natural populations of both groups of service providers, which
should encourage the development and implementation of policies to maintain or restore
those habitats in agricultural landscapes in order to preserve the levels of pollination and
pest control services.

2.2 Introduction

During the last 50 years agriculture of developed countries has undergone a continuous process
of intensification acting at different spatial scales, from the field level, through the heavy

7



Chapter Two

reliance on mechanical and agrochemical inputs, to the landscape level, via the intensive use of
land in agricultural areas where undisturbed patches of natural vegetation have thus become
scarce [17]. Intensification has been widely identified as one of the main causes of biodiversity
decline [18, 19], which is known to have a detrimental effect on ecosystem services [26, 27, 28];
being these last ones the conditions and processes through which natural ecosystems and the
species that they host sustain human life [1]. At the same time, the expected increases in
world population –9.7 billion by 2050 [14]– are likely to further promote intensification of
agriculture at both scales, highlighting the necessity of bio-technical and social breakthroughs
to improve farming systems’ sustainability without reducing their productive capacities.
Furthermore, intensification per se may fail in meeting future food demands if it entails
biodiversity losses and excessive alteration of ecosystems. Escaping from the vicious cycle
where further intensification results in greater degradation of the ecosystems and the services
they provide, calls for the adoption of strategies which aim at maximizing the benefits derived
from ecosystem services.

Among the broad list of ecosystem services, pollination and pest control have been identified as
the most important regulating services provided by insects [3]. Both services are characterized
by a strong spatial component defined by the foraging ranges of their providers [4], which may
operate at a scale of several kilometres [66]. Semi-natural habitats (hereafter SNH) are found
in non-cropped areas of agricultural landscapes –such as field margins, agricultural tracks,
hedgerows and woodlands– but also within cropped areas –like fallows and cover crops–.
These habitats have been widely identified as a source of floral resources for pollinators [35, 36],
alternative preys or hosts for natural enemies [37] and overwintering and nesting sites for
both groups of beneficials [33, 34], thus sustaining farmland populations of beneficial insects
[40, 41, 42, 43]. Keeping those patches of semi-natural vegetation in agricultural landscapes
has the disadvantage of devoting part of the potentially productive land to non-agricultural
purposes, but, on the other hand, this cost should be balanced against the benefits provided
by increased provision of ecosystem services in terms of decreased pesticide use [58] and
increased yields though more effective pollination [59]. There is, consequently, a great need
to deepen the knowledge of the role played by SNH in the ecosystem service provision for
cropping systems.

Functional traits are commonly defined as any measurable or categorizable feature at the
individual level that affect the overall performance of an organism [67]. These changes in
performance might influence the demographic characteristics of populations and, in turn, their
community structure and dynamics and ecosystem functioning [68]. On the other hand, the
concept of plant functional type proposes that plant species can be grouped into functional
types based on their response traits –traits related to the response of plants to environmental
factors such as resources and disturbances– and/or their effect traits –traits that have an
effect on ecosystem functioning– [31]. Therefore, trait-based approaches have been identified
as a potential tool to predict the response of ecological communities to disturbance [69, 70]
and, in turn, their effect on ecosystem functioning and service provision.
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This paper aims at assessing (1) whether various types of semi-natural differ in the ability
to provide pollination and pest control services and (2) what characteristics drive those
differences. In classifying SNH we adopted a ‘multi-resolution approach’, i.e. habitats were
first described by coarse categories, models were run and then finer characteristics of the
habitat were added to the analytical process in order to test whether including those variables
would increase the predictive power of our models. Obtaining detailed information about
SNH (e.g. measuring flower abundances) is a long and costly process, thus one of the main
rationales behind the multi-level approach was to answer whether it is possible to predict
abundances of beneficials based on a rough characterization of SNH, or if it is worthwhile
adopting more detailed –though expensive– assessments. The specific research questions were
the following: (i) How do major types of SNH in European agricultural landscapes differ in
their potential to contribute to pollination and natural pest control services? Do the various
subgroups of providers –pollinators: honey bees and wild bees; pest controllers: predatory
diptera and parasitic wasp– respond differently to SNH type and the location within the
element? (ii) Which structural characteristics and key vegetation traits (in particular floral
resource traits), drive the pollination and pest control potential of these habitats? Do these
drivers differently affect the various pollination and pest control providing groups? (iii)
What level of detailed information on habitat traits is required to adequately predict service
potential?

2.3 Material & Methods

2.3.1 Study design

The study was conducted in 2013 and 2014 in a total of 62 agricultural landscapes (here-
after landscape sectors) of four European countries: Italy (Pisa Plain, N: 43°39’39.12’‘,
E: 10°27’17.96’‘; 15 landscape sectors), Switzerland (northern part of the central plateau,
N: 47°29’59.37’‘, E: 8°27’3.75’‘; 17 landscape sectors), Germany (upper Rhine valley, N:
49°16’27.31’‘, E: 8°15’58.44’‘; 18 landscape sectors) and United Kingdom (southern England,
N: 51°6’55.96’‘, W: 1°23’39.88”; 12 landscape sectors). In all study regions, agricultural
landscapes were characterized by a mosaic of crops (including arable and permanent crops
as well as rotational meadows), permanent herbaceous semi-natural vegetation of different
size and shape (larger patches of extensively managed grassland, fallows, long term set-aside
fields as well as linear elements such as grassy strips, improved field margins and extensively
managed herbaceous vegetation along ditches), forest remnants and woodlots, hedgerows
and tree-lines. Thus, despite regional variation in the plant composition of SNH across the
study areas, the vast majority of SNH could be classified into four major classes (hereafter
SNH type): herbaceous areal, herbaceous linear, woody areal and woody linear habitats (see
Supplementary material –section S1.1– for a more detailed description of SNH types). A
total of 217 SNH elements of the four major classes were sampled: 38 herbaceous areal (HA),
61 herbaceous linear (HL), 55 woody areal (WA) and 63 woody linear (WL). In each of the
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non-overlapping landscape sectors (1 km radius) one SNH element of each of the four types
was randomly selected if present. Otherwise, to keep the number of sampled elements per
SNH type as similar as possible within each study region, some landscape sectors contained
more than one element of the same SNH type (5 sectors). Any element was at least 200
m distant from any other and had a minimum surface of 150 m2 to respectively ensure
independence and guarantee a minimum impact on beneficials and ecosystem service delivery.
As the composition of local communities of mobile beneficials, such as pollinators and natural
enemies, is usually the outcome of the interactions between habitat patch suitability and
landscape context (e.g. composition, configuration and management intensity) [71, 72], in each
country, landscape sectors were chosen along a gradient of landscape complexity, estimated
as the total coverage of SNH based on aerial photographs. This experimental design ensured
that habitat type was not confounded with landscape context, and that conclusions are valid
for agricultural landscapes of a wide range of complexity.

2.3.2 Vegetation and floral abundance assessments

To account for the sometimes high heterogeneity in floral and other vegetation traits, in
particular between the edge and core parts of SNH patches [73], vegetation and floral
abundance were assessed in two parallel belt transects of 75 m2 (50 x 1.5 m) each, one at the
border and one in the inner part of the element (≤ 12.5 m from the edge). In narrow linear
elements (< 3 m width), both transects were located along the same bordering line. For
each selected SNH the following variables were recorded: percentage ground cover and recent
management of each of the three vegetation layers –tree (> 4 m height), shrub (1-4 m height),
herbaceous (0-1 m height)–, as well as floral resource abundances. Cover and management of
the tree and shrub layers, which are more adequately measured at larger spatial scales, were
estimated for the entire SNH –thus both transects shared the same value–, whereas for the
herbaceous layer they were assessed in two subplots (5 x 1 m) randomly selected in two zones
of each transect at least 10 m apart from each. Subplot data was pooled at transect level
for analysis. Recent management interventions recognizable at the time the vegetation was
assessed were coded as a binary variable: ‘Managed’ (e.g. pruned, trimmed, grazed, herbicide
treated, mown) vs ‘Non managed’. In addition, the number and type of flower units (single
flowers and multi-flowered inflorescences; following Pywell et al. [74]) of all flowering vascular
plant species were recorded in 10 three-dimensional cubes with ground surface 1 x 1 m and 2 m
height randomly distributed within each sampling transect. Almost all recorded plants could
be identified to species level, otherwise they were identified at the genus level. In order to
have estimates of flower abundances which could be comparable across species, we multiplied
the number of each flower unit by the length of its major axis (e.g. diameter in actinomorphic
flowers, total length in case of panicles), thus obtaining a proxy for the ‘floral display’ of each
species within the SNH. The axis length values were retrieved from the following databases:
Naturgate (http://www.luontoportti.com/suomi/en), E-Flora BC [75], Flora d’Italia [76],
New South Wales flora online (http://plantnet.rbgsyd.nsw.gov.au/floraonline.htm) and Flora
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of china (http://www.efloras.org). For the species that were not present in the mentioned
trait-databases, dimension was obtained from direct measure on herbaria specimens pictures.
Floral abundance data was expressed as the average value of floral display of each plant
species per m2 –log-transformed prior to analysis–. In addition, as a proxy of floral diversity,
the number of recorded flowering plant species (hereafter referred to as ‘flowering species
richness’) was derived from the original data. Explanatory variables such as cover and
management of the trees and shrubs were considered unlikely to change substantially over the
season and were thus measured once during spring (T2, see below), whereas flower abundance,
cover of the herbaceous vegetation and its management were assessed four times during the
season accounting for the different vegetation phenologies across the study regions: at the
start of the vegetation period (T1), six weeks before the end of the vegetation period (T4)
as well as in May/June (T2) and July (T3) (see Supplementary material –section S1.2– for
the specific sampling dates per country. Note: T1 was not assessed in Italy). Thus, data
collection covered the most important periods in terms of vegetation phenological stages and
activity of the beneficials under study, as well as the relevant time-spans for pollination and
natural pest control services in the study regions.

2.3.3 Plant species traits derived from trait databases

For each recorded plant species, the following traits were gathered using the R package ‘TR8’
[77]: floral reward, pollen vector, flower class according to Müller, flower colour, month of
earliest and latest flowering, life form and mean height (sources: [78, 79, 80, 81, 82, 83]).
In the case of plants identified to the genus level, the chosen value for the trait was the
most abundant value among the recorded species belonging to that specific genus. Floral
reward refers to the type of rewards provided by flowers to attract insects: ‘nectar’, ‘pollen’
or ‘nectar and pollen’. Pollen vector refers to the main pollen transfer agent and the original
levels were re-categorized into ‘insect pollinated’ or ‘other’ (including abiotic vectors such
as wind or water, but also other types of pollen transfer such as cleistogamy, geitonogamy).
Flower class was derived from the Müller flower classification system [84], which is mainly
based on the accessibility of floral rewards to different pollinator groups. Original classes
were condensed to seven categories: ‘bee flowers’, ‘butterfly-moth flowers’, ‘diptera flowers’,
‘hidden nectar’, ‘open nectar’, ‘pollen flowers’ and ‘wind flowers’ (see Supplementary material
–section S1.3–). Flower color comprised the following levels: ‘white’, ‘purple-blue’, ‘brown-red’,
‘green’, ‘yellow’ and ‘pink’. Flowering duration (in months) and flowering period were derived
from the month of earliest and latest flowering. Flowering period was condensed into three
classes based on earliest flowering month: ‘early’ (January to April), ‘middle’ (May to June),
and ‘late’ (July to December). Lastly, life form refers to the vertical position of vegetative
buds based on the Raunkiaer system (see Supplementary material –section S1.4–).
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2.3.4 Sampling of pollinators and natural enemies

Standardized pan traps [85] were used to sample hoverflies (Syrphidae), predatory flies of the
families Empididae and Dolichopodidae, parasitic Hymenoptera and bees (Apoidea) (for the
latter also the transect walk method was used, see below). Pan traps have been shown to be
an adequate and effective method for sampling Syrphidae [86, 87, 88], Empididae [89, 90],
Dolichopodidae [91, 92] and Apoidea [85], especially when not only yellow but also blue pans
and UV-reflecting paint are used [85, 93]. Therefore we used pan traps consisting of three
500-ml plastic bowls (Pro-Pac, Vechta, Germany) sprayed with UV-reflecting yellow, white or
blue paint (Sparvar Leuchtfarbe, Spray Color GmbH, Merzenich, Germany) to enhance their
effectiveness [94]. Pans were mounted on wooden posts at the dominant vegetation layer
(herbaceous or shrub), below the maximum height of the vegetation (herbaceous layer) or
partly hidden (shrub layer) to minimize potential attraction of insects from larger distances.
Each bowl was filled with 300 ml of water with scentless detergent to reduce surface tension.
Simultaneously to vegetation surveys, in each of the two transects of each sampled SNH
element, a complete set of pan traps (yellow, white, blue) was installed and left active for
four days. All collected insects were labelled and stored separately for each pan trap. If any
trap was damaged or dry it was discarded. Despite that pan traps are identified as the most
efficient and unbiased method for sampling bees [85], they preferentially catch small-bodied
bees and might under sample larger bee species such as bumble bees or honey bees [95, 96]. In
order to counteract these sampling biases, pollinators were also quantified using standardized
transect walks [97]. Each sampling transect (50 x 1.5 m) was subdivided into two units of 25
x 1.5 m, so each SNH element had a total sampled area of 150 m2. During a maximum of 5
minutes per transect subunit, the observer walked slowly and at a constant pace recording all
individuals of the following insect groups: bees (Hymenoptera: Apoidea: honey bees, bumble
bees, other wild bees/solitary bees). Only wild bees (bumble bees and solitary bees) that
could not be identified in the field were captured for later identification. In May, no bumble
bees were captured to avoid unnecessary harm to young colonies. Walks were carried out
from 09:30 to 17:30 during sunny weather, or when it conformed to the following standards:
low wind velocity (ideally < 2.5 m/s) and temperature above 13 °C with at least 60% clear
sky, or above 17 °C in any sky conditions apart from rain [98]. As pollinator activity may
vary through the day [99], to avoid confounding effects between daytime, type of SNH and
landscape sector complexity, the time of the day when the elements and the landscape sectors
were sampled was random.

Collected insects were stored in 70% ethanol for preservation and identification in the
laboratory. The focus on pollination and pest control potential imposed the classification into
two main functional groups of beneficials: ‘pollinators’ and ‘flying predators’. For ‘pollinators’,
bees have been widely identified amongst the most important pollinators of crops and wild
plants [4, 7] and thus were chosen as the reference group. The counts of all Apoidea were
summed for the three bowls (one pan trap) per site together with the observed individuals per
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transect walk. Based on the rationale of their contingent management and their potentially
different floral preferences, ‘wild bees’ (bumble bees and solitary bees) and ‘honey bees’ were
also analysed separately. For ‘flying predators’, pan traps are suitable to sample a suite of
dipteran families (hereafter ‘predatory diptera’) who either predate during their larval stage
or actively hunt preys as adults, and the guild of ‘parasitic wasps’ who live on large variety
of other organisms including agricultural pests. Due to their differences in life history traits,
these two functional subgroups were also analysed separately. ‘Predatory diptera’ included
the families Asilidae, Dolichopodidae, Empididae and Syrphidae. ‘Parasitic wasps’ comprised
the hymenopteran superfamilies Chalcidoidea, Braconidae and Ichneumonidae. In order to
reduce the identification workload, flying predators were assessed taking into account only a
subset of the total available pan traps (1453 out of 1587). Analogously to pollinators, flying
predators were assessed at site level aggregating the three bowls.

2.3.5 Statistical analyses

To evaluate the differences in pollination and pest control potential across SNH types, we
performed generalized linear mixed models (GLMMs) with negative binomial error distribution
–to account for the overdispersion that often occur with ecological data– with the type of SNH
and distance within the element (and their interaction) as fixed factors, and element nested
within landscape sector nested within country crossed with sampling round and sampling
round per country as random effects, with the abundances of the two main functional groups
of service providers –‘pollinators’ and ‘flying predators’– as response variables. In addition,
in order to evaluate the specific ecosystem service potential of SNH types for each one of
the main subgroups of service providers, we separately fitted analogous models with the key
groups of beneficials ‘honey bees’, ‘wild bees’, ‘predatory diptera’ and ‘parasitic wasps’ as
response variables.

To identify which of the structural characteristics of the SNH, floral abundances and key
vegetation traits influence pollinator and pest control communities, we fitted a different
GLMM for each service providing group, using the above described random structure, and
adding, as fixed factors, the cover values of the herbaceous, shrub and tree layers and
the floral display of every functional group of plants. Functional groups were identified
using a combination of RLQ [100] and fourth-corner [101] methods: the RLQ analysis is
useful to identify the main multivariate associations between species, samples, traits and
environmental variables but does not allow to apply significance tests, while the fourth-corner
method is suitable to test the significance of bivariate associations between single traits and
environmental variables but does not take into account covariation among them [68]. More
specifically, the RLQ analysis is a double inertia analysis of two tables (R –containing the
measurements of m environmental variables in n samples– and Q –s traits for p species–)
with a link expressed by a contingency table (L –with the abundances of the p species–)
that focuses on how environmental variables and plant traits are related taking into account
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species abundances [102]. Our analysis was focused on the relationship between plant species
and beneficial arthropods, which is mainly mediated by flower resources, thus in the RLQ
analysis we used species floral display data as the L table, while we used –as environmental
variables– the type of SNH and the distance within the element –as proxies of long-term
management–, recent management of the three vegetation layers and the perimeter-area ratio
of the element; life form, mean height, pollen vector, floral reward, flower colour, flower class,
flowering duration and flowering period were the species traits used as the Q table. The first
steps of the analysis consist of an ordination analysis of the R, L and Q tables: for the L table
a correspondence analysis was applied, while for R and L the Hill-Smith method was used,
since this allows for the analysis of both continuous and categorical variables. The result of
these ordinations were utilized as input for the RLQ algorithm. Subsequently we computed
ward distances among species scores on the first two axis of the RLQ analysis to cluster plant
species into functional groups. The optimal number of groups was defined using the function
K-means with the Kalinski-Harabasz criterion [103]: floral display values at each sampling
site were then aggregated at the functional group level. In order to test the significance of
bivariate associations and ease the interpretation of the most important patterns of variation
and correlation, we directly tested the links between the first two RLQ axes and both, traits
and environmental variables, by means of the fourth-corner statistic with 4999 permutations
and p values adjusted for multiple testing using the false discovery rate (FDR) procedure.

Finally, to address the question about which level of detail is needed to conveniently assess
ecosystem service potential of SNH and quantify the benefits, in terms of parsimony (Occam’s
razor), of using more detailed –thus more labour intensive– predictors, we modelled the abun-
dances of both main functional groups of service providers –‘pollinators’ and ‘flying predators’–
against three different resolution levels of predictors (from simpler to more complex): (level 1)
type of SNH and position within the habitat, (level 2) general characteristics –or structural
traits– and diversity and overall abundance of floral resources, (level 3) general characteristics
and floral abundances of the different functional groups identified based on the relationship
between environmental variables and plant traits mediated by species abundances. All models
were GLMMs with negative binomial error distribution and identical random structure (see
first paragraph of this section). The three resolution models per response variable were
compared using the Akaike information criterion corrected for small sample sizes (AICc).

Model assumptions were checked adopting the graphical validation procedures recommended
by Zuur et al. [104]. Collinearity among explanatory variables was tested for every model
computing variance inflation factors using the corvif function [104] and collinear variables over
the cut-off value of 3 were systematically removed. The effect of predictors was tested based
on type II analysis of deviance with Wald chisquare tests. Multiple pairwise comparisons
were carried out on least-squares means with Tukey’s adjustment of P value. Statistical
analyses were performed in R 3.3.1 [105] using the packages lme4 [106], ade4 [102], MuMIn
[107], effects [108] and lsmeans [109].
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2.4 Results

2.4.1 Pollination and pest control potential of SNH

On the whole, 13974 specimens belonging to superfamily Apoidea were captured with the pan
traps and 7798 identified during the transect walks; whereas for pest control providers, 78864
individuals were captured with the pan traps (the complete list of identified/captured insects
per country and sampling method is provided in Supplementary material –section S1.5–).
Total pollinator abundance was significantly affected by the interaction of SNH type and
distance within the element (χ2 = 84.98, df = 3, p < 0.001), with the internal part of WA
elements supporting less pollinators than the rest of SNH-distance combinations (fig. 2.1a).
SNH type-distance interaction was also significantly affecting flying predators abundance (χ2

= 49.30, df = 3, p < 0.001), but contrary to pollination providers, the external part of WA
elements significantly sustained greater abundances of flying predators than both herbaceous
habitats at any distance –HA-E/I and HL-E/I– and the internal part of both woody habitats;
in addition, the edge part of hedgerows (WL) also exhibited a higher potential than the
internal part of WA elements (fig. 2.1b). Pairwise comparisons of least-squares means are
reported in table 2.1. Detailed model outputs can be found in Supplementary material
–table S11–.
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Figure 2.1: Effect of SNH type and distance on (a) pollinator and (b) flying predator abundances. Points
represent predicted values. Red lines represent the upper and lower confidence intervals at the 95% level.
The y-axes are log-scaled. Distance: ’E’: Edge, ’I’: Interior.

Regarding both key pollination service providing subgroups, the disaggregated values for
honey bees were 3740 for pan traps and 3513 for transect walks, while for wild bees were
10234 and 4285 respectively. The abundances of both subgroups were significantly affected
by the SNH type-distance interaction (honey bee: χ2 = 70.29, df = 3, p < 0.001; wild bees:
χ2 = 73.18, df = 3, p < 0.001). The interior part of WA elements showed a significant lower
potential to support both key subgroups of pollinators than the rest of sampled elements.
The fact that this trend was consistent regardless of the aggregation level of pollinator groups
–all bees (see above), honey bee, wild bees–, supports the hypothesis that internal part of
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Table 2.1: Pairwise comparison based on Tukey’s HSD of SNH type and distance for pollination and pest
control potential. Tests were performed on the log scale. ’R. ratio’: Response ratio. ’E’: Edge, ’I’: Interior.
Note: *** p < 0.001, ** p < 0.01, * p < 0.05.

Pollination potential Pest control potential
Contrast R. ratio z ratio p value Significance R. ratio z ratio p value Significance
HA,E - HA,I 0.956 -0.463 1.000 0.944 -0.562 0.999
HA,E - HL,E 1.070 0.487 1.000 1.065 0.462 1.000
HA,E - HL,I 1.046 0.311 1.000 1.087 0.589 0.999
HA,E - WA,E 1.279 1.703 0.685 0.589 -3.754 0.004 * *
HA,E - WA,I 3.448 8.404 0.000 * * * 1.287 1.783 0.632
HA,E - WL,E 1.204 1.340 0.884 0.780 -1.832 0.598
HA,E - WL,I 1.347 2.081 0.427 0.904 -0.727 0.996
HA,I - HL,I 1.094 0.627 0.999 1.152 1.000 0.975
HA,I - WA,I 3.608 8.731 0.000 * * * 1.364 2.193 0.356
HA,I - WL,I 1.409 2.405 0.239 0.958 -0.309 1.000
HL,E - HA,I 0.893 -0.815 0.992 0.886 -0.888 0.987
HL,E - HL,I 0.978 -0.262 1.000 1.020 0.220 1.000
HL,E - WA,E 1.195 1.433 0.842 0.553 -4.781 0.000 * * *
HL,E - WA,I 3.223 9.141 0.000 * * * 1.209 1.519 0.798
HL,E - WL,E 1.125 1.016 0.972 0.732 -2.660 0.135
HL,E - WL,I 1.259 1.873 0.569 0.849 -1.354 0.878
HL,I - WA,I 3.297 8.912 0.000 * * * 1.185 1.300 0.899
HL,I - WL,I 1.288 1.961 0.508 0.832 -1.453 0.832
WA,E - HA,I 0.747 -2.021 0.467 1.601 3.345 0.019 *
WA,E - HL,I 0.818 -1.542 0.785 1.844 4.737 0.000 * * *
WA,E - WA,I 2.697 10.662 0.000 * * * 2.184 8.433 0.000 * * *
WA,E - WL,E 0.942 -0.487 1.000 1.323 2.288 0.300
WA,E - WL,I 1.053 0.405 1.000 1.534 3.417 0.015 *
WA,I - WL,I 0.391 -7.110 0.000 * * * 0.702 -2.800 0.095
WL,E - HA,I 0.794 -1.670 0.707 1.210 1.406 0.855
WL,E - HL,I 0.869 -1.143 0.947 1.394 2.687 0.126
WL,E - WA,I 2.864 8.286 0.000 * * * 1.651 4.060 0.001 * *
WL,E - WL,I 1.119 1.309 0.896 1.159 1.722 0.673

woodlots does not seem to be especially attractive for bees. Honey bee abundance was in
addition significantly lower in the external part of WA elements compared to the internal
part of HA habitats (fig. 2.2).

On the other hand, the overall captured individuals with the pan trapping method of the
two functional subgroups of pest control providers were 20087 parasitic wasps and 58777
predatory diptera. In the case of the parasitic wasp guild, external WA showed greater
abundances than both distances of herbaceous elements –HA-E/I and HL-E/I– and the
internal part of the same SNH type, but did not significantly differ from WL elements in any
distance. In addition, WL seemed to be also positive for this guild, with their interior part
showing significantly higher abundances than the internal part of HA and HL elements, and
their external part than the internal part of HA habitats (fig. 2.3a). Regarding predatory
diptera, their abundance was also boosted in the perimeter area of the WA, being significantly
greater than HA-E, HL-E/I and the internal area of both woody habitats. Predatory diptera
abundance was also found to be greater in WL external than in WA internal (fig. 2.3b),
highlighting that perimeter areas of woody SNH seem to be the most attractive habitats
for this guild of beneficials but with a low permeability (as predatory diptera abundance
experiences a sudden drop from the edge to the interior).
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All pairwise comparisons can be found in tables 2.2 and 2.3 and the detailed model outputs
in Supplementary material –section S1.9 - table S11–.
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Figure 2.2: Effect of SNH type and distance on pollination key providing subgroups (a) honey bee and (b)
wild bees abundances. Points represent predicted marginal means. Red lines represent the upper and lower
confidence intervals at the 95% level. The y-axes are log-scaled. Distance: ’E’: Edge, ’I’: Interior.

Table 2.2: Pairwise comparison based on Tukey’s HSD of SNH type and distance for key pollination providing
subgroups. Tests were performed on the log scale. ’R. ratio’: Response ratio. ’E’: Edge, ’I’: Interior. Note:
*** p < 0.001, ** p < 0.01, * p < 0.05.

Honey bee Wild bees
Contrast R. ratio z ratio p value Significance R. ratio z ratio p value Significance
HA,E - HA,I 0.887 -0.823 0.992 1.016 0.162 1.000
HA,E - HL,E 1.136 0.575 0.999 1.033 0.251 1.000
HA,E - HL,I 1.208 0.820 0.992 1.000 -0.004 1.000
HA,E - WA,E 2.009 2.999 0.055 1.028 0.204 1.000
HA,E - WA,I 10.209 8.985 0.000 * * * 2.559 6.855 0.000 * * *
HA,E - WL,E 1.263 1.053 0.966 1.118 0.867 0.989
HA,E - WL,I 1.253 0.985 0.977 1.312 2.034 0.459
HA,I - HL,I 1.363 1.347 0.881 0.984 -0.120 1.000
HA,I - WA,I 11.513 9.477 0.000 * * * 2.520 6.752 0.000 * * *
HA,I - WL,I 1.413 1.516 0.799 1.291 1.919 0.537
HL,E - HA,I 0.780 -1.120 0.953 0.983 -0.130 1.000
HL,E - HL,I 1.063 0.452 1.000 0.968 -0.393 1.000
HL,E - WA,E 1.768 2.790 0.097 0.995 -0.044 1.000
HL,E - WA,I 8.984 9.451 0.000 * * * 2.478 7.627 0.000 * * *
HL,E - WL,E 1.111 0.554 0.999 1.083 0.741 0.996
HL,E - WL,I 1.103 0.488 1.000 1.270 2.094 0.419
HL,I - WA,I 8.448 8.880 0.000 * * * 2.560 7.547 0.000 * * *
HL,I - WL,I 1.037 0.173 1.000 1.312 2.263 0.314
WA,E - HA,I 0.441 -3.530 0.010 * * 0.988 -0.088 1.000
WA,E - HL,I 0.601 -2.384 0.249 0.973 -0.230 1.000
WA,E - WA,I 5.081 9.053 0.000 * * * 2.490 10.196 0.000 * * *
WA,E - WL,E 0.628 -2.297 0.295 1.088 0.742 0.996
WA,E - WL,I 0.624 -2.249 0.322 1.276 2.047 0.450
WA,I - WL,I 0.123 -8.817 0.000 * * * 0.513 -5.423 0.000 * * *
WL,E - HA,I 0.702 -1.603 0.749 0.908 -0.746 0.996
WL,E - HL,I 0.957 -0.218 1.000 0.894 -0.984 0.977
WL,E - WA,I 8.086 9.059 0.000 * * * 2.289 7.015 0.000 * * *
WL,E - WL,I 0.992 -0.056 1.000 1.173 1.918 0.538
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Figure 2.3: Effect of SNH type and distance on pest control key providing subgroups (a) parasitic wasp and
(b) predatory diptera abundances. Points represent predicted values. Red lines represent the upper and lower
confidence intervals at the 95% level. The y-axes are log-scaled. Distance: ’E’: Edge, ’I’: Interior.

Table 2.3: Pairwise comparison based on Tukey’s HSD of SNH type and distance for key pest control providing
subgroups. Tests were performed on the log scale. ’R. ratio’: Response ratio. ’E’: Edge, ’I’: Interior. Note:
*** p < 0.001, ** p < 0.01, * p < 0.05.

Parasitic wasp Predatory diptera
Contrast R. ratio z ratio p value Significance R. ratio z ratio p value Significance
HA,E - HA,I 1.186 1.504 0.806 0.882 -1.024 0.971
HA,E - HL,E 0.950 -0.332 1.000 1.113 0.681 0.998
HA,E - HL,I 1.028 0.172 1.000 1.123 0.712 0.997
HA,E - WA,E 0.570 -3.590 0.008 * * 0.566 -3.506 0.011 *
HA,E - WA,I 0.928 -0.470 1.000 1.427 2.163 0.375
HA,E - WL,E 0.696 -2.381 0.251 0.744 -1.884 0.562
HA,E - WL,I 0.663 -2.645 0.140 0.968 -0.205 1.000
HA,I - HL,I 0.867 -0.888 0.987 1.273 1.485 0.816
HA,I - WA,I 0.783 -1.534 0.789 1.618 2.935 0.066
HA,I - WL,I 0.559 -3.714 0.005 * * 1.097 0.580 0.999
HL,E - HA,I 1.248 1.422 0.848 0.793 -1.485 0.816
HL,E - HL,I 1.082 0.818 0.992 1.009 0.087 1.000
HL,E - WA,E 0.600 -3.775 0.004 * * 0.508 -4.747 0.000 * * *
HL,E - WA,I 0.977 -0.168 1.000 1.283 1.716 0.677
HL,E - WL,E 0.732 -2.388 0.247 0.669 -2.979 0.058
HL,E - WL,I 0.698 -2.678 0.129 0.870 -1.000 0.975
HL,I - WA,I 0.903 -0.711 0.997 1.271 1.582 0.762
HL,I - WL,I 0.645 -3.127 0.037 * 0.862 -1.018 0.972
WA,E - HA,I 2.079 4.644 0.000 * * * 1.560 2.745 0.109
WA,E - HL,I 1.802 4.178 0.001 * * * 1.986 4.598 0.000 * * *
WA,E - WA,I 1.627 5.350 0.000 * * * 2.523 8.331 0.000 * * *
WA,E - WL,E 1.219 1.501 0.807 1.316 1.946 0.519
WA,E - WL,I 1.163 1.116 0.953 1.711 3.711 0.005 * *
WA,I - WL,I 0.714 -2.445 0.220 0.678 -2.651 0.138
WL,E - HA,I 1.705 3.467 0.012 * 1.185 1.089 0.959
WL,E - HL,I 1.478 2.850 0.083 1.509 2.882 0.076
WL,E - WA,I 1.335 2.139 0.389 1.917 4.541 0.000 * * *
WL,E - WL,I 0.953 -0.543 0.999 1.300 2.573 0.166
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2.4.2 Trait responses to environmental gradients: defining plant functional
groups

The overall number of recorded flowering plants species was 393, plus 22 which were identified
at genus level. The cumulative projected inertia of the first two axis of the RLQ analysis was
87.1% with a low correlation of the second axis (0.2471). The first two axis preserved the
variance of the environmental scores (91.4%), whereas for traits, the amount of variance kept
was 75.3% and 69.8% of the amount obtained with a simple principal component analysis for
the ‘first’ and ‘first and second’ axis respectively. The hierarchical cluster analysis (Ward’s
clustering criterion) of the species scores obtained by the RLQ analysis revealed that the
recorded flowering species could be grouped into nine functional groups (fig. 2.4). Functional
groups 1 and 2 were characterized by tall phanerophyte species –trees, shrubs and woody
creepers– like Acer campestre, Prunus spp, Rosa spp, Crataegus monogyna or Clematis flamula,
characterized by early flowering period and shorter flower duration. The main differences
between those two groups were mean heigh, with taller species belonging to group 2, and
flower colour, with white-flower species being predominant in group 1 whereas yellow-flower
species in group 2. Geophyte species were mostly assigned to functional groups 4 and 9 (e.g.
Allium spp, Anemone spp, Arisarum vulgare). These two groups were mainly characterized
by short plants, flowering in the middle of the season, with an intermediate duration of the
flowering period (e.g. Convolvulus arvensis, Borago officinalis, Dioscorea communis). In
addition, group 9 included species producing only pollen as floral reward like Verbascum spp
or Rubia peregrina. Groups 3, 6, 7 and 8 mainly comprised herbaceous –hemicryptophyte and
therophyte– plants belonging to some genus like Cirsium, Malva, Clinopodium, Geranium,
Lamium, Galium, Potentilla, Trifolium or Vicia. Purple-blue flowers were characteristic of
group 7, whereas late-flowering species of group 6. Group 8 included non-entomophilous
species like Urtica dioica or Plantago major. Finally, functional group 5 was identified as a
transition group comprising both woody –phanerophyte– and herbaceous –hemicryptophyte
and therophyte– species, offering both types of floral rewards –nectar or nectar & pollen–
and mainly hidden nectar and pollen as flower classes. Characteristic genus of this group
were Hypericum, Lysimachia, Solanum or Rubus. The cluster dendogram and the detailed
botanical composition of each functional group can be found in Supplementary material
–section S1.8–. The trait composition of each functional group is graphically represented in
fig. 2.5 to help interpretation.

Several significant associations between RLQ axes and traits/environmental variables were
identified by the fourth-corner method (fig. 2.6; see Supplementary material –section S1.7–
for detailed numerical outputs). Regarding environmental variables, the first axis was
significantly positively correlated with woody SNH (WA and WL), area-perimeter ratio, lack
of disturbance of the herbaceous layer and management of the tree and shrub layers, and
negatively with herbaceous elements (HA and HL), management of the herbaceous layer and
lack of disturbance of the woody layers. Associated traits were phanerophyte plants with

19



Chapter Two

greater mean height, pollen flowers and early flowering with a short flower duration period
for the woody SNH, whereas for herbaceous elements hemicryptophyte plants flowering in
the middle of the season and showing a longer flowering period. The second axis highlighted
the contrast between areal and linear elements, being much more pronounced this gradient
between WL and WA elements than between HA and HL elements. This axis was positively
correlated with the following traits: geophytes, pollen as unique floral reward and purple-blue
flowers; whereas negatively correlated with: hemicryptophytes, both nectar and pollen as
floral reward and white flowers.
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Figure 2.4: Ordination plot showing the results of the RLQ analysis; dots –representing plant species– are
clustered into nine functional groups based on the analysis reported in Supplementary material –section S1.8–.
The values of d show the grid size.
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Figure 2.5: Trait composition of functional groups. Mosaic plots are based on the contingency tables of plant
species and trait levels. Height of the bars represents the proportions of each trait level per functional group,
while their width represents the proportion of plant species (out of the total number of recorded species) of
each functional group. (a) Mean height, (b) Flowering period duration, (c) Flowering period, (d) Life form,
(e) Pollen vector, (f) Flower colour, (g) Floral reward, (h) Flower class (Müller). Note: Codes are reported in
Supplementary material –sections S1.3 and S1.4–.
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Figure 2.6: Significant (p < 0.05) associations represented on the factorial map of RLQ analysis. (a)
Fourth-corner tests between the first two RLQ axes for environmental gradients (AxR1/AxR2) and traits. (b)
Fourth-corner tests between the first two RLQ axes for trait syndromes (AxQ1/AxQ2) and environmental
variables. P values were adjusted for multiple comparisons using the false discovery rate (FDR) procedure.
Significant associations with the first axis are represented in blue, with the second axis in orange, with both
axes in green and no significant variables in black. The values of d show the grid size. Codes for traits and
environmental variables are reported in Supplementary material –section S1.6–.

2.4.3 Effect of structural characteristics and floral resources on service
providers

Pollinators

Pollinator abundance was significantly affected by the structural characteristics and the floral
resources of the SNH. Greater amounts of tree coverage entailed lower pollinator abundances,
whereas increasing herbaceous cover and floral display of functional groups 1, 3, 5, 6 and 7
boosted the amount of bees (figs. 2.7 and 2.8). These results were consistent when analysing
the disaggregated values of both key pollination provider subgroups, with the exception
of tree cover, that did not significantly reduced the abundance of wild bees. All model
outputs are reported in Supplementary material –section S1.9 - table S13– together with
the graphical representation of the disaggregated key pollinator subgroups (honey bee and
wild bees) –section S1.10–. The functional groups having a greater influence on pollinator
abundance were (in decreasing order) 5, 1 and 3. This ‘ranking’ of functional groups was
verified regardless of the aggregation level of pollinators –all bees, honey bee and wild bees–.
Most abundant genus, in terms of the amount of floral resources offered, were: for functional
group 5, Rubus (32.4%), Hypericum (19.8%) and Papaver (11.1%); for group 1, Sambucus
(21.8%), Prunus (16.1%), Crataegus (11.3%) and Rosa (10.8%); and for group 3, Achillea
(11.9%), Ranunculus (11.8%), Trifolium (9.3%) and Leucanthemum (7.5%).

22



Chapter Two

0 5 10 15

0

20

40

60

80

Floral display FG 1

B
ee

 a
bu

nd
an

ce

0 2 4 6

0

20

40

60

80

Floral display FG 2

 

0 5 10 15

0

20

40

60

80

Floral display FG 3

 

0 2 4 6 8

0

20

40

60

80

Floral display FG 4

B
ee

 a
bu

nd
an

ce

0 2 4 6 8 10

0

20

40

60

80

Floral display FG 5

 

0 5 10 15

0

20

40

60

80

Floral display FG 6

 
0 5 10 15

0

20

40

60

80

Floral display FG 7

B
ee

 a
bu

nd
an

ce

0 2 4 6 8 10

0

20

40

60

80

Floral display FG 8

 

0 2 4 6

0

20

40

60

80

Floral display FG 9

 

Figure 2.7: Effect of floral display of functional groups on bee abundance (within each plot the display for
each species is calculated as FDsp = log(flower units [#] ∗ axis length [mm]); then values were aggregated
at the functional group level). Results are based on GLMM (negative binomial error distribution). Solid
lines show predicted values, grey ribbons are upper and lower confidence intervals at the 95% level. Plots are
constructed holding all other variables constant at their median value. ’FG’: Functional group.

0 20 40 60 80 100

0

5

10

15

20

Tree cover (%)

B
ee

 a
bu

nd
an

ce

0 20 40 60 80 100

0

5

10

15

20

Shrub cover (%)

 

0 20 40 60 80 100 120

0

5

10

15

20

Herbaceous cover (%)

 

Figure 2.8: Effect of structural traits on bee abundance. Results are based on GLMM (negative binomial
error distribution). Solid lines show predicted values, grey ribbons are upper and lower confidence intervals
at the 95% level. Plots are constructed holding all other variables constant at their median value. Sampling
of herbaceous stratum took into account different layers, thus the total value was allowed to be higher than
100%.
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Flying predators

None of the floral abundances had an influence on pest control providers which were only
enhanced by the cover of the tree and herbaceous layers (fig. 2.9). Both subgroups of pest
control providers –parasitic wasp and predatory diptera– showed very similar trends when
analysed separately, however the guild of parasitic wasp also showed a significant positive
response to shrub cover whereas predatory diptera did not. Detailed model outputs and
graphical representation of the disaggregated key pest control subgroups can be found in
Supplementary material –table S13 and section S1.11, respectively–.
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Figure 2.9: Effect of structural traits on flying predator abundance. Results are based on GLMM (negative
binomial error distribution). Solid lines show predicted values, grey ribbons are upper and lower confidence
intervals at the 95% level. Plots are constructed holding all other variables constant in their median value.
Plots are constructed holding all other variables constant at their median value. Sampling of herbaceous
stratum took into account different layers, thus the total value was allowed to be higher than 100%.

2.4.4 Resolution level and predictive power of service potential of SNH

Flowering species richness and floral display were strongly positively correlated (n = 1737,
Pearson’s r = 0.87, p < 0.001). In order to avoid collinearity among explanatory variables,
we used only floral display as independent variable (together with the three structural trait
variables) in the intermediate resolution level model (level 2). Detailed model output of the
intermediate level of resolution is presented in Supplementary material –table S12–. When
comparing the predictive power among the three resolution levels on pollinator abundances
(table 2.4), increasing detail of predictors entailed higher relative quality of the models based
on the Akaike information criterion corrected for small sample sizes (AICc), suggesting that
including structural traits and floral resources of trait-based functional groups of vegetation
(level 3) is necessary to increase the accuracy of the service potential predictions. Including
diversity of floral resources and structural traits (level 2) also enhanced the predictive power of
the model compared to the simplest model with only type of SNH and distance as predictors.
Conversely, for pest control potential, the simplest model was identified as the best model –in
terms of parsimony– (table 2.5), suggesting that the most likely drivers of predator abundance
might be some structural characteristics intrinsic to the types of SNH and the position within
the element, whereas floral resources and floral traits do not seem so determinant as for
pollinators.
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Table 2.4: Comparison across increasing levels of detail of SNH characteristics to predict pollination service
potential. Rank function: AICc.

(I
nt
er
ce
pt
)

di
st
an

ce

SN
H

di
st
an

ce
:S
N
H

he
rb

co
v

ric
hn

es
s

sh
ru
b
co
v

tr
ee

co
v

F G
1

FG
2

F G
3

FG
4

FG
5

F G
6

FG
7

F G
8

F G
9

df A
IC

c

de
lta

Level 3 1.60 0.58 -0.16 -0.23 0.08 0.03 0.07 0.01 0.16 0.04 0.05 0.02 -0.03 19 10710.39 0.00
Level 2 1.53 0.63 0.09 -0.09 -0.24 11 10758.18 47.80
Level 1 2.49 + + + 14 10792.13 81.74

Table 2.5: Comparison across increasing levels of detail of SNH characteristics to predict pest control service
potential. Rank function: AICc.
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2.5 Discussion

In this paper we aimed to quantify both pollination and pest control service potential of
the key types of SNH present in representative farming regions across Europe. The service
provisioning potential was defined as the abundance of pollinators or predators in the SNH.
In a second step, we determined which characteristics (or functional traits) of the vegetation
present in these habitats drive this potential. The main rationale was to gather knowledge
and create awareness regarding the role of different types of SNH in the provision of two
essential ecosystem services. In most studies, SNH is only considered as one general type
of habitat and is mostly measured in terms of the amount of woody elements, or as the
inverse of the total cropped area. This knowledge can contribute to finding the way out of
the current lock-in of many conventional farming systems and help policy makers to further
refine already available policy instruments for the ‘Greening’ of the CAP.

With regards to pollination service potential of SNH, consistent with previous studies [36], our
results showed that the core parts of WA (woodlots, forest remnants, etc.) sustained a lower
number of bees –regardless of the group taken into account– compared to the rest of habitat
types, suggesting that a reduced pollination potential can be expected from them. This trend
can be attributed to their lower offer of floral resources compared to the other types (27.5%
of the maximum mean floral display –found in HA-I elements–). On the contrary, all the
remaining SNH type-distance combinations performed similarly in terms of bee abundance,
validating the hypothesis that they have a comparable capacity to sustain bee populations.
Several studies have demonstrated that pollinator abundance and diversity in cropped fields
decrease with increasing distance to SNH patches [10, 41, 110], showing that these patches of
semi-natural vegetation –by providing nesting habitat and floral resources– may be important
to guarantee the persistence of pollinators in agricultural landscapes and can act as sources of
service providers having a direct impact on pollination service delivery to crops. In a recent
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paper, Sardiñas et al. [111] also found that hedgerows supported a more diverse pollinator
community than unenhanced edges or crop fields. Enhancing richness and abundance of
native pollinators in agricultural landscapes may alleviate our reliance on a few managed
species –with its associated risks– by partially replacing the pollination delivered by managed
honey bee with ‘free’ native bee services [112]. On the other hand, our results support
that woody elements, despite having low permeability, might also play an important role as
sources of pest control providers. Similarly, many studies have shown the positive effect of
landscape complexity on pest enemies [43, 58], most of them taking as landscape variable
the percentage of surrounding forest. This has been attributed to several reasons, like the
lower management intensity to which these patches are subjected compared to crops –as the
frequency of disturbance to which crops are subjected by the common agricultural practices
may make them intermittently unsuitable [37]–, or the microclimate conditions jointly with
the presence of nectar and pollen sources of these habitats [113]. However, despite the fact
that landscape complexity enhances enemy abundance and diversity and therefore the rates
of parasitism and predation [37, 114], it does not necessarily entail the reduction of pest
populations, as these do not have a clear response to it [43].

From a wider perspective, taking into account the potential of SNH types for both services
under study, our results support that all SNH types are important in enhancing pollinator
and natural enemy populations, but the core part of woody areal elements seem to have a
diminished potential to support high abundances of beneficials. Creating a suitable ecological
infrastructure within the agricultural landscape that provides spatially and temporally
favourable resources, nesting and shelter sites to beneficials seems a good strategy to guarantee
ecosystem service delivery to crops. Therefore, in view of the results, we suggest that
diversified landscapes, with medium size SNH elements of every type scattered throughout
the agricultural matrix, should hold the greatest joint potential of pollination and pest control
services.

Regarding the key characteristics of SNH driving pollinator abundances, the amount of floral
resources of functional groups 5, 1 and 3 pointed out as a critical feature. These groups
were composed among other species by Rubus, Hypericum, Papaver, Prunus, Crataegus and
Trifolium species. Pollen collected from flowers has been clearly identified as the main source
of protein during the life cycle of all bee species. The nutritional value of pollen –such as
protein, amino acid, lipid and sugar content– can heavily vary between plant species [115]
(i.e. the crude protein content can range from 2.5% to 61% [116]). The nutritive value of
pollen has been shown to affect the development of the hypopharingeal gland [117] and the
life span of bees [118], as well as to increase their tolerance to diseases or parasites [119, 120].
Rubus and Papaver species produce pollen of soaring nutritive value (in terms of protein
content). Both species have been proven to increase larvae weight of bumblebee [121], and
in the case of Rubus also longevity of honey bees [118], the expression level of vitellogenin
and transferrin and their survival rate under parasitism pressure [119]. At the same time,
Requier et al. identified Papaver rhoeas as one of the most collected herbaceous plants by
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honey bees [122], and also Trifolium species (and more generally Leguminosae) have been
widely recognized as predominant pollen species collected by honey bees [123, 124], or with
a particular value for bumblebees [125]. The fact that tree cover was related with lower
pollinator abundances could be explained by two main reasons: (i) we assessed pollinators
throughout the whole vegetative season whereas woodlots are usually dominated by a few tree
species offering massive floral resources during short periods; and (ii) woodlot understoreys,
despite being composed of potentially flowering species, presented very low flower densities
due to resource competition (i.e. many woodlots had Rubus and Hedera species present in
the ground layer, but those species only flowered if they were in the edge or the forest dome).
This negative relation between canopy cover and bee abundance has been previously identified
[126]. The opposite trend was found for herbaceous cover that was positively correlated to
pollinator abundance. Our results also reinforce the idea that one of the key characteristics
of the SNH vegetation driving overall pollinator abundances is the floral abundance of some
especially attractive species, either for their outstanding nutritive value of their pollen or
because there is a clear tendency of bees to visit them for other reasons, such as pollen
diameter [122] or protein content relative to the rest of co-flowering species.

On the other hand, despite nectar and pollen resources have been shown to have a positive
effect on population and effectiveness of natural enemies such as parasitoids and predatory
diptera [127, 128, 129], flying predators (parasitic wasp and predatory diptera) did not
respond to floral abundance of any functional group. The response to forage resources is
very likely to considerably differ between species, therefore the general response of such
wide functional groups might mask the significance of singular and maybe opposite trends.
Nevertheless, their positive response to tree and herbaceous cover seems to be homogeneous
enough within the functional group of enemies to be of some relevance. Woody and herbaceous
vegetation have been identified as a source of alternative preys and host for predators and
parasitoids [37] and may offer shelter and overwintering sites to many arthropods [34]. In
a recent review, Bianchi et al. [37] analysed the literature about this issue and estimated
that enemy activity was enhanced by the amount of woody and herbaceous habitats in the
landscape in 71% and 80% of the studies, respectively.

Finally, we tested whether obtaining detailed information of the vegetation present in SNH
was worthwhile to predict their ecosystem service potential. Our results have yielded a clear
answer: measuring floral abundances –especially of some key plant species or functional
groups– substantially increases the predictive power of the models for pollination service
potential of SNH, whereas for pest control potential the use of only SNH categories as
predictor variables seems to be sufficient. Of course our analysis depends on the type of
vegetation traits we took into account, which were mainly focused on floral traits; if further
research makes available to the scientific community other data (i.e. plant traits which are
relevant for pest control agents), these analysis may be repeated and diverse patterns may be
found.
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2.6 Conclusions and implications

To the best of our knowledge, this is the first and most extensive pan-European study that
tried to disentangle the role of different types of SNH in supporting natural enemies and
pollinators. It is very difficult to detect universal laws in ecological processes related to
ecosystem services provided by functional biodiversity for the obvious reason that each
species has different needs and requirements, However, if we can define a minimum level
of predictability, this will help policy makers in guiding land managers towards commonly
defined objectives. It is in this optic that we have tried to draw common conclusions from
four different agricultural regions in Europe, obviously neglecting the more subtle picture
that would emerge if all case studies would have been analysed separately. As can be seen
from literature, most papers present results from one region, which produces clearer results,
but more contradiction when trying to interpret the overall implications. Performing a
meta-analysis on four case study regions where data were collected with commonly defined
protocols, has allowed us to draw few but relevant conclusions that can be applied in other
contexts with a relatively high probability of success.

We can conclude that all SNH typologies taken into account in this study seem equally
important in enhancing abundances of both service providers, but the inner parts of woodlots
have a lower overall potential than the other elements. These results suggest that fragmen-
tation of forest patches –to some extent– is not necessarily pernicious from an ecosystem
service point of view. In addition, there are evidences showing that insect-mediated gene
flow tends to decrease with patch size but does not depend on the distance between the
isolated patch and the core area [130], which should preserve the genetic diversity of these
patches subjected to fragmentation. On the other hand, floral resources of some functional
groups greatly enhanced the abundance of pollinators, suggesting that it is not only a matter
of overall floral abundances, but some key plant species might be conspicuously important
and have a central role in sustaining bee populations (i.e. Rubus, Crataegus, Papaver and
Trifolium spp). Further research is needed to test whether the abundance of these species
at a landscape scale either enhances populations of native pollinators or reduces honey bee
health problems associated to a deficient nutritional status. Lastly, regarding the resolution
level needed to predict beneficial abundances and thus service potential of SNH, we suggest
that the assessment of floral abundances is necessary to adequately predict the pollination
potential of SNH, whereas for pest control, future research should work on traits needed for
well-defined functional groups of predators.
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3 Pollination service status of sunflower in a Mediter-
ranean context. Local and landscape drivers

3.1 Abstract

In a context of growing world population, with limited yield increments per area unit and a
controversial expansion of the total agricultural area, pollinator-dependent crops are facing
an increment in surface notwithstanding the pollinators on which they rely are threatened by
multiple stressors like the loss of suitable habitats –such as semi-natural habitats– or the
agrochemical pressure. Determining the pollination status and the effect of the surrounding
habitat on yield may be important to plan future agriculture from a landscape perspective and
ensure productivity. In this study, local and landscape variables (the presence of adjoining
semi-natural habitat and the amount in the landscape of different semi-natural habitat types
and other land uses) were tested to disentangle the main drivers of pollination success, in
terms of yield and quality, of oilseed-sunflower in the Pisa plain. We found that commercial
cultivars, despite their different degrees of self-fertility, still need conspicuous amounts of
cross-pollination which boost seed set and oil content. Conversely, oil chemical composition
was not affected by the insect-mediated level of cross-pollination. Honey bees represented the
vast majority of pollinators in the area ensuring an overall adequate pollination. Beehives in
the surrounding landscape positively affected yield, as well as the presence of early flowering
crops, urban areas and woody linear elements. On the contrary, herbaceous semi-natural
habitats reduced sunflower productivity possibly through a dilution effect of pollinators
during the flowering period of the crop.

3.2 Introduction

According to the United Nations, during the last 50 years the world population raised
from 3.4 to 7.4 billion people and 9.7 billion are expected by 2050 [14]. In this context
of increasing demand, the decline in yield growth per incremental unit of external inputs
promoted compensatory land conversion to agriculture despite the risk of further undermining
the essential ecosystem services on which crops rely [131]. The global area occupied by
agricultural crops expanded by ∼ 23% from 1961 to 2006, with the largest proportion of this
increase attributed to pollinator-dependent crops [132]. Even though the major staples of
the human diet do not require insect pollinators, around one-third of global food production
comes from crops that are to some extent dependent on them [6, 7]. Simultaneously, many
studies have reported worldwide declines in insect pollinators as a consequence of habitat
losses or fragmentation, land use changes and modern agricultural practices, highlighting
the multiple risks of these declines in terms of crop production, food security and ecosystem
stability [6, 22, 23, 24, 25]. Nonetheless, some controversy has arisen around this issue, with
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some authors questioning the actual agricultural impact of pollinator declines at the global
scale [132, 133].

Although it’s argued that nowadays famine is mainly due to an unsatisfactory income
distribution rather than food shortages [134], human welfare still depends on the amount and
stability of agricultural production [131]. The rise of world population, the limited expected
increases in yields and agricultural surfaces and the constant decay of pollinators have caused
concern among scientists, policy makers and the general public about possible imbalances
between pollination service needs and supplies (e.g. [135]). Crops that are more likely to
suffer yield losses from lack of pollination are those entomophilous fruit or seed crops with
total or partial self-incompatibility, intensively cultivated –thus not resource limited– in large
areas, that rely on one or few pollinator species to achieve reproductive success [133]. Those
crops are likely to generate ephemeral massive demands of pollination, which, if not fulfilled,
will result in lower yields.

Despite various insects could potentially act as managed crop pollinators, European honey
bee –Apis mellifera L.– still remains as the most important actively managed pollinator
of crops worldwide [6, 136]. Based on previous studies, Carreck & Williams attributed up
to 80% of global agricultural pollination services to honey bee [137], while according to
more recent estimates, its contribution was reduced to ∼ 50% [65]. This disproportionate
prevalence could be explained by the advantages that honey bee presents when compared to
other bee species: highest number of foragers per colony of any bee species, versatile foraging
ranges and suitability to relocation [136, 138, 139, 140]. Notwithstanding that the global
stock of commercial honey bee colonies increased ∼ 45% from 1961 to 2008, the demand of
their pollination services expanded at a greater rate during the same period [141]. Moreover,
this positive trend in number of beehives was not homogeneous for all regions of the globe,
with consistent declines in colony numbers in central European countries [142] and the U.S.
[143]. Several explanations of these regional declines have been proposed in recent times;
some of them merely related to bee health, such as the Colony Collapse Disorder [144], the
introduction of parasitic mites –particularly Varroa destructor– [145], monotonous diets
leading to suboptimal nutrition [119], misuse of pesticides [146, 147], or a combination of
these multiple stressing factors [148]; but also socioeconomic and political ones, like the
intense price competition of bee products inherent to a global market [149, 150]. These
two phenomena –declines in colony numbers driven by socioeconomic factors and increase
of colony losses associated to a weakened health status of honey bees– have been going on
for decades in the developed world, and highlight the potential risk of over-reliance on one
single species for crop pollination [7]. Some of the possible strategies that seem reasonable
to overcome this hazardous situation are: (i) development of cultivars with higher levels of
self-fertility for highly pollinator-dependent crops [151, 152], (ii) diversification of the set of
available crop pollinators either via the protection of native pollinators or the domestication
of other bee species [153, 154], (iii) conservation or incorporation of semi-natural habitat
patches (hereafter SNH) into the agricultural matrix as a source of nesting sites and food

32



Chapter Three

resources for pollinators [36, 155, 156, 157], (iv) reduction in pesticide use [158, 159, 160, 161],
(v) prevention of further introductions of alien bee species, parasites and pathogens [148],
and (vi) introduction of payment policies for beekeepers in the industrialized countries [149].

Given the current concerns over both wild and domesticated bee declines, it is important to
determine whether crop yield is already being compromised by pollination deficits. Likewise,
a good strategy to assess the likelihood of a pollination crisis is to examine the delivery
of pollination services [148]. In this context, the present work aims at evaluating the
current status of pollination, and its implications in terms of crop production, trying to
disentangle how landscape context affects pollination service delivery. The chosen model crop
is sunflower –Helianthus annuus L.–, an economically important crop in the E.U. with an
average production of 7.3 million tonnes per year and an annual growth rate of harvested
area of 2.12% during the period 2004-14 [162], which was historically considered as a highly
self-incompatible crop, but that nowadays –with the use of current commercial cultivars– is
claimed to be highly self-fertile.

We structured this study around four research questions: (i) does insect pollination still
bring any benefit to sunflower?, (ii) which groups of pollinators are actually delivering
pollination service and how is sunflower production affected by insect visitation?, (iii) is crop
productivity limited by pollination deficits?, and (iv) do the nearby SNH and the amount
and type of SNH and other agricultural uses in the landscape affect pollination service
delivery? Accordingly, our first objective was to quantify to which extent, notwithstanding
breeding programs have long pursued a high degree of self-compatibility [163], production of
currently-in-use sunflower cultivars is still cross-pollination dependent. Despite some studies
state that modern commercial sunflower hybrids can fully develop fruits without external
pollinating agents [152], there are strong evidences supporting that within-head selfing results
in lower seed set, lower oil content and smaller seeds [164]. Therefore, we expected that
higher levels of cross-pollination will enhance crop productivity through higher seed set
and oil content. Additionally, we also tested whether oil quality depends on the level of
cross-pollination. To our knowledge, previous studies have only evaluated the influence of
genetic inheritance or abiotic factors on fatty acid composition of sunflower oil [165, 166],
but not how cross-pollination may affect it. We expected that, in line with seed set and oil
content, cross-pollination events may exert a subtle effect on the inherited levels of fatty
acids of sunflower oil. Our second objective was to characterize the crop visitor community
and quantify the effect of visitation rates on crop production. Honey bees have been widely
identified as the primary pollinating agent of sunflower worldwide [164], however, other bees
have also been considered as adequate pollinators [167] and may increase pollination efficiency
of honey bees [11]. Therefore, we expected that the bulk of pollination will be delivered by
honey bees but with a positive interaction with wild pollinators, and that all these groups of
insects will exert a positive effect on crop yield. Our third objective was to quantify the extent
to which yields of sunflower are actually compromised by deficiencies in insect pollination.
We hypothesized that a pollination deficit would result in a significant reduction of crop

33



Chapter Three

yield, while in case of adequate pollination, no significant differences would be found between
plants naturally pollinated and those ones artificially pollen saturated. Our last objective,
was to test whether crop pollination is affected by the type of adjacent SNH, the distance
to it, and the degree of landscape complexity. We expected that pollinator-friendly patches
both at the local scale –i.e. in the immediate surroundings of the field– and at the landscape
scale, would boost pollination service delivery to sunflower by enhancing the diversity and
abundance of the local communities of pollinators.

3.3 Material & Methods

3.3.1 Study system and experimental design

This study was conducted during two consecutive seasons –2014 and 2015– in the farming
region of Pisa (43◦ 39’ N, 10◦ 28’ E), an agricultural area characterized by a medium-scaled
mosaic of arable crops, forest fragments and urban areas. Altogether, 25 sunflower fields
were evaluated within an area of 647 km2. Focal fields had an average size of 7.14 ha with
a SD1 of 5.19 ha. The minimum distance between fields was 1.95 km with an average of
17.28 km for 2014, while for 2015 1.48 and 18.51 km respectively. Each field was planted
with one of the common cultivars used for oil production in this area. On the whole, 13
cultivars belonging to 6 different seed companies were evaluated. In 2014, 18 sunflower fields
were selected taking into account local and landscape variables –type of SNH adjacent to
the focal field and landscape complexity– and the land uses in the surrounding one-km-
radius buffer were assessed. One of the fields was severely damaged before samples could
be collected and thus discarded. Study sites were allocated along a gradient of landscape
complexity, considering landscape complexity as the proportion of land covered by SNH;
namely, landscape sectors ranged from very simple ones, mainly dominated by agricultural
land with a very low proportion of SNH, to very complex ones, mostly dominated by SNH
(see table 3.1 and Supplementary material –section S2.1– for a description of the used land-use
codes). Simple and complex landscape sectors were selected in such a way that they were
spatially interspersed throughout the region. Overlapping among sectors was negligible, with
only two sectors overlapping 0.5% of their area. Each focal field had directly adjacent to
one of its sides –the focus side– either a ‘grassy SNH’ (n=5) or a ‘woody SNH’ (n=6) or
‘no SNH/control’ (n=6). The bordering SNH were always linear elements and classified in
accordance to the linear SNH categories present in Supplementary material –section S2.1–.
Each category of adjoining SNH was also scattered along the landscape complexity gradient
(see Supplementary material –section S2.2– for an illustrative diagram of the experimental
design). Within each field, four plots were selected to cover a range of distances from the
focal side: 2, 16, 30, 44 m. These distances were chosen to minimize the influence of the other
(non-focus) field margins: always further than 1.25 times the maximum assessed distance (55

1SD: Standard deviation
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m). In each of the study plots, 12 sunflower heads were selected: eight were left open for
natural cross-pollination (‘Open’), two were isolated from any pollinator (‘Isolated’), and the
remaining two were subjected to supplemented hand pollination (‘Hand pollinated’).

In order to expand the data needed to answer the first three research questions, the experiment
was repeated in 2015 using a modified sampling protocol to improve efficacy of sampling
based on first year results: eight additional fields were thus selected trying to minimize the
differences, both in terms of agricultural practices and landscape context, with the fields of
2014. Each field had two plots, one at 22 m from the border of the field –equivalent to the
middle point of the first year’s distances– and the other one at the field’s furthest point from
any border. In each plot, 12 plants were subjected to the three pollination treatments: four
‘Open’, four ‘Isolated’ and four ‘Hand pollinated’. Land-use in the surrounding landscape
was roughly assessed but not included in the analysis.

Table 3.1: Landscape sectors characteristics: main land uses. Year 2014. (n = 17)

Land use type Mean area (%) SD Minimum Maximum
Cereals 18.1 15.9 1.8 60.4
Sunflower 11.9 8.0 2.6 29.4
SNH - WA 10.6 9.5 0.5 28.2
SNH - HA 9.2 5.7 1.6 22.7
Urban 8.7 6.8 0.4 27.3
Legumes 6.0 6.1 0.0 19.1
Other annual crops 5.5 7.3 0.2 26.4
SNH - HL 5.0 1.8 2.2 7.7
Grassy forage crops 4.9 4.5 0.0 15.7
SNH - WL 2.8 1.4 0.2 5.2

3.3.2 Landscape assessment

For the 17 study sites of 2014, all land uses in one km radius from the centre of the landscape
sector –located in the middle point in-between the four measure plots of the field– were
digitized based on aerial photographs [168] using Geographic Information Systems (QGIS)
[169] and validated through field inspections. Any mapped element had a minimum area
of 75 m2 to guarantee a minimum impact on beneficials and therefore on ecosystem service
delivery. Elements as woodlands, hedgerows, abandoned fields, agricultural tracks and fallows
were considered as SNH (see Supplementary material –section S2.1– for a detailed description
of land uses). The area of each land use category was derived from the generated maps
and expressed as a proportion of the total area of the buffer. All land uses that had a
median proportion < 1% or a skewness > 3, were considered to be marginally or unevenly
represented among sectors and thus omitted from the the analysis. As farmers usually allow
beekeepers to place beehives around fields during blossom, all apiaries present in a 1.5 km
radius from the centre of the landscape sector during crop bloom were identified and beehives
were counted; even though honey bees can have much larger foraging ranges –especially in a
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patchy environment [138]– we assumed that the pollination service exerted by these beehives
would decrease with distance from the apiary; thus we built a density map of potential
pollination service of apiaries (‘heatmap’) adopting an Epanechnikov (quadratic) Kernel with
a search radius of 1.5 km weighted by the number of beehives of each location; the value
of the heatmap at the centre of the landscape sector was then used as a predictor in the
following statistical analysis.

3.3.3 Pollination treatments

All pollination treatments were carried out during the flowering period of the crop. For the
exclusion treatment, the whole sunflower capitulum was isolated from any insect visitation
by means of a standard fiberglass mesh bag (mesh size 18x16 per in2) placed before any
floret opened (reproductive stages R3-R4 [170]) and removed when all stigmas withered
(permanence: 29 ± 4 days)2. To ensure standard seed development, bags were selected to
minimize their influence on microclimatic conditions and removed as soon as pollination had
ceased. In addition, temperature and humidity were controlled each hour with EL-USB-2 data
loggers (Lascar Electronics) in 12 of the focal fields (Supplementary material –section S2.3–).
For the pollen supplementation treatment, open plants were repeatedly hand pollinated
throughout the whole blooming period with a mixture of fresh pollen collected from >20
donor plants using a small paint brush. As sunflower exhibits a sequential flowering pattern
from the outside into the centre of the head –with two to four concentric rows of florets
opening each day–, in order to fully hand pollinate each inflorescence, four to five visits
per field were done with a period of two days. All those visits were carried out between
9:00 and 12:00 p.m., when pollen was just released and the chances of high viability were
greater. Natural pollinated plants were not manipulated in any way. All plants were labelled
accordingly to their treatments and collected individually when reached their physiological
maturity (reproductive stage R9 [170]).

3.3.4 Seed set, oil content and oil composition

To evaluate the contribution of pollination to crop productivity and quality, all achenes were
manually removed from the collected heads, and empty achenes containing only the embryo
sac were separated from the fully developed (filled) ones using an airflow cleaner and periodic
visual inspections. Both groups of achenes were weighted and subsequently counted using a
photoelectronic seed counter (Pfeuffer Contador). Seed set resulting from pollination was
expressed as the ratio of filled to total achenes in percentage values. Flour humidity and
oil content of each head were measured from a freshly milled random subsample of 5 grams
of filled achenes using near-infrared transmittance technology (FOSS Infratec™ 1241 Grain
Analyser).

2All values reported in this format, stand for Mean ± SD unless otherwise specified.
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Additionally, to determine whether pollination level affected chemical composition of sunflower
oil, only for 2014 fields, flour samples of each treatment-field combination were pooled and
fatty acid methyl esters determined with a gas chromatograph. Sunflower oil quality is
determined by the saturated and unsaturated fatty acid ratio. Breeding programs have led to
two main groups of oilseed sunflower hybrids depending on their oil quality: high-oleic and
linoleic. In order to take this into account, all cultivars were classified into these two groups
(hereafter coded as ‘High-oleic’ and ‘Linoleic’) based on the technical brochures provided by
the seed companies.

3.3.5 Visitor community

In order to assess the visitors involved in the pollination service delivery, during the peak
flowering period of each field (>50% of plants in between R5.3 and R5.6 –from 30 to 60% of
head’s florets open–), two observation plots per distance, each one with four plants, were
simultaneously observed for 10 minutes by two independent observers and all visitors that
touched the reproductive structures were recorded. Each visitor was counted and identified
in the field. If the in-field identification was not possible, the specimen was collected for
later identification by professional taxonomists (see Acknowledgements –section 3.7–). All
bees (Superfamily: Apoidea) were identified to species or morphospecies level; hoverflies and
butterflies were classified at family and order level respectively (Syrphidae and Lepidoptera).
Visitors were grouped in 4 functional groups: honey bees (Apis mellifera L.), bumblee bees
(Bombus spp), other wild bees (remaining Apoidea) and other pollinators (Syrphidae and
Lepidoptera). All surveys were carried out from 08:35 to 18:35 following weather standards
established by Pollard & Yates [98] (temperature: 31.9 ± 1.9 ◦C; wind: 3 ± 2.9 km/h).
Data from the two observation plots per distance was pooled and visitation rates, expressed
as number of visits per plant and hour, were derived from the total number of observed
specimens. Total observation time was 11 hours 20 minutes for 2014 (40 min per field), and
2 hours 40 minutes for 2015 (20 min per field).

3.3.6 Statistical analyses

To quantify the extent to which modern cultivars of sunflower are dependent on cross-
pollination, we performed two generalized linear mixed models (GLMMs) with beta error
distribution using, as response variables, seed set and oil content of isolated and hand
supplemented plants; pollination treatment, cultivar and year were included as fixed effects
and plots nested within fields as random effects. The interaction between treatment and
cultivar was also included in the models to evaluate whether cultivars differed in their degree
of dependence. In order to test whether chemical composition of sunflower oil is affected by
pollination level, we performed two beta regression models, one for each of the main fatty acids
of sunflower oil (oleic and linoleic), with hybrid type –‘High-oleic’ and ‘Linoleic’–, pollination
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treatment –‘Isolated’, ‘Open’ and ‘Hand pollinated’– and their interaction as explanatory
variables. To test the effect of visitation rates on seed set and oil content of sunflower,
isolated and open plants were taken into consideration and zero visits were assigned to the
first ones. We used GLMMs with beta distribution with visitation rates (log transformed),
cross-pollination dependence of each cultivar and year as fixed effects and plots nested within
fields as random effects. Whether crop productivity –in terms of fruit set and oil content– is
already lessen by an insufficient pollination service was tested by fitting, for both response
variables, GLMMs with beta error distribution on open and hand pollinated plants (pooled
per distance) with pollination treatment and year as fixed effects and field as random term.
In order to test which of the local and landscape variables influence fruit set of sunflower –as
a proxy of pollination success–, we conducted a two step selection process, using only data
from 2014, by fitting GLMMs with beta error distribution on increases in seed set with field
as random term. Seed set increments were calculated as the averaged value of seed set of open
plants present in each plot minus the baseline level due to within-head selfing of that specific
cultivar (estimated in objective 1 based on isolated plants). First, to identify which ones of
the total pool of measured landscape variables were relevant, we performed an automated
model selection (dredge function [107]) based on Akaike’s information criterion for small
sample sizes (AICc), with local variables –adjacent SNH and distance– and cross-pollination
dependence of each cultivar coerced to be present in all models as covariates; the other
explanatory variables were the proportion of cereals, grassy forage crops, legumes, other
annual crops, sunflower, urban areas, woody areal SNH (WA), woody linear SNH (WL),
herbaceous areal SNH (HA), herbaceous linear SNH (HL) and the beehives heatmap value.
To account for plots being nested within fields, field was included as random error term. From
all the possible combinations of landscape parameters, we excluded those ones with collinear
predictors (Pearson’s correlation coefficient r > 0.5, p < 0.05) (see Supplementary material
–section S2.4–). We considered as good candidates those landscape variables with a relative
importance greater than 0.2 in the subset of models with δ-AICc < 5 (see Supplementary
material –section S2.5–). Once those parameters were identified, we performed a standard
model selection procedure including both local variables, the cross-pollination dependence
of each cultivar and the selected landscape variables as fixed effects, and field as random
term. All model assumptions were checked adopting the graphical validation procedures
recommended by Zuur et al. [104]. Model comparison was based on likelihood ratio test
with chi-square distribution and multiple pairwise comparisons on least-squares means with
Tukey’s adjustment of P value. Statistical analyses were performed in R 3.2.5 [105] using the
packages glmmADMB [171, 172], MuMIn [107], betareg [173] and lsmeans [109].
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3.4 Results

3.4.1 Objective 1 – Cross-pollination dependence

As 20 plants were found damaged, in total, 189 isolated heads and 191 hand supplemented
heads were included in the analysis. Seed set was strongly affected by pollination treatments
(fig. 3.1a), with the percentage of fully developed achenes of heads that were isolated from any
visitor being significantly lower than of those heads that were hand pollinated (z = -10.133, p
< 0.001). This increase was consistent among all cultivars, although some cultivars were less
affected by the lack of cross-pollination than others (fig. 3.2a) (treatment–cultivar interaction:
χ2 = 187.75, df = 12, p < 0.001). Pollination treatments also influenced oil content of achenes
(fig. 3.1b), with hand pollinated plants showing greater contents than bagged plants (z =
5.483, p < 0.001). Analogously to seed set, this gain was observed for all cultivars but some
cultivars showed greater increments than others (fig. 3.2b) (treatment–cultivar interaction:
χ2 = 120.75, df = 12, p < 0.001). In order to test whether cross-pollination affected both
response variables for each and every one of the cultivars, pairwise comparisons of pollination
treatments per cultivar were performed. Hand pollinated plants had significantly higher
levels of seed set than bagged ones for all cultivars (table 3.2). For oil content, differences
between treatments were also significant for all cultivars except one: Mas 86.OL-Maisadour
(table 3.2). Year was not significant either for seed set (χ2 = 0.204, df = 1, p = 0.65) or oil
content (χ2 = 2.886, df = 1, p = 0.09) and thus was removed from the minimal adequate
models.
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Figure 3.1: Cross-pollination dependence of sunflower for (a) seed set –% of fully developed achenes–, (b) oil
content –% of dry weight–. Dots represent the least-squares means of the GLMM (beta error distribution)
averaged over the levels of cultivar. Bars represent the confidence intervals at the 95% level.

To estimate the degree of cross-pollination dependence of each cultivar, least-squares means
from GLMM models were computed for both response variables. Cross-pollination dependence
(CPD) estimates were calculated as the difference between hand pollinated plants –theoretically
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Cultivars
Heliawin−KWS
Imeria−Caussade
Inostarck−Apsov
Inotop−Apsov
Klarika Cl−Caussade
LG 55.57 HO−LG
LG 56.56 HO−LG
Mas 83.R−Maisadour
Mas 86.OL−Maisadour
P64HE39−Pioneer
PR64H41−Pioneer
PR64H42−Pioneer
Sangria CS−Caussade

Figure 3.2: Cross-pollination dependence, treatment-cultivar interaction for (a) seed set –% of fully developed
achenes–, (b) oil content –% of dry weight–. Results are least-squares means of GLMM (beta error distribution).

Table 3.2: Pairwise comparison of pollination treatments per cultivar for seed set and oil content. ’Isol.’:
Isolated, ’HP’: Hand pollinated. Note: *** p < 0.001, ** p < 0.01, * p < 0.05.

Seed set Oil content
Cultivar Contrast z ratio p value Significance z ratio p value Significance
Heliawin-KWS Isol. - HP -7.684 0.000 * * * -3.124 0.002 * *
Imeria-Caussade Isol. - HP -4.259 0.000 * * * -2.022 0.043 *
Inostarck-Apsov Isol. - HP -9.040 0.000 * * * -4.422 0.000 * * *
Inotop-Apsov Isol. - HP -4.812 0.000 * * * -3.885 0.000 * * *
Klarika Cl-Caussade Isol. - HP -7.606 0.000 * * * -3.059 0.002 * *
LG 55.57 HO-LG Isol. - HP -9.562 0.000 * * * -7.424 0.000 * * *
LG 56.56 HO-LG Isol. - HP -8.545 0.000 * * * -5.710 0.000 * * *
Mas 83.R-Maisadour Isol. - HP -7.175 0.000 * * * -3.873 0.000 * * *
Mas 86.OL-Maisadour Isol. - HP -2.416 0.016 * -1.544 0.123
P64HE39-Pioneer Isol. - HP -6.870 0.000 * * * -2.982 0.003 * *
PR64H41-Pioneer Isol. - HP -4.893 0.000 * * * -2.626 0.009 * *
PR64H42-Pioneer Isol. - HP -5.546 0.000 * * * -2.570 0.010 *
Sangria CS-Caussade Isol. - HP -7.475 0.000 * * * -4.028 0.000 * * *

at their maximum level of cross-pollination driven by the combined contribution of insect
visitation and manual pollen supplementation– and isolated plants –theoretically at their
baseline level of cross-pollination without any external contribution either by insects or
manipulation– (table 3.3). CPD estimates for each cultivar were used either as a fixed
effect or as a covariate in subsequent models. A preliminary analysis demonstrated that the
cultivars that were grown in several fields in both years showed the same increasing trend in
seed set and oil content.

Regarding the fatty acid composition of sunflower oil, high-oleic hybrids showed on average
90.4% and 2.9% of oleic and linoleic acids respectively, whereas linoleic hybrids displayed
a 35.6% of oleic acid and a 55.1% of linoleic. The amount of both fatty acids was only
dependent on the hybrid type –whether the hybrid was or was not high-oleic– (oleic model:
χ2 = 134.73, df = 1, p < 0.001; linoleic model: χ2 = 107.22, df = 1, p < 0.001; fig. 3.3), but
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Table 3.3: Least-squares means of seed set (%) and oil content (%) per cultivar. Standard errors are listed in
parentheses. ’∆ cross-poll.’: Seed set and oil content increments driven by cross-pollination events (hereafter
’CPD Seed set’ and ’CPD Oil content’ respectively).

Seed set Oil content
Cultivar Isolated Hand poll. ∆ cross-poll. Isolated Hand poll. ∆ cross-poll.
Heliawin-KWS 47.7 (6.8) 86.3 (4.6) 38.6 48.9 (2.5) 53.1 (2.8) 4.2
Imeria-Caussade 47.0 (11.7) 83.7 (9.0) 36.8 52.0 (4.4) 56.6 (4.8) 4.6
Inostarck-Apsov 2.6 (1.5) 79.4 (11.0) 76.8 43.0 (4.3) 53.2 (5.0) 10.3
Inotop-Apsov 32.5 (10.4) 77.3 (11.2) 44.8 44.3 (4.3) 53.2 (4.9) 8.9
Klarika Cl-Caussade 29.6 (8.6) 88.9 (6.0) 59.2 47.4 (3.8) 53.6 (4.2) 6.2
LG 55.57 HO-LG 9.3 (3.8) 86.9 (7.0) 77.7 41.4 (3.9) 57.0 (4.4) 15.7
LG 56.56 HO-LG 8.4 (4.0) 86.3 (8.2) 78.0 41.3 (4.2) 54.5 (4.9) 13.3
Mas 83.R-Maisadour 17.2 (6.9) 83.2 (9.3) 66.1 47.5 (4.4) 56.4 (4.9) 8.9
Mas 86.OL-Maisadour 72.6 (9.6) 88.5 (7.0) 16.0 51.3 (4.4) 54.8 (4.9) 3.5
P64HE39-Pioneer 27.9 (8.1) 82.1 (8.2) 54.2 47.2 (3.7) 53.1 (4.2) 5.9
PR64H41-Pioneer 56.2 (10.7) 90.3 (5.6) 34.1 48.2 (4.0) 53.8 (4.4) 5.6
PR64H42-Pioneer 46.8 (10.8) 88.8 (6.3) 42.0 47.1 (4.0) 52.5 (4.5) 5.4
Sangria CS-Caussade 29.7 (9.1) 90.4 (5.6) 60.7 51.1 (4.0) 59.6 (4.3) 8.5

was not affected either by pollination treatments (oleic model: χ2 = 0.86, df = 2, p = 0.65;
linoleic model: χ2 = 1.96, df = 2, p = 0.38) or the interaction pollination treatment-hybrid
type (oleic model: χ2 = 3.12, df = 2, p = 0.21; linoleic model: χ2 = 0.32, df = 2, p = 0.85).
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Figure 3.3: Effect of hybrid type on fatty acid composition of sunflower oil, (a) proportion of oleic acid, (b)
proportion of linoleic acid. Results are least-squares means of beta regression models. Upper and lower
confidence intervals at the 95% level.

3.4.2 Objective 2 – Effect of visitation rates

In 2014, 1861 insect visits were recorded (honey bees: 1820; bumblee bees: 18; other wild
bees: 21; other pollinators: 2), while in 2015, with a reduced sampling effort, 590 visits
were registered (honey bees: 554; bumble bees: 31; other wild bees: 5; other pollinators: 0).
The complete list of wild bee species is provided in Supplementary material –section S2.6–.
For both years, despite differences in observation times, honey bees showed themselves as
the major pollination agent of sunflower, with 97.8% and 93.9% of the visits respectively.
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Unfortunately these low values of wild pollinators did not allow us to perform separate analysis
for wild and managed pollinators or test whether there was a positive interaction between
them. On the whole, 792 plants were included in the analysis. Year was not significant for
any of the response variables, and thus removed from final models (seed set model: χ2 =
2.372, df = 1, p = 0.12; oil content model: χ2 = 0.36, df = 1, p = 0.55). Insect visitation
significantly increased seed set, but these gains differed from cultivar to cultivar depending
on their cross-pollination dependence (interaction visitation rate-CPD Seed set: χ2 = 214.33,
df = 1, p < 0.001) (table 3.4). Cultivars with lower levels of self-fertility showed a greater
response to insect visitation but suffered yield losses at low levels of visitation rates (fig. 3.4).
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Figure 3.4: Effect of visitation rates and CPD on seed set –% of fully developed achenes–. (a) 3D plot (b)
Informative 2D plot representing 3 singular levels of ’CPD Seed set’: ’Low’: 15% CPD; ’Medium’: 45% CPD;
’High’: 75% CPD. Results are based on GLMM (beta error distribution). Solid lines show predicted values,
grey ribbons are upper and lower confidence intervals at the 95% level. ’Visitation rates’ are number of visits
per plant and hour.

Analogously, visitation rates also resulted in increased oil content of filled achenes, with
cultivars responding differently depending on their degree of CPD (interaction visitation
rate-CPD Oil content: χ2 = 172.24, df = 1, p < 0.001) (table 3.4). Cultivars with greater
dependence showed greater vulnerability to lack of pollinators, but in case the insect mediated
cross-pollination was fulfilled they produced higher oil quantities (fig. 3.5).
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Figure 3.5: Effect of visitation rates and CPD on oil content –% of dry weight–. (a) 3D plot (b) Informative
2D plot representing 3 singular levels of ’CPD Oil content’: ’Low’: 5% CPD; ’Medium’: 10% CPD; ’High’:
15% CPD. Results are based on GLMM (beta error distribution). Solid lines show predicted values, grey
ribbons are upper and lower confidence intervals at the 95% level. ’Visitation rates’ are number of visits per
plant and hour.

Table 3.4: Effect of visitation rates and CPD on seed set and oil content of sunflower: model outputs. Empty
coefficients stand for parameters not included in the model. Numbers in parentheses are standard errors.
’Visitation rates’ were log-transformed prior to analysis.

Model 1: Seed set Model 2: Oil content
(Intercept) 2.15 (0.42)∗∗∗ 0.13 (0.06)∗

Visitation rates −0.02 (0.03) 0.01 (0.00)
CPD Seed set −3.33 (0.75)∗∗∗

Visitation rates : CPD Seed set 1.00 (0.06)∗∗∗

CPD Oil content −1.30 (0.78)
Visitation rates : CPD Oil content 0.71 (0.05)∗∗∗

BIC -1592.20 -3311.36
Log Likelihood 819.46 1679.04
Num. obs. 792 792
Num. groups: field 25 25
Num. groups: field:plot 83 83
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05

3.4.3 Objective 3 – Pollination deficit

As all plants from one plot were destroyed, our final number of plots included in the analysis
was 83 belonging to 25 fields. In each of the plots, both treatments –‘Open’ and ‘Hand
pollinated’– were present. The supplementation experiment revealed that seed set was
significantly affected by both pollination treatment (χ2 = 11.886, df = 1, p < 0.001) and
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year (χ2 = 5.074, df = 1, p < 0.05). Hand pollinated plants showed on average 2.4% more
filled achenes than open ones (z = 3.521, p < 0.001, fig. 3.6a). Seed set declined in year 2015,
with the percentage of fully developed achenes being, on average, 5.4% lower than in the
previous year (z = -2.373, p < 0.05, fig. 3.6b). Regarding oil content of filled achenes, neither
pollination treatment (χ2 = 1.356, df = 1, p = 0.24) nor year (χ2 = 0.122, df = 1, p = 0.72)
were significant.
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Figure 3.6: Effect on seed set –% of fully developed achenes– of (a) pollination treatment, (b) year. Dots
represent the least-squares means of the GLMM (beta error distribution) averaged over over (a) both years
(b) both pollination treatments. Bars represent the confidence intervals at the 95% level.

3.4.4 Objective 4 – Landscape drivers of pollination service delivery

When testing the effects of local and landscape characteristics on pollination service delivery
–measured as the increment of seed set driven by insect mediated pollination and corrected
for the different levels of self-fertility of the cultivars (by including the cross-pollination
dependence of each variety in the model)– there were very poor evidences supporting that
the proportion of cereals, grassy forage crops, woody areal SNH (WA) and sunflower had an
effect on pollination service (see Supplementary material –section S2.5– for details) and thus
were not retained on the final model. Pollination service delivery was significantly affected by
the type of adjacent SNH, the heatmap value derived from the number of beehives in 1.5 km
and the proportion of herbaceous areal SNH (HA), herbaceous linear SNH (HL), woody linear
SNH (WL), urban areas and other annual crops in the landscape sector (fig. 3.7). Neither
the proportion of legumes (χ2 = 2.214, df = 1, p = 0.14) nor the distance to the border (χ2

= 2.322, df = 3, p = 0.51) did significantly affect pollination service delivery and thus were
removed from the minimal adequate model. Pollination service delivery increased with the
beehives heatmap value (χ2 = 20.682, df = 1, p < 0.001) and with the proportion of WL
elements (χ2 = 17.906, df = 1, p < 0.001), urban areas (χ2 = 17.826, df = 1, p < 0.001) and
other annual crops (χ2 = 7.238, df = 1, p < 0.01), whereas was negatively affected by the
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proportion of HA (χ2 = 20.234, df = 1, p < 0.001) and HL (χ2 = 13.830, df = 1, p < 0.001).
Seed set was also significantly affected by the type of adjacent SNH (χ2 = 16.296, df = 2, p
< 0.001), with ‘woody SNH’ resulting in reduced seed set compared to ‘grassy SNH’ (z =
3.570, p < 0.01) and ‘no SNH/control’ (z = 4.939, p < 0.001) (fig. 3.8).

Table 3.5: Effect of local and landscape variables on pollination service (variation of seed set driven by insect
mediated pollination): model outputs. Numbers in parentheses are standard errors. Note: Pollination service
is measured as the difference between the seed set of naturally pollinated plants –open treatment– and the
baseline level due to within-head selfing of each cultivar –isolated treatment–.

Pollination service
(Intercept) −2.078 (0.157)∗∗∗

CPD Seed set 4.030 (0.155)∗∗∗

Adj. Grassy SNH 0.037 (0.067)
Adj. Woody SNH −0.270 (0.055)∗∗∗

Beehives heatmap 0.005 (0.001)∗∗∗

Proportion of HA −2.990 (0.493)∗∗∗

Proportion of HL −8.031 (1.732)∗∗∗

Proportion of WL 11.051 (1.944)∗∗∗

Proportion of urban areas 2.088 (0.369)∗∗∗

Proportion of other annual crops 1.091 (0.356)∗∗

BIC -230.672
Log Likelihood 140.653
Num. obs. 68
Num. groups: field 17
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
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Figure 3.7: Effect of landscape variables on pollination service (variation of seed set driven by insect mediated
pollination) in relation to (a) Beehives heatmap, (b) proportion of herbaceous areal SNH, (c) proportion of
herbaceous linear SNH, (d) proportion of woody linear SNH, (e) proportion of urban areas, (f) proportion of
other annual crops. Results are based on GLMM (beta error distribution). Solid lines show predicted values,
grey ribbons are upper and lower confidence intervals at the 95% level. Plots are constructed holding all
other variables constant in their median value for numeric variables and most common category for factors.
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Figure 3.8: Effect of local variable adjacent SNH on pollination service (variation of seed set driven by insect
mediated pollination). Results are based on GLMM (beta error distribution). Solid lines show predicted
values, grey ribbons are upper and lower confidence intervals at the 95% level. Plots are constructed holding
all other variables constant in their median value for numeric variables and most common category for factors.
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3.5 Discussion

Our results demonstrate that, for oilseed sunflower, cross-pollination offers great gains in
terms of seed set and oil content, resulting in greater yields per ha. This degree of dependence
varies between cultivars, suggesting that breeding programs have succeeded –at least in
part– in raising the level of self-fertility, which can be an insurance against yield losses if
pollinator community collapses or do not deliver a sufficient pollination service. Nevertheless
it has to be noted that varieties with a high level of self-fertility never reach the level of oil
content as those less self-fertile ones (if they are properly pollinated). These findings are in
line with previous studies, which state that insect mediated cross-pollination exerts a direct
[10, 164, 174] or indirect –by buffering adverse abiotic conditions– [175] positive effect on
sunflower productivity. Secondly, and contrary to our expectations, oil composition seems to
be only genotype dependent, not being altered by the levels of cross-pollination.

On the other hand, our results support that pollination service in sunflower is mainly
delivered by managed honey bee, being the contribution of other bees –such as bumble bees or
solitary bees– rather limited, and in the case of other pollinators –as syrphids and butterflies–
negligible. This visitation pattern is completely in line with previous findings [10, 30, 164].
However, likewise other studies [176, 177], we measured insect visitation at specific times
during crop flowering, while pollination is continuously delivered during the whole flowering
period. This could bias the perception of the actual pollinators involved in the service
delivery by underestimating the contribution of less abundant groups. Those under-sampled
groups of pollinators, especially if they have greater pollination efficiency or boost honey bee
performance through interaction [11], might develop a substantial contribution to pollination
that is difficult to detect when assessing visitation rates during short time intervals. However,
the good fit of the data with visitation rates –being, on average, honey bee visits the 95.8% of
the total visits– leads us to believe that the contribution of wild pollinators is rather limited
in case honey bees are present in the landscape. The question remains if wild pollinators
would significantly contribute to sunflower pollination in absence of honey bees. A recent
meta-analysis suggests that only a limited number of wild pollinators has the potential to
considerably contribute to crop pollination [65]. This underlines the need of further research
pointing out the actual role of wild pollinators at both field –via singular pollinator species
efficacy assessments– and landscape scales –via selection of landscapes without presence of
managed beehives–. These studies would help to clarify whether wild pollinators are able to
take the role of honey bees in the case of a sudden collapse of these last ones.

Regarding the effect of visitation rates on seed set, our results indicate that over ∼ 25
visits per plant and hour, cultivars with lower levels of self-fertility start expressing their
full potential, being this slightly superior than that of those more self-fertile cultivars. A
similar trend occurred for oil content of filled achenes, with less dependent cultivars only
resulting advantageous up to ∼ 7.5 visits per plant and hour, with the drawback of lower oil
levels if cross-pollination needs are fulfilled. This trend poses the dilemma of either ensuring
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pollination service and take advantage of it with dependent cultivars, or continue developing
cultivars with greater and greater self-pollinating ability at the price of losing a bit of the
maximum potential productivity of sunflower. At least from an agronomic perspective, both
strategies are reasonable and not exclusive; whereas, from an ecological point of view, it
seems much wiser to actively support pollinator communities and get benefits of the natural
ecosystem functioning, while simultaneously ensuring the reproductive success and long-term
survival of many wild plants present in the agro-ecosystems.

We found clear evidences of cross-pollination dependence of currently used cultivars and
quantified their positive response, in terms of seed set and oil content, to insect visitation.
At the same time, we found very limited evidences of pollination deficit lessening crop
productivity, with only seed set being slightly reduced by pollination constraints. Differences
in seed set were also found between both years when evaluating ‘Open’ and ‘Hand pollinated’
plants. These differences could be explained mainly by the contrasting rainfall patterns
of these two years: 2015 showed a normal level of precipitations with 774 mm, while 2014
was an exceptional year with 1378 mm. The fact that this year effect was not significant
when comparing ‘Isolated’ vs. ‘Hand pollinated’ could be explained mainly by two dynamics
that may act masking it: (i) the variability in seed set and oil content values is higher (and
cultivar dependent) for ‘Isolated’ plants (i.e. at the baseline values) while it is reduced in
‘Open’ and ‘Hand pollinated’ plants (i.e. when cross-pollination needs are fulfilled and oil
content and seed sets values are higher), (ii) productivity measures, as seed set or oil content,
are the result of the combined effects of agronomic and pollination conditions, both being
necessary but not sufficient. Therefore, pollination benefits will only be expressed as far as
the agronomic conditions are not already limiting yield, and vice versa, agronomic constraints
will only come out if pollination needs are fulfilled. This is the case of ‘Open’ and ‘Hand
pollinated’ plants when there is no pollination deficit, but not the case of ‘Isolated’ plants,
where the absolute lack of cross-pollination is high enough to mask any agronomic negative
effect.

Pollination service is the result of the interactions between land uses, local pollinator com-
munity and managed pollinators. Landscape patches may support pollinators by providing
nesting opportunities, floral resources or shelter, while they compete with each other for
pollinators if they have overlapping flowering periods; this situation can be represented as
a tug-of-war game. On the one hand, late mass-flowering crops that are to some extent
self-incompatible –as sunflower– need to fulfil their cross-pollination requirements high den-
sities of pollinators, which in turn rely on early mass-flowering crops –i.e. oilseed rape– as
ephemeral massive resources at the beginning of the season. On the other hand, semi-natural
habitats can provide suitable nesting sites and continuous floral resources preventing gaps in
food supply in-between crop blooms thus increasing the abundance of pollinators, but that,
as drawback, may reduce pollination service delivery by diluting pollinator densities if they
co-flower with the crop of interest. Sunflower and other mass-flowering crops generate huge
pollination demands during short periods, forcing them to mainly rely on social pollinator
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species such as bumble bees and honey bees. These bees, due to their high resource demands,
are especially sensitive to discontinuity of floral resources [30]. Several studies have shown
that SNH –like grasslands, hedgerows, fallows– enhance bumble bee densities [38, 39, 48],
whereas other studies stated that these were more related to early mass-flowering crops [178]
or a combination of both SNH and early mass-flowering crops [30]. Holzschuh et al. also
suggested that, despite mass-flowering crops temporarily dilute bumble bee densities, in the
long run can enhance abundances of generalist pollinators and their pollination service [179].
Likewise, domestic gardens present in urban areas, especially if they are embedded in a
matrix of intensively managed agricultural patches, may also positively affect abundance and
richness of wild bees due to their high floral density and diversity together with greater nest
site availability [38, 180, 181]. In line with these studies, we found that the proportion of
woody linear SNH, other annual crops (i.e. oilseed rape) and urban areas boosted pollination
service. Whereas, contrary to our expectations, herbaceous SNH exerted a negative influence
on crop pollination. This could be explained as in this region, unlike woody linear elements,
that are mainly composed by early flowering species –i.e. Prunus spp, Acer spp, Ulmus
spp, Rubus spp or Crataegus spp–, herbaceous elements are usually composed by a more
diverse plant community –i.e. Trifolium spp, Convolvulus arvensis, Dipsacus fullonum,
Lythrum salicaria, Cichorium intybus– where species flower in succession, which increases
the probability of flowering overlaps with the crop. These overlaps might result in a dilution
of crucial pollinators like honey bee and bumble bees, as they are generalist and thus more
easily lured away from the crop of interest [136], depriving their pollination service to the
crop. Despite that from a short-sighted productivist approach this might be seen as a
non-desirable situation, we should not ignore that there has to be a reason behind the greater
attractiveness of these habitats compared to the co-flowering crops. We could hypothesize
that these elements offer some resources that mass-flowering crops are not able to provide
and, in addition, are more likely to be pesticide-free than crops. Previous studies have shown
that pollen types are highly variable regarding their nutritional contents –protein, amino acid
and antioxidant capacity– depending on their botanical origin, and that the level of proteins
in the diet has a positive effect on nurse honey bee physiology and their tolerance to parasites
[119] as well as on larvae weight of bumble bees [121]. Our results also indicated that woody
areal elements did not exert any significant effect on pollination service delivery. Previous
studies also supported this evidence, arguing that other habitats –as agricultural areas and
hedgerows– can be considered as better foraging habitats than woodlots or native woodland
[36]. Lastly, our results confirmed that the number of beehives present in the surroundings
positively influenced pollination service, which is not surprising if we consider the outstanding
contribution of honey bee to the total number of visits. Concerning the effects of the adjacent
SNH type, their presence did not enhance pollination service, and ‘woody SNH’ even exerted
a negative influence on it. These results suggest that, as SNH-social bees dynamics work at a
larger scales [139, 182, 183], the presence of a SNH as nearby element might not result in
any benefit, while, at least for hedgerows, may exert a negative influence on crop yield via
resource competition in their vicinity [184] (in our case, 50% of the plots were closer than 16
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m from the border). The overall effect of the ‘woody SNH’ on total yield of the adjacent
sunflower field will depend on the field size, which in Tuscany is rather limited.

3.6 Conclusions and implications

This study reveals that sunflower yields are greatly dependent on cross-pollination events
and those events are exclusively driven by sunflower visitors –mainly honey bee–. Therefore,
in order to guarantee the productivity of currently-in-use varieties of sunflower, it seems
essential to ensure a pollinator community that is able to fulfil their cross-pollination needs.
Luckily, at least up to date, there are not clear evidences of pollination deficits lessening crop
productivity. Nevertheless, we should not be too self-complacent about this, especially if
we take into account our over-reliance on one single species which is currently threaten by
multiple stressor factors. Our study has some implications that could be translated into some
relatively simple measures that could prevent future problems: (i) reduce cross-pollination
dependence of new cultivars by breeding selection, (ii) support health of honey bee colonies
and local communities of wild bees throughout diversified and balanced landscapes containing
SNH and early and late flowering crops, (iii) implement incentive schemes to support the
economic activity of beekeepers to ensure an homogeneous distribution of honey bee colonies
on the territory.
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4 Disentangling resource offer of semi-natural habitats
and honey bee diet in a Mediterranean context

4.1 Abstract

Wild and managed bees are suffering serious declines in recent times, which may threaten
crop productivity in the near future. The lack of availability of continuous floral resources
in the majority of european and american agricultural landscapes, as a consequence of
the intensification process undergone by modern agriculture, has been identified as one of
the possible causes of this decay. Pollen has been recognized as an essential resource for
honey bees, enhancing their tolerance and resistance to other stressing factors and improving
colony health. Here, we investigated (i) the floral resource offer of the semi-natural habitats
present in the agricultural matrix and their associated pollinator communities, and (ii) the
seasonal pattern and influence of landscape composition on the resource use, in terms of
pollen collection, of honey bees. We measured the botanical composition and bee visitation
rates of 24 semi-natural habitats of the four major types present in this area (woody areal,
woody linear, herbaceous areal and herbaceous linear) belonging to six agricultural landscapes
distributed across a gradient of landscape complexity, jointly with the botanical origin of the
pollen collected by the experimental apiaries located at the centre of each landscape sector
from April to July. Landscape assessments were simultaneously performed to determine the
proportion of the different land covers in one-km radius from the apiaries. We found that
herbaceous semi-natural habitats had greater plant diversity, more continuous floral offer and
supported more diverse pollinator communities than woody elements. Nevertheless, these last
ones seemed essential to honey bees as they constituted the bulk of their pollen intake before
the flowering periods of mass-flowering crops. Legume crops were as well a crucial resource
during the late spring, accounting for up to 59% of the overall pollen collected during this
period. Moreover, the amount of pollen from crop origin was positively correlated to the area
devoted to legumes in the surrounding landscape, highlighting their marked preference for
this family. On the other hand, herbaceous habitats constituted a constant pollen supply
throughout the season that could be important as complementary resources in-between
massive flowerings of woody elements and crops. These results suggest that (i) semi-natural
habitats offer essential floral resources to sustain diverse pollinator communities and (ii) the
presence of both semi-natural habitats and specific mass-flowering crops –such as legumes– is
important to ensure an adequate nutritional status of honey bees; thereby reinforcing the
hypothesis that landscape diversity is critical to guarantee a sufficient pollination service
delivery.
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4.2 Introduction

The Green Revolution has drastically raised agricultural productivity during the last decades
based on the combined use of highly productive cultivars, chemical fertilizers, synthetic
pesticides and herbicides, together with new irrigation systems and mechanical intensification.
Nevertheless, this intensification process based on fossil energies and heavy machinery has
involved several drawbacks, such as radical landscape simplification [20] and disappearance of
undisturbed patches of natural vegetation [17]. Moreover, several studies have clearly identified
this agricultural intensification as one of the most important determinants of biodiversity
loss [18, 19]. Among those organisms negatively affected by agricultural intensification, bees
are considered essential, as they are crucial for pollination of wild plants and crops, since
approximately 30% of global food production is dependent on them [6, 7]. However, there are
clear evidences of important declines of both wild and managed pollinators, mainly explained
by habitat loss and modern agricultural practices [6, 25]. Among bees, European honey bee
(Apis mellifera L.) can be considered as the most important organism for crop pollination,
with 80% of global agricultural pollination services directly delivered by it [137] (but see [65]
who reduced this estimate to ∼ 50%). Nevertheless, the number of commercial honey bee
colonies has decreased in central European countries [142] and the U.S. [143] in recent decades.
These regional declines have been attributed to multiple stressors –i.e. pest and pathogens
[144, 145], misuse of pesticides [146, 147], etc.– acting in isolation or in combination [148].
Semi-natural habitats (hereafter SNH) have been widely recognized as key elements within
the agricultural landscape harbouring critical resources –such as nesting sites and floral
resources– for pollinators [36, 155, 156, 157]. Current intensification of agriculture threatens
their persistence within agricultural landscapes, because this process is held responsible for
the reduction in the availability of other floral resources than crops. The lack of continuous
and diverse floral resources during the active season of honey bees may lead to monotonous
diets and suboptimal nutrition, reducing their tolerance to parasites [119] or affecting honey
bee populations [185, 186], and therefore driving colony losses. Nectar and pollen are widely
known to be the only food sources for honey bees. Pollen is consumed by both adult (including
queen, drones and workers) and larvae [123, 187, 188], and is their almost exclusive source of
proteins, lipids, vitamins and minerals [119, 189].

For this reason it is important to characterize the different types of SNH in terms of their
floral resource offer and the pollinator assemblages visiting them, while simultaneously
disentangling how honey bees interact with the surrounding landscape by identifying their
major sources of pollen. To our knowledge, no previous studies have simultaneously assessed
both plant communities of SNH and pollen collection by honey bees within a spatial (landscape)
framework. Therefore, we structured this study into two main parts: first one regarding
the resource offer of SNH and their plant-insect interaction networks, and the second one,
focusing on the pollen actually collected by honey bees in a typical agricultural landscape in
a Mediterranean plain. More specifically, the main research questions were the following: (i)
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How different are SNH types in terms of floral resource abundance, diversity and stability?,
(ii) Do the main properties of plant-visitor food webs differ across SNH types?, (iii) How
is the seasonal pattern of pollen diet of honey bees in terms of diversity, equitability and
origin?, and (iv) How does the surrounding landscape composition affect the crop reliance of
honey bees to fulfil pollen needs?

4.3 Material & Methods

4.3.1 Study system and experimental design

This study was carried out during 2015 in the periurban area of the city of Pisa (N:
43°39’32.91’‘, E: 10°33’48.92”): an agricultural area characterized by a medium-scale mosaic
of arable land and forest remnants with interspersed urban areas. Within the study area (248
km2), six landscape sectors of one-km radius were selected along a landscape complexity gra-
dient –defined as the amount of SNH in the landscape estimated based on aerial photographs–
(see table 4.1). At the centre of each landscape sector, one set of beehives (ranging from 12 to
20 hives) was placed and managed by local professional bee-keepers. Within each landscape
sector, one element of each of the four major classes of SNH present in the area –herbaceous
areal (HA), herbaceous linear (HL), woody areal (WA) and woody linear (WL)– was selected
(see Supplementary material –section S1.1– for a detailed description of SNH types). To
ensure independence, elements were at least 200 m distant from each other. An illustrative
scheme of the experimental design can be found in Supplementary material –section S3.1–.

Table 4.1: Landscape sectors characteristics: main land uses. Year 2015. (n = 6)

Land use type Mean area (%) SD Minimum Maximum
SNH - WA 19.3 17.5 0.7 47.7
Other annual crops 12.9 15.1 0.1 32.1
SNH - HA 10.8 6.9 5.1 23.9
Cereals 8.2 6.4 0.2 15.9
Legumes 6.5 8.2 0.3 21.6
Olive groves 5.7 6.6 0.0 16.0
SNH - HL 3.2 1.5 0.9 4.6
SNH - WL 2.5 1.5 0.8 4.7

4.3.2 Landscape assessment

Land uses were assessed based on aerial photographs [168] and validated through field
inspections performed during the same season under study. The complete list of land use
categories considered in this study is reported in Supplementary material –section S3.2–. The
area of each land use category was calculated using Geographic Information Systems (QGIS)
[169] and expressed as the proportion of the total landscape area. In order to avoid non-focus,
marginal, or unevenly represented land uses, from the full list of mapped categories, only
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agricultural land uses and SNH were included in the analyses if they fulfilled the following
conditions: median ≥ 1% and skewness ≤ 3, and additionally for crops a maximum value >
10%.

4.3.3 Honey bee pollen diet composition

Pollen samples were collected on 3 randomly selected hives per apiary –avoiding weak or
orphan colonies– each 14 days during the usual period of permanence of nomadic apiaries
within the agricultural fields to ensure pollination of mass-flowering crops in our area (from
23rd of April to 7th of July –6 sampling rounds–), by means of standard pollen traps placed
for 24 h at the entrance of the hives. Pollen traps collect the pollen pellets bees carry on
their corbiculae, equivalent to 10% ± 5% of all the collected pollen by the colony [190].
Trap contents of the 3 randomly selected hives per apiary were pooled and mixed and,
subsequently, a 20 gr sample of pollen pellets was extracted and frozen at -16 °C for latter
identification in the laboratory. In order to identify the pollen types collected by honey
bees, from each pollen sample, 2 gr (± 300 pollen pellets) were extracted after removing
any impurity (following [191]). Pollen pellets were sorted according to their color, texture,
size and shape employing colour palettes [192] under normal light, and re-weighted after
separation. All those color categories that did not reach individually 0.02 gr were bulked into
the ‘Other species’ category. As a single pollen color is not necessarily synonym of a monofloral
source [191], five representative pollen pellets of each sorted subsample were homogenized,
mounted on a gridded microscope glass slide and identified under 400X magnification using
local palynological reference collections. Pollen grains were identified to the plant family,
genus or species level –when possible–, and an estimate of their relative weight within each
colour subsample was obtained by counting and identifying 300 pollen grains on each slide.
We computed the contribution of each identified pollen group to the total 2 gr sample by
multiplying the pollen relative weight of that group within the color subsample by the total
weight of that subsample, expressing it as a proportion of the total sample weight. Despite
this method relies on the assumption that all pollen grains have equal weight and may
overestimate those pollen species with greater pollen diameter or underestimate rare species,
it provides reasonable snapshots of the overall honey bee diet [122]. Pollen diversity and
equitability indices were computed at sample (site - sampling round) level based on these
values. Pollen diversity was the number of the different pollen groups per sample, and pollen
equitability was estimated using the Pielou’s evenness index J = H′

ln(S) , where (H’) is the
Shannon’s diversity index and (S) is the number of species. To avoid overweighting of rare
pollen species, indexes were also calculated omitting any pollen species with a contribution <
1% to the total sample, and all analyses were recomputed and compared to the ones without
exclusion of pollen rare species. In order to assess landscape influence on pollen composition,
every identified pollen species was assigned to one of the three major categories based on their
most likely origin –crop, woody SNH or herbaceous SNH– and single species contributions
were re-aggregated based on these categories (see Supplementary material –section S3.3– for
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details about the origin assignment).

4.3.4 Floral resource offer of SNH

Floral resource offer of SNH was assessed deploying two belt transects of 75 m2 (1.5 x 50 m)
placed in parallel for areal elements –one at the edge of the element (E) and one at the internal
part (I) (≤ 12.5 m from the edge)– and along the same bordering line for linear SNH. In each
survey, 10 three-dimensional cubes with ground surface of 1 m2 and 2 m height were randomly
distributed throughout each belt. All flowering plant species were identified to species level if
possible –otherwise to genus level– and their vegetation cover (%) and number of floral units
were recorded. For most of the species, one floral unit corresponded to one flower, but for
compound or dense multi-flowered inflorescences (e.g. Asteraceae, Umbelliferae), one floral
unit corresponded to 1 cm2 of flowers, the minimum size needed to allow one medium-sized
visitor to forage without preventing visitation in the adjacent floral unit [10]. Floral resource
diversity indexes (richness and Shannon-Weaver), abundance and stability were derived from
the original data at sampling belt level: floral resource richness was calculated as the number
of different flowering species; Shannon-Weaver diversity was calculated based on cover values
of the flowering species; floral abundance was the aggregated number of flower units per m2
of all plant species present –log-transformed prior to analysis–; and, finally, floral resource
stability –which measures the degree of constancy of floral offer relative to its mean– was
calculated as the inverse of the coefficient of variation (CV) of floral abundance for the whole
period St = 1

CV
= µ

σ
[193]. In addition, recent management interventions recognizable at the

time the vegetation was assessed were recorded as a binary variable: ‘Managed’ (e.g. pruned,
trimmed, grazed, herbicide treated, mown) vs ‘Non managed’. Selected elements were sampled
simultaneously to the beehives placed in the centre of the landscape (see section 4.3.3).

4.3.5 Characterizing plant-pollinator community networks

In order to asses the resource use done by the local community of pollinators, we defined a
stratified sampling protocol. For every survey round and SNH, after floral resource assessments
were performed, flowering plant species with a frequency > 3 in any of the two assessed belts
per element were selected. This approach allows to reduce the sampling effort while keeping
the focus on the most abundant flowering species, which have been identified as the major
contributors to temporal stability of floral resources [194]. Each selected species, was observed
for 6 minutes in 3 plots of 1 m3 (2 min per plot) distributed within the element. Assessments
were performed at SNH level (no distinction was done between edge and internal parts) in
such a way that plots were selected to guarantee that the flower density was representative
of the flower density of that species in that element at that time. Each bee (Hymenoptera:
Apoidea) individual that touched the reproductive parts of the plant was recorded and
identified in the field to genus level (except for Apis mellifera L. that was recorded at species
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level). Only those insects that could not be identified were captured for later identification.
Number of flower units in each observation plot were recorded and bee visits were expressed
as number of visits per flower unit and hour. Data from the three observation plots were
pooled for analysis. All observations were carried out from 08:15 to 16:30 during good weather
conditions (following Pollard & Yates [98]).

4.3.6 Statistical analyses

Resource offer of SNH

To test whether richness of floral resources is dependent on SNH type-position and man-
agement, we modelled the number of flowering plant species against ‘habitat type-position
within the habitat’ and management as fixed factors, with element crossed with sampling
round as random grouping variables, using generalized linear mixed models (GLMMs) with
Poisson error structure. Floral abundance was log-transformed prior to analysis and modelled
using linear mixed models (LMMs) with Gaussian error distribution and analogous fixed and
random structures as floral richness. Stability was assessed for the whole sampling period,
thus was modelled –also log-transformed prior to analysis– against SNH type-position and
management intensity (number of management interventions recognized during the whole
sampling period) using LMMs with Gaussian error distribution and element as random effect.
In addition, to assess whether plant diversity determines the constancy of floral offer of SNH,
stability was also modelled against Shannon diversity index of flowering plant species with
analogous model specifications.

Effect of SNH type on plant-visitor food webs

To evaluate differences in plant-pollinator networks across SNH, we calculated for each element
throughout the whole sampling period the following network properties: linkage density
(mean number of links per species3), connectance (proportion of links effectively realized out
of the possible links between visitors and plants), generality (mean number of plant species
per pollinator), interaction evenness (Shannon’s evenness of network interactions) and number
of species of the high and low level of the network (pollinators and plants, respectively) [195].
All network indices were calculated using package bipartite [196] only taking into account
those elements with at least two flowering species (n=21). Those indices were modelled using
GLMMs with Gaussian error distribution (for linkage density, connectance, generality and
evenness) or Poisson error distribution (for number of plant and pollinator species) against
SNH type.

Pollen diet of honey bees

In order to evaluate differences among sampling periods in terms of diversity (richness) and
equitability of pollen collected by the bees, we fitted LMMs with Gaussian error structure for

3’Link’ is one or several interactions between a pair of plant-pollinator species, whereas ’interaction’ is the
number of observations of a link.
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both response variables, with period as fixed effect and apiary as random factor. Apiary was
selected as random factor as (a) the way of management may differ among bee-keepers and
(b) landscape context may influence the performance of the apiaries. Whereas, to evaluate
the seasonal pattern of pollen origin (whether it came from crops, woody SNH or herbaceous
SNH), we fitted GLMMs with beta error distribution, period as fixed effect and apiary as
random factor, with the proportions of pollen from the three possible sources as response
variables. Lastly, to evaluate which are the land uses driving crop reliance of honey bees
–namely, which are the crops that, if present, enhance the proportion of collected pollen
that comes from agricultural species–, we fitted GLMMs with beta error distribution with
the proportion of pollen from agricultural origin as response variable against the landscape
proportions of the main crops (cereals, legumes, olive groves and other annual crops), the
woody SNH and the herbaceous SNH, with apiary crossed with time period as random factors.

Model assumption were graphically validated following Zuur et al. [104]. Multicollinearity
among explanatory variables was evaluated computing variance inflation factors [104] and all
collinear variables with VIF > 5 were regrouped or removed. Model comparison was based
on likelihood ratio test with chi-square distribution, and multiple pairwise comparisons were
carried out based on least-squares means with Tukey’s adjustment of P value. All statistical
analyses were performed in R 3.3.1 [105] using the packages lme4 [106], glmmADMB [171, 172]
and lsmeans [109].

4.4 Results

4.4.1 Differences in floral offer across SNH

Diversity of flowering species was significantly affected by the type of SNH and the position
within it (χ2 = 57.697, df = 5, p < 0.001). Herbaceous elements, regardless of the position
within the element, showed greater richness values than both edge and internal parts of
woody elements (table 4.2 and fig. 4.1a). Management also significantly reduced richness
(χ2 = 23.593, df = 1, p < 0.001; table 4.3 and fig. 4.1b). These patterns were very similar
when analysing floral abundances, with both explanatory variables also affecting it (SNH-
position: χ2 = 41.167, df = 5, p < 0.001; management: χ2 = 15.198, df = 1, p < 0.001).
Flower abundance was significantly lower in WA-Internal elements than any other element.
Analogously to floral diversity, management had a negative influence on the amount of floral
resources offered by the habitats (tables 4.4 and 4.5 and figs. 4.2a and 4.2b). On the other
hand, herbaceous elements, both at the edge and the internal part, had a greater constancy of
floral resources than woody elements (table 4.6 and fig. 4.3a), whereas management intensity
did not significantly affect it (SNH-position: χ2 = 18.154, df = 5, p < 0.01; management:
χ2 = 0.1537, df = 1, p = 0.695). Floral resource stability was also positively correlated to
Shannon diversity index (χ2 = 17.292, df = 1, p < 0.001; fig. 4.3b), suggesting than more
diverse communities may be advantageous to guarantee constant floral resources throughout
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the activity period of pollinators.
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Figure 4.1: Influence of (a) SNH type and position and (b) management on the number of flowering plant
species. Dots represent the predicted least-squares means of the GLMM (Poisson error distribution) averaged
over the levels of management and SNH type-position respectively. Bars represent the confidence intervals at
the 95% level.

Table 4.2: Predicted least-squares means of the number of flowering plant species per SNH type-position
averaged over the levels of management. Upper (’asymp.UCL’) and lower (’asymp.LCL’) confidence intervals
at the 95% level. P value adjustment: tukey method for comparing a family of 6 estimates. Letters indicate
statistically different groups at the 0.05 significance level. Test and confidence intervals were computed on
the linear-predictor scale and subsequently back-transformed for presentation.

SNH-position Predicted SE asymp.LCL asymp.UCL Group
HA-E 2.73 0.37 2.10 3.56 a
HA-I 2.95 0.39 2.27 3.82 a
HL-E 3.37 0.38 2.71 4.20 a
WA-E 1.37 0.23 1.00 1.90 b
WA-I 0.48 0.12 0.30 0.78 c
WL-E 1.81 0.23 1.42 2.31 b

Table 4.3: Predicted least-squares means of the number of flowering plant species per levels of management
averaged over the levels of SNH type-position. Upper (’asymp.UCL’) and lower (’asymp.LCL’) confidence
intervals at the 95% level. Letters indicate statistically different groups at the 0.05 significance level. Test
and confidence intervals were computed on the linear-predictor scale and subsequently back-transformed for
presentation.

Management Predicted SE asymp.LCL asymp.UCL Group
Managed 0.57 0.18 0.30 1.07 a
None 2.06 0.20 1.71 2.49 b
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Figure 4.2: Influence of (a) SNH type and position and (b) management on the number of flower units/m2
(log-transformed prior to analysis). Dots represent the predicted least-squares means of the LMM (Gaussian
error distribution) averaged over the levels of management and SNH type-position respectively. Bars represent
the confidence intervals at the 95% level.

Table 4.4: Predicted least-squares means of the number of flower units/m2 (log-transformed prior to analysis)
per SNH type-position averaged over the levels of management. Upper (’asymp.UCL’) and lower (’asymp.LCL’)
confidence intervals at the 95% level. P value adjustment: tukey method for comparing a family of 6 estimates.
Letters indicate statistically different groups at the 0.05 significance level.

SNH-position Predicted SE asymp.LCL asymp.UCL Group
HA-E 16.93 5.79 8.52 32.78 a
HA-I 12.01 4.21 5.91 23.52 a
HL-E 14.27 4.26 7.83 25.39 a
WA-E 7.50 2.75 3.51 15.03 a
WA-I 1.03 0.66 0.07 2.82 b
WL-E 7.31 2.32 3.81 13.35 a

Table 4.5: Predicted least-squares means of the number of flower units/m2 (log-transformed prior to analysis)
per levels of management averaged over the levels of SNH type-position. Upper (’asymp.UCL’) and lower
(’asymp.LCL’) confidence intervals at the 95% level. Letters indicate statistically different groups at the 0.05
significance level.

Management Predicted SE asymp.LCL asymp.UCL Group
Managed 1.05 0.93 -0.16 3.99 a
None 9.24 2.29 5.61 14.86 b
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Figure 4.3: Influence of (a) SNH type and position and (b) floral diversity on the the stability of floral resources
(log-transformed prior to analysis). Dots represent the predicted least-squares means, while continuous lines
the predicted values of the LMM (Gaussian error distribution). Bars and dashed lines represent the confidence
intervals at the 95% level.

Table 4.6: Predicted least-squares means of stability of floral resources (log-transformed prior to analysis) per
SNH type-position. Upper (’asymp.UCL’) and lower (’asymp.LCL’) confidence intervals at the 95% level. P
value adjustment: tukey method for comparing a family of 6 estimates. Letters indicate statistically different
groups at the 0.05 significance level.

SNH-position Predicted SE asymp.LCL asymp.UCL Group
HA-E 1.09 0.16 0.82 1.46 a
HA-I 0.96 0.14 0.72 1.29 a
HL-E 0.93 0.12 0.73 1.19 a
WA-E 0.61 0.09 0.46 0.81 ab
WA-I 0.45 0.07 0.33 0.62 b
WL-E 0.71 0.09 0.56 0.91 ab
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4.4.2 Characterizing plant-visitor food webs of SNH

Overall, 57 plant and 19 insect genus/species were evaluated. The most widespread plant
species –in spacial and/or temporal terms– were Rubus ulmifolius, Borago officinalis and
Coleostephus myconis, whereas for bees, Apis mellifera L., Bombus spp and Lassioglossum
spp (fig. 4.4). R. ulmifolius and B. officinalis accounted for the bulk of honey bee visits
despite they showed the well known generalist behaviour, feeding from many different species
(proportional generality of honey bee = 0.338). When analysing networks aggregated at SNH
level, WL elements were visited by a less diverse pollinator community compared to the rest
of elements –with an overall effective number of partners of 2.96 for WL, 6.06 for WA, 6.95
for HL and 8.56 for HA– but nevertheless developed a key role for honey bees, congregating
much of their visits (figs. 4.5 and 4.6). Analysis of network properties revealed that only
network connectance and number of pollinator groups and plant species were dependent on
SNH type (connectance: χ2 = 15.039, df = 3, p < 0.01; number of pollinator groups: χ2

= 12.861, df = 3, p < 0.01; number of flowering plant species: χ2 = 8.4313, df = 3, p <
0.05); with woody elements (especially WL) showing lower numbers of both pollinator groups
and flowering species and a greater proportion of links effectively realized out of the total
possible links than herbaceous elements (figs. 4.7a to 4.7c). These results suggest that those
elements, despite having a less diverse floral community than herbaceous elements, contain
highly rewarding species that are able on their own to attract high numbers of honey and
bumble bees.
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Figure 4.7: Differences in network properties across SNH (a) connectance (b) number of pollinator groups (c)
number of flowering plant species. Dots represent the predicted least-squares means of the GLMMs (Gaussian
or Poisson error distribution). Bars represent the confidence intervals at the 95% level.
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Figure 4.4: Bipartite graph of overall pollination network between bees (top) and plant species (bottom).
Width of rectangles represents the number of observations, whereas width of connections represents strength of
interactions. The complete list of plant species and their respective abbreviations is provided in Supplementary
material –table S24–.
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Figure 4.5: Bipartite graph of overall pollination network between bees (top) and SNH type (bottom). Width
of rectangles represents the number of observations, whereas width of connections represents strength of
interactions.
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Figure 4.6: Network matrix of overall pollination network between bees (bottom) and SNH type (left).
Shading of matrix entries is proportional to the number of interactions (reported in blue text).

4.4.3 Seasonal pattern of honey-bee pollen diet

Palynological identification of the pollen samples collected by the bees from April to July on
the different locations (n=31) revealed that honey bees collected pollen from a vast number
of plant species, with a total of 60 different groups identified (see Supplementary material
–section S3.3– for further details). Our results showed a strong seasonal variation in the
composition of pollen collected by the honey bees. Pollen diversity was significantly affected
by the time period (χ2 = 15.792, df = 5, p < 0.01), with a trough period in early June
(table 4.7 and fig. 4.8a). Notwithstanding there was not an statistically significant effect of
period on pollen equitability (χ2 = 9.538, df = 5, p = 0.089), the observed trend suggest that
the trough period in terms of pollen diversity co-occurs with lower equitability values across
pollen species due to the greater preponderance of a few species (fig. 4.8b). Restricting the
data set to those species contributing > 1%, did not change the results either for richness
(χ2 = 17.233, df = 5, p < 0.01) or equitability (χ2 = 9.662, df = 5, p = 0.085).

Table 4.7: Predicted least-squares means of pollen diversity for each period. Upper (’asymp.UCL’) and lower
(’asymp.LCL’) confidence intervals at the 95% level. P value adjustment: tukey method for comparing a
family of 6 estimates. Letters indicate statistically different groups at the 0.05 significance level.

Date Predicted SE asymp.LCL asymp.UCL Group
Apr 27 9.96 1.21 7.58 12.34 a
May 13 7.96 1.21 5.58 10.34 ab
May 26 6.00 1.04 3.97 8.03 b
Jun 09 4.83 1.04 2.80 6.87 b
Jun 23 6.50 1.04 4.47 8.53 ab
Jul 07 6.97 1.11 4.80 9.15 ab

Analyses of the botanical origin of pollen revealed that crops accounted for 40.9% of the
total pollen mass collected by the bees during the whole period of evaluation, nevertheless
their contribution was highly dependent on time (fig. 4.9a). On the other hand, plant species
commonly present in woody SNH represented the 42.3% of the total pollen mass, while
herbaceous species were much less abundant, representing only the 15.4%. The proportion
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Figure 4.8: Seasonal variation of (a) pollen diversity –number of different pollen groups– and (b) equitability
–Pielou’s evenness index–. Dots represent the predicted least-squares means of the LMM (Gaussian error
distribution). Bars represent the confidence intervals at the 95% level.

of pollen collected from both, crop and woody origin, was highly seasonal, with significant
differences across sampling periods (crop: χ2 = 17.282, df = 5, p < 0.01 ; woody: χ2 =
12.699, df = 5, p < 0.05; table 4.8 and figs. 4.10a and 4.10b). On the contrary, the proportion
of pollen coming from species present in herbaceous SNH remained more or less constant
through the whole sampling period, with no significant differences across sampling times
(χ2 = 2.219, df = 5, p = 0.818; table 4.8 and fig. 4.10c). Early season (late April-early
May) was characterized by species present in SNH with woody species being preponderant:
Quercus robur gr (13%), Crataegus f (12%) and Sinapis f (12%); whereas from the end of
May onwards, our results support a shift in the preferences towards mass-flowering crops. In
fact, the most dominant species of the middle season (late May- early June) were Trifolium
pratense gr (41%), Rubus f (12%) and Sinapis f (10%); while for late season (late June-early
July) Trifolium pratense gr (30%), Rubus f (21%) and Castanea (15%) (fig. 4.9b).

Table 4.8: Predicted least-squares means of botanical origin of pollen for each period. Upper (’asymp.UCL’)
and lower (’asymp.LCL’) confidence intervals at the 95% level. P value adjustment: tukey method for
comparing a family of 6 estimates. Letters indicate statistically different groups at the 0.05 significance level.
Test and confidence intervals were computed on the linear-predictor scale and subsequently back-transformed
for presentation.
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Apr 27 0.14 0.09 0.04 0.40 a 0.58 0.15 0.29 0.82 a 0.22 0.11 0.08 0.50 a
May 13 0.24 0.19 0.04 0.71 ab 0.53 0.24 0.14 0.88 ab 0.10 0.09 0.02 0.44 a
May 26 0.78 0.18 0.31 0.96 b 0.11 0.11 0.02 0.51 b 0.12 0.10 0.02 0.49 a
Jun 09 0.51 0.25 0.13 0.88 ab 0.26 0.18 0.06 0.68 ab 0.17 0.13 0.03 0.55 a
Jun 23 0.40 0.24 0.09 0.82 ab 0.46 0.22 0.13 0.83 ab 0.11 0.10 0.02 0.47 a
Jul 07 0.38 0.23 0.08 0.81 ab 0.28 0.18 0.06 0.70 ab 0.20 0.14 0.04 0.59 a
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Figure 4.9: Stacked bar plots representing the proportions of pollen collected during the assessed period
averaged over all apiary locations based on (a) botanical origin and (b) taxonomic identity.
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Figure 4.10: Temporal variation of botanical origin of pollen: (a) crop species, (b) species present in woody
SNH, (c) species present in herbaceous SNH. Solid lines show predicted values, grey ribbons are upper and
lower confidence intervals at the 95% level.

4.4.4 Landscape influence on crop reliance of honey bees

As the proportion of cereals and other annual crops in the landscape were significantly
correlated (see Supplementary material –section S3.4– for details), both land uses were
aggregated into a new category coded as ‘Annual crops’. When analysing the effect of
landscape composition on crop reliance (namely, the proportion of collected pollen from
agricultural origin) of honey bees, the GLMM model showed that the pollen collection of
agricultural origin was significantly enhanced with increasing area of legumes in the landscape
(χ2 = 13.236, df = 5, p < 0.001; fig. 4.11b), while was diminished as the area devoted to
annual crops increased (χ2 = 4.462, df = 5, p < 0.05; fig. 4.11a). Crop reliance was not
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significantly affected by any of the remaining variables (proportion of herbaceous SNH, woody
SNH and olive groves) an thus were removed from the most parsimonious model.
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Figure 4.11: Influence of surrounding landscape on the percentage of bee-collected pollen from agricultural
origin: (a) landscape proportion of annual crops, (b) landscape proportion of legumes. Solid lines show
predicted values, grey ribbons are upper and lower confidence intervals at the 95% level.

4.5 Discussion

In view of the results, woody SNH are characterized by a less diverse plant community than
herbaceous elements; this is even more evident in the case of the internal part of woody areal
elements. This decrease of plant diversity entails a reduction in the constancy of the floral
resources offered throughout the active period of pollinators. Nevertheless, in the case of the
external part of woody elements, it is not translated into a significant reduction of the overall
floral abundance (in terms of number of flower units per m2). This might be explained by the
fact that the characteristic species of these elements, such as trees and shrubs, show a very
dense blossom pattern that, despite their short flowering period, counteracts the ‘dilution’
effect of those sampling rounds without any flowering species when evaluating the whole
season. In other words, in terms of flower units produced over the entire sampling season,
the lack of floral resources in the late sampling times is compensated by the huge amount of
flowers produced in the early ones.

Human interventions have the clear scope of reducing –in varying degrees– the vegetation of
SNH for many reasons (e.g. avoid resource competition with adjacent crops, maintenance of
ditches or agricultural paths, etc.). It is therefore not surprising that management significantly
decreased plant species richness and flower abundance in the SNH. This observed reduction
of floral abundance is likely driven by the direct removal of flowering plants, whereas the
decrease of diversity may be explained by a shift of the community towards a reduced number
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of resistant species [197] (but see [198], which identified a positive relation between the
number of cuts and the richness of vascular plant species in meadows and mown pastures).
Floral abundance and diversity have been proven to enhance number of visits and diversity
of pollinator assemblages [197]. More diverse plant communities entail greater heterogeneity
of floral resources, which increases the spectrum of pollinator species searching for single
and multiple resources [199]. Our findings support this statement, with more diverse SNH
(as herbaceous elements) supporting more heterogeneous pollinator communities. In fact,
Rollin et al. also highlighted the importance of herbaceous SNH in sustaining native bee
populations [200]. However, this increase in heterogeneity occurs simultaneously with a
decreasing proportion of links effectively realized between the two network levels, supporting
that woody elements, despite holding few flowering species, have enough attractive strength
on their own to attract two of the most abundant pollinator groups in our area –honey
and bumble bees–, which may explain their high connectance values and highlight their
potentially important role in fulfilling pollen needs of both groups. Hedgerows have been
widely recognized as important foraging habitat for bees, especially during the periods in
which they have a higher flowering species richness than other habitats [36, 201]. In the
case of our target pollinator (honey bee), our results are in line with these studies, with WL
elements concentrating most of the honey bee visits. However, the other types of SNH were
also visited and their importance should not be neglected. SNH might develop a substantial
role by offering crucial floral resources (pollen and nectar) to pollinators well at the beginning
of the season, when crops are still in their vegetative period, and/or during the trough periods
between massive crop blossoms. Several studies indirectly support this hypothesis by giving
evidences of the positive impact that the amount of semi-natural vegetation in the landscape
has in pollinator communities [112, 202].

Results of the seasonal variation of pollen collection by honey bees revealed that crop-origin
pollen accounted for the bulk of their pollen diet only at the end of May, whereas early season
was dominated by woody species present in SNH (e.g. Quercus spp, Crataegus spp, Acer
spp). It is remarkable that herbaceous-origin pollen, despite not being dominant in any of
the sampling times, remained constant throughout the period under study. Periods of scarce
floral resources negatively affect colony development, and may threaten beekeeping activity.
Therefore, we suggest that herbaceous elements, despite not being ever their major source,
might work as connecting shackles in the food supply chain throughout the season, as they
host a very diversified plant community which increases the probability of a more continuous
floral offer than crops or woody elements. On the other hand, in line with previous studies
[122, 124], our results support that honey bees rely on a wide variety of plant species to fulfil
their pollen needs. Pollen quality –in terms of nutritional contents (protein, amino acid, lipid
and sugar content or antioxidant capacities)– influences longevity of honey bees [118] and
development of the hypopharingeal gland [117], whereas pollen diversity might increase their
tolerance and resistance to stressing factors such as fungal diseases, parasites or pesticide
pressure [119, 120]. In spite of, as suggested by Di Pasquale et al. [119], pollen diversity
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might not be positive per se in the case there are available pollen types of high nutritional
value (e.g. from Rubus spp, with high protein and antioxidant levels) in the surroundings, the
availability of diverse floral resources may help to overcome nutritional deficiencies having a
negative impact in brood rearing in a context of not suitable monocultures [203].

Our findings suggest that honey bees rely on both, woody elements and crops as major pollen
resources. Nevertheless, woody elements seemed particularly important early in the season,
whereas crops during the middle part of it. Both major resources were complemented with a
relatively constant supply from SNH herbaceous species. Requier et al. [122] found that, at
the beginning of the season, honey bees tended to collect pollen of higher nutritional value
(greater protein and mineral content) to feed the high number of nursing bees typical of this
period, thus we could hypothesize that plant species found in woody SNH might be of critical
importance for the normal development of immature colonies. Later on, pollen preferences
seem to be shifted towards mass-flowering crops present in the area; with Trifolium pratense,
which is commonly grown as fodder crop in this area, being of significant importance. De
Novais also identified Leguminosae as a crucial family in pollen diet of honey bees [124]. The
fact that the overall amount of pollen collected from agricultural origin was positively related
to the proportion of legumes, highlights their heavy preference for this family if it is available
(see [200]). The opposite trend was found for the area devoted to annual crops, which could
be explained as cereals accounted for an important part of it, and no major pollen resources
can be expected from this family (with the exception of maize).

4.6 Conclusions and implications

Plant communities greatly differ across SNH and these differences also imply substantial
changes in the pollinator assemblages they sustain. Herbaceous elements host a wider diversity
of plants and pollinators, especially solitary bees which might potentially be crop pollinators,
than woody ones. Nevertheless woody elements seem to be one of the key elements supporting
the bulk of pollen requirements of honey bee –which is the most abundant crop pollinator
in our area–. Thus, our results support that a diverse landscape with mass-flowering crops
–especially belonging to family Leguminosae– together with sparse SNH of both types (woody
elements offering ephemeral massive resources early in the season and herbaceous elements
offering a less concentrated but more continuous floral offer) may be the optimal landscape
composition to guarantee both a diverse native community of pollinators and an adequate
floral supply to honey bees. The inclusion of legume crops to break short rotations of cereals
would at the same time contribute to increase soil fertility and provide important pollen
resources for honey bees (but also presumably for wild bees).
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5 General discussion and future directions

5.1 Semi-natural habitats and ecosystem service provision

The results presented in chapters 2 and 4 add to the growing body of evidence that SNH
are important to sustain both main functional groups of providers and thereby the two
complementary –but each one necessary– ecosystem services under study [33, 34, 35, 36,
37, 40, 41, 42, 43]. While herbaceous elements hold a more abundant, diverse and stable
flowering plant community –with no significant differences between edge and interior parts–
and support a greater diversity of bees, woody habitats offer key early floral resources for bees
and host –in their external part– greater abundances of natural enemies. Nevertheless, woody
areal elements are also characterized by a low permeability, with the abundances of the two
main functional groups of beneficials –pollinators and flying predators– drastically decreasing
from the perimeter to the internal part (being this dropping pattern even more clear for bees
than for natural enemies). The fact that almost no bees are present in the interior part of
woody areal elements may be explained as the amount and diversity of floral resources offered
–identified in this work as significant driver factors of bee abundance and consistent with
previous studies [199, 204]– also experience a drastic reduction due to resource competition
exerted by the tree canopy. It is less clear why this trend also occurs for natural enemies,
as these ones do not seem to be significantly related to floral abundances. Crop fields can
be considered as defaunated islands relying on colonization from the regional species pool
[17], as management interventions may make them intermittently unsuitable for pests but
also service providers [37]. Woody habitats are very likely the landscape elements subjected
to the lowest management intensities, and therefore it is plausible that they act as shelter
elements when the crop fields become unsuitable due to management interventions. If this
dynamic is correct, their external part should host greater abundances of natural enemies as
works as an interface between the shelter habitat (undisturbed) and the feed habitat (crop).
Nevertheless we need to be cautious in drawing conclusions, as pest-natural enemies food
webs are complex systems often composed of diverse set of species (plants, phytophagous
insects, parasitoids and predatory insects) [205] interacting in many different ways, and their
ecology is still poorly understood [58]. In addition, many other factors (e.g. pedological and
climatic conditions, crop management and landscape context) may ultimately determine the
levels of pests and natural enemies [60]. On the other hand, our results also reveal that there
are some specific plant functional groups driving bee abundances, which suggests that some
key plant species may have a central role in sustaining bee populations (i.e. the top three
functional groups in decreasing order with regards to their effect size on bee abundances
were characterized by the following genus: ‘Rubus - Hypericum - Papaper spp’, ‘Sambucus -
Prunus - Crataegus - Rosa spp’ and ‘Achillea - Ranunculus - Trifolium - Leucanthemum spp’).
Their distribution across the different SNH types (fig. 5.1) supports as well the hypothesis
that all types of elements are important and offer complementary resources for pollinators.
Nevertheless, linear SNH might develop an additional role as connecting elements between
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bigger patches of SNH, thereby reducing isolation from sources of ecosystem services providers
and ensuring reorganization of crops after disturbance.

(a)
1 2 3 4 5 6 7 8 9

HA HL WA WL

(b)
1 2 3 4 5 6 7 8 9

HA HL WA WL

Figure 5.1: SNH distribution of functional groups. Mosaic plots are based on the contingency tables of plant
species and SNH types. Height of the bars represents the proportion of each SNH type per functional group,
whereas their width represents the proportion of (a) plant species of each functional group out of the total
number of recorded species, and (b) floral display of each functional group out of the total floral display.

However, we need to be aware that these are general trends based on data of four European
countries with its associated drawbacks. For example, the assignment to one or another
category of SNH might be biased by the perception of the observer and the cultural heritage
that shaped the landscape for centuries (e.g. hedgerows might traditionally have associated
one grassy strip in one country but not in another, thus this strip could have or could have not
been included in the ‘concept’ of hedgerow); the type, intensity and period of management
might substantially alter the sustaining capability of the elements (e.g. is very likely that one
grassy strip mown four times in a year will offer scarce floral resources in the short term, and,
in the long term, will shift its community composition towards annual grasses), and they are
in turn heavily dependent on local tradition; lastly, the four studied types of SNH are very
wide categories, as they were intended to be easily digitized based on aerial photographs to
develop maps of ecosystem services at a European scale, but they comprise a broad range
of subtypes that might be potentially very different regarding their supporting potential to
service providers (e.g. both a narrow line of cypresses and a 3-m wide element of blackberry
are hedgerows, but they will provide completely different resources in type and time).

This being said, we are confident that our results not only give new evidences of the importance
of SNH in service provision, but also quantify their potential and disentangle which are the
main characteristics driving this potential across a wide range of countries and landscape
complexities, so they can be a useful tool to develop informed agri-environmental policies
aiming at promoting ecosystem service-friendly landscapes. Landscape composition and
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configuration are the result of the individual contributions of each land manager, and these
individual contributions, especially in the common European medium-scaled mosaics, are
usually small, but all together may be of quantitative importance. In our opinion, EU agri-
environmental policies should encourage/subsidize farmers to maintain, or even implement,
these elements within the agricultural matrix, as these processes and their benefits work at a
beyond-farm scale but their negative effects (mainly due to loss of revenues from competing
land uses or resource competition) happen at a farm scale (see chapter 3 for evidences of
resource competition of hedgerows with the directly adjoining field).

5.2 Status of pollination and implications for sunflower production

The findings presented in chapter 3 clearly reveal the importance of insect-mediated cross
pollination for the productivity in terms of seed set and oil content of the currently-in-use
cultivars of sunflower. Seed set raises, on average, from 32.9% of filled achenes per plant
without the intervention of insects to 85.6% when all cross-pollination needs are fulfilled,
whereas the oil content of achenes from 47.0% to 54.7%, respectively. This behaviour was
already identified in 1976 (see [164]) and has been repeatedly confirmed in several studies
[10, 174, 175], however two issues arise from these results. Firstly, they highlight once again
the paramount importance of insect pollination for ensuring the productive capacity of
sunflower for oil production; no matter how good we are as farmers, how much controlled are
pest and weeds or how much fertilization is applied if this ‘pollination gap’ is not fulfilled with
natural or managed pollinators. Secondly, it poses the question why, despite the important
efforts done by breeding programs in raising the levels of self-compatibility of sunflower
cultivars during the last decades (see i.e. [163]), we still find these values nowadays. Here we
need to note that, as we were interested in the ‘normal behaviour’ of the farmers, we did
not alter their choice of the cultivar; therefore the evaluated cultivars can be considered a
partial snapshot of the common cultivars used in this area in 2014-15. Whether this choice
is driven by the lack of availability of self-fertile cultivars, or, despite being available, the
balance between pros and cons (in terms of price or poor adaptation to local conditions)
is unfavourable, needs to be further determined. However, another possible explanation
could be that farmers do not actively search for self-fertile cultivars or prefer the well known
traditional ones as far as they do not perceive any limitation of productivity due to pollination
deficits, which also concurs with our results. There is not a shade of doubt that the lack
of evidences supporting that crop yield is already affected by pollinator shortages is good
news, and concurs with the extensive study done by Aizen et al. [132] and with the opinion
paper published by Ghazoul [133]. Nevertheless, our findings also support that the majority
of the pollination service to sunflower is delivered by managed honey bee, which is known
to be currently threaten by multiple stressors [119, 144, 145, 146, 147, 148] together with a
consistent decline of the number of colonies during the last 40 years in the EU [142].

In spite of only a small number of species dominate the worldwide contribution of wild bees
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to crop production (with only 2% of the species of the regional pool accounting for the
80% of the visits of wild bee species), and that these species are generally quite robust to
agricultural intensification –therefore making pollination service delivery a poor argument
for rare bee species conservation–, there are compiling evidences suggesting that, on average,
these dominant crop-visiting wild bee species account for ∼ 50% of the worldwide crop
visits (being the other half performed by honey bees) [65]; enhance spatial and temporal
stability of pollination services [157]; may provide insurance against a possible collapse of
honey bee [206]; and are favoured by the amount of SNH in the surrounding landscape
[30, 38, 39, 48] or decrease with the distance to them [41]. In this regard, our results show
that for sunflower the bulk of the pollination service is delivered by managed honey bees, and
it is significantly increased by the number of beehives and the amount of woody linear SNH,
other annual crops and urban areas in one-km radius, whereas reduced by the amount of
herbaceous linear and areal SNH in the sector. However, the drivers behind how this service
is shaped by the landscape context remain unclear. Whereas the observed effects are due
to the concentration/dilution of pollinators as a result of competition between co-flowering
patches, larger honey bee colonies resulting from an adequate nutritional status when early
floral resources are present in the landscape (mainly in hedgerows and early flowering crops),
more abundant and diverse wild bee communities resulting from the presence of SNH, or
their interactions, needs further research.

That said, designing balanced landscapes with SNH interspersed within the agricultural fields
seems a good strategy to simultaneously promote the presence and abundance of dominant
crop-visiting wild bee species and provide a diverse floral offer to honey bees, thereby avoiding
nutritional deficiencies having a negative impact in brood rearing [203].

5.3 Honey bee friendly farmland

The surveys conducted on beehives and presented in chapter 4 show the generalist behaviour
of honey bees, which use a wide variety of plant species as pollen sources. Nevertheless, crops
and woody species present in SNH can be identified as the most important forage resources.
The seasonal pattern of pollen collection reveals that woody SNH constitute the major pollen
resources at the beginning of the season, whereas, in the middle part of the season, bees
seem to preferentially use mass-flowering crops to fulfil their pollen needs (accounting on
average up to 78% of the pollen collected at the end of May). On the other hand, herbaceous
SNH offer more constant but less attractive floral resources throughout the season, which,
despite not becoming ever their major source, can be an important feature to avoid through
periods in-between the key flowerings of woody SNH and mass-flowering crops. Likewise, the
analysis of landscape composition reveals that the area devoted to legume crops is positively
correlated with the amount of crop-origin pollen collected by the bees, supporting their clear
preference for this family.

Both palynological identification and landscape mapping are long and costly processes
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that reduce the availability of similar studies and limit their upscaling in terms of sample
size. Despite the limitations of this study –like the low number of locations under study,
the sampling time restricted to the central period of beekeeping activity, or the lack of a
quantitative evaluation of pollen collection and intake per colony–, our results reinforce the
idea that both SNH and highly-attractive crops (such as Leguminosae) offer complementary
foraging resources and are key elements to fulfil pollen requirements of honey bees. In this
regard, the nutritional value of pollen can be highly variable between plant species [115, 116]
and the availability of heterogeneous floral resources may be of paramount importance to
ensure an adequate nutrition, and thereby a satisfactory colony health status, in a context of
not suitable monocultures [119, 185, 186, 203]. Further research is needed to unravel, with
the use of permanent pilot beehives, how landscape composition affects the amount of pollen
collected, its botanical origin and the implications on the health status of the colonies.

5.4 General conclusions, implications and future directions

This thesis provides new evidences of (a) the importance of each and everyone of the four main
types of SNH commonly present in European agricultural landscapes to complementarily
sustain two ecosystem services of great relevance for agriculture such as pollination and
pest control; (b) the incommensurate contribution of pollination services to maintaining the
productivity levels of sunflower –while quantifying the expected yield-gaps in the case that
this service is not fulfilled–, and the local and landscape factors affecting pollination service
delivery –with the amount of beehives, hedgerows, urban areas (in our case mainly residential)
and some annual crops (such as oilseed rape or maize) in the surrounding landscape enhancing
service provision–; and (c) the relevance of landscape diversity –mainly with the presence of
all four types of SNH as well as leguminous crops– and a bee-friendly management of SNH
for jointly sustaining diverse communities of pollinators and ensuring an adequate pollen
supply for honey bees during the core period of beekeeping activity.

The main implications for farmers, EU policy makers and scientific researchers arisen from
these results could be synthesized in:

• Further policies, at both European and national levels, are still needed to pursue
the current policies aimed at greening agricultural activities. These policies should
ensure the presence of all types of SNH at a landscape scale by targeting and providing
stimuli to single farmers to devote small fragments of their productive land to these
habitats, in order to maintain, or even enhance, the provision of ecosystem services that
directly benefit their productive capacities. Furthermore, additional policies promoting
the introduction of leguminous species in the crop rotation and directly supporting
beekeeping activities may help to revert the current declining situation of the most
important provider of pollination services –honey bee–.

75



Chapter Five

• Increasing awareness of the benefits derived from SNH –in terms of ecosystem service
provision–, together with the previously mentioned (economic) stimuli, should help to
overcome the initial reluctance of farmers to keep SNH within their productive land.
More aware farmers will more likely apply insect-friendly management practices in their
SNH (i.e. by delaying the trim of hedgerows or grassy strips after the bloom of the
main species but before seed set, or by avoiding unnecessary drift of agrochemicals to
the adjoining elements).

• Despite some research has been already performed around this issue (see i.e. [59, 207,
208]), further research on the economic value of specific services for specific crops will
greatly help to develop an economic framework of service quotes on a per-crop basis
(namely, if some crops obtain greater benefits from the ecosystem services derived from
the presence of SNH –e.g. pollination dependent crops–, those crops may need to further
contribute to stablish those habitats within the landscape than other crops). This
framework could then be translated into specific regulations conditioning the payment
of CAP subsidies to the implementation of specific (crop-dependent) amounts of semi-
natural habitats based on the land-use information annually reported by the farmers. It
is true that a similar approach has been already implemented in the ’Greening’ reform of
the CAP without a great success, as local stakeholders usually complain about inequity
of the responsibilities. Maybe these tools may help to increase the real application of
these greening measures by distributing more fairly the burdens, which in turn will
benefit biodiversity, the ecosystem services derived from it and society in general.
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6 Supplementary material

S1 Chapter Two

S1.1 SNH categories

Table S1: Description of SNH

Habitat Description

HA Herbaceous areal elements: abandoned fields with less than 30% tree/shrub canopy cover or
permanent and low-input grasslands.

HL Herbaceous linear elements: any type of linear element (1.5 to 25 m wide) with less than
30% tree/shrub canopy cover.

WA Woody areal elements: Natural or semi-natural woodlands, including abandoned fields with
more than 30% tree/shrub canopy cover.

WL Woody linear elements: any type of linear structure (1.5 to 25 m wide) with more than 30%
tree/shrub canopy cover.

S1.2 Temporal aspects

Table S2: Sampling dates

Country Sampling round Mean date Earliest date Latest date

Switzerland T1 2014-04-17 2014-04-07 2014-05-20
Switzerland T2 2013-06-03 2013-05-14 2013-06-13
Switzerland T3 2013-07-08 2013-07-01 2013-07-17
Switzerland T4 2013-08-16 2013-08-12 2013-08-21
Germany T1 2014-04-08 2014-04-07 2014-04-13
Germany T2 2013-06-17 2013-05-22 2013-07-01
Germany T3 2013-07-10 2013-06-24 2013-07-12
Germany T4 2013-09-05 2013-09-03 2013-09-21
Italy T1 NA NA NA
Italy T2 2013-06-26 2013-06-18 2013-07-03
Italy T3 2013-07-22 2013-07-15 2013-07-31
Italy T4 2013-09-22 2013-09-16 2013-10-01
United Kingdom T1 2014-05-07 2014-05-06 2014-05-15
United Kingdom T2 2013-06-04 2013-05-25 2013-06-17
United Kingdom T3 2013-07-08 2013-07-04 2013-07-17
United Kingdom T4 2013-08-09 2013-08-03 2013-08-15
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S1.3 Flower classes codes

Table S3: Surveyed flower classes (Müller) and re-categorization method

Flower class Original flower class after Müller
Code

Bee flowers H (hymenoptere flowers). Typical pollinators: hymenopteres BeeF

Bee flowers Hb (bee flowers ). Typical pollinators: bees BeeF

Bee flowers HFt (transition type bee flowers - butterfly flowers). Typical pollinators: bees,
butterflies

BeeF

Bee flowers Hh (bumble bee flowers). Typical pollinators: bumble bees BeeF

Bee flowers HhDs (transition type bumble bee flowers - syrphid flowers). Typical
pollinators: bumblebees, syrphids

BeeF

Bee flowers HhF (transition type bumble bee flowers - butterfly flowers). Typical
pollinators: bumblebees, lepidoptera

BeeF

Bee flowers HhFt (transition type bumble bee flowers - butterfly flowers). Typical
pollinators: bumblebees, butterflies

BeeF

Butterfly-moth
flowers

F (butterfly flowers). Typical pollinators: butterflies, long tongued bees,
syrphids

BtF

Butterfly-moth
flowers

FHh (transition type butterfly flowers - bumble bee flowers). Typical
pollinators: lepidoptera, bumble bees

BtF

Butterfly-moth
flowers

Fn (moth flowers). Typical pollinators: moths BtF

Butterfly-moth
flowers

FnH (transition type moth flowers - bee flowers). Typical pollinators: moths,
hymenoptera

BtF

Butterfly-moth
flowers

Ft (butterfly flowers). Typical pollinators: butterflies BtF

Diptera flowers Dke (trap flowers). Typical pollinators: very small dipteres DpF

Diptera flowers Dkl (clamp trap flowers). Typical pollinators: flies, bees DpF

Diptera flowers Ds (syrphid flowers). Typical pollinators: syrphids DpF

Hidden nectar AB (flowers with partly hidden nectar). Typical pollinators: syrphids, bees HN
Hidden nectar ABDe (transition type flowers with partly hidden nectar - nasty flowers).

Typical pollinators: flies, beetles
HN

Hidden nectar B (flowers with totally hidden nectar). Typical pollinators: bees, bumblebees,
wasps, bombylides, syrphids

HN

Hidden nectar B‘ (flower associations with totally hidden nectar). Typical pollinators: bees,
bumble bees, wasps, bombylides, syrphids

HN

Hidden nectar BD (transition type flowers with totally hidden nectar - fly flowers). Typical
pollinators: flies

HN

Hidden nectar BH (transition type flowers with totally hidden nectar - bee flowers). Typical
pollinators: hymenopteres

HN

Hidden nectar BHh (transition type flowers with totally hidden nectar - bumble bee flowers).
Typical pollinators: bees, toung > 7 mm

HN

Open nectar A (flowers with open nectar). Typical pollinators: beetles, flies, syrphids,
wasps, medium tongued bees

ON
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Flower class Original flower class after Müller
Code

Open nectar AD (transition type flowers with open nectar - fly flowers). Typical pollinators:
flies

ON

Open nectar ADe (transition type flowers with open nectar - nasty flowers). Typical
pollinators: flies, beetles

ON

Pollen flowers Po (pollen flowers). Typical pollinators: short tongued bees, syrphids, flies,
beetles

Po

Pollen flowers PoDe (transition type pollen flowers - nasty flowers). Typical pollinators:
short tonged bees, syrphids, muscids, beetles

Po

Wind flowers W (wind flowers). Typical pollinators: - W
Wind flowers Wb (wind flowers occasionally visited by insect). Typical pollinators: Short

tongued bees, syrphids, flies, beetles
W

S1.4 Life form codes

Table S4: Surveyed categories of life form based on Raunkiaer system

Life form Description Code

Chamaephyte Resting buds are situated on herbaceous or only slightly lignified shoots some
centimetres above the soil surface protected by parts of the plant itself
and/or by a snow cover (especially cushion plants)

CH

Geophyte Resting buds are subterranean, often on storing organs protected within the
soil

G

Hemicryptophyte Resting buds are situated on herbaceous shoots close to the soil surface,
protected by foliage or dead leaves

H

Phanerophyte Resting buds are situated on woody or slightly lignified shoots (including the
sub-categories Macrophanerophyte, Nanophanerophyte, Pseudophanerophyte
and Hemiphanerophyte)

P

Therophyte Summer annuals, which can only reproduce by means of generative diaspores T

S1.5 List of ecosystem service providers identified or collected on SNH

Table S5: List of pollination and pest control providers identified or collected on SNH per country and
sampling method. Note: ’CH’ = Switzerland, ’DE’ = Germany, ’IT’ = Italy, ’UK’ = United Kingdom.

Country
Group Sampling method CH DE IT UK Total
Honey bee Transect 2779 517 154 63 3513
Wild bees Transect 2583 727 423 552 4285
Total bees Transect 5362 1244 577 615 7798
Honey bee Pan trap 2006 547 889 298 3740
Wild bees Pan trap 3328 2525 1891 2490 10234
Total bees Pan trap 5334 3072 2780 2788 13974
Parasitic wasp Pan trap 7211 1352 3329 8195 20087
Predatory diptera Pan trap 14593 12339 1881 29964 58777
Total flying predators Pan trap 21804 13691 5210 38159 78864
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S1.6 RLQ analysis codes

Table S6: Codes for traits RLQ analysis.

Trait Trait level Code

Life form CH life_.CH
Life form G life_.G
Life form H life_.H
Life form P life_.P
Life form T life_.T
Mean height - h_mean
Pollen vector Insects polle.insects
Pollen vector Other polle.other
Floral reward Nectar fl_re.Nectar
Floral reward Nectar & pollen fl_re.Nectar_Pollen
Floral reward Pollen fl_re.Pollen
Flower color White flowe.white
Flower color Purple-blue flowe.purple_blue
Flower color Brown-red flowe.brown_red
Flower color Green flowe.green
Flower color Yellow flowe.yellow
Flower color Pink flowe.pink
Flower class (Müller) BeeF flw_m.BeeF
Flower class (Müller) BtF flw_m.BtF
Flower class (Müller) DpF flw_m.DpF
Flower class (Müller) HN flw_m.HN
Flower class (Müller) ON flw_m.ON
Flower class (Müller) Po flw_m.Po
Flower class (Müller) W flw_m.W
Flowering duration - flw_dur
Flowering period Early flw_p.early
Flowering period Late flw_p.late
Flowering period Middle flw_p.middle
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Table S7: Codes for environmental variables RLQ analysis.

Environmental variable Env. var. level Code

Type of SNH HA snh2.HA
Type of SNH HL snh2.HL
Type of SNH WA snh2.WA
Type of SNH WL snh2.WL
Position within the element Edge dista.E
Position within the element Interior dista.I
Recent management of the herbaceous
layer

Managed herb_.Mng

Recent management of the herbaceous
layer

Not managed herb_.None

Recent management of the shrub layer Managed shrub.Mng
Recent management of the shrub layer Not managed shrub.None
Recent management of the tree layer Managed tree_.Mng
Recent management of the tree layer Not managed tree_.None
Area-perimeter ratio - area_per
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S1.7 Fourth-corner statistics

Table S8: Fourth-corner tests between the first two RLQ axes for environmental gradients (AxR1/AxR2) and
traits. Note: *** p < 0.001, ** p < 0.01, * p < 0.05, . < 0.1.

Test Stat Obs Std.Obs Alter Pvalue Pvalue.adj Signific.
AxcR1 / life_.CH Homog. 0.056 0.340 less 0.674 1.000
AxcR2 / life_.CH Homog. 0.067 0.766 less 0.792 1.000
AxcR1 / life_.G Homog. 0.055 0.111 less 0.552 0.901
AxcR2 / life_.G Homog. 0.085 4.007 less 0.999 1.000
AxcR1 / life_.H Homog. 0.555 1.157 less 0.872 1.000
AxcR2 / life_.H Homog. 0.469 -0.240 less 0.412 0.815
AxcR1 / life_.P Homog. 0.066 -1.460 less 0.057 0.211
AxcR2 / life_.P Homog. 0.206 8.404 less 1.000 1.000
AxcR1 / life_.T Homog. 0.148 -2.100 less 0.013 0.083 .
AxcR2 / life_.T Homog. 0.148 -2.110 less 0.013 0.083 .
AxcR1 / h_mean r 0.220 6.532 two-sided 0.000 0.006 **
AxcR2 / h_mean r -0.067 -2.163 two-sided 0.036 0.156
AxcR1 / polle.insects Homog. 0.933 -0.417 less 0.300 0.700
AxcR2 / polle.insects Homog. 0.957 0.458 less 0.634 0.987
AxcR1 / polle.other Homog. 0.065 6.691 less 1.000 1.000
AxcR2 / polle.other Homog. 0.037 0.108 less 0.563 0.901
AxcR1 / fl_re.Nectar Homog. 0.043 -2.237 less 0.013 0.031 *
AxcR2 / fl_re.Nectar Homog. 0.057 0.648 less 0.750 1.000
AxcR1 / fl_re.Nectar_Pollen Homog. 0.952 2.735 less 0.998 1.000
AxcR2 / fl_re.Nectar_Pollen Homog. 0.912 2.246 less 0.995 1.000
AxcR1 / fl_re.Pollen Homog. 0.005 -1.145 less 0.084 0.277
AxcR2 / fl_re.Pollen Homog. 0.018 3.217 less 0.998 1.000
AxcR1 / flowe.white Homog. 0.510 6.328 less 1.000 1.000
AxcR2 / flowe.white Homog. 0.463 1.169 less 0.876 1.000
AxcR1 / flowe.purple_blue Homog. 0.111 -1.186 less 0.117 0.345
AxcR2 / flowe.purple_blue Homog. 0.146 -0.394 less 0.363 0.781
AxcR1 / flowe.brown_red Homog. 0.002 -0.907 less 0.157 0.441
AxcR2 / flowe.brown_red Homog. 0.004 0.483 less 0.722 1.000
AxcR1 / flowe.green Homog. 0.060 6.424 less 1.000 1.000
AxcR2 / flowe.green Homog. 0.037 0.340 less 0.636 0.962
AxcR1 / flowe.yellow Homog. 0.182 -2.251 less 0.009 0.074 .
AxcR2 / flowe.yellow Homog. 0.219 -0.437 less 0.336 0.607
AxcR1 / flowe.pink Homog. 0.124 -1.480 less 0.060 0.211
AxcR2 / flowe.pink Homog. 0.112 -1.719 less 0.034 0.156
AxcR1 / flw_m.BeeF Homog. 0.250 0.247 less 0.613 0.981
AxcR2 / flw_m.BeeF Homog. 0.286 0.837 less 0.805 1.000
AxcR1 / flw_m.BtF Homog. 0.028 3.165 less 1.000 1.000
AxcR2 / flw_m.BtF Homog. 0.017 -0.552 less 0.353 0.781
AxcR1 / flw_m.DpF Homog. 0.011 -0.414 less 0.437 0.815
AxcR2 / flw_m.DpF Homog. 0.026 4.515 less 1.000 1.000
AxcR1 / flw_m.HN Homog. 0.367 -2.430 less 0.009 0.074 .
AxcR2 / flw_m.HN Homog. 0.313 -3.347 less 0.001 0.008 **
AxcR1 / flw_m.ON Homog. 0.164 2.070 less 0.972 1.000
AxcR2 / flw_m.ON Homog. 0.204 3.376 less 1.000 1.000
AxcR1 / flw_m.Po Homog. 0.059 -0.263 less 0.435 0.815
AxcR2 / flw_m.Po Homog. 0.089 3.558 less 0.999 1.000
AxcR1 / flw_m.W Homog. 0.088 1.420 less 0.919 1.000
AxcR2 / flw_m.W Homog. 0.050 0.541 less 0.738 1.000
AxcR1 / flw_dur r -0.165 -5.038 two-sided 0.000 0.006 **
AxcR2 / flw_dur r -0.071 -2.266 two-sided 0.025 0.128
AxcR1 / flw_p.early Homog. 0.236 4.325 less 1.000 1.000
AxcR2 / flw_p.early Homog. 0.253 3.756 less 1.000 1.000
AxcR1 / flw_p.late Homog. 0.155 0.265 less 0.610 0.949
AxcR2 / flw_p.late Homog. 0.120 -1.951 less 0.015 0.083 .
AxcR1 / flw_p.middle Homog. 0.584 -0.015 less 0.489 0.884
AxcR2 / flw_p.middle Homog. 0.626 0.685 less 0.750 1.000
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Table S9: Fourth-corner tests between the first two RLQ axes for trait syndromes (AxQ1/AxQ2) and
environmental variables. Note: *** p < 0.001, ** p < 0.01, * p < 0.05, . < 0.1.

Test Stat Obs Std.Obs Alter Pvalue Pvalue.adj Signific.
snh2.HA / AxcQ1 Homog. 0.067 -1.960 less 0.012 0.053 .
snh2.HL / AxcQ1 Homog. 0.060 -3.048 less 0.000 0.003 **
snh2.WA / AxcQ1 Homog. 0.238 1.938 less 0.960 1.000
snh2.WL / AxcQ1 Homog. 0.478 5.185 less 1.000 1.000
dista.E / AxcQ1 Homog. 0.574 0.082 less 0.526 0.760
dista.I / AxcQ1 Homog. 0.425 1.008 less 0.856 1.000
herb_.Mng / AxcQ1 Homog. 0.143 -2.262 less 0.008 0.044 *
herb_.None / AxcQ1 Homog. 0.830 2.709 less 1.000 1.000
shrub.Mng / AxcQ1 Homog. 0.299 2.542 less 0.987 1.000
shrub.None / AxcQ1 Homog. 0.619 -2.626 less 0.008 0.044 *
tree_.Mng / AxcQ1 Homog. 0.213 1.864 less 0.945 1.000
tree_.None / AxcQ1 Homog. 0.733 -1.708 less 0.057 0.210
area_per / AxcQ1 r 0.075 2.331 two-sided 0.019 0.064 .
snh2.HA / AxcQ2 Homog. 0.173 -0.250 less 0.425 0.760
snh2.HL / AxcQ2 Homog. 0.306 0.389 less 0.652 0.770
snh2.WA / AxcQ2 Homog. 0.267 2.726 less 0.990 1.000
snh2.WL / AxcQ2 Homog. 0.228 -0.801 less 0.219 0.712
dista.E / AxcQ2 Homog. 0.549 -0.230 less 0.407 0.760
dista.I / AxcQ2 Homog. 0.450 1.947 less 0.980 1.000
herb_.Mng / AxcQ2 Homog. 0.308 0.031 less 0.554 0.900
herb_.None / AxcQ2 Homog. 0.680 -0.088 less 0.450 0.760
shrub.Mng / AxcQ2 Homog. 0.191 0.439 less 0.714 1.000
shrub.None / AxcQ2 Homog. 0.796 0.085 less 0.506 0.760
tree_.Mng / AxcQ2 Homog. 0.170 0.841 less 0.818 1.000
tree_.None / AxcQ2 Homog. 0.820 -0.238 less 0.383 0.760
area_per / AxcQ2 r 0.164 7.164 two-sided 0.000 0.003 **

S1.8 Botanical composition of functional groups

In order to group the recorded plant species into functional groups based on their floral
abundances, response traits and environmental variables, ward distance was computed on the
first two axis of the RLQ analysis and the optimal number of groups was defined using the
function K-means with the Kalinski-Harabasz criterion [103]. Cluster dendogram is showed
in fig. S1.
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betula.pendula
juglans.regia

acer.platanoides
clematis.vitalba

pyrus.communis
salix.alba

ligustrum.vulgare
cornus.sanguinea

viburnum.opulus
crataegus.monogyna

euonymus.europaeus
laurus.nobilis

prunus.spinosa
prunus.avium

viburnum.lantana
prunus.cerasifera
prunus.mahaleb

salix.triandra
erica.arborea

salix.spp
salix.X.fragilis
rosa.arvensis

rosa.sempervirens
clematis.flammula

rosa.canina
rosa.spp

corylus.avellana
sambucus.nigra

ilex.aquifolium
hedera.helix

malus.domestica
acer.campestre

prunus.padus
salix.caprea

rumex.obtusifolius
urtica.dioica

plantago.major
alchemilla.xanthochlora

fallopia.convolvulus
plantago.media

calystegia.sepium
dianthus.carthusianorum

stellaria.media
capsella.bursa−pastoris

bellis.perennis
plantago.lanceolata

silene.dioica
silene.latifolia

epilobium.ciliatum
silene.vulgaris
sanguisorba.minor

galinsoga.quadriradiata
polygonum.aviculare

persicaria.hydropiper
artemisia.absinthium

epilobium.tetragonum
sagina.procumbens

galeopsis.tetrahit
trifolium.arvense

cheirolophus.sempervirens
cichorium.intybus

stachys.arvensis
senecio.erucifolius

dittrichia.viscosa
tanacetum.vulgare

melissa.officinalis
clinopodium.grandiflorum

helianthus.annuus
agrostemma.githago
lamium.maculatum

pulicaria.dysenterica
nepeta.cataria

clinopodium.menthifolium
clinopodium.vulgare

melilotus.albus
brassica.napus

brassica.rapa
cirsium.eriophorum

galium.aparine
hesperis.matronalis

leucanthemum.pallens
stellaria.graminea

galactites.tomentosa
onopordum.acanthium

arctium.lappa
dipsacus.fullonum

ammi.majus
anthriscus.cerefolium

knautia.arvensis
centaurea.scabiosa

epilobium.angustifolium
silybum.marianum

trifolium.hybridum
jacobaea.aquatica
picris.hieracioides

sonchus.arvensis
thalictrum.flavum
lythrum.salicaria

mentha.longifolia
epilobium.roseum
origanum.vulgare

centaurium.erythraea
centaurium.spp

carex.binervis
matricaria.chamomilla

hieracium.lachenalii
rumex.acetosa

hieracium.murorum
chamaemelum.nobile

mentha.aquatica
trifolium.angustifolium

oenothera.biennis
erigeron.canadensis

galium.spp
heliotropium.europaeum

tripleurospermum.inodorum
anthriscus.sylvestris

galium.album
daucus.carota
lamium.album

heracleum.sphondylium
mentha.suaveolens
veronica.austriaca

galium.sterneri
symphyotrichum.squamatum

cardamine.hirsuta
galium.mollugo

cerastium.arvense
torilis.arvensis

alliaria.petiolata
arabis.turrita

cerastium.fontanum
solidago.canadensis

cardamine.pratensis
chaerophyllum.temulum
taraxacum.campylodes

taraxacum.spp
lathyrus.latifolius

kickxia.spuria
securigera.varia

apium.graveolens
foeniculum.vulgare

anagallis.arvensis
pastinaca.sativa

peucedanum.palustre
potentilla.sterilis

veronica.persica
geranium.robertianum

geranium.molle
geranium.pusillum

senecio.leucanthemifolius
malva.sylvestris
senecio.vulgaris

geranium.spp
malva.moschata

mentha.spp
centaurea.jacea

silene.spp
cynoglossum.officinale

lamium.purpureum
cirsium.echinatum

geranium.sanguineum
senecio.inaequidens

epilobium.spp
sanguisorba.officinalis

epilobium.montanum
epilobium.obscurum

cirsium.vulgare
epilobium.hirsutum

persicaria.maculosa
sherardia.arvensis

anthemis.arvensis
dianthus.deltoides

erodium.cicutarium
raphanus.raphanistrum

silene.noctiflora
scabiosa.atropurpurea

achillea.millefolium
leucanthemum.vulgare

fumaria.officinalis
sisymbrium.officinale

cerinthe.major
sonchus.asper

sonchus.oleraceus
sonchus.spp

geranium.pyrenaicum
crepis.capillaris

descurainia.sophia
calendula.officinalis

crepis.spp
veronica.serpyllifolia

erysimum.cheiranthoides
reseda.lutea

leontodon.hispidus
ranunculus.acris

potentilla.argentea
rorippa.sylvestris

geranium.rotundifolium
diplotaxis.tenuifolia

geum.urbanum
clinopodium.nepeta
pilosella.officinarum

linaria.vulgaris
pallenis.spinosa

trifolium.incarnatum
epilobium.parviflorum

geranium.dissectum
trifolium.repens
brassica.nigra

lapsana.communis
malva.neglecta

scabiosa.columbaria
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Table S10: Functional groups of flowering plant species.

Flowering species Functional group

Acer campestre 1
Clematis flammula 1
Cornus sanguinea 1
Corylus avellana 1
Crataegus monogyna 1
Erica arborea 1
Euonymus europaeus 1
Hedera helix 1
Ilex aquifolium 1
Laurus nobilis 1
Ligustrum vulgare 1
Malus domestica 1
Prunus avium 1
Prunus cerasifera 1
Prunus mahaleb 1
Prunus padus 1
Prunus spinosa 1
Rosa arvensis 1
Rosa canina 1
Rosa sempervirens 1
Rosa spp 1
Salix caprea 1
Salix spp 1
Salix triandra 1
Salix X fragilis 1
Sambucus nigra 1
Viburnum lantana 1
Viburnum opulus 1
Acer platanoides 2
Betula pendula 2
Clematis vitalba 2
Juglans regia 2
Pyrus communis 2
Salix alba 2
Achillea millefolium 3
Anthemis arvensis 3
Ballota nigra 3
Barbarea vulgaris 3
Brassica nigra 3
Calendula officinalis 3
Centaurea jacea 3
Centaurium littorale 3
Cerinthe major 3
Cirsium echinatum 3
Cirsium oleraceum 3
Cirsium vulgare 3
Clinopodium nepeta 3
Crepis biennis 3
Crepis capillaris 3
Crepis paludosa 3
Crepis spp 3
Cynoglossum officinale 3
Descurainia sophia 3
Dianthus deltoides 3
Diplotaxis tenuifolia 3
Epilobium hirsutum 3
Epilobium montanum 3
Epilobium obscurum 3
Epilobium parviflorum 3
Epilobium spp 3
Erodium cicutarium 3
Erysimum cheiranthoides 3
Euphorbia helioscopia 3
Fragaria vesca 3
Fumaria officinalis 3
Galium verum 3
Geranium dissectum 3
Geranium molle 3
Geranium pusillum 3
Geranium pyrenaicum 3
Geranium robertianum 3
Geranium rotundifolium 3
Geranium sanguineum 3
Geranium spp 3
Geum urbanum 3
Hypochaeris radicata 3
Lamium purpureum 3
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Flowering species Functional group

Lapsana communis 3
Leontodon hispidus 3
Leucanthemum vulgare 3
Linaria vulgaris 3
Malva moschata 3
Malva neglecta 3
Malva sylvestris 3
Mentha spp 3
Myosotis arvensis 3
Onobrychis viciifolia 3
Pallenis spinosa 3
Persicaria maculosa 3
Pilosella officinarum 3
Potentilla argentea 3
Potentilla erecta 3
Potentilla reptans 3
Ranunculus acris 3
Ranunculus bulbosus 3
Ranunculus lanuginosus 3
Ranunculus spp 3
Raphanus raphanistrum 3
Reseda lutea 3
Rorippa sylvestris 3
Sanguisorba officinalis 3
Scabiosa atropurpurea 3
Scabiosa columbaria 3
Senecio inaequidens 3
Senecio leucanthemifolius 3
Senecio vulgaris 3
Sherardia arvensis 3
Silene noctiflora 3
Silene spp 3
Silene X hampeana 3
Sinapis arvensis 3
Sisymbrium officinale 3
Sonchus asper 3
Sonchus oleraceus 3
Sonchus spp 3
Stachys sylvatica 3
Trifolium incarnatum 3
Trifolium repens 3
Veronica persica 3
Veronica serpyllifolia 3
Aegopodium podagraria 4
Alisma plantago-aquatica 4
Allium scorodoprasum 4
Allium ursinum 4
Anemone hortensis 4
Anemone nemorosa 4
Armoracia rusticana 4
Borago officinalis 4
Circaea alpina 4
Circaea lutetiana 4
Cirsium arvense 4
Colchicum autumnale 4
Convolvulus arvensis 4
Cyclamen hederifolium 4
Ficaria verna 4
Galium odoratum 4
Gentiana asclepiadea 4
Glechoma hederacea 4
Hippocrepis emerus 4
Lathyrus annuus 4
Medicago spp 4
Orchis mascula 4
Ornithogalum umbellatum 4
Orobanche spp 4
Oxalis acetosella 4
Polygonatum multiflorum 4
Prospero autumnale 4
Prunella grandiflora 4
Reynoutria japonica 4
Reynoutria sachalinensis 4
Salix glabra 4
Trifolium medium 4
Tussilago farfara 4
Veronica chamaedrys 4
Vinca minor 4
Vincetoxicum hirundinaria 4
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Flowering species Functional group

Viola canina 4
Agrimonia eupatoria 5
Bryonia cretica 5
Carex hirta 5
Chelidonium majus 5
Cucurbita maxima 5
Euphorbia characias 5
Euphorbia cyparissias 5
Filipendula ulmaria 5
Forsythia X intermedia 5
Hypericum hirsutum 5
Hypericum perforatum 5
Lonicera caerulea 5
Lonicera xylosteum 5
Lysimachia nemorum 5
Lysimachia nummularia 5
Mercurialis perennis 5
Papaver rhoeas 5
Ptelea trifoliata 5
Rubus caesius 5
Rubus idaeus 5
Rubus spp 5
Rubus ulmifolius 5
Rubus vestitus 5
Solanum americanum 5
Solanum dulcamara 5
Solanum villosum 5
Symphoricarpos albus 5
Verbascum densiflorum 5
Verbascum spp 5
Viburnum tinus 5
Agrostemma githago 6
Alliaria petiolata 6
Ammi majus 6
Anagallis arvensis 6
Anthriscus cerefolium 6
Anthriscus sylvestris 6
Apium graveolens 6
Arabis turrita 6
Arctium lappa 6
Brassica napus 6
Brassica rapa 6
Cardamine hirsuta 6
Cardamine pratensis 6
Carex binervis 6
Centaurea scabiosa 6
Centaurium erythraea 6
Centaurium spp 6
Cerastium arvense 6
Cerastium fontanum 6
Chaerophyllum temulum 6
Chamaemelum nobile 6
Cheirolophus sempervirens 6
Cichorium intybus 6
Cirsium eriophorum 6
Clinopodium grandiflorum 6
Clinopodium menthifolium 6
Clinopodium vulgare 6
Daucus carota 6
Dipsacus fullonum 6
Dittrichia viscosa 6
Epilobium angustifolium 6
Epilobium roseum 6
Erigeron canadensis 6
Foeniculum vulgare 6
Galactites tomentosa 6
Galeopsis tetrahit 6
Galium album 6
Galium aparine 6
Galium mollugo 6
Galium spp 6
Galium sterneri 6
Helianthus annuus 6
Heliotropium europaeum 6
Heracleum sphondylium 6
Hesperis matronalis 6
Hieracium lachenalii 6
Hieracium murorum 6
Jacobaea aquatica 6
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Flowering species Functional group

Kickxia spuria 6
Knautia arvensis 6
Lamium album 6
Lamium maculatum 6
Lathyrus latifolius 6
Leucanthemum pallens 6
Lythrum salicaria 6
Matricaria chamomilla 6
Melilotus albus 6
Melissa officinalis 6
Mentha aquatica 6
Mentha longifolia 6
Mentha suaveolens 6
Nepeta cataria 6
Oenothera biennis 6
Onopordum acanthium 6
Origanum vulgare 6
Pastinaca sativa 6
Peucedanum palustre 6
Picris hieracioides 6
Potentilla sterilis 6
Pulicaria dysenterica 6
Rumex acetosa 6
Securigera varia 6
Senecio erucifolius 6
Silybum marianum 6
Solidago canadensis 6
Sonchus arvensis 6
Stachys arvensis 6
Stellaria graminea 6
Symphyotrichum squamatum 6
Tanacetum vulgare 6
Taraxacum campylodes 6
Taraxacum spp 6
Thalictrum flavum 6
Torilis arvensis 6
Trifolium angustifolium 6
Trifolium arvense 6
Trifolium hybridum 6
Tripleurospermum inodorum 6
Veronica austriaca 6
Ajuga reptans 7
Anchusa arvensis 7
Andryala integrifolia 7
Anthemis cotula 7
Arabidopsis thaliana 7
Arabis hirsuta 7
Bituminaria bituminosa 7
Brassica oleracea 7
Campanula patula 7
Campanula rapunculoides 7
Campanula rotundifolia 7
Campanula spicata 7
Campanula spp 7
Campanula trachelium 7
Centaurea nigra 7
Coleostephus myconis 7
Cota tinctoria 7
Crepis tectorum 7
Cyanus segetum 7
Dorycnium pentaphyllum 7
Echium vulgare 7
Erigeron acer 7
Galeopsis speciosa 7
Geranium pratense 7
Hedysarum coronarium 7
Helianthemum nummularium 7
Helminthotheca echioides 7
Hypochaeris glabra 7
Hyssopus officinalis 7
Impatiens glandulifera 7
Impatiens parviflora 7
Jacobaea vulgaris 7
Lactuca saligna 7
Lamium galeobdolon 7
Lathyrus aphaca 7
Lathyrus hirsutus 7
Lathyrus pratensis 7
Lavatera punctata 7
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Flowering species Functional group

Lotus corniculatus 7
Lotus spp 7
Matricaria discoidea 7
Medicago lupulina 7
Medicago sativa 7
Melilotus officinalis 7
Myosotis scorpioides 7
Myosotis stricta 7
Myosotis sylvatica 7
Nigella damascena 7
Oenanthe aquatica 7
Oenanthe pimpinelloides 7
Phacelia tanacetifolia 7
Phyteuma spicatum 7
Potentilla anserina 7
Potentilla neumanniana 7
Primula elatior 7
Primula vulgaris 7
Prunella vulgaris 7
Pulmonaria officinalis 7
Ranunculus repens 7
Rhinanthus alectorolophus 7
Rhinanthus glaber 7
Rorippa palustris 7
Ruta chalepensis 7
Salvia nubicola 7
Salvia officinalis 7
Salvia pratensis 7
Silene flos-cuculi 7
Stachys officinalis 7
Succisa pratensis 7
Swertia perennis 7
Symphyotrichum novi-belgii 7
Symphytum officinale 7
Teucrium scorodonia 7
Tordylium maximum 7
Tragopogon pratensis 7
Trifolium aureum 7
Trifolium campestre 7
Trifolium dubium 7
Trifolium pratense 7
Trifolium resupinatum 7
Verbena officinalis 7
Veronica agrestis 7
Veronica arvensis 7
Veronica bellidioides 7
Veronica filiformis 7
Veronica hederifolia 7
Veronica officinalis 7
Veronica spp 7
Vicia cracca 7
Vicia hirsuta 7
Vicia sativa 7
Vicia sepium 7
Vicia spp 7
Viola arvensis 7
Viola odorata 7
Viola reichenbachiana 7
Alchemilla xanthochlora 8
Artemisia absinthium 8
Bellis perennis 8
Calystegia sepium 8
Capsella bursa-pastoris 8
Dianthus carthusianorum 8
Epilobium ciliatum 8
Epilobium tetragonum 8
Fallopia convolvulus 8
Galinsoga quadriradiata 8
Persicaria hydropiper 8
Plantago lanceolata 8
Plantago major 8
Plantago media 8
Polygonum aviculare 8
Rumex obtusifolius 8
Sagina procumbens 8
Sanguisorba minor 8
Silene dioica 8
Silene latifolia 8
Silene vulgaris 8

89



Supplementary material - Chapter Two

Flowering species Functional group

Stellaria media 8
Urtica dioica 8
Arisarum vulgare 9
Aristolochia clematitis 9
Arum maculatum 9
Corydalis cava 9
Crepis vesicaria 9
Cyclamen spp 9
Dioscorea communis 9
Erigeron annuus 9
Hyacinthoides non-scripta 9
Hyacinthoides X massartiana 9
Iris pseudacorus 9
Linum perenne 9
Myrtus communis 9
Pulsatilla spp 9
Rubia peregrina 9
Spartium junceum 9
Urospermum dalechampii 9
Verbascum sinuatum 9
Verbascum thapsus 9
Veronica montana 9

S1.9 Model summaries

Table S11: Model outputs level 1: Effect of SNH type and distance on key groups of service providers.
Numbers in parentheses are standard errors. Significant coefficients at the 95% level are bold formatted.
Distance ’I’: Interior.

Pollinators Honey bee Wild bees Flying predators Parasitic wasp Predatory diptera
(Intercept) 2.49∗∗∗ 0.90∗ 2.05∗∗∗ 3.27∗∗∗ 1.98∗∗∗ 2.66∗∗∗

(0.21) (0.43) (0.18) (0.47) (0.54) (0.51)
HL −0.07 −0.13 −0.03 −0.06 0.05 −0.11

(0.14) (0.22) (0.13) (0.14) (0.15) (0.16)
WA −0.25 −0.70∗∗ −0.03 0.53∗∗∗ 0.56∗∗∗ 0.57∗∗∗

(0.14) (0.23) (0.13) (0.14) (0.16) (0.16)
WL −0.19 −0.23 −0.11 0.25 0.36∗ 0.30

(0.14) (0.22) (0.13) (0.14) (0.15) (0.16)
Distance I 0.05 0.12 −0.02 0.06 −0.17 0.13

(0.10) (0.15) (0.10) (0.10) (0.11) (0.12)
HL:Distance I −0.02 −0.18 0.05 −0.08 0.09 −0.13

(0.13) (0.20) (0.13) (0.14) (0.15) (0.16)
WA:Distance I −1.04∗∗∗ −1.75∗∗∗ −0.90∗∗∗ −0.84∗∗∗ −0.32∗ −1.05∗∗∗

(0.14) (0.23) (0.13) (0.14) (0.15) (0.17)
WL:Distance I −0.16 −0.11 −0.14 −0.21 0.22 −0.39∗

(0.13) (0.20) (0.13) (0.13) (0.14) (0.16)
AIC 10791.86 6719.51 9606.77 12782.00 8836.58 11487.55
Num. obs. 1587 1589 1587 1453 1453 1453
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
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Table S12: Model outputs level 2: Effect of structural traits and diversity of the floral resources on key groups
of service providers. Numbers in parentheses are standard errors. Significant coefficients at the 95% level are
bold formatted. ’Richness’: Number of flowering species.

Pollinators Honey bee Wild bees Flying predators Parasitic wasp Predatory diptera
(Intercept) 1.53∗∗∗ −0.60 1.30∗∗∗ 2.56∗∗∗ 1.64∗∗ 1.85∗∗∗

(0.22) (0.44) (0.18) (0.49) (0.58) (0.52)
Tree cover −0.24∗ −0.81∗∗∗ −0.03 0.37∗∗ 0.45∗∗∗ 0.37∗

(0.12) (0.19) (0.12) (0.13) (0.14) (0.15)
Shrub cover −0.09 0.19 −0.12 0.16 0.32∗ 0.13

(0.11) (0.18) (0.11) (0.12) (0.13) (0.13)
Herb cover 0.63∗∗∗ 1.11∗∗∗ 0.48∗∗∗ 0.76∗∗∗ 0.35∗∗ 0.84∗∗∗

(0.12) (0.21) (0.12) (0.13) (0.13) (0.15)
Richness 0.09∗∗∗ 0.11∗∗∗ 0.08∗∗∗ 0.01 0.00 0.02

(0.01) (0.02) (0.01) (0.01) (0.01) (0.01)
AIC 10758.02 6710.95 9598.16 12807.99 8848.14 11521.92
Num. obs. 1587 1589 1587 1453 1453 1453
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05

Table S13: Model outputs level 3: Effect of structural traits and floral abundances of trait-based functional
groups on key groups of service providers. Numbers in parentheses are standard errors. Significant coefficients
at the 95% level are bold formatted. ’FG’: Functional group.

Pollinators Honey bee Wild bees Flying predators Parasitic wasp Predatory diptera
(Intercept) 1.60∗∗∗ −0.49 1.36∗∗∗ 2.55∗∗∗ 1.65∗∗ 1.85∗∗∗

(0.23) (0.45) (0.18) (0.49) (0.58) (0.51)
Floral display FG 1 0.08∗∗∗ 0.14∗∗∗ 0.05∗∗ 0.01 0.03 −0.00

(0.02) (0.03) (0.02) (0.02) (0.02) (0.02)
Floral display FG 2 0.03 0.08 0.02 −0.02 0.01 −0.01

(0.04) (0.06) (0.04) (0.04) (0.04) (0.05)
Floral display FG 3 0.07∗∗∗ 0.09∗∗∗ 0.05∗∗∗ 0.03 −0.00 0.03

(0.01) (0.02) (0.01) (0.01) (0.02) (0.02)
Floral display FG 4 0.01 −0.02 0.03 −0.02 −0.03 −0.03

(0.02) (0.04) (0.02) (0.03) (0.03) (0.03)
Floral display FG 5 0.16∗∗∗ 0.25∗∗∗ 0.13∗∗∗ −0.02 −0.02 −0.01

(0.03) (0.04) (0.03) (0.03) (0.03) (0.03)
Floral display FG 6 0.04∗∗∗ 0.08∗∗∗ 0.03∗∗ −0.01 −0.01 0.01

(0.01) (0.01) (0.01) (0.04) (0.01) (0.01)
Floral display FG 7 0.05∗∗∗ 0.06∗∗ 0.04∗∗∗ 0.01 0.02 0.01

(0.01) (0.02) (0.01) (0.02) (0.01) (0.02)
Floral display FG 8 0.02 0.01 0.01 0.01 −0.01 0.01

(0.02) (0.03) (0.02) (0.02) (0.02) (0.02)
Floral display FG 9 −0.03 0.07 −0.06 −0.06 0.04 −0.08

(0.04) (0.06) (0.04) (0.04) (0.04) (0.05)
Tree cover −0.23∗ −0.80∗∗∗ −0.03 0.39∗∗ 0.44∗∗ 0.41∗∗

(0.11) (0.18) (0.11) (0.13) (0.14) (0.15)
Shrub cover −0.16 0.01 −0.17 0.18 0.31∗ 0.15

(0.11) (0.17) (0.11) (0.12) (0.13) (0.14)
Herb cover 0.58∗∗∗ 0.93∗∗∗ 0.47∗∗∗ 0.79∗∗∗ 0.37∗∗ 0.86∗∗∗

(0.12) (0.20) (0.12) (0.14) (0.13) (0.15)
AIC 10709.90 6634.96 9590.51 12816.69 8857.22 11533.34
Num. obs. 1587 1589 1587 1453 1453 1453
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
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S1.10 Effect of structural characteristics and floral resources on key subgroups
of pollination providers

Honey bee
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Figure S2: Effect of floral display of functional groups on honey bee abundance (within each plot the display
for each species is calculated as FDsp = log(flower units [#] ∗ axis length [mm]); then values were aggregated
at the functional group level). Results are based on GLMM (negative binomial error distribution). Solid
lines show predicted values, grey ribbons are upper and lower confidence intervals at the 95% level. Plots are
constructed holding all other variables constant in their median value. ’FG’: Functional group.
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Figure S3: Effect of structural traits on honey bee abundance. Results are based on GLMM (negative
binomial error distribution). Solid lines show predicted values, grey ribbons are upper and lower confidence
intervals at the 95% level. Plots are constructed holding all other variables constant in their median value.
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Wild bees
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Figure S4: Effect of floral display of functional groups on wild bee abundance (within each plot the display for
each species is calculated as FDsp = log(flower units [#] ∗ axis length [mm]); then values were aggregated
at the functional group level). Results are based on GLMM (negative binomial error distribution). Solid
lines show predicted values, grey ribbons are upper and lower confidence intervals at the 95% level. Plots are
constructed holding all other variables constant in their median value. ’FG’: Functional group.
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Figure S5: Effect of structural traits on wild bee abundance. Results are based on GLMM (negative binomial
error distribution). Solid lines show predicted values, grey ribbons are upper and lower confidence intervals
at the 95% level. Plots are constructed holding all other variables constant in their median value.
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S1.11 Effect of structural characteristics and floral resources on key subgroups
of pest control providers

As none of the floral abundances of the plant functional groups were significantly affecting
abundances of pest control providers (table S13), associated plots are omitted and only
structural characteristics of the SNH are presented (analogously to section 2.4.3).
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Figure S6: Effect of structural traits on parasitic wasp abundance. Results are based on GLMM (negative
binomial error distribution). Solid lines show predicted values, grey ribbons are upper and lower confidence
intervals at the 95% level. Plots are constructed holding all other variables constant in their median value.
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Figure S7: Effect of structural traits on predatory diptera abundance. Results are based on GLMM (negative
binomial error distribution). Solid lines show predicted values, grey ribbons are upper and lower confidence
intervals at the 95% level. Plots are constructed holding all other variables constant in their median value.
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S2 Chapter Three

S2.1 Land uses

Table S14: Description of land uses

Habitat Description

Bare ground Fields recently ploughed.
Cereals Cereal crops, e.g. wheat (Triticum aestivum & associated spp), barley

(Hordeum sativum), oats (Avena sativa), rye (Secale cereale).
Commercial
horticulture

Nurseries.

Fruit trees Fruit trees, e.g. apricots (Prunus armeniaca), peaches (Prunus persica),
almonds (Prunus dulcis), citrus fruit (Citrus spp).

Grassy forage crops Annually or biennially sown grass forages, e.g. Phleum spp, Agropyron spp,
Lolium spp.

Legumes Pulses and fodder crops (Leguminosae), e.g. alfalfa, clover, peas, lentils, lupins,
beans.

Non habitat Roads, lakes or any other habitat that do not fall into the rest of categories.
Olive groves Olive (Olea europea).
Other annual crops Annual herbaceous crops (except cereals and sunflower), e.g. maize (Zea

mays), oilseed rape (Brassica napus).
Perennial herbaceous
crops

Perennial herbaceous crops, e.g. asparagus (Asparagus officinalis), artichoke
(Cynara cardunculus).

Rotational grassland Rotational and interrupted grasslands (grasslands ploughed every 3-4 years
and then sown with the same grass species).

SNH - FA Temporary in-field SNH: fallow, cover crops, not-marketable intercrops.
SNH - HA Herbaceous areal elements: abandoned fields with less than 30% tree/shrub

canopy cover or permanent and low-input grasslands.
SNH - HL Herbaceous linear elements: any type of linear element (1.5 to 25 m wide)

with less than 30% tree/shrub canopy cover.
SNH - WA Woody areal elements: Natural or semi-natural woodlands, including

abandoned fields with more than 30% tree/shrub canopy cover.
SNH - WL Woody linear elements: any type of linear structure (1.5 to 25 m wide) with

more than 30% tree/shrub canopy cover.
Sunflower Sunflower (Helianthus annuus).
Turf Leisure green areas, e.g. golf courses, football fields.
Urban Urban areas.
Vegetable garden Home orchards without commercial purposes.
Vineyards Grape vine (Vitis vinifera).
Water course Water courses > 1.5 m wide, e.g. rivers, streams, canals, drainage ditches.
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S2.2 Study sites

Figure S8: Selection of study sites based on their adjacent SNH and surrounding landscape complexity.
Nine of the 17 landscape sectors (one km radius) illustrating the experimental design with each category of
adjoining SNH scattered along the full gradient of SNH amount.

S2.3 Temperature & humidity records

Exclusion bags significantly affected temperature and relative humidity of isolated heads
(tables S15 and S16). Nevertheless, differences between bagged and open heads were very
limited; for temperature, the mean of the differences between bagged and open plants was
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-0.46 °C (95% CI4: -0.51 and -0.42 °C), while for relative humidity, the mean of the differences
was 1.4% (95% CI: 1.28 and 1.52%). In other words, bagged plants had slightly cooler and
more humid microclimatic conditions than open ones during the bloom period of the crop.
Even so, those differences were low enough to hardly affect seed development of the heads
(see figs. S9 and S10).

Table S15: Paired t-test - Microclimatic influence of exclusion bags: Temperature (°C).

Test statistic df P value Alternative hypothesis

-21.3 8223 0 * * * two.sided

Table S16: Paired t-test - Microclimatic influence of exclusion bags: Relative Humidity (%).

Test statistic df P value Alternative hypothesis

22.7 8223 0 * * * two.sided
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Figure S9: Microclimatic influence of exclusion bags: Temperature (year 2014).
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Figure S10: Microclimatic influence of exclusion bags: Relative humidity (year 2014).
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97



Supplementary material - Chapter Three

S2.4 Correlation between explanatory variables

Pearson’s correlation coefficients between all landscape explanatory variables are reported
in table S17. Combinations between significantly correlated variables (Pearson’s correlation
coefficient r > 0.5, p < 0.05) –Cereals/SNH WA; SNH HA/SNH WA; SNH WL/Sunflower–
were excluded when performing automated model selection.

Table S17: Pearson’s correlation matrix of landscape variables. Significantly collinear variables are bold
formatted. ’CPD Seed set’: Cross-pollination dependence of each cultivar for seed set; ’Beehives hmp’:
Heatmap value derived from the number of beehives in 1.5 km; ’Gr. forage cr.’: Grassy forage crops; ’Oth.
annual cr.’: Other annual crops. Note: *** p < 0.001, ** p < 0.01, * p < 0.05.
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S2.5 Relevant landscape variables for pollination service

To identify the most important landscape variables affecting pollination service delivery –
measured as increment of seed set– we fitted every possible model except those ones containing
significantly correlated variables using the dredge function [107]. We report the output in
table S19. We considered as best models those ones with δ < 5, being δ the difference in
AICc between each model and the best model. Then, for the subset of these best models, we
calculated the relative importance of each individual parameter as the sum of ‘Akaike weights’
(normalized model likelihoods) over all models including that parameter, and considered as
potentially good candidates all those landscape variables with a relative importance > 0.2
(table S18).

Table S18: Relative importance of landscape variables. Relative importance of each parameter is the sum of
the normalized likelihoods of the models with δ < 5 that include that parameter. ’Beehives hmp’: Heatmap
value derived from the number of beehives in 1.5 km. Note: local variables as ’Adjacent SNH’, ’Distance’
and ’CPD Seed set’ of the cultivar were coerced to be present in all models as part of the two step selection
procedure.

Importance N containing models
Adjacent SNH 1.00 8
Beehives hmp 1.00 8
Distance 1.00 8
CPD Seed set 1.00 8
SNH HA 1.00 8
SNH HL 1.00 8
SNH WL 1.00 8
Urban 1.00 8
Other annual crops 0.88 6
Legumes 0.30 3
Cereals 0.17 3
Grassy forage crops 0.12 2
SNH WA 0.00 0
Sunflower 0.00 0
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S2.6 Wild bee species visiting sunflower

Table S20: Wild bee species list. Note: The specimens that could not be captured for later identification are
referred as ‘Not identified Apoidea’.

Species Functional group 2014 2015

Andrena (Zonandrena) flavipes other wild bees 1 1
Bombus (Bombus) terrestris bumble bees 7 26

Bombus (Melanobombus) lapidarius bumble bees 11 5
Ceratina (Ceratina) cucurbitina other wild bees 4
Halictus (Halictus) quadricinctus other wild bees 1
Halictus (Hexataenites) scabiosae other wild bees 1 2

Lasioglossum (Dialictus) sp_2 other wild bees 1
Lasioglossum (Dialictus) politum other wild bees 2

Lasioglossum (Evylaeus) malachurum other wild bees 1
Lasioglossum (Evylaeus) sp_2 other wild bees 1

Lasioglossum (Lasioglossum) discum other wild bees 1
Xylocopa (Xylocopa) violacea other wild bees 8

Not identified Apoidea other wild bees 2
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S3 Chapter Four

S3.1 Study sites

Figure S11: Selection of study sites based on the gradient of surrounding landscape complexity.
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S3.2 Land uses

Table S21: Description of land uses

Habitat Description

Bare ground Fields recently ploughed.
Cereals Cereal crops, e.g. wheat (Triticum aestivum & associated spp), barley

(Hordeum sativum), oats (Avena sativa), rye (Secale cereale).
Commercial
horticulture

Nurseries.

Fruit trees Fruit trees, e.g. apricots (Prunus armeniaca), peaches (Prunus persica),
almonds (Prunus dulcis), citrus fruit (Citrus spp).

Grassy forage crops Annually or biennially sown grass forages, e.g. Phleum spp, Agropyron spp,
Lolium spp.

Legumes Pulses and fodder crops (Leguminosae), e.g. alfalfa, clover, peas, lentils, lupins,
beans.

Non habitat Roads, lakes or any other habitat that do not fall into the rest of categories.
Olive groves Olive (Olea europea).
Other annual crops Annual herbaceous crops (except cereals), e.g. maize (Zea mays), oilseed rape

(Brassica napus), sunflower (Helianthus annuus).
Perennial herbaceous
crops

Perennial herbaceous crops, e.g. asparagus (Asparagus officinalis), artichoke
(Cynara cardunculus).

Rotational grassland Rotational and interrupted grasslands (grasslands ploughed every 3-4 years
and then sown with the same grass species).

SNH - FA Temporary in-field SNH: fallow, cover crops, not-marketable intercrops.
SNH - HA Herbaceous areal elements: abandoned fields with less than 30% tree/shrub

canopy cover or permanent and low-input grasslands.
SNH - HL Herbaceous linear elements: any type of linear element (1.5 to 25 m wide)

with less than 30% tree/shrub canopy cover.
SNH - WA Woody areal elements: Natural or semi-natural woodlands, including

abandoned fields with more than 30% tree/shrub canopy cover.
SNH - WL Woody linear elements: any type of linear structure (1.5 to 25 m wide) with

more than 30% tree/shrub canopy cover.
Turf Leisure green areas, e.g. golf courses, football fields.
Urban Urban areas.
Vegetable garden Home orchards without commercial purposes.
Vineyards Grape vine (Vitis vinifera).
Water course Water courses > 1.5 m wide, e.g. rivers, streams, canals, drainage ditches.
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S3.3 Pollen botanical origin

Table S22: Identified pollen taxa collected by honey bees with overall percentages of total pollen mass (%)
and most likely origin. Note: ‘f’ stands for ‘forma’ and ‘gr’ for ‘group’.

Taxa % Origin

1 Trifolium pratense gr 27.7 Crop
2 Hedysarum 4.08 Crop
3 Umbelliferae H (Foeniculum f) 2.04 Crop
4 Brassica f 1.98 Crop
5 Helianthus annuus 1.65 Crop
6 Olea f 1.6 Crop
7 Vitis gr 1.09 Crop
8 Vicia gr 0.405 Crop
9 Carthamus f 0.231 Crop
10 Trifolium repens gr 0.069 Crop
11 Zea mays 0.013 Crop
12 Sinapis f 7.09 Herbaceous
13 Graminaceae 2.07 Herbaceous
14 Umbelliferae (Daucus f) 1.12 Herbaceous
15 Potentilla f 0.795 Herbaceous
16 Plantago 0.637 Herbaceous
17 Mercurialis 0.593 Herbaceous
18 Umbelliferae H (Heracleum f) 0.563 Herbaceous
19 Compositae H 0.355 Herbaceous
20 Papaver f 0.313 Herbaceous
21 Sedum f 0.296 Herbaceous
22 Compositae T 0.294 Herbaceous
23 Compositae T (Taraxacum f) 0.257 Herbaceous
24 Labiatae M (Salvia f) 0.179 Herbaceous
25 Stellaria f 0.173 Herbaceous
26 Convolvulus 0.154 Herbaceous
27 Solanaceae 0.134 Herbaceous
28 Borago officinalis 0.115 Herbaceous
29 Compositae A (Matricaria f) 0.099 Herbaceous
30 Compositae T (Cichorium f) 0.049 Herbaceous
31 Onobrychis 0.049 Herbaceous
32 Labiatae L 0.029 Herbaceous
33 Solanum f 0.017 Herbaceous
34 Melilotus 0.015 Herbaceous
35 Ranunculaceae 0.015 Herbaceous
36 Cistus 0.014 Herbaceous
37 Calystegia sepium 0.005 Herbaceous
38 Cistus ladanifer gr 0.001 Herbaceous
39 Others 1.38 Others
40 Rubus f 12.5 Woody
41 Castanea 7.17 Woody
42 Quercus ilex gr 3.95 Woody
43 Quercus robur gr 3.42 Woody
44 Crataegus f 3.22 Woody
45 Eucalyptus 2 Woody
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Taxa % Origin

46 Gleditsia 2 Woody
47 Fraxinus ornus gr 1.86 Woody
48 Magnolia f 1.44 Woody
49 Acer pseudoplatanus gr 1.32 Woody
50 Erica 1.11 Woody
51 Asparagus acutifolius gr 0.688 Woody
52 Cornus sanguinea 0.686 Woody
53 Salix 0.311 Woody
54 Rosa f 0.204 Woody
55 Populus 0.148 Woody
56 Parthenocissus 0.123 Woody
57 Cercis f 0.082 Woody
58 Juglans 0.076 Woody
59 Tilia 0.015 Woody
60 Ilex 0.004 Woody

S3.4 Correlation between explanatory variables

Table S23: Pearson’s correlation matrix of landscape variables. Significantly collinear variables are bold
formatted. Note: *** p < 0.001, ** p < 0.01, * p < 0.05.

Herbaceous SNH Woody SNH Legumes Olive groves Cereals
Herbaceous SNH
Woody SNH -0.13
Legumes -0.42 -0.64
Olive groves 0.14 0.71 -0.56
Cereals -0.45 -0.21 0.43 -0.33
Other annual crop -0.57 -0.27 0.60 -0.65 0.87*

S3.5 Plant species assessed for plant-pollinator network characterization

Table S24: Plant species assessed for plant-pollinator network characterization

Plant species Abbrv.

Acer campestre Acr.cmpstr
Allium triquetrum Allm.trqtr
Aristolochia clematitis Arstlch.cl
Bellis perennis Blls.prnns
Borago officinalis Brg.ffcnls
Calystegia sepium Clystg.spm
Campanula rapunculus Cmpnl.rpnc
Castanea sativa Castan.stv
Cerinthe major Cernth.mjr
Cichorium intybus Cchrm.ntyb
Coleostephus myconis Clstphs.my
Convolvulus arvensis Cnvlvls.rv
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Plant species Abbrv.

Crataegus monogyna Crtgs.mngy
Crepis capillaris Crps.cpllr
Crepis spp Crepis.spp
Cruciata laevipes Cruct.lvps
Daucus carota Daucus.crt
Dipsacus fullonum Dpscs.flln
Fraxinus ornus Fraxns.rns
Fumaria officinalis Fmr.ffcnls
Galactites tomentosa Glctts.tmn
Galium mollugo Galim.mllg
Geranium dissectum Grnm.dssct
Hieracium spp Hiercm.spp
Hypericum perforatum Hyprcm.prf
Hypochaeris radicata Hypchrs.rd
Lamium maculatum Lamm.mcltm
Lathyrus hirsutus Lthyrs.hrs
Lepidium draba Lepidm.drb
Linum bienne Linum.binn
Lotus corniculatus Lts.crnclt
Lotus spp Lotus.spp
Lychnis flos-cuculi Lychns.fl-
Mentha suaveolens Mnth.svlns
Oenanthe silaifolia Onnth.slfl
Picris echioides Picrs.chds
Plantago lanceolata Plntg.lncl
Potentilla reptans Ptntll.rpt
Pulicaria dysenterica Plcr.dysnt
Quercus ilex Quercus.lx
Ranunculus neapolitanus Rnncls.npl
Ranunculus repens Rnncls.rpn
Robinia pseudoacacia Robn.psdcc
Rosa sempervirens Rs.smprvrn
Rubus bifrons Rubs.bfrns
Rubus canescens Rbs.cnscns
Rubus ulmifolius Rubs.lmfls
Sambucus nigra Sambcs.ngr
Silene latifolia Silen.ltfl
Torilis arvensis Trls.rvnss
Trifolium campestre Trflm.cmps
Trifolium repens Trflm.rpns
Urospermum dalechampii Ursprmm.dl
Veronica persica Vernc.prsc
Vicia cracca Vicia.crcc
Vicia sativa Vicia.satv
Vinca major Vinca.majr

106



List of Figures

List of Figures

1.1 Obtaining pollen samples from honey bee colonies . . . . . . . . . . . . . . . 1

1.2 Examples of semi-natural habitats found in the Pisa plain . . . . . . . . . . . 3

1.3 Bumble bee visiting flowers of spotted dead-nettle . . . . . . . . . . . . . . . 4

1.4 Floral resources present in agricultural landscapes commonly used by honey bee 5

2.1 Pollination and pest control potential of SNH . . . . . . . . . . . . . . . . . . 15

2.2 Response of pollination key providing subgroups across SNH . . . . . . . . . 17

2.3 Response of pest control key providing subgroups across SNH . . . . . . . . . 18

2.4 Functional groups of flowering plants on the factorial map of RLQ analysis . 20

2.5 Trait composition of functional groups . . . . . . . . . . . . . . . . . . . . . . 21

2.6 Significant associations on the factorial map of RLQ analysis . . . . . . . . . 22

2.7 Effect of floral display of functional groups on bee abundance . . . . . . . . . 23

2.8 Effect of structural traits on bee abundance . . . . . . . . . . . . . . . . . . . 23

2.9 Effect of structural traits on flying predator abundance . . . . . . . . . . . . . 24

3.1 Cross-pollination dependence of sunflower . . . . . . . . . . . . . . . . . . . . 39

3.2 Cross-pollination dependence: treatment-cultivar interaction . . . . . . . . . . 40

3.3 Fatty acid composition of sunflower oil . . . . . . . . . . . . . . . . . . . . . . 41

3.4 Effect of visitation rates and CPD on seed set . . . . . . . . . . . . . . . . . . 42

3.5 Effect of visitation rates and CPD on oil content . . . . . . . . . . . . . . . . 43

3.6 Effect on seed set of pollination treatment and year . . . . . . . . . . . . . . . 44

3.7 Effect of landscape variables on pollination service . . . . . . . . . . . . . . . 46

3.8 Effect of local variable adjacent SNH on pollination service . . . . . . . . . . 46

4.1 Effect of SNH type-position and management on richness of flowering species 58

4.2 Effect of SNH-position and management on floral abundance . . . . . . . . . 59

4.3 Effect of SNH-position and diversity (Shannon index) on the stability of floral
resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.7 Differences in network properties across SNH . . . . . . . . . . . . . . . . . . 61

4.4 Bipartite graph of overall bee-plant pollination network . . . . . . . . . . . . 62

4.5 Bipartite graph of overall bee-SNH pollination network . . . . . . . . . . . . . 62

107



List of Figures

4.6 Network matrix of overall bee-SNH pollination network. . . . . . . . . . . . . 63

4.8 Seasonal variation of pollen diversity and equitability . . . . . . . . . . . . . . 64

4.9 Botanical origin an taxonomic identities of pollen . . . . . . . . . . . . . . . . 65

4.10 Temporal variation of botanical origin of pollen . . . . . . . . . . . . . . . . . 65

4.11 Influence of surrounding landscape on crop reliance of honey bees . . . . . . . 66

5.1 SNH distribution of functional groups . . . . . . . . . . . . . . . . . . . . . . 72

S1 Cluster dendogram of flowering species . . . . . . . . . . . . . . . . . . . . . . 84

S2 Effect of floral display of functional groups on honey bee abundance . . . . . 92

S3 Effect of structural traits on honey bee abundance . . . . . . . . . . . . . . . 92

S4 Effect of floral display of functional groups on wild bee abundance . . . . . . 93

S5 Effect of structural traits on wild bee abundance . . . . . . . . . . . . . . . . 93

S6 Effect of structural traits on parasitic wasp abundance . . . . . . . . . . . . . 94

S7 Effect of structural traits on predatory diptera abundance . . . . . . . . . . . 94

S8 Selection of study sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

S9 Influence of exclusion bags on temperature . . . . . . . . . . . . . . . . . . . . 97

S10 Influence of exclusion bags on relative humidity . . . . . . . . . . . . . . . . . 97

S11 Selection of study sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

108



List of Tables

List of Tables

2.1 Pairwise comparison of SNH type and distance for pollination and pest control
potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 Pairwise comparison of SNH type and distance for key pollination providing
subgroups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3 Pairwise comparison of SNH type and distance for key pest control providing
subgroups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 Comparison across increasing levels of detail of SNH characteristics to predict
pollination service potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.5 Comparison across increasing levels of detail of SNH characteristics to predict
pest control service potential . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1 Landscape sectors characteristics: main land uses . . . . . . . . . . . . . . . . 35

3.2 Pairwise comparison of treatments by cultivar . . . . . . . . . . . . . . . . . . 40

3.3 Least-squares means of seed set (%) and oil content (%) per cultivar . . . . . 41

3.4 Effect of visitation rates and CPD on seed set and oil content of sunflower:
model outputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.5 Effect of local and landscape variables on pollination service . . . . . . . . . . 45

4.1 Landscape sectors characteristics: main land uses . . . . . . . . . . . . . . . . 53

4.2 Number of flowering plant species per SNH type-position . . . . . . . . . . . 58

4.3 Number of flowering plant species per levels of management . . . . . . . . . . 58

4.4 Number of flower units/m2 per SNH type-position . . . . . . . . . . . . . . . 59

4.5 Number of flower units/m2 per levels of management . . . . . . . . . . . . . . 59

4.6 Stability of floral resources per SNH type-position . . . . . . . . . . . . . . . 60

4.7 Pollen diversity for each period . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.8 Botanical origin of pollen for each period . . . . . . . . . . . . . . . . . . . . 64

S1 Description of SNH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

S2 Sampling dates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

S3 Surveyed flower classes (Müller) and re-categorization method . . . . . . . . . 78

S4 Surveyed categories of life form based on Raunkiaer system . . . . . . . . . . 79

S5 List of pollination and pest control providers . . . . . . . . . . . . . . . . . . 79

S6 Codes for traits RLQ analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . 80

109



List of Tables

S7 Codes for environmental variables RLQ analysis. . . . . . . . . . . . . . . . . 81

S8 Fourth-corner tests between RLQ axes and traits . . . . . . . . . . . . . . . . 82

S9 Fourth-corner tests between RLQ axes and environmental variables . . . . . . 83

S10 Functional groups of flowering plant species. . . . . . . . . . . . . . . . . . . . 85

S11 Model outputs level 1: Effect of SNH type and distance on key groups of
service providers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

S12 Model outputs level 2: Effect of structural traits and diversity of the floral
resources on key groups of service providers . . . . . . . . . . . . . . . . . . . 91

S13 Model outputs level 3: Effect of structural traits and floral abundances of
trait-based functional groups on key groups of service providers . . . . . . . . 91

S14 Description of land uses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

S15 Paired t-test - Microclimatic influence of exclusion bags: Temperature (°C). 97

S16 Paired t-test - Microclimatic influence of exclusion bags: Relative Humidity
(%). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

S17 Pearson’s correlation matrix of landscape variables . . . . . . . . . . . . . . . 98

S18 Relative importance of landscape variables . . . . . . . . . . . . . . . . . . . . 99

S19 Automated model selection output. Effect of landscape variables on pollination
service . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

S20 List of wild bee species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

S21 Description of land uses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

S22 Identified pollen taxa collected by honey bees . . . . . . . . . . . . . . . . . . 104

S23 Pearson’s correlation matrix of landscape variables . . . . . . . . . . . . . . . 105

S24 Plant species assessed for plant-pollinator network characterization . . . . . 105

110



Bibliography

Bibliography

[1] Daily. Nature’s services - Societal Dependence on Natural Ecosystems. Island Press,
1997. ISBN 1597267759.

[2] Millennium Ecosystem Assessment. Ecosystems and Human Well-being: Synthesis.
Island Press, Washington, DC, 2005.

[3] Wei Zhang, Taylor Ricketts, Claire Kremen, Karen Carney, and Scott Swinton.
Ecosystem services and dis-services to agriculture: Special Section - Ecosystem Ser-
vices and Agriculture - Ecosystem Services and Agriculture. Ecological Economics,
64(2):253–260, 2007. doi: http://dx.doi.org/10.1016/j.ecolecon.2007.02.024. URL
http://www.sciencedirect.com/science/article/pii/S0921800907001462.

[4] Claire Kremen, Neal M. Williams, Marcelo A. Aizen, Barbara Gemmill-Herren, Gretchen
LeBuhn, Robert Minckley, Laurence Packer, Simon G. Potts, T’ai Roulston, Ingolf
Steffan-Dewenter, Diego P. Vázquez, Rachael Winfree, Laurie Adams, Elizabeth E.
Crone, Sarah S. Greenleaf, Timothy H. Keitt, Alexandra-Maria Klein, James Regetz,
and Taylor H. Ricketts. Pollination and other ecosystem services produced by mobile
organisms: a conceptual framework for the effects of land-use change. Ecology Letters,
10(4):299–314, apr 2007. ISSN 1461-023X. doi: 10.1111/j.1461-0248.2007.01018.x. URL
http://doi.wiley.com/10.1111/j.1461-0248.2007.01018.x.

[5] Anna-Camilla Moonen and Paolo Bàrberi. Functional biodiversity: An agroecosystem
approach. Agriculture, Ecosystems & Environment, 127(1):7–21, 2008. ISSN 01678809.
doi: 10.1016/j.agee.2008.02.013.

[6] Carol A. Kearns, David W. DW Inouye, and NM Nickolas M. Waser. Endangered
mutualisms: the conservation of plant-pollinator interactions. Annual Review of Ecology
and Systematics, 29(1):83–112, nov 1998. ISSN 0066-4162. doi: 10.1146/annurev.ecolsys.
29.1.83. URL http://www.jstor.org/stable/221703.

[7] Alexandra-Maria Klein, Bernard E Vaissière, James H Cane, Ingolf Steffan-Dewenter,
Saul A Cunningham, Claire Kremen, and Teja Tscharntke. Importance of pollinators
in changing landscapes for world crops. Proceedings. Biological sciences / The Royal
Society, 274(1608):303–13, 2007. ISSN 0962-8452. doi: 10.1098/rspb.2006.3721. URL
http://rspb.royalsocietypublishing.org/content/274/1608/303.

[8] Patrick Hoehn, Teja Tscharntke, Jason M Tylianakis, and Ingolf Steffan-Dewenter.
Functional group diversity of bee pollinators increases crop yield. Proceedings. Biological
sciences / The Royal Society, 275(1648):2283–91, 2008. ISSN 0962-8452. doi: 10.1098/
rspb.2008.0405. URL http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=
2603237{&}tool=pmcentrez{&}rendertype=abstract.

111

http://www.sciencedirect.com/science/article/pii/S0921800907001462
http://doi.wiley.com/10.1111/j.1461-0248.2007.01018.x
http://www.jstor.org/stable/221703
http://rspb.royalsocietypublishing.org/content/274/1608/303
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2603237{&}tool=pmcentrez{&}rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2603237{&}tool=pmcentrez{&}rendertype=abstract


Bibliography

[9] Alexandra-Maria Klein, Ingolf Steffan-Dewenter, and Teja Tscharntke. Fruit set of
highland coffee increases with the diversity of pollinating bees. Proceedings. Biological
sciences / The Royal Society, 270(1518):955–61, 2003. ISSN 0962-8452. doi: 10.1098/
rspb.2002.2306. URL http://rspb.royalsocietypublishing.org/content/270/1518/955.
short.

[10] Luísa Gigante Carvalheiro, Ruan Veldtman, Awraris Getachew Shenkute, Gebream-
lak Bezabih Tesfay, Christian Walter Werner Pirk, John Sydney Donaldson, and
Susan Wendy Nicolson. Natural and within-farmland biodiversity enhances crop pro-
ductivity. Ecology Letters, 14(3):251–259, 2011. ISSN 1461-0248. doi: 10.1111/j.
1461-0248.2010.01579.x. URL http://dx.doi.org/10.1111/j.1461-0248.2010.01579.x.

[11] Sarah S Greenleaf and Claire Kremen. Wild bees enhance honey bees’ pollination of
hybrid sunflower. Proceedings of the National Academy of Sciences of the United States
of America, 103(37):13890–13895, 2006. ISSN 0027-8424. doi: 10.1073/pnas.0600929103.
URL http://www.pnas.org/content/103/37/13890.full.

[12] Lucas A Garibaldi, Luísa G Carvalheiro, Bernard E Vaissière, Barbara Gemmill-Herren,
Juliana Hipólito, Breno M Freitas, Hien T Ngo, Nadine Azzu, Agustín Sáez, Jens
Åström, Jiandong An, and Betina Blochtein. Mutually beneficial pollinator diversity
and crop yield outcomes in small and large farms. Science, 351(6271):388–391, 2016.
ISSN 0036-8075.

[13] Teja Tscharntke, Riccardo Bommarco, Yann Clough, Thomas O. Crist, David Kleijn,
Tatyana A. Rand, Jason M. Tylianakis, Saskya van Nouhuys, and Stefan Vidal. Conser-
vation biological control and enemy diversity on a landscape scale. Biological Control,
43(3):294–309, 2007. ISSN 10499644. doi: 10.1016/j.biocontrol.2007.08.006.

[14] United Nations. Department of Economic and Social Affairs. Population Division.
World Population Prospects: The 2015 Revision, custom data acquired via website,
2015. URL http://esa.un.org/unpd/wpp/.

[15] P. A. Matson. Agricultural Intensification and Ecosystem Properties. Science, 277
(5325):504–509, 1997. ISSN 00368075. doi: 10.1126/science.277.5325.504. URL http:
//www.sciencemag.org/content/277/5325/504.abstract.

[16] David Tilman, Joseph Fargione, Brian Wolff, Carla D Antonio, Andrew Dobson, Robert
Howarth, David Schindler, William H Schlesinger, Daniel Simberloff, and Deborah
Swackhamer. Forecasting Agriculturally Driven Environmental Change. American
Association fo rthe Advancement of Science, 292(5515):281–284, 2001. ISSN 00368075.
doi: 10.1126/science.1057544. URL http://www.sciencemag.org/content/292/5515/281.
abstract.

[17] Teja Tscharntke, Alexandra M. Klein, Andreas Kruess, Ingolf Steffan-Dewenter, and
Carsten Thies. Landscape perspectives on agricultural intensification and biodiversity -

112

http://rspb.royalsocietypublishing.org/content/270/1518/955.short
http://rspb.royalsocietypublishing.org/content/270/1518/955.short
http://dx.doi.org/10.1111/j.1461-0248.2010.01579.x
http://www.pnas.org/content/103/37/13890.full
http://esa.un.org/unpd/wpp/
http://www.sciencemag.org/content/277/5325/504.abstract
http://www.sciencemag.org/content/277/5325/504.abstract
http://www.sciencemag.org/content/292/5515/281.abstract
http://www.sciencemag.org/content/292/5515/281.abstract


Bibliography

Ecosystem service management. Ecology Letters, 8(8):857–874, 2005. ISSN 1461023X.
doi: 10.1111/j.1461-0248.2005.00782.x. URL http://dx.doi.org/10.1111/j.1461-0248.
2005.00782.x.

[18] Flavia Geiger, Jan Bengtsson, Frank Berendse, Wolfgang W. Weisser, Mark Emmerson,
Manuel B. Morales, Piotr Ceryngier, Jaan Liira, Teja Tscharntke, Camilla Winqvist,
Sönke Eggers, Riccardo Bommarco, Tomas Pärt, Vincent Bretagnolle, Manuel Plante-
genest, Lars W. Clement, Christopher Dennis, Catherine Palmer, Juan J. Oñate,
Irene Guerrero, Violetta Hawro, Tsipe Aavik, Carsten Thies, Andreas Flohre, Sebas-
tian Hänke, Christina Fischer, Paul W. Goedhart, and Pablo Inchausti. Persistent
negative effects of pesticides on biodiversity and biological control potential on Euro-
pean farmland. Basic and Applied Ecology, 11(2):97–105, 2010. ISSN 14391791. doi:
10.1016/j.baae.2009.12.001.

[19] D. U. Hooper, F. S. Chapin, J. J. Ewel, A. Hector, P. Inchausti, S. Lavorel, J. H.
Lawton, D. M. Lodge, M. Loreau, S. Naeem, B. Schmid, H. Setälä, A. J. Symstad,
J. Vandermeer, and D. A. Wardle. Effects of biodiversity on ecosystem functioning:
A consensus of current knowledge. Ecological Monographs, 75(1):3–35, 2005. ISSN
00129615. doi: 10.1890/04-0922. URL http://dx.doi.org/10.1890/04-0922.

[20] John Warren, Clare Lawson, and Kenneth Belcher. The agri-environment. Cambridge
University Press, 2007.

[21] Christof Schüepp, Felix Herzog, and Martin H Entling. Disentangling multiple drivers
of pollination in a landscape-scale experiment. Proceedings of the Royal Society B,
281(1774):20132667, 2014. ISSN 1471-2954. doi: 10.1098/rspb.2013.2667. URL
http://www.ncbi.nlm.nih.gov/pubmed/24225465.

[22] Gordon Allen-Wardell, Peter Bernhardt, Ron Bitner, Alberto Burquez, Stephen Buch-
mann, James Cane, Paul Allen Cox, Virginia Dalton, Peter Feinsinger, Mrill Ingram,
David Inouye, C Eugene Jones, Kathryn Kennedy, Peter Kevan, Harold Koopowitz,
Rodrigo Medellin, Sergio Medellin-Morales, Gary Paul Nabhan, Bruce Pavlik, Vin-
cent Tepedino, Phillip Torchio, and Steve Walker. The Potential Consequences of
Pollinator Declines on the Conservation of Biodiversity and Stability of Food Crop
Yields. Conservation Biology, 12(1):8–17, 1998. ISSN 08888892, 15231739. URL
http://www.jstor.org/stable/2387457.

[23] J C Biesmeijer, S P M Roberts, M Reemer, R Ohlemüller, M Edwards, T Peeters, A P
Schaffers, S G Potts, R Kleukers, C D Thomas, J Settele, and W E Kunin. Parallel
declines in pollinators and insect-pollinated plants in Britain and the Netherlands.
Science (New York, N.Y.), 313(5785):351–4, jul 2006. ISSN 1095-9203. doi: 10.1126/
science.1127863. URL http://www.ncbi.nlm.nih.gov/pubmed/16857940.

[24] Ingolf Steffan-Dewenter, Simon G Potts, and Laurence Packer. Pollinator diversity
and crop pollination services are at risk. Trends in ecology & evolution, 20(12):651–2;

113

http://dx.doi.org/10.1111/j.1461-0248.2005.00782.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00782.x
http://dx.doi.org/10.1890/04-0922
http://www.ncbi.nlm.nih.gov/pubmed/24225465
http://www.jstor.org/stable/2387457
http://www.ncbi.nlm.nih.gov/pubmed/16857940


Bibliography

author reply 652–3, dec 2005. ISSN 0169-5347. doi: 10.1016/j.tree.2005.09.004. URL
http://www.sciencedirect.com/science/article/pii/S0169534705003022.

[25] Simon G. Potts, Jacobus C. Biesmeijer, Claire Kremen, Peter Neumann, Oliver
Schweiger, and William E. Kunin. Global pollinator declines: Trends, impacts and
drivers. Trends in Ecology and Evolution, 25(6):345–353, 2010. ISSN 01695347. doi:
10.1016/j.tree.2010.01.007. URL http://www.sciencedirect.com/science/article/pii/
S0169534710000364.

[26] M Loreau, S Naeem, P Inchausti, J Bengtsson, J P Grime, A Hector, D U Hooper,
M A Huston, D Raffaelli, B Schmid, D Tilman, and D A Wardle. Biodiversity and
Ecosystem Functioning: Current Knowledge and Future Challenges. Science, 294(5543):
804–808, oct 2001. URL http://science.sciencemag.org/content/294/5543/804.abstract.

[27] David Tilman, Peter B Reich, Johannes Knops, David Wedin, Troy Mielke, and Clarence
Lehman. Diversity and Productivity in a Long-Term Grassland Experiment. Science,
294(5543):843–845, oct 2001. URL http://science.sciencemag.org/content/294/5543/
843.abstract.

[28] A Hector, B Schmid, C Beierkuhnlein, M C Caldeira, M Diemer, P G Dimitrakopoulos,
J A Finn, H Freitas, P S Giller, J Good, R Harris, P Högberg, K Huss-Danell,
J Joshi, A Jumpponen, C Körner, P W Leadley, M Loreau, A Minns, C P H Mulder,
G O’Donovan, S J Otway, J S Pereira, A Prinz, D J Read, M Scherer-Lorenzen, E.-D.
Schulze, A.-S. D Siamantziouras, E M Spehn, A C Terry, A Y Troumbis, F I Woodward,
S Yachi, and J H Lawton. Plant Diversity and Productivity Experiments in European
Grasslands. Science, 286(5442):1123–1127, nov 1999. URL http://science.sciencemag.
org/content/286/5442/1123.abstract.

[29] Sarah A. Corbet. Insects, plants and succession: advantages of long-term set-aside.
Agriculture, Ecosystems and Environment, 53(3):201–217, 1995. ISSN 01678809. doi:
10.1016/0167-8809(94)00581-X. URL http://www.sciencedirect.com/science/article/
pii/016788099400581X.

[30] Verena Riedinger, Marion Renner, Maj Rundlöf, Ingolf Steffan-Dewenter, and Andrea
Holzschuh. Early mass-flowering crops mitigate pollinator dilution in late-flowering
crops. Landscape Ecology, 29(3):425–435, 2014. ISSN 1572-9761. doi: 10.1007/
s10980-013-9973-y. URL http://dx.doi.org/10.1007/s10980-013-9973-y.

[31] S. Lavorel and E. Garnier. Predicting changes in community composition and ecosystem
functioning from plant traits: revisiting the Holy Grail. Functional Ecology, 16(5):
545–556, oct 2002. ISSN 0269-8463. doi: 10.1046/j.1365-2435.2002.00664.x. URL
http://doi.wiley.com/10.1046/j.1365-2435.2002.00664.x.

[32] Józef Banaszak. Strategy for conservation of wild bees in an agricultural landscape.
In M G Paoletti and D Pimentel, editors, Agriculture, Ecosystems & Environment,

114

http://www.sciencedirect.com/science/article/pii/S0169534705003022
http://www.sciencedirect.com/science/article/pii/S0169534710000364
http://www.sciencedirect.com/science/article/pii/S0169534710000364
http://science.sciencemag.org/content/294/5543/804.abstract
http://science.sciencemag.org/content/294/5543/843.abstract
http://science.sciencemag.org/content/294/5543/843.abstract
http://science.sciencemag.org/content/286/5442/1123.abstract
http://science.sciencemag.org/content/286/5442/1123.abstract
http://www.sciencedirect.com/science/article/pii/016788099400581X
http://www.sciencedirect.com/science/article/pii/016788099400581X
http://dx.doi.org/10.1007/s10980-013-9973-y
http://doi.wiley.com/10.1046/j.1365-2435.2002.00664.x


Bibliography

volume 40, pages 179–192. Elsevier, Amsterdam, 1992. ISBN 0167-8809. doi: 10.
1016/0167-8809(92)90091-O. URL http://www.sciencedirect.com/science/article/pii/
B9780444893901500159.

[33] Jennifer L. Hopwood. The contribution of roadside grassland restorations to native bee
conservation. Biological Conservation, 141(10):2632–2640, 2008. ISSN 00063207. doi:
10.1016/j.biocon.2008.07.026. URL http://www.sciencedirect.com/science/article/pii/
S0006320708002826.

[34] Lukas Pfiffner and Henryk Luka. Overwintering of arthropods in soils of arable fields
and adjacent semi-natural habitats. Agriculture, Ecosystems & Environment, 78(3):
215–222, 2000. ISSN 01678809. doi: 10.1016/S0167-8809(99)00130-9.

[35] Sean A Rands and Heather M Whitney. Field margins, foraging distances and their
impacts on nesting pollinator success. PloS one, 6(10):e25971, jan 2011. ISSN 1932-
6203. doi: 10.1371/journal.pone.0025971. URL http://dx.doi.org/10.1371/journal.pone.
0025971.

[36] Laura E. Hannon and Thomas D. Sisk. Hedgerows in an agri-natural landscape:
Potential habitat value for native bees. Biological Conservation, 142(10):2140–2154,
2009. ISSN 00063207. doi: 10.1016/j.biocon.2009.04.014. URL http://www.sciencedirect.
com/science/article/pii/S0006320709001967.

[37] F.J.J.A Bianchi, C J H Booij, and T Tscharntke. Sustainable pest regulation in
agricultural landscapes: a review on landscape composition, biodiversity and natural
pest control. Proceedings of the Royal Society of London B: Biological Sciences, 273
(1595):1715–1727, jul 2006. ISSN 0962-8452. doi: 10.1098/rspb.2006.3530. URL
http://rspb.royalsocietypublishing.org/content/273/1595/1715.abstract.

[38] Johan Ekroos, Maj Rundlöf, and Henrik G Smith. Trait-dependent responses of flower-
visiting insects to distance to semi-natural grasslands and landscape heterogeneity. Land-
scape Ecology, 28(7):1283–1292, 2013. ISSN 1572-9761. doi: 10.1007/s10980-013-9864-2.
URL http://dx.doi.org/10.1007/s10980-013-9864-2.

[39] Maj Rundlöf, Helena Nilsson, and Henrik G. Smith. Interacting effects of farming
practice and landscape context on bumble bees. Biological Conservation, 141(2):417–
426, 2008. ISSN 00063207. doi: 10.1016/j.biocon.2007.10.011. URL http://www.
sciencedirect.com/science/article/pii/S0006320707004168.

[40] Martin H. Schmidt-Entling and Jolanda Döbeli. Sown wildflower areas to enhance
spiders in arable fields. Agriculture, Ecosystems & Environment, 133(1):19–22, 2009.
ISSN 01678809. doi: 10.1016/j.agee.2009.04.015.

[41] Taylor H. Ricketts, James Regetz, Ingolf Steffan-Dewenter, Saul A. Cunningham, Claire
Kremen, Anne Bogdanski, Barbara Gemmill-Herren, Sarah S. Greenleaf, Alexandra M.

115

http://www.sciencedirect.com/science/article/pii/B9780444893901500159
http://www.sciencedirect.com/science/article/pii/B9780444893901500159
http://www.sciencedirect.com/science/article/pii/S0006320708002826
http://www.sciencedirect.com/science/article/pii/S0006320708002826
http://dx.doi.org/10.1371/journal.pone.0025971
http://dx.doi.org/10.1371/journal.pone.0025971
http://www.sciencedirect.com/science/article/pii/S0006320709001967
http://www.sciencedirect.com/science/article/pii/S0006320709001967
http://rspb.royalsocietypublishing.org/content/273/1595/1715.abstract
http://dx.doi.org/10.1007/s10980-013-9864-2
http://www.sciencedirect.com/science/article/pii/S0006320707004168
http://www.sciencedirect.com/science/article/pii/S0006320707004168


Bibliography

Klein, Margaret M. Mayfield, Lora A. Morandin, Alfred Ochieng’, and Blande F. Viana.
Landscape effects on crop pollination services: Are there general patterns? Ecology
Letters, 11(5):499–515, 2008. ISSN 1461023X. doi: 10.1111/j.1461-0248.2008.01157.x.
URL http://dx.doi.org/10.1111/j.1461-0248.2008.01157.x.

[42] M. M. Gardiner, D. A. Landis, C. Gratton, C. D. DiFonzo, M. O’Neal, J. M. Chacon,
M. T. Wayo, N. P. Schmidt, E. E. Mueller, and G. E. Heimpel. Landscape diversity
enhances biological control of an introduced crop pest in the north-central USA.
Ecological Applications, 19(1):143–154, jan 2009. ISSN 1051-0761. doi: 10.1890/07-1265.
1. URL http://doi.wiley.com/10.1890/07-1265.1.

[43] Rebecca Chaplin-Kramer, Megan E. O’Rourke, Eleanor J. Blitzer, and Claire Kremen. A
meta-analysis of crop pest and natural enemy response to landscape complexity. Ecology
Letters, 14(9):922–932, 2011. ISSN 1461023X. doi: 10.1111/j.1461-0248.2011.01642.x.
URL http://dx.doi.org/10.1111/j.1461-0248.2011.01642.x.

[44] Teja Tscharntke, Jason M. Tylianakis, Tatyana A. Rand, Raphael K. Didham, Lenore
Fahrig, Péter Batáry, Janne Bengtsson, Yann Clough, Thomas O. Crist, Carsten F.
Dormann, Robert M. Ewers, Jochen Fründ, Robert D. Holt, Andrea Holzschuh, Alexan-
dra M. Klein, David Kleijn, Claire Kremen, Doug A. Landis, William Laurance, David
Lindenmayer, Christoph Scherber, Navjot Sodhi, Ingolf Steffan-Dewenter, Carsten
Thies, Wim H. van der Putten, and Catrin Westphal. Landscape moderation of
biodiversity patterns and processes - eight hypotheses. Biological Reviews, 87(3):
661–685, aug 2012. ISSN 14647931. doi: 10.1111/j.1469-185X.2011.00216.x. URL
http://doi.wiley.com/10.1111/j.1469-185X.2011.00216.x.

[45] M Rundlöf and H G Smith. The effect of organic farming on butterfly diversity
depends on landscape context. Journal of Applied Ecology, 43(6):1121–1127, 2006.
ISSN 1365-2664. doi: 10.1111/j.1365-2664.2006.01233.x. URL http://dx.doi.org/10.
1111/j.1365-2664.2006.01233.x.

[46] Andrea Holzschuh, Ingolf Steffan-Dewenter, David Kleijn, and Teja Tscharntke. Di-
versity of flower-visiting bees in cereal fields: effects of farming system, landscape
composition and regional context. Journal of Applied Ecology, 44(1):41–49, 2007. ISSN
1365-2664. doi: 10.1111/j.1365-2664.2006.01259.x. URL http://dx.doi.org/10.1111/j.
1365-2664.2006.01259.x.

[47] Camilla Winqvist, Jan Bengtsson, Tsipe Aavik, Frank Berendse, Lars W Clement,
Sönke Eggers, Christina Fischer, Andreas Flohre, Flavia Geiger, Jaan Liira, Tomas
Pärt, Carsten Thies, Teja Tscharntke, Wolfgang W Weisser, and Riccardo Bommarco.
Mixed effects of organic farming and landscape complexity on farmland biodiversity
and biological control potential across Europe. Journal of Applied Ecology, 48(3):
570–579, jun 2011. ISSN 1365-2664. doi: 10.1111/j.1365-2664.2010.01950.x. URL
http://dx.doi.org/10.1111/j.1365-2664.2010.01950.x.

116

http://dx.doi.org/10.1111/j.1461-0248.2008.01157.x
http://doi.wiley.com/10.1890/07-1265.1
http://dx.doi.org/10.1111/j.1461-0248.2011.01642.x
http://doi.wiley.com/10.1111/j.1469-185X.2011.00216.x
http://dx.doi.org/10.1111/j.1365-2664.2006.01233.x
http://dx.doi.org/10.1111/j.1365-2664.2006.01233.x
http://dx.doi.org/10.1111/j.1365-2664.2006.01259.x
http://dx.doi.org/10.1111/j.1365-2664.2006.01259.x
http://dx.doi.org/10.1111/j.1365-2664.2010.01950.x


Bibliography

[48] Lora A. Morandin, Mark L. Winston, Virginia A. Abbott, and Michelle T. Franklin.
Can pastureland increase wild bee abundance in agriculturally intense areas? Basic and
Applied Ecology, 8(2):117–124, 2007. ISSN 16180089. doi: 10.1016/j.baae.2006.06.003.
URL http://www.sciencedirect.com/science/article/pii/S1439179106000569.

[49] Eeva Liisa Korpela, Terho Hyvönen, Sami Lindgren, and Mikko Kuussaari. Can
pollination services, species diversity and conservation be simultaneously promoted
by sown wildflower strips on farmland? Agriculture, Ecosystems and Environment,
179(0):18–24, 2013. ISSN 01678809. doi: 10.1016/j.agee.2013.07.001. URL http:
//www.sciencedirect.com/science/article/pii/S0167880913002363.

[50] Clara I. Nicholls and Miguel A. Altieri. Plant biodiversity enhances bees and other
insect pollinators in agroecosystems. A review. Agronomy for Sustainable Development,
33(2):257–274, 2013. ISSN 17740746. doi: 10.1007/s13593-012-0092-y. URL http:
//dx.doi.org/10.1007/s13593-012-0092-y.

[51] Sonja Stutz and Martin H. Entling. Effects of the landscape context on aphid-ant-
predator interactions on cherry trees. Biological Control, 57(1):37–43, 2011. ISSN
10499644. doi: 10.1016/j.biocontrol.2011.01.001.

[52] Linda J. Thomson and Ary A. Hoffmann. Natural enemy responses and pest control:
Importance of local vegetation. Biological Control, 52(2):160–166, 2010. ISSN 10499644.
doi: 10.1016/j.biocontrol.2009.10.008.

[53] J.M. Holland, H. Oaten, S. Southway, and S. Moreby. The effectiveness of field margin
enhancement for cereal aphid control by different natural enemy guilds. Biological
Control, 47(1):71–76, 2008. ISSN 10499644. doi: 10.1016/j.biocontrol.2008.06.010.

[54] J.M. Holland, H. Oaten, S. Moreby, T. Birkett, J. Simper, S. Southway, and B.M.
Smith. Agri-environment scheme enhancing ecosystem services: A demonstration of
improved biological control in cereal crops. Agriculture, Ecosystems & Environment,
155:147–152, 2012. ISSN 01678809. doi: 10.1016/j.agee.2012.04.014.

[55] Nigel D Boatman, Hazel R Parry, Julie D Bishop, and Andrew G S Cuthbertson.
Impacts of agricultural change on farmland biodiversity in the UK. Hester RE, and
Harrison RM (eds), Biodiversity under threat, RSC Publishing, Cambridge, UK 2007,
pages 1–32, 2007.

[56] Clunie Keenleyside, Ben Allen, Kaley Hart, Henrietta Menadue, Vyara Stefanova,
Jaroslav Prazan, Irina Herzon, Thierry Clement, Andrea Povellato, and Mariusz
Maciejczak. Delivering environmental benefits through entry-level agri-environment
schemes in the EU. The Institute for European Environmental Policy, 2011.

[57] Jaboury Ghazoul. Challenges to the uptake of the ecosystem service rationale for
conservation. Conservation Biology, 21(6):1651–1652, 2007.

117

http://www.sciencedirect.com/science/article/pii/S1439179106000569
http://www.sciencedirect.com/science/article/pii/S0167880913002363
http://www.sciencedirect.com/science/article/pii/S0167880913002363
http://dx.doi.org/10.1007/s13593-012-0092-y
http://dx.doi.org/10.1007/s13593-012-0092-y


Bibliography

[58] Andrea Veres, Sandrine Petit, Cyrille Conord, and Claire Lavigne. Does landscape
composition affect pest abundance and their control by natural enemies? A review.
Agriculture, Ecosystems & Environment, 166:110–117, 2013. ISSN 01678809. doi:
10.1016/j.agee.2011.05.027.

[59] Taylor Ricketts, Gretchen Daily, Paul Ehrlich, and Charles Michener. Economic
value of tropical forest to coffee production. Proceedings of the National Academy of
Sciences of the United States of America, 101(42b7bf48-0103-4712-e897-be5eee7266c9):
12579–12661, 2004. ISSN 0027-8424. doi: 10.1073/pnas.0405147101. URL http:
//dx.doi.org/10.1073/pnas.0405147101.

[60] John M Holland, Felix JJA Bianchi, Martin H Entling, Anna-Camilla Moonen, Bar-
bara M Smith, and Philippe Jeanneret. Structure, function and management of
semi-natural habitats for conservation biological control: a review of European stud-
ies. Pest Management Science, 72(9):1638–1651, sep 2016. ISSN 1526498X. doi:
10.1002/ps.4318. URL http://doi.wiley.com/10.1002/ps.4318.

[61] Claire Kremen and REBECCA Chaplin-Kramer. Insects as providers of ecosystem
services: crop pollination and pest control. In Insect conservation biology: proceedings
of the royal entomological society’s 23rd symposium, pages 349–382, 2007.

[62] Georgianne J K Griffiths, John M Holland, Alastair Bailey, and Matthew B Thomas.
Efficacy and economics of shelter habitats for conservation biological control. Bi-
ological Control, 45(2):200–209, 2008. ISSN 1049-9644. doi: http://dx.doi.org/10.
1016/j.biocontrol.2007.09.002. URL http://www.sciencedirect.com/science/article/pii/
S1049964407002058.

[63] Riccardo Bommarco, David Kleijn, and Simon G. Potts. Ecological intensification:
Harnessing ecosystem services for food security. Trends in Ecology and Evolution, 28
(4):230–238, 2013. ISSN 01695347. doi: 10.1016/j.tree.2012.10.012.

[64] Deepa Senapathi, Jacobus C. Biesmeijer, Thomas D. Breeze, David Kleijn, Simon G.
Potts, and Luísa G. Carvalheiro. Pollinator conservation - The difference between
managing for pollination services and preserving pollinator diversity. Current Opinion
in Insect Science, 12:93–101, 2015. ISSN 22145745. doi: 10.1016/j.cois.2015.11.002.
URL http://www.sciencedirect.com/science/article/pii/S2214574515001650.

[65] David Kleijn, Rachael Winfree, Ignasi Bartomeus, Luísa G Carvalheiro, Mickaël Henry,
Rufus Isaacs, Alexandra-Maria Klein, Claire Kremen, Leithen K M’Gonigle, Romina
Rader, Taylor H Ricketts, Neal MWilliams, Nancy Lee Adamson, John S Ascher, András
Báldi, Péter Batáry, Faye Benjamin, Jacobus C Biesmeijer, Eleanor J Blitzer, Riccardo
Bommarco, Mariëtte R Brand, Vincent Bretagnolle, Lindsey Button, Daniel P Cariveau,
Rémy Chifflet, Jonathan F Colville, Bryan N Danforth, Elizabeth Elle, Michael P.D.
Garratt, Felix Herzog, Andrea Holzschuh, Brad G Howlett, Frank Jauker, Shalene

118

http://dx.doi.org/10.1073/pnas.0405147101
http://dx.doi.org/10.1073/pnas.0405147101
http://doi.wiley.com/10.1002/ps.4318
http://www.sciencedirect.com/science/article/pii/S1049964407002058
http://www.sciencedirect.com/science/article/pii/S1049964407002058
http://www.sciencedirect.com/science/article/pii/S2214574515001650


Bibliography

Jha, Eva Knop, Kristin M Krewenka, Violette Le Féon, Yael Mandelik, Emily A May,
Mia G Park, Gideon Pisanty, Menno Reemer, Verena Riedinger, Orianne Rollin, Maj
Rundlöf, Hillary S Sardiñas, Jeroen Scheper, Amber R Sciligo, Henrik G Smith, Ingolf
Steffan-Dewenter, Robbin Thorp, Teja Tscharntke, Jort Verhulst, Blandina F Viana,
Bernard E Vaissière, Ruan Veldtman, Catrin Westphal, Simon G Potts, and Simon G
Potts. Delivery of crop pollination services is an insufficient argument for wild pollinator
conservation. Nature Communications, 6(May):7414, jun 2015. ISSN 2041-1723. doi:
10.1038/ncomms8414. URL http://www.nature.com/doifinder/10.1038/ncomms8414.

[66] James E. Cresswell, Juliet L. Osborne, and David Goulson. An economic model of
the limits to foraging range in central place foragers with numerical solutions for
bumblebees. Ecological Entomology, 25(3):249–255, aug 2000. ISSN 0307-6946. doi:
10.1046/j.1365-2311.2000.00264.x. URL http://doi.wiley.com/10.1046/j.1365-2311.2000.
00264.x.

[67] Cyrille Violle, Marie-Laure Navas, Denis Vile, Elena Kazakou, Claire Fortunel, Irène
Hummel, and Eric Garnier. Let the concept of trait be functional! Oikos, 116
(5):882–892, 2007. ISSN 1600-0706. doi: 10.1111/j.0030-1299.2007.15559.x. URL
http://dx.doi.org/10.1111/j.0030-1299.2007.15559.x.

[68] Stéphane Dray, Philippe Choler, Sylvain Dolédec, Pedro R Peres-Neto, Wilfried Thuiller,
Sandrine Pavoine, and Cajo J F ter Braak. Combining the fourth-corner and the RLQ
methods for assessing trait responses to environmental variation. Ecology, 95(1):14–21,
2014. ISSN 1939-9170. doi: 10.1890/13-0196.1. URL http://dx.doi.org/10.1890/13-0196.
1.

[69] Sandra Díaz and Marcelo Cabido. Plant Functional Types and Ecosystem Function in
Relation to Global Change. Journal of Vegetation Science, 8(4):463–474, 1997. ISSN
11009233, 16541103. doi: 10.2307/3237198. URL http://www.jstor.org/stable/3237198.

[70] Paul A Keddy. Assembly and response rules: two goals for predictive community
ecology. Journal of Vegetation Science, 3(2):157–164, 1992. ISSN 1654-1103. doi:
10.2307/3235676. URL http://dx.doi.org/10.2307/3235676.

[71] Ingolf Steffan-Dewenter and Catrin Westphal. The interplay of pollinator diversity,
pollination services and landscape change. Journal of Applied Ecology, 45(3):737–741,
2008. ISSN 00218901. doi: 10.1111/j.1365-2664.2008.01483.x. URL http://dx.doi.org/
10.1111/j.1365-2664.2008.01483.x.

[72] Lorenzo Marini, Paolo Fontana, Andrea Battisti, and Kevin J. Gaston. Agricultural
management, vegetation traits and landscape drive orthopteran and butterfly diversity
in a grassland-forest mosaic: A multi-scale approach. Insect Conservation and Diversity,
2(3):213–220, 2009. ISSN 1752458X. doi: 10.1111/j.1752-4598.2009.00053.x. URL
http://dx.doi.org/10.1111/j.1752-4598.2009.00053.x.

119

http://www.nature.com/doifinder/10.1038/ncomms8414
http://doi.wiley.com/10.1046/j.1365-2311.2000.00264.x
http://doi.wiley.com/10.1046/j.1365-2311.2000.00264.x
http://dx.doi.org/10.1111/j.0030-1299.2007.15559.x
http://dx.doi.org/10.1890/13-0196.1
http://dx.doi.org/10.1890/13-0196.1
http://www.jstor.org/stable/3237198
http://dx.doi.org/10.2307/3235676
http://dx.doi.org/10.1111/j.1365-2664.2008.01483.x
http://dx.doi.org/10.1111/j.1365-2664.2008.01483.x
http://dx.doi.org/10.1111/j.1752-4598.2009.00053.x


Bibliography

[73] D Kleijn, R A Baquero, Y Clough, M Díaz, J De Esteban, F Fernández, D Gabriel,
F Herzog, A Holzschuh, R Jöhl, E Knop, A Kruess, E J P Marshall, I Steffan-
Dewenter, T Tscharntke, J Verhulst, T M West, and J L Yela. Mixed biodiversity
benefits of agri-environment schemes in five European countries. Ecology Letters, 9
(3):243–254, 2006. ISSN 1461-0248. doi: 10.1111/j.1461-0248.2005.00869.x. URL
http://dx.doi.org/10.1111/j.1461-0248.2005.00869.x.

[74] R.F. Pywell, E.a. Warman, L. Hulmes, S. Hulmes, P. Nuttall, T.H. Sparks, C.N.R.
Critchley, and a. Sherwood. Effectiveness of new agri-environment schemes in providing
foraging resources for bumblebees in intensively farmed landscapes. Biological Conser-
vation, 129(2):192–206, 2006. ISSN 00063207. doi: 10.1016/j.biocon.2005.10.034. URL
http://www.sciencedirect.com/science/article/pii/S0006320705004659.

[75] Brian Klinkenberg. E-flora BC : electronic atlas of the plants of British Columbia
[eflora.bc.ca], 2013. URL http://ibis.geog.ubc.ca/biodiversity/eflora/.

[76] Sandro Pignatti. Flora d’Italia. Edagricole, Bologna, 1982.

[77] Gionata Bocci. TR8: an R package for easily retrieving plant species traits. Methods in
Ecology and Evolution, 6(3):347–350, 2015. URL http://dx.doi.org/10.1111/2041-210X.
12327.

[78] L Rignanese. Flora Italiana, 2016. URL http://luirig.altervista.org/.

[79] P Julve. Baseflor. Index botanique, écologique et chorologique de la flore de France,
1998. URL http://perso.wanadoo.fr/philippe.julve/catminat.htm.

[80] S Pignatti, P Menegoni, and S Pietrosanti. Biondicazione attraverso le piante vascolari.
Valori di indicazione secondo Ellenberg (Zeigerwerte) per le specie della Flora d’Italia.
[Bioindication through vascular plants. Indicator values according to Ellenberg for
species of Italian Flora]. Braun-Blanquetia, 39:97, 2005.

[81] A H Fitter and H J Peat. The Ecological Flora Database. Journal of ecology, 82(2):
415–425, 1994. ISSN 0022-0477.

[82] W Klotz, S., Kühn, I., Durka. BIOLFLOR - Eine Datenbank zu biologisch-ökologischen
Merkmalen zur Flora von Deutschland. Schriftenreihe für Vegetationskunde, 38:1–333,
2002.

[83] M Kleyer, R M Bekker, I C Knevel, J P Bakker, K Thompson, M Sonnenschein,
P Poschlod, J M van Groenendael, L Klimeš, J Klimešová, S Klotz, G M Rusch,
M Hermy, D Adriaens, G Boedeltje, B Bossuyt, A Dannemann, P Endels, L Götzen-
berger, J G Hodgson, A-K. Jackel, I Kühn, D Kunzmann, W A Ozinga, C Römermann,
M Stadler, J Schlegelmilch, H J Steendam, O Tackenberg, B Wilmann, J H C Cor-
nelissen, O Eriksson, E Garnier, and B Peco. The LEDA Traitbase: a database
of life-history traits of the Northwest European flora. Journal of Ecology, 96(6):

120

http://dx.doi.org/10.1111/j.1461-0248.2005.00869.x
http://www.sciencedirect.com/science/article/pii/S0006320705004659
http://ibis.geog.ubc.ca/biodiversity/eflora/
http://dx.doi.org/10.1111/2041-210X.12327
http://dx.doi.org/10.1111/2041-210X.12327
http://luirig.altervista.org/
http://perso.wanadoo.fr/philippe.julve/catminat.htm


Bibliography

1266–1274, nov 2008. ISSN 00220477. doi: 10.1111/j.1365-2745.2008.01430.x. URL
http://doi.wiley.com/10.1111/j.1365-2745.2008.01430.x.

[84] Hermann Müller. Alpenblumen, ihre Befruchtung durch Insekten und ihre Anpassungen
an dieselben. 1881.

[85] Catrin Westphal, Riccardo Bommarco, Gabriel Carré, Ellen Lamborn, Nicolas Morison,
Theodora Petanidou, Simon G Potts, Steffan-Dewenter Ingolf, Stuart P M Roberts,
Hajnalka Szentgyörgyi, Thomas Tscheulin, Bernard E Vaissière, Michal Woyciechowski,
Jacobus C Biesmeijer, William E Kunin, and Josef Settele. Measuring Bee Diversity in
Different European Habitats and Biogeographical Regions. Ecological Monographs, 78
(4):653–671, 2008. ISSN 00129615. URL http://www.jstor.org/stable/27646159.

[86] Giovanni Burgio, Daniele Sommaggio, Mario Marini, Giovanna Puppi, Alessandro
Chiarucci, Sara Landi, Roberto Fabbri, Fausto Pesarini, Marco Genghini, Roberto
Ferrari, Enrico Muzzi, Joop C van Lenteren, and Antonio Masetti. The Influence
of Vegetation and Landscape Structural Connectivity on Butterflies (Lepidoptera:
Papilionoidea and Hesperiidae), Carabids (Coleoptera: Carabidae), Syrphids (Diptera:
Syrphidae), and Sawflies (Hymenoptera: Symphyta) in Northern Italy Farmland.
Environmental Entomology, 44(5):1299–1307, 2015. ISSN 0046-225X. doi: 10.1093/ee/
nvv105. URL http://ee.oxfordjournals.org/content/44/5/1299.

[87] Diego J. Inclán, Matteo Dainese, Pierfilippo Cerretti, Dino Paniccia, and Lorenzo
Marini. Spillover of tachinids and hoverflies from different field margins. Basic and
Applied Ecology, 17(1):33–42, 2016. ISSN 14391791. doi: 10.1016/j.baae.2015.08.005.

[88] Eileen F Power, Zoë Jackson, and Jane C Stout. Organic farming and landscape factors
affect abundance and richness of hoverflies (Diptera, Syrphidae) in grasslands. Insect
Conservation and Diversity, 9(3):244–253, 2016. ISSN 1752-4598. doi: 10.1111/icad.
12163. URL http://dx.doi.org/10.1111/icad.12163.

[89] Yannick R Delettre, Nathalie Morvan, Paul Tre’Hen, and Patrick Grootaert. Local
biodiversity and multi-habitat use in empidoid flies (Insecta: Diptera, Empidoidea).
Biodiversity and Conservation, 7(1):9–25, 1997. ISSN 1572-9710. doi: 10.1023/A:
1008851511301. URL http://dx.doi.org/10.1023/A:1008851511301.

[90] Françoise Burel, Jacques Baudry, Alain Butet, Philippe Clergeau, Yannick Delettre,
Didier Le Coeur, Florence Dubs, Nathalie Morvan, Gilles Paillat, Sandrine Petit,
Claudine Thenail, Etienne Brunel, and Jean-Claude Lefeuvre. Comparative biodiversity
along a gradient of agricultural landscapes. Acta Oecologica, 19(1):47–60, jan 1998.
ISSN 1146609X. doi: 10.1016/S1146-609X(98)80007-6. URL http://linkinghub.elsevier.
com/retrieve/pii/S1146609X98800076.

121

http://doi.wiley.com/10.1111/j.1365-2745.2008.01430.x
http://www.jstor.org/stable/27646159
http://ee.oxfordjournals.org/content/44/5/1299
http://dx.doi.org/10.1111/icad.12163
http://dx.doi.org/10.1023/A:1008851511301
http://linkinghub.elsevier.com/retrieve/pii/S1146609X98800076
http://linkinghub.elsevier.com/retrieve/pii/S1146609X98800076


Bibliography

[91] Ivan Gelbič and Jiří Olejníček. Ecology of Dolichopodidae (Diptera) in a wetland
habitat and their potential role as bioindicators. Open Life Sciences, 6(1):118–129,
2011. ISSN 2391-5412.

[92] Jan Frouz and Maurizio G Paoletti. Spatial distribution of different life stages of one
Dipteran community along hedgerow and field margin. Landscape and Urban Planning,
48(1):19–29, 2000. ISSN 01692046. doi: 10.1016/S0169-2046(99)00074-2.

[93] M Pollet and P Grootaert. Optimizing the water trap technique to collect Empidoidea
(Diptera). Studia dipterologica, 1(1):33–48, 1994.

[94] Sam Droege. Impact of color and size of bowl trap on numbers of bees captured, 2006.

[95] T’ai H Roulston, Stephen A Smith, and Amanda L Brewster. A Comparison of Pan
Trap and Intensive Net Sampling Techniques for Documenting a Bee (Hymenoptera:
Apiformes) Fauna. Journal of the Kansas Entomological Society, 80(2):179–181, apr
2007. ISSN 0022-8567. URL https://www.jstor.org/stable/25086376.

[96] T Toler, E W Evans, and Vincent J Tepedino. Pan-trapping for bees (Hymenoptera:
Apiformes) in Utah’s West Desert: the importance of color diversity. The Pan-Pacific
Entomologist, 81:103, 2005.

[97] Amots Dafni, Peter G Kevan, and Brian C Husband. Practical pollination biology.
Enviroquest Ltd, Cambridge, Ontario, Canada, 2005.

[98] Tina J. Yates and Ernest Pollard. Monitoring butterflies for ecology and conservation.
Chapman & Hall, London, 1993. ISBN 0412634600.

[99] Katherine C R Baldock, Jane Memmott, Juan Carlos Ruiz-Guajardo, Denis Roze,
and Graham N. Stone. Daily temporal structure in African savanna flower visitation
networks and consequences for network sampling. Ecology, 92(3):687–698, 2011. ISSN
00129658. doi: 10.1890/10-1110.1.

[100] S Dolédec, D Chessel, C J F ter Braak, and S Champely. Matching species traits to
environmental variables: a new three-table ordination method. Environmental and
Ecological Statistics, 3(2):143–166, 1996. ISSN 1573-3009. doi: 10.1007/BF02427859.
URL http://dx.doi.org/10.1007/BF02427859.

[101] Pierre Legendre, René Galzin, and Mireille L Harmelin-Vivien. Relating behavior to
habitat: solutions to the fourth-corner problem. Ecology, 78(2):547–562, mar 1997.
ISSN 1939-9170. doi: 10.1890/0012-9658(1997)078[0547:RBTHST]2.0.CO;2. URL
http://dx.doi.org/10.1890/0012-9658(1997)078[0547:RBTHST]2.0.CO;2.

[102] S Dray and A B Dufour. The ade4 package: implementing the duality diagram for
ecologists. Journal of Statistical Software, 22(4):1–20, 2007.

122

https://www.jstor.org/stable/25086376
http://dx.doi.org/10.1007/BF02427859
http://dx.doi.org/10.1890/0012-9658(1997)078[0547:RBTHST]2.0.CO;2


Bibliography

[103] Jari Oksanen, F Guillaume Blanchet, Michael Friendly, Roeland Kindt, Pierre Legendre,
Dan McGlinn, Peter R Minchin, R B O’Hara, Gavin L Simpson, Peter Solymos,
M Henry H Stevens, Eduard Szoecs, and Helene Wagner. vegan: Community Ecology
Package, 2016. URL https://cran.r-project.org/package=vegan.

[104] Alain F. Zuur, Elena N. Ieno, Neil Walker, Anatoly A. Saveliev, and Graham M.
Smith. Mixed effects models and extensions in ecology with R. Statistics for Biology
and Health. Springer New York, New York, NY, 2009. ISBN 978-0-387-87457-9. doi:
10.1007/978-0-387-87458-6. URL http://link.springer.com/10.1007/978-0-387-87458-6.

[105] R Core Team. R: A Language and Environment for Statistical Computing, 2016. URL
https://www.r-project.org/.

[106] Douglas Bates, Martin Mächler, Ben Bolker, and Steve Walker. Fitting Linear Mixed-
Effects Models Using {lme4}. Journal of Statistical Software, 67(1):1–48, 2015. doi:
10.18637/jss.v067.i01.

[107] Kamil Barton. MuMIn: Multi-Model Inference, 2016. URL https://cran.r-project.org/
package=MuMIn.

[108] John Fox. Effect Displays in {R} for Generalised Linear Models. Journal of Statistical
Software, 8(15):1–27, 2003. URL http://www.jstatsoft.org/v08/i15/.

[109] Russell V Lenth. Least-Squares Means: The {R} Package {lsmeans}. Journal of
Statistical Software, 69(1):1–33, 2016. doi: 10.18637/jss.v069.i01.

[110] Florian Kohler, Jort Verhulst, Roel Van Klink, and David Kleijn. 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, 2008. ISSN 1365-2664.
doi: 10.1111/j.1365-2664.2007.01394.x. URL http://dx.doi.org/10.1111/j.1365-2664.
2007.01394.x.

[111] Hillary S. Sardiñas and Claire Kremen. Pollination services from field-scale agricultural
diversification may be context-dependent. Agriculture, Ecosystems & Environment,
207(0):17–25, 2015. ISSN 01678809. doi: 10.1016/j.agee.2015.03.020. URL http:
//www.sciencedirect.com/science/article/pii/S0167880915001048.

[112] Claire Kremen, Neal M Williams, and Robbin W Thorp. Crop pollination from native
bees at risk from agricultural intensification. Proceedings of the National Academy of
Sciences of the United States of America, 99(26):16812–16816, 2002. ISSN 00278424. doi:
10.1073/pnas.262413599. URL http://www.pnas.org/content/99/26/16812.abstract.

[113] D A Landis and M J Haas. Influence of Landscape Structure on Abundance and Within-
Field Distribution of European Corn Borer (Lepidoptera: Pyralidae) Larval Parasitoids
in Michigan. Environmental Entomology, 21(2):409–416, 1992. ISSN 0046-225X. doi:
10.1093/ee/21.2.409. URL http://ee.oxfordjournals.org/content/21/2/409.

123

https://cran.r-project.org/package=vegan
http://link.springer.com/10.1007/978-0-387-87458-6
https://www.r-project.org/
https://cran.r-project.org/package=MuMIn
https://cran.r-project.org/package=MuMIn
http://www.jstatsoft.org/v08/i15/
http://dx.doi.org/10.1111/j.1365-2664.2007.01394.x
http://dx.doi.org/10.1111/j.1365-2664.2007.01394.x
http://www.sciencedirect.com/science/article/pii/S0167880915001048
http://www.sciencedirect.com/science/article/pii/S0167880915001048
http://www.pnas.org/content/99/26/16812.abstract
http://ee.oxfordjournals.org/content/21/2/409


Bibliography

[114] Luigi Boccaccio and Ruggero Petacchi. Landscape effects on the complex of Bactrocera
oleae parasitoids and implications for conservation biological control. Biocontrol, 54(5):
607–616, 2009.

[115] Elton W Herbert and H Shimanuki. Chemical composition and nutritive value of
bee-collected and bee-stored pollen. apidologie, 9(1):33–40, 1978.

[116] T’ai H Roulston and James H Cane. Pollen nutritional content and digestibility for
animals. Plant Systematics and Evolution, 222(1-4):187–209, 2000.

[117] L N Standifer. A comparison of the protein quality of pollens for growth-stimulation of
the hypopharyngeal glands and longevity of honey bees,Apis mellifera L. (Hymenoptera:
Apidae). Insectes Sociaux, 14(4):415–425, 1967. ISSN 1420-9098. doi: 10.1007/
BF02223687. URL http://dx.doi.org/10.1007/BF02223687.

[118] Justin O Schmidt, Steven C Thoenes, and M D Levin. Survival of Honey Bees,
Apis mellifera (Hymenoptera: Apidae), Fed Various Pollen Sources. Annals of the
Entomological Society of America, 80(2):176–183, 1987. ISSN 0013-8746. doi: 10.1093/
aesa/80.2.176. URL http://aesa.oxfordjournals.org/content/80/2/176.

[119] Garance Di Pasquale, Marion Salignon, Yves Le Conte, Luc P. Belzunces, Axel Decour-
tye, André Kretzschmar, Séverine Suchail, Jean Luc Brunet, and Cédric Alaux. Influence
of Pollen Nutrition on Honey Bee Health: Do Pollen Quality and Diversity Matter?
PLoS ONE, 8(8):e72016, 2013. ISSN 19326203. doi: 10.1371/journal.pone.0072016.
URL http://dx.doi.org/10.1371/journal.pone.0072016.

[120] Cédric Alaux, François Ducloz, Didier Crauser, and Yves Le Conte. Diet effects on
honeybee immunocompetence. Biology Letters, 2010. ISSN 1744-9561. doi: 10.1098/
rsbl.2009.0986. URL http://rsbl.royalsocietypublishing.org/content/early/2010/01/18/
rsbl.2009.0986.

[121] Jean-Noël Tasei and Pierrick Aupinel. Nutritive value of 15 single pollens and
pollen mixes tested on larvae produced by bumblebee workers (Bombus terrestris,
Hymenoptera: Apidae). Apidologie, 39(4):397–409, 2008. ISSN 0044-8435, 1297-9678.
doi: 10.1051/apido. URL http://link.springer.com/article/10.1051/apido:2008017.

[122] Fabrice Requier, Jean-François Odoux, Thierry Tamic, Nathalie Moreau, Mickaël Henry,
Axel Decourtye, and Vincent Bretagnolle. Honey bee diet in intensive farmland habitats
reveals an unexpectedly high flower richness and a major role of weeds. Ecological
Applications, 25(4):881–890, jun 2015. ISSN 1051-0761. doi: 10.1890/14-1011.1. URL
http://doi.wiley.com/10.1890/14-1011.1.

[123] K Crailsheim, L H W Schneider, N Hrassnigg, G Bühlmann, U Brosch, R Gmeinbauer,
and B Schöffmann. Pollen consumption and utilization in worker honeybees (Apis mellif-
era carnica): Dependence on individual age and function. Journal of Insect Physiology,

124

http://dx.doi.org/10.1007/BF02223687
http://aesa.oxfordjournals.org/content/80/2/176
http://dx.doi.org/10.1371/journal.pone.0072016
http://rsbl.royalsocietypublishing.org/content/early/2010/01/18/rsbl.2009.0986
http://rsbl.royalsocietypublishing.org/content/early/2010/01/18/rsbl.2009.0986
http://link.springer.com/article/10.1051/apido:2008017
http://doi.wiley.com/10.1890/14-1011.1


Bibliography

38(6):409–419, 1992. ISSN 0022-1910. doi: http://dx.doi.org/10.1016/0022-1910(92)
90117-V. URL http://www.sciencedirect.com/science/article/pii/002219109290117V.

[124] Jaílson Santos de Novais, Luciene Cristina Lima e Lima, and Francisco de Assis
Ribeiro dos Santos. Botanical affinity of pollen harvested by Apis mellifera L. in
a semi-arid area from Bahia, Brazil. Grana, 48(3):224–234, 2009. ISSN 0017-3134.
doi: 10.1080/00173130903037725. URL http://www.tandfonline.com/doi/abs/10.1080/
00173130903037725.

[125] Claire Carvell, David B. Roy, Simon M. Smart, Richard F. Pywell, Chris D. Preston,
and Dave Goulson. Declines in forage availability for bumblebees at a national scale. Bi-
ological Conservation, 132(4):481–489, 2006. ISSN 00063207. doi: 10.1016/j.biocon.2006.
05.008. URL http://www.sciencedirect.com/science/article/pii/S0006320706002023.

[126] Ralph Grundel, Robert P. Jean, Krystalynn J. Frohnapple, Gary A. Glowacki, Peter E.
Scott, and Noel B. Pavlovic. Floral and nesting resources, habitat structure, and fire
influence bee distribution across an open-forest gradient. Ecological Applications, 20(6):
1678–1692, 2010. ISSN 10510761. doi: 10.1890/08-1792.1. URL http://dx.doi.org/10.
1890/08-1792.1.

[127] F.L. Wäckers. A comparison of nectar- and honeydew sugars with respect to their
utilization by the hymenopteran parasitoid Cotesia glomerata. Journal of Insect
Physiology, 47(9):1077–1084, 2001. ISSN 00221910. doi: 10.1016/S0022-1910(01)
00088-9.

[128] Jana C Lee, George E Heimpel, and Gary L Leibee. Comparing floral nectar and aphid
honeydew diets on the longevity and nutrient levels of a parasitoid wasp. Entomologia
Experimentalis et Applicata, 111(3):189–199, 2004. ISSN 1570-7458. doi: 10.1111/j.
0013-8703.2004.00165.x. URL http://dx.doi.org/10.1111/j.0013-8703.2004.00165.x.

[129] Jason M Tylianakis, Raphael K Didham, and Steve D Wratten. Improved fitness of
aphid parasitoids receiving resource subsidies. Ecology, 85(3):658–666, 2004. ISSN
1939-9170. doi: 10.1890/03-0222. URL http://dx.doi.org/10.1890/03-0222.

[130] James E Cresswell and Juliet L Osborne. The effect of patch size and separation on
bumblebee foraging in oilseed rape: implications for gene flow. Journal of Applied
Ecology, 41(3):539–546, 2004. ISSN 1365-2664. doi: 10.1111/j.0021-8901.2004.00912.x.
URL http://dx.doi.org/10.1111/j.0021-8901.2004.00912.x.

[131] Lucas A Garibaldi, Marcelo A Aizen, Alexandra M Klein, Saul A Cunningham, and
Lawrence D Harder. Global growth and stability of agricultural yield decrease with
pollinator dependence. Proceedings of the National Academy of Sciences of the United
States of America, 108(14):5909–5914, apr 2011. ISSN 0027-8424. doi: 10.1073/pnas.
1012431108. URL http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3078347/.

125

http://www.sciencedirect.com/science/article/pii/002219109290117V
http://www.tandfonline.com/doi/abs/10.1080/00173130903037725
http://www.tandfonline.com/doi/abs/10.1080/00173130903037725
http://www.sciencedirect.com/science/article/pii/S0006320706002023
http://dx.doi.org/10.1890/08-1792.1
http://dx.doi.org/10.1890/08-1792.1
http://dx.doi.org/10.1111/j.0013-8703.2004.00165.x
http://dx.doi.org/10.1890/03-0222
http://dx.doi.org/10.1111/j.0021-8901.2004.00912.x
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3078347/


Bibliography

[132] Marcelo A Aizen, Lucas A Garibaldi, Saul A Cunningham, and Alexandra M Klein.
Long-term global trends in crop yield and production reveal no current pollination
shortage but increasing pollinator dependency. Current biology, 18(20):1572–5, oct
2008. ISSN 0960-9822. doi: 10.1016/j.cub.2008.08.066. URL http://www.sciencedirect.
com/science/article/pii/S0960982208012402.

[133] Jaboury Ghazoul. Buzziness as usual? Questioning the global pollination crisis. Trends
in Ecology and Evolution, 20(7):367–373, 2005. ISSN 01695347. doi: 10.1016/j.tree.2005.
04.026. URL http://www.sciencedirect.com/science/article/pii/S0169534705001333.

[134] Peter Hazell and Stanley Wood. Drivers of change in global agriculture. Philo-
sophical transactions of the Royal Society of London. Series B, Biological sci-
ences, 363(1491):495–515, feb 2008. ISSN 0962-8436. doi: 10.1098/rstb.2007.2166.
URL http://www.ncbi.nlm.nih.gov/pubmed/17656343http://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=PMC2610166.

[135] Insu Koh, Eric V Lonsdorf, Neal M Williams, Claire Brittain, Rufus Isaacs, Jason
Gibbs, and Taylor H Ricketts. Modeling the status, trends, and impacts of wild bee
abundance in the United States. Proceedings of the National Academy of Sciences,
113(1):140–145, jan 2016. doi: 10.1073/pnas.1517685113. URL http://www.pnas.org/
content/113/1/140.abstract.

[136] Keith S Delaplane, Daniel R Mayer, and Daniel F Mayer. Crop pollination by bees.
Cabi, 2000. ISBN 085199783X.

[137] Norman Carreck and Ingrid Williams. The economic value of bees in the UK. Bee World,
79(3):115–123, jan 1998. ISSN 0005-772X. doi: 10.1080/0005772X.1998.11099393. URL
http://www.tandfonline.com/doi/full/10.1080/0005772X.1998.11099393.

[138] M Beekman and F L W Ratnieks. Long-range foraging by the honey-bee, Apis mellifera
L. Functional Ecology, 14(4):490–496, 1998. ISSN 02698463. doi: 10.1046/j.1365-2435.
2000.00443.x. URL isi:000089054800011.

[139] Ingolf Steffan-Dewenter and Arno Kuhn. Honeybee foraging in differentially structured
landscapes. Proceedings of the Royal Society of London B: Biological Sciences, 270
(1515):569–575, mar 2003. URL http://rspb.royalsocietypublishing.org/content/270/
1515/569.abstract.

[140] Sarah S. Greenleaf, Neal M. Williams, Rachael Winfree, and Claire Kremen. Bee
foraging ranges and their relationship to body size. Oecologia, 153(3):589–596, aug
2007. ISSN 00298549. doi: 10.1007/s00442-007-0752-9. URL http://link.springer.com/
10.1007/s00442-007-0752-9.

[141] Marcelo A. Aizen and Lawrence D. Harder. The Global Stock of Domesticated Honey
Bees Is Growing Slower Than Agricultural Demand for Pollination. Current Biology,
19(11):915–918, 2009. ISSN 09609822. doi: 10.1016/j.cub.2009.03.071.

126

http://www.sciencedirect.com/science/article/pii/S0960982208012402
http://www.sciencedirect.com/science/article/pii/S0960982208012402
http://www.sciencedirect.com/science/article/pii/S0169534705001333
http://www.ncbi.nlm.nih.gov/pubmed/17656343 http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2610166
http://www.ncbi.nlm.nih.gov/pubmed/17656343 http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2610166
http://www.pnas.org/content/113/1/140.abstract
http://www.pnas.org/content/113/1/140.abstract
http://www.tandfonline.com/doi/full/10.1080/0005772X.1998.11099393
isi:000089054800011
http://rspb.royalsocietypublishing.org/content/270/1515/569.abstract
http://rspb.royalsocietypublishing.org/content/270/1515/569.abstract
http://link.springer.com/10.1007/s00442-007-0752-9
http://link.springer.com/10.1007/s00442-007-0752-9


Bibliography

[142] Simon G Potts, Stuart P M Roberts, Robin Dean, Gay Marris, Mike A Brown,
Richard Jones, Peter Neumann, and Josef Settele. Declines of managed honey bees
and beekeepers in Europe. Journal of Apicultural Research, 49(1):15–22, 2010. ISSN
0021-8839.

[143] National Research Council. Status of Pollinators in North America. National Academies
Press, Washington, D.C., apr 2007. ISBN 978-0-309-10289-6. doi: 10.17226/11761.
URL http://www.nap.edu/catalog/11761.

[144] Dennis VanEngelsdorp, Jerry Hayes Jr., Robyn M Underwood, and Jeffery Pettis.
A Survey of Honey Bee Colony Losses in the U.S., Fall 2007 to Spring 2008. PLoS
ONE, 3(12):1–6, 2009. ISSN 19326203. doi: 10.1371/journal.pone.0004071. URL
http://dx.doi.org/10.1371/journal.pone.0004071.

[145] Peter Rosenkranz, Pia Aumeier, and Bettina Ziegelmann. Biology and control of Varroa
destructor. Journal of invertebrate pathology, 103 Suppl:S96–119, jan 2010. ISSN
1096-0805. doi: 10.1016/j.jip.2009.07.016. URL http://www.sciencedirect.com/science/
article/pii/S0022201109001906.

[146] Noa Simon-Delso, Gilles San Martin, Etienne Bruneau, Laure Anne Minsart, Coralie
Mouret, and Louis Hautier. Honeybee colony disorder in crop areas: The role of
pesticides and viruses. PLoS ONE, 9(7):e103073, 2014. ISSN 19326203. doi: 10.1371/
journal.pone.0103073. URL http://dx.doi.org/10.1371/journal.pone.0103073.

[147] Jeroen P. Van der Sluijs, Noa Simon-Delso, Dave Goulson, Laura Maxim, Jean Marc
Bonmatin, and Luc P. Belzunces. Neonicotinoids, bee disorders and the sustainability
of pollinator services. Current Opinion in Environmental Sustainability, 5(3-4):293–
305, sep 2013. ISSN 18773435. doi: 10.1016/j.cosust.2013.05.007. URL http://www.
sciencedirect.com/science/article/pii/S1877343513000493.

[148] Dave Goulson, Elizabeth Nicholls, Cristina Botías, and Ellen L Rotheray. Bee declines
driven by combined stress from parasites, pesticides, and lack of flowers. Science,
347(6229):1–16, mar 2015. ISSN 1095-9203. doi: 10.1126/science.1255957. URL
http://science.sciencemag.org/content/347/6229/1255957.abstract.

[149] Robin F A Moritz and Silvio Erler. Lost colonies found in a data mine: Global honey
trade but not pests or pesticides as a major cause of regional honeybee colony declines.
Agriculture, Ecosystems and Environment, 216:44–50, 2016. ISSN 01678809. doi:
10.1016/j.agee.2015.09.027. URL http://www.sciencedirect.com/science/article/pii/
S0167880915300931.

[150] Kristine M. Smith, Elizabeth H. Loh, Melinda K. Rostal, Carlos M. Zambrana-Torrelio,
Luciana Mendiola, and Peter Daszak. Pathogens, pests, and economics: Drivers of
honey bee colony declines and losses. EcoHealth, 10(4):434–445, 2013. ISSN 16129210.
doi: 10.1007/s10393-013-0870-2.

127

http://www.nap.edu/catalog/11761
http://dx.doi.org/10.1371/journal.pone.0004071
http://www.sciencedirect.com/science/article/pii/S0022201109001906
http://www.sciencedirect.com/science/article/pii/S0022201109001906
http://dx.doi.org/10.1371/journal.pone.0103073
http://www.sciencedirect.com/science/article/pii/S1877343513000493
http://www.sciencedirect.com/science/article/pii/S1877343513000493
http://science.sciencemag.org/content/347/6229/1255957.abstract
http://www.sciencedirect.com/science/article/pii/S0167880915300931
http://www.sciencedirect.com/science/article/pii/S0167880915300931


Bibliography

[151] V T Rao, A R G Ranganatha, and M Ganesh. Evaluation of new inbreds, populations
and hybrids for autogamy in sunflower (Helianthus annuus L.). Research on Crops, 12
(1):198–202, 2011.

[152] V. Astiz, L. A. Iriarte, A. Flemmer, and L. F. Hernández. Self-compatibility in modern
hybrids of sunflower (Helianthus annuus L.). Fruit set in open and self-pollinated (bag
isolated) plants grown in two different locations. Helia, 34(54):129–138, 2011. ISSN
10181806. doi: 10.2298/HEL1154129A. URL http://www.degruyter.com/view/j/helia.
2011.34.issue-54/hel1154129a/hel1154129a.xml.

[153] Tim A Heard and Anne E Dollin. Stingless bee keeping in Australia: snapshot of an
infant industry. Bee World, 81(3):116–125, jan 2000. ISSN 0005-772X. doi: 10.1080/
0005772X.2000.11099481. URL http://dx.doi.org/10.1080/0005772X.2000.11099481.

[154] Sarah A Corbet and P G Willmer. Pollination of the yellow passionfruit: nectar, pollen
and carpenter bees. The Journal of Agricultural Science, 95(03):655–666, 1980. ISSN
1469-5146. URL http://dx.doi.org/10.1017/S0021859600088055.

[155] Miles Renauld, Alena Hutchinson, Gregory Loeb, Katja Poveda, and Heather Connelly.
Landscape Simplification Constrains Adult Size in a Native Ground-Nesting Bee. PLoS
ONE, 11(3):e0150946, mar 2016. URL http://dx.doi.org/10.1371/journal.pone.0150946.

[156] Heather Connelly, Katja Poveda, and Gregory Loeb. Landscape simplification decreases
wild bee pollination services to strawberry. Agriculture, Ecosystems & Environment,
211:51–56, dec 2015. ISSN 01678809. doi: 10.1016/j.agee.2015.05.004. URL http:
//www.sciencedirect.com/science/article/pii/S0167880915001863.

[157] Lucas A Garibaldi, Ingolf Steffan-Dewenter, Claire Kremen, Juan M Morales, Riccardo
Bommarco, Saul A Cunningham, Luísa G Carvalheiro, Natacha P Chacoff, Jan H
Dudenhöffer, Sarah S Greenleaf, Andrea Holzschuh, Rufus Isaacs, Kristin Krewenka,
Yael Mandelik, Margaret M Mayfield, Lora A Morandin, Simon G Potts, Taylor H
Ricketts, Hajnalka Szentgyörgyi, Blandina F Viana, Catrin Westphal, Rachael Winfree,
and Alexandra M Klein. Stability of pollination services decreases with isolation from
natural areas despite honey bee visits. Ecology Letters, 14(10):1062–1072, oct 2011.
ISSN 1461-0248. doi: 10.1111/j.1461-0248.2011.01669.x. URL http://dx.doi.org/10.
1111/j.1461-0248.2011.01669.x.

[158] Richard J Gill, Oscar Ramos-Rodriguez, and Nigel E Raine. Combined pesticide
exposure severely affects individual- and colony-level traits in bees. Nature, 491(7422):
105–108, nov 2012. ISSN 0028-0836. URL http://dx.doi.org/10.1038/nature11585.

[159] Christof W. Schneider, Jürgen Tautz, Bernd Grünewald, and Stefan Fuchs. RFID
tracking of sublethal effects of two neonicotinoid insecticides on the foraging behavior
of Apis mellifera. PLoS ONE, 7(1):1–9, jan 2012. ISSN 19326203. doi: 10.1371/journal.
pone.0030023. URL http://dx.doi.org/10.1371/journal.pone.0030023.

128

http://www.degruyter.com/view/j/helia.2011.34.issue-54/hel1154129a/hel1154129a.xml
http://www.degruyter.com/view/j/helia.2011.34.issue-54/hel1154129a/hel1154129a.xml
http://dx.doi.org/10.1080/0005772X.2000.11099481
http://dx.doi.org/10.1017/S0021859600088055
http://dx.doi.org/10.1371/journal.pone.0150946
http://www.sciencedirect.com/science/article/pii/S0167880915001863
http://www.sciencedirect.com/science/article/pii/S0167880915001863
http://dx.doi.org/10.1111/j.1461-0248.2011.01669.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01669.x
http://dx.doi.org/10.1038/nature11585
http://dx.doi.org/10.1371/journal.pone.0030023


Bibliography

[160] Mickaël Henry, Maxime Béguin, Fabrice Requier, Orianne Rollin, Jean-François Odoux,
Pierrick Aupinel, Jean Aptel, Sylvie Tchamitchian, and Axel Decourtye. A Common
Pesticide Decreases Foraging Success and Survival in Honey Bees. Science, 336(6079):
348–350, apr 2012. URL http://science.sciencemag.org/content/336/6079/348.abstract.

[161] Helen M Thompson. Behavioural Effects of Pesticides in Bees–Their Potential for
Use in Risk Assessment. Ecotoxicology, 12(1):317–330, 2003. ISSN 1573-3017. doi:
10.1023/A:1022575315413. URL http://dx.doi.org/10.1023/A:1022575315413.

[162] Food and Agricultural Organization of the United Nations. FAOSTAT Statistical
Databases, 2016. URL http://faostat.fao.org/.

[163] S Röbbelen, R Keith Downey, and Amram Ashri. Oilcrops of the world: their breeding
and utilization. McGraw-Hill Publishing company, 1989. ISBN 0070530815.

[164] Samuel Emmett McGregor. Insect pollination of cultivated crop plants, volume 496.
Agricultural Research Service, US Department of Agriculture, 1976. ISBN 0065-4612.

[165] Constanza Alberio, Natalia G. Izquierdo, Teresa Galella, Sebastián Zuil, Roberto Reid,
Andrés Zambelli, and Luis A.N. Aguirrezábal. A new sunflower high oleic mutation
confers stable oil grain fatty acid composition across environments. European Journal
of Agronomy, 73:25–33, 2016. ISSN 11610301. doi: 10.1016/j.eja.2015.10.003.

[166] J F Miller, D C Zimmerman, and B A Vick. Genetic Control of High Oleic
Acid Content in Sunflower Oil. Crop Science, 27:923–926, 1987. doi: 10.2135/
cropsci1987.0011183X002700050019x. URL http://dx.doi.org/10.2135/cropsci1987.
0011183X002700050019x.

[167] T D A Cockerell. Bees visiting Helianthus. The Canadian Entomologist, 46(12):409–415,
1914. ISSN 1918-3240.

[168] Regione Toscana - Sistema Informativo Territoriale ed Ambientale. GEOscopio WMS,
2016. URL http://www.regione.toscana.it/-/geoscopio-wms.

[169] QGIS Development Team. QGIS Geographic Information System, 2016. URL http:
//qgis.osgeo.org.

[170] A A Schneiter and J F Miller. Description of Sunflower Growth Stages. Crop Science,
21:901–903, 1981. doi: 10.2135/cropsci1981.0011183X002100060024x. URL http:
//dx.doi.org/10.2135/cropsci1981.0011183X002100060024x.

[171] D A Fournier, H J Skaug, J Ancheta, J Ianelli, A Magnusson, M N Maunder, A Nielsen,
and J Sibert. {AD Model Builder}: using automatic differentiation for statistical
inference of highly parameterized complex nonlinear models. Optim. Methods Softw.,
27:233–249, 2012.

129

http://science.sciencemag.org/content/336/6079/348.abstract
http://dx.doi.org/10.1023/A:1022575315413
http://faostat.fao.org/
http://dx.doi.org/10.2135/cropsci1987.0011183X002700050019x
http://dx.doi.org/10.2135/cropsci1987.0011183X002700050019x
http://www.regione.toscana.it/-/geoscopio-wms
http://qgis.osgeo.org
http://qgis.osgeo.org
http://dx.doi.org/10.2135/cropsci1981.0011183X002100060024x
http://dx.doi.org/10.2135/cropsci1981.0011183X002100060024x


Bibliography

[172] Hans Skaug, Dave Fournier, Ben Bolker, Arni Magnusson, and Anders Nielsen. Gener-
alized Linear Mixed Models using ’AD Model Builder’, 2016.

[173] Francisco Cribari-Neto and Achim Zeileis. Beta Regression in {R}. Journal of Statistical
Software, 34(2):1–24, 2010. URL http://www.jstatsoft.org/v34/i02/.

[174] J Nderitu, G Nyamasyo, M Kasina, and M L Oronje. Diversity of sunflower pollinators
and their effect on seed yield in Makueni District, Eastern Kenya. Spanish Journal of
Agricultural Research, 6(2):271–278, 2008. ISSN 2171-9292.

[175] G Degrandi-Hoffman and Mona Chambers. Effects of Honey Bee (Hymenoptera: Apidae)
Foraging on Seed Set in Self-fertile Sunflowers (Helianthus annuus L). Environmental
entomology, 35(4):1103–1108, 2006. ISSN 0046225X. doi: 10.1603/0046-225X-35.4.1103.
URL http://www.bioone.org/doi/abs/10.1603/0046-225X-35.4.1103.

[176] B. A. Woodcock, M. Edwards, J. Redhead, W. R. Meek, P. Nuttall, S. Falk,
M. Nowakowski, and R. F. Pywell. Crop flower visitation by honeybees, bumble-
bees and solitary bees: Behavioural differences and diversity responses to landscape.
Agriculture, Ecosystems and Environment, 171(0):1–8, 2013. ISSN 01678809. doi:
10.1016/j.agee.2013.03.005. URL http://www.sciencedirect.com/science/article/pii/
S0167880913000704.

[177] Sarah S Greenleaf and Claire Kremen. Wild bee species increase tomato production
and respond differently to surrounding land use in Northern California. Biological
Conservation, 133(1):81–87, nov 2006. ISSN 0006-3207. doi: http://dx.doi.org/10.
1016/j.biocon.2006.05.025. URL http://www.sciencedirect.com/science/article/pii/
S0006320706002242.

[178] Catrin Westphal, Ingolf Steffan-Dewenter, and Teja Tscharntke. Mass flowering crops
enhance pollinator densities at a landscape scale. Ecology Letters, 6(11):961–965, 2003.
ISSN 1461023X. doi: 10.1046/j.1461-0248.2003.00523.x. URL http://dx.doi.org/10.
1046/j.1461-0248.2003.00523.x.

[179] Andrea Holzschuh, Carsten F Dormann, Teja Tscharntke, and Ingolf Steffan-Dewenter.
Expansion of mass-flowering crops leads to transient pollinator dilution and reduced
wild plant pollination. Proceedings of the Royal Society B: Biological Sciences, apr
2011.

[180] Andrew Salisbury, James Armitage, Helen Bostock, Joe Perry, Mark Tatchell, and Ken
Thompson. Enhancing gardens as habitats for flower-visiting aerial insects (pollinators):
should we plant native or exotic species? Journal of Applied Ecology, 52(5):1156–1164,
2015. ISSN 1365-2664. doi: 10.1111/1365-2664.12499. URL http://dx.doi.org/10.1111/
1365-2664.12499.

130

http://www.jstatsoft.org/v34/i02/
http://www.bioone.org/doi/abs/10.1603/0046-225X-35.4.1103
http://www.sciencedirect.com/science/article/pii/S0167880913000704
http://www.sciencedirect.com/science/article/pii/S0167880913000704
http://www.sciencedirect.com/science/article/pii/S0006320706002242
http://www.sciencedirect.com/science/article/pii/S0006320706002242
http://dx.doi.org/10.1046/j.1461-0248.2003.00523.x
http://dx.doi.org/10.1046/j.1461-0248.2003.00523.x
http://dx.doi.org/10.1111/1365-2664.12499
http://dx.doi.org/10.1111/1365-2664.12499


Bibliography

[181] Ulrika Samnegård, Anna S. Persson, and Henrik G. Smith. Gardens benefit bees and
enhance pollination in intensively managed farmland. Biological Conservation, 144(11):
2602–2606, 2011. ISSN 00063207. doi: 10.1016/j.biocon.2011.07.008.

[182] Catrin Westphal, Ingolf Steffan-Dewenter, and Teja Tscharntke. Bumblebees experience
landscapes at different spatial scales: Possible implications for coexistence. Oecologia,
149(2):289–300, 2006. ISSN 00298549. doi: 10.1007/s00442-006-0448-6. URL http:
//dx.doi.org/10.1007/s00442-006-0448-6.

[183] J.L. Osborne, S.J. Clark, R.J. Morris, I.H. Williams, J.R. Riley, A.D. Smith, D.R.
Reynolds, and A.S. Edwards. A landscape-scale study of bumble bee foraging range
and constancy, using harmonic radar. Journal of Applied Ecology, 36(4):519–533, sep
1999. ISSN 0021-8901. doi: 10.1046/j.1365-2664.1999.00428.x. URL http://doi.wiley.
com/10.1046/j.1365-2664.1999.00428.x.

[184] W A J M De Costa and P Surenthran. Tree-crop interactions in hedgerow inter-
cropping with different tree species and tea in Sri Lanka: 1. Production and re-
source competition. Agroforestry Systems, 63(3):199–209, 2005. ISSN 1572-9680. doi:
10.1007/s10457-005-1090-8. URL http://dx.doi.org/10.1007/s10457-005-1090-8.

[185] Axel Decourtye, Eric Mader, and Nicolas Desneux. Landscape enhancement of floral
resources for honey bees in agro-ecosystems. Apidologie, 41(3):264–277, 2010. doi:
10.1051/apido/2010024. URL http://dx.doi.org/10.1051/apido/2010024.

[186] Dhruba Naug. Nutritional stress due to habitat loss may explain recent honeybee
colony collapses. 2009.

[187] Karl Crailsheim. The flow of jelly within a honeybee colony. Journal of Comparative
Physiology B, 162(8):681–689, 1992. ISSN 1432-136X. doi: 10.1007/BF00301617. URL
http://dx.doi.org/10.1007/BF00301617.

[188] Irene Keller, Peter Fluri, and Anton Imdorf. Pollen nutrition and colony development
in honey bees: part 1. Bee World, 86(1):3–10, 2005.

[189] Robert G Stanley and Hans F Linskens. Pollen: biology biochemistry management.
Springer Science & Business Media, 2012.

[190] P Lavie and J Fresnaye. Étude expérimentale de la trappe à pollen en position supérieure.
Ann. Abeille, 6(4):277–301, 1963.

[191] L.B. Almeida-Muradian, Lucila C. Pamplona, Sílvia Coimbra, and Ortrud Monika
Barth. Chemical composition and botanical evaluation of dried bee pollen pellets.
Journal of Food Composition and Analysis, 18(1):105–111, feb 2005. ISSN 08891575.
doi: 10.1016/j.jfca.2003.10.008. URL http://www.sciencedirect.com/science/article/
pii/S0889157503001625.

131

http://dx.doi.org/10.1007/s00442-006-0448-6
http://dx.doi.org/10.1007/s00442-006-0448-6
http://doi.wiley.com/10.1046/j.1365-2664.1999.00428.x
http://doi.wiley.com/10.1046/j.1365-2664.1999.00428.x
http://dx.doi.org/10.1007/s10457-005-1090-8
http://dx.doi.org/10.1051/apido/2010024
http://dx.doi.org/10.1007/BF00301617
http://www.sciencedirect.com/science/article/pii/S0889157503001625
http://www.sciencedirect.com/science/article/pii/S0889157503001625


Bibliography

[192] William Kirk. A colour guide to pollen loads of the honey bee. International Bee
Research Association, 1994.

[193] David Tilman and John A Downing. Biodiversity and Stability in Grasslands, pages
3–7. Springer New York, New York, NY, 1996. ISBN 978-1-4612-4018-1. doi: 10.1007/
978-1-4612-4018-1_1. URL http://dx.doi.org/10.1007/978-1-4612-4018-1{_}1.

[194] Jimena Dorado and Diego P Vázquez. The diversity–stability relationship in floral
production. Oikos, 123(9):1137–1143, 2014. ISSN 1600-0706. doi: 10.1111/oik.00983.
URL http://dx.doi.org/10.1111/oik.00983.

[195] C F Dormann, J Fründ, N Bluthgen, and B Gruber. Indices, graphs and null models:
analysing bipartite ecological networks. The Open Ecology Journal, 2:7–24, 2009. ISSN
18742130. doi: 10.2174/1874213000902010007.

[196] Carsten F Dormann, Bernd Gruber, and Jochen Fründ. Introducing the bipartite
Package: Analysing Ecological Networks. R News, 8(October):8–11, 2008. ISSN
18742130. doi: 10.1159/000265935.

[197] Anne Ebeling, Alexandra Maria Klein, Jens Schumacher, Wolfgang W. Weisser, and
Teja Tscharntke. How does plant richness affect pollinator richness and temporal
stability of flower visits? Oikos, 117(12):1808–1815, 2008. ISSN 00301299. doi: 10.1111/
j.1600-0706.2008.16819.x. URL http://dx.doi.org/10.1111/j.1600-0706.2008.16819.x.

[198] Stephanie A. Socher, Daniel Prati, Steffen Boch, Jörg Müller, Henryk Baumbach, Sonja
Gockel, Andreas Hemp, Ingo Schöning, Konstans Wells, François Buscot, Elisabeth
K V Kalko, Karl Eduard Linsenmair, Ernst Detlef Schulze, Wolfgang W. Weisser, and
Markus Fischer. Interacting effects of fertilization, mowing and grazing on plant species
diversity of 1500 grasslands in Germany differ between regions. Basic and Applied
Ecology, 14(2):126–136, 2013. ISSN 14391791. doi: 10.1016/j.baae.2012.12.003.

[199] Simon G. Potts, Betsy Vulliamy, Amots Dafni, Gidi Ne’eman, and Pat Willmer.
Linking bees and flowers: How do floral communities structure pollinator communities?
Ecology, 84(10):2628–2642, 2003. ISSN 00129658. doi: 10.1890/02-0136. URL http:
//dx.doi.org/10.1890/02-0136.

[200] Orianne Rollin, Vincent Bretagnolle, Axel Decourtye, Jean Aptel, Nadia Michel,
Bernard E. Vaissière, and Mickaël Henry. Differences of floral resource use between
honey bees and wild bees in an intensive farming system. Agriculture, Ecosystems &
Environment, 179:78–86, 2013. ISSN 01678809. doi: 10.1016/j.agee.2013.07.007.

[201] P.J. Croxton, C. Carvell, J.O. Mountford, and T.H. Sparks. A comparison of green lanes
and field margins as bumblebee habitat in an arable landscape. Biological Conservation,
107(3):365–374, 2002. ISSN 00063207. doi: 10.1016/S0006-3207(02)00074-5.

132

http://dx.doi.org/10.1007/978-1-4612-4018-1{_}1
http://dx.doi.org/10.1111/oik.00983
http://dx.doi.org/10.1111/j.1600-0706.2008.16819.x
http://dx.doi.org/10.1890/02-0136
http://dx.doi.org/10.1890/02-0136


Bibliography

[202] Ingolf Steffan-Dewenter. Importance of Habitat Area and Landscape Context for Species
Richness of Bees and Wasps in Fragmented Orchard Meadows. Conservation Biology,
17(4):1036–1044, aug 2003. ISSN 08888892. doi: 10.1046/j.1523-1739.2003.01575.x.
URL http://doi.wiley.com/10.1046/j.1523-1739.2003.01575.x.

[203] Mélissa Girard, Madeleine Chagnon, and Valérie Fournier. Pollen diversity collected
by honey bees in the vicinity of Vaccinium spp. crops and its importance for colony
development. Botany, 90(7):545–555, 2012. doi: 10.1139/b2012-049. URL http:
//dx.doi.org/10.1139/b2012-049.

[204] Kyle S Kwaiser and Stephen D Hendrix. Diversity and abundance of bees (Hymenoptera:
Apiformes) in native and ruderal grasslands of agriculturally dominated landscapes.
Agriculture, Ecosystems & Environment, 124(3–4):200–204, 2008. doi: http://dx.doi.
org/10.1016/j.agee.2007.09.012. URL http://www.sciencedirect.com/science/article/
pii/S0167880907002381.

[205] Carsten Thies, Ingolf Steffan-Dewenter, and Teja Tscharntke. Effects of landscape
context on herbivory and parasitism at different spatial scales. Oikos, 101(1):18–
25, apr 2003. ISSN 0030-1299. doi: 10.1034/j.1600-0706.2003.12567.x. URL http:
//doi.wiley.com/10.1034/j.1600-0706.2003.12567.x.

[206] Rachael Winfree, Neal M. Williams, Jonathan Dushoff, and Claire Kremen. Native
bees provide insurance against ongoing honey bee losses. Ecology Letters, 10(11):
1105–1113, 2007. ISSN 1461023X. doi: 10.1111/j.1461-0248.2007.01110.x. URL
http://dx.doi.org/10.1111/j.1461-0248.2007.01110.x.

[207] T. D. Breeze, A. P. Bailey, K. G. Balcombe, and S. G. Potts. Costing conservation: An
expert appraisal of the pollinator habitat benefits of England’s entry level stewardship.
Biodiversity and Conservation, 23(5):1193–1214, 2014. ISSN 15729710. doi: 10.1007/
s10531-014-0660-3. URL http://dx.doi.org/10.1007/s10531-014-0660-3.

[208] Taylor H. Ricketts and Eric Lonsdorf. Mapping the margin: Comparing marginal
values of tropical forest remnants for pollination services. Ecological Applications, 23
(5):1113–1123, 2013. ISSN 10510761. doi: 10.1890/12-1600.1. URL http://dx.doi.org/
10.1890/12-1600.1.

133

http://doi.wiley.com/10.1046/j.1523-1739.2003.01575.x
http://dx.doi.org/10.1139/b2012-049
http://dx.doi.org/10.1139/b2012-049
http://www.sciencedirect.com/science/article/pii/S0167880907002381
http://www.sciencedirect.com/science/article/pii/S0167880907002381
http://doi.wiley.com/10.1034/j.1600-0706.2003.12567.x
http://doi.wiley.com/10.1034/j.1600-0706.2003.12567.x
http://dx.doi.org/10.1111/j.1461-0248.2007.01110.x
http://dx.doi.org/10.1007/s10531-014-0660-3
http://dx.doi.org/10.1890/12-1600.1
http://dx.doi.org/10.1890/12-1600.1




      

 


	Declaration
	Summary
	Acknowledgements
	Collaborations and co-authorship
	Table of Contents
	General introduction
	Ecosystem services for agricultural activity
	Threatening dynamics and mitigation strategies
	Scale issues
	Current situation and research needs
	Framework and general objectives

	Potential of semi-natural habitats to support pollination and pest control services
	Abstract
	Introduction
	Material & Methods
	Results
	Discussion
	Conclusions and implications
	Acknowledgements

	Pollination service status of sunflower in a Mediterranean context. Local and landscape drivers
	Abstract
	Introduction
	Material & Methods
	Results
	Discussion
	Conclusions and implications
	Acknowledgements

	Disentangling resource offer of semi-natural habitats and honey bee diet in a Mediterranean context
	Abstract
	Introduction
	Material & Methods
	Results
	Discussion
	Conclusions and implications
	Acknowledgements

	General discussion and future directions
	Semi-natural habitats and ecosystem service provision
	Status of pollination and implications for sunflower production
	Honey bee friendly farmland
	General conclusions, implications and future directions

	Supplementary material
	Chapter Two
	Chapter Three
	Chapter Four

	List of Figures
	List of Tables
	Bibliography

