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In the contemporary pursuit of sustainable development, understanding the
relationship among ecosystems, biodiversity, and human -lbwahg is crucial,
especially in urban and periurban contexts. Biodiversity is the foundation of human
health and organismisiteracting in ecosystems provide ecosystem services that are
essential to ensure the qualitpf both natural systems and human welfare.
However, these delicate balances are jeopardized by various humdaced
pressures, including changes in land use and land cover, pollution, resource
overexploitation and climate change.

International programs, like the EU Green Deal, have outlined strategies for
sustainable development, emphasizing the priority of enhancing biodiversity and
human wellbeing. However, significant scientific knowledge gaps persist,
especially concerning thenpact of human activities on biodiversity and ecological
interactions. These gaps hinder the effectiveness of ecological restoration efforts in
urban and agricultural environments.

In this context, animainediated pollination stands out as a compelling
investigation target due to its pivotal role in agriculture, food security, and

biodiversity conservation. Comprehensive understanding of the dynamics ofinsect



plant relationships, particularly in anthropized environments, is fundamental for
strengthening pollination processes and generating resilient ecosystems

This thesis adopts a comprehensive midtiel integrative approach to explore
neglected facets of the intricate relationship between environments, insect
pollinators, and food security. Specifically, we investigated i) the impact of land use
and urban heaisland effecton the chemistry of flower rewards (i.e., pollen and
nectar); ii) the repercussion of landscape fragmentation and local flower richness
on the quality and composition of a generalist pollinator diet; iii) the role of insect
mediated pollination on the commerciglality and the nutraceutical value of two
phylogenetically distant crops.

The first chapter introduces an innovative tool for pollen samp{Dase _study)

and provides a comparative analysis of multiple pollen and nectar sampling
techniques(Case studw)l. The new tool, based on the use of an adapted portable
vacuum, is characterized by higher recovery efficieaggl precisionin isolating
pollen grains from other floral tissues, compared to traditional methods. The
comparative investigation conducted emphasized the need for standardization of
the sampling techniques to produce reliable and shareable data, as significant
biasedn the chemical characterization were introduced by certain methods, mainly
due to ectopic contamination of the pollen matrices

These methodological advances made the investigation of the impacts of land use

and Urban Heat Island on pollen and nectar chemistry eéS@se studyl). These
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significantly influencing their health status and indirectly contributing to the
preservation of efficient pollination service. Flower resources sampled from 7
different meadows speaes at 16 sites, distributed along gradients of urbanization
and agricultural intensification in the metropolitan area of Milan, were analyzed.
The study revealed significant effects of land use and temperature on pollen and
nectar nutrient profiles. Spedically, agricultural intensification was associated
with decreased sugars and increased antioxidant content of flower rewards, while
urbanization was positively associated with the total flavonoid content in pollen.
The impact of land use was also camigd through untargeted metabolomic
analyses that revealed significamariation in thephytochemical profiles of the
pollen of somespeciesalong theland use gradientsonsidered

The second chapter shifts the focus from plamts insects investigating the
nutritional profile and composition of the diet of a generalist pollinator species
(Bombus terrestg) in fragmented habitat§Case study). Commercial colonies of

B. terrestriswere positioned at 14 sites in the city of Milan characterized by
different degrees of habitat fragmentation. The nutritional composition of the
pollen pellet transported by foragers was analyzed by means of analytical chemistry
techniques, providing detld insights into their macronutrient and phytochemical
content. Simultaneously, a description of the taxonomic composition of the pollen

was achieved through a High Throughput Sequencing DNA metabarcoding



approach, allowing for a precise identification of plant species contributing to the
diet. We found mostly negative linear or ndinear relationships between
nutritional quality of pollen loads and habitat fragmentation. The study also
revealed tight assoations between plant composition and nutrition. Additionally,
longer foragingimes were observed in areas characterized by a lower amount of
green patches. Thesmdings areclear indicators of how habitat fragmentation can
pose constraints to bumblebee foraging and compromise resource accessibility,
thus impacting on multiple aspects of their nutritional ecology.

Overall, the results presented in the first two chapters emphasize the need for
targeted conservation efforts in anthropized environments. Indeed, our research
encourages the adoption of local management strategies and landscape planning
policies. These itiatives should baimed atensuring access for pollinators to both

an adequate quantity and quality of resources, thereby enhancing ecosystems
functioning and resilience.

In the third chapter, we investigated the direct effects of pollination on plants,
specifically examining the influence of insguoediated pollination on fruit quality

and chemical compositiofCase study/). Experiments were conducted on two
species (i.e.Fragaria vescd. andVigna unguiculatd.. Walp.) exposed to three
different pollination treatments. Specifically, i) flowers were forced to-pelfinate

by covering them with plastic bags, ii) flowers were manually pollinated with the

pollen from a different individual, or iii) flowers wereftl free to be visited by



insects. Higher commercial quality of ins@ailinated fruit was observed and, for

the very first time, it was demonstrated that pollination mediated by insects
influence the phytochemical profile of fruits and seed&lild strawberries
originating from flowers pollinated by insects showed higher concentration of many
secondary metabolites endowed with nutraceutical properties (e.g., anthocyanins,
flavonoids, ellagic acid derivatives,) compared to-seif handpollinated ores

while in cowpea most of the secondary compoundsccurred at higher
concentrationsin self pollinated seedsNotably, in both species, many anti
nutrients such as tannins and saponins were more expressed in self pollination
treatments, suggesting possible stress phenomena occurring at the embryo
development level. These results have both ecological implicati@tated for
example toseed dispersal and plant defences, and implications for food security
and human wetbeing at the dietary level.

Overall, this thesis advances the current understanding of the intricate
relationships between land use intensification, pollinator nutritional ecology, and
human food security. The obtained results offer valuable guidelines for the
implementation of poliator monitoring strategies and serve as a clarion call for
holistic conservation endeavors, fostering ecosystems resilience and supporting

food security and human weltleing






Table of contents

Part | - INTFOAUCTION .....eeiiiiieie ettt e e et e e e s nreeeeaae 1
/| KFftSy3aSa F2NJ . A2RAMASNBAGLE..AY....0KS..byS 1| S
t2ftAYyla2y 902A4240SY. . ASNIAOS ..l (ho)
LyaSod LRt fy iBENBR Sy, IR W .Sy .0.4............. M O
LYLI OlG 27F fFyR dzaS..2y.. LR LAY LEG2NEA. . yHdal NR o 2
¢KS NRES 2F FYyAYFf LRELAY.La2Y. . .E2NL.F22R &85
RO =R R @ =T 75 WSRO Qo
OELISNRA YS Y lib it REEATY e, oc
A S U KZ2.RA ettt QT
{8 Y 2LLIA. A B it n ¢

Part Il - PUBIICALIONS. ......coiiiiiiiiiiiiee ettt n e 54

[ KFLIGISWOIRL DG I yR dzaS az2yNs NBE - 8P R ARNFAOG I NI
/a8 g4itdRRE YLI y208t FyR S50 0F N2 6 SNRBPE Y LI Ay
/4SS XGdRPEHBY Byl feaOlf NBtAFLOAtAGE 2F GNIRAaz2Yyl
AdERE 2 F D2 ASNI.INB. AL NRE oo y C

/ &S &cq] dzig# S LA dzSy O Say GikySi N dai2NAk SR D2 YLIR aAe2y 2
NEB gl NRE ¢5NESYMigRARAR Y | ( SR .L.LY.RAQLLISA ..o, MMM

/| KI LGS WD @BF KI oA GE G FNF 3Y Iy §Idai N o2y e 1500

I &S {qidz®RaFN2 IS Sy it a2y O2yaiNIAya odzvoft $§68S ydzi

= YA B N 0 - TS HNno
[ KIFE LImMSNGSIL LAyaA3daKda Ayid2 GKS NS 2F LRt f
FYR OKSYAAUNE. .o, Hpo
I &S {ct dR@NVERZey GKS (F 0% SNRIAY 42 B KNIyaa S i 2LIKE Ay | o 2
ASSR OKSYAAGNE LYy.R.OZY.YSNDALL... Akf.dzS. ... Hpn
Part 111 T Conclusions and final remarks..............coiii e 294
JAE YA O R A v W NV A - WP H ¢p
(O3 N YA S T N S O N - TSR ono
F Y o] 01T o ) TP TR 305

(R LE] (=] (=] (o1 T 309






Part |
LY G§NRRdzOa 2Y






Challenges for Biodiversity in the One Health Era

In recent years, two fundamental principles regarding biodiversity have emerged
and gained consensus within the global scientific community and societal
stakeholders. Firstly, biodiversity is recognized as the foundation for human health,
and secondly, that organisms interacting in ecosystems are responsible for
providing ecosystem servicedliflenium Ecosystem assessmemd.EA, 20035.
tKSaS aSNIAOSE NS AYyRAALISyalotS 020K
well-being of human societies (Costanza et al., 2020). Although these key concepts
are essential to achieving global sustainable development (Wood et al., 2018),
biodiversity conservation and services are facing increasing challenges due to many
pressures, mainly arising from anthropic activities (Bellard et al., 2022; Maxwell et
al., 2016). Among these, land use change (Zimmermann et al., 2010), habitat
alteration Hanski, 2011), overexploitation of natural resources (Hilborn & Sinclair
2021), pollution (Groh et al., 2022), climate change (Habibullah et al., 2022), and
the outbreak of invasive species (Duenas et al., 2021; Padayachee et al. 2017) stand
first. The pnmary consequence of this scenario is that the provision of ecosystem

services is considered at risk (Boesing et al., 2020).

Concurrently, the increasing awareness of the intimate link between the health of

ecosystems and human w4deing has also sparked global attention towards the



conservation and restoration of ecosystems. Global initiatives involving
governments, academia, and civil society, such as the Intergovernmental Science
Policy Platform on Biodiversity and Ecosystem Services (IPBES), aim to promote
awareness of biodiversit ecosystems, and their contributions to human societies.
This objective finds tangible expression in the Sustainable Development Goals

(SDGs), outlined by the United Natioited NatiorUN, 201%, which stand as a

testament to the urgency of aligning human wedling with the preservation of our
environmental resources and the¢cognize the whole biosphere as the foundation

of the 17 SDGs. These goals aim to achieve synergy between humdneivgland

the maintenance of environmental resources by 2030. In this context, the One
Health vision recently emerged as a multidiscigin integrative, and systemic
framework within which the health of people, animals, and the environment
(including their reciprocal relationships) must be explored together to derive
holistic and effective guidelines or assumptions. This esestoral ajproach aligns

with the general policy strategy outlined in the European Green Deal (EGD),
presented by the European Commission in 2019 (European Commissoh, Pioe

EGD is a crucial part of the EU's plan to achieve the 2030 Agenda for Sustainable
5SSt 2LIYSYyd yR AdGa YFAY FAY A& G2 ai0N
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at the base of the EGD emerges clearly from the eight key areas that together

contribute to the ultimate climateelated goal (Fig. 1).
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Figure 1.The European Green Deal and the various elements that represent its key areas. Source:
European Commission 2019. Communication from the commission. The European Green Deal.

To reach these ambitious goals, the implementation of a legislative framework is
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Commission (European Corgsion, 2022). This proposal represents a key step in

policymaking toward the restoration of ecosystems, habitats, and species, standing

as the first continentvide, comprehensive law of this kind. The Nature Restoration

e
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Law is integral to the EGD, and its main goals are to enablgdomgand sustained
recovery of biodiverse and resilient nature, meet international commitments, and
contribute to achieving the EU climate mitigation and adaptation objectives. These
are translated into specific, legally binding targets for Member States, which will be
asked to formulate national restoration plans, outlining the projects and initiatives
they intend to pursue to achieve the EU targglember States will be required to
Lddzi Ay LI I OS SFFSOGADS NBAG2NI GA2Y YSI 2
and sea areas by 2030 with particular emphasis on urban areas and agricultural
ecosystems. Specifically, measuvgall have to be taken to increase higliversity
features on agricultural lands (such as hedgerows and flower strips) and to increase
green spaces and the amount of tree cover in cities. This focus on haheaad
landscapes is not only due to their signifitaole in drivingbiodiversity loss, but

also because they offer substantial opportunities for implementing effective
management strategiedn this political framework it must be underlined that the
concept of restoration must not only be interpreted in a radical way, (i.e.,
reforestation actiors and urban greening plans), but also as strategies to improve

the functionality of ecosystems by promoting resilience and evolution.

In this context, the demand for harmonized and innovative monitoring strategies
to track project progress and validate goals attainment is essential. These will

involve the development of tools for the collection and management of biodiversity



data that underpins scientific knowledge production. This urgency has been
underscore, for exampldyy the Biodiversa+ call launched in 2022 that deals with
GLYLINROSR GN¥yatl A2yt Y2yAG2NRy3 27

da0ASyO0S | yhps:/awdvibio8ivielaeu/2622/10/07/20222023joint-

call/). In this framework, the world of animatediated pollination emerges as one

of the most promising bioindicators. Pollinators provide a range of ecosystem
services (Gill et al., 2016; Matias et al., 2017) and with therefaching impacts on
agriculture food security, and biodiversity conservation, they stand as a compelling
investigation target. Among the vast plethora of pollinator animals, bees contribute
directly to various SDGs, including food security (SDG2) and biodiversity
conservation (SDG13eyond these direct contributions, bees have the potential

to impact a broader spectrum of SDGs target, as highlighted by Patel and colleagues
(2021), who identified connections between bees and 30 specific SDGs targets (Fig.
2). The importance of pollinats is also highlighted in the EGD and Nature

Restoration Law which set goals for the reversal of pollinator declines by 2030.

Overall, the investigation of pollination ecology provides a unique opportunity to
develop new biodiversity monitoring strategies, validate the efficacy of territorial
management policy, and ultimately draw a comprehensive picture of the profound

connectims and interdependency of environmental, animal, and human health.


https://www.biodiversa.eu/2022/10/07/2022-2023-joint-call/
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Figure 2.The figure represents the overarching themes in which pollinators can contribute to

sustainable development goals.



Pollination Ecosystem service

Among the multiple ecosystem services to which pollinators directly or indirectly
contribute, pollination represents the main one. Anirma¢diated pollination is
essential for the reproduction of both wild and cultivated flowering plants (Ollerton
et al.,2011; Potts et al., 2010), and maintaining pkpollinator interactions is the
basis for the function and sustainability of healthy ecosystems. Recent estimates by
Tong et al. (2023) indicated that 90 % of flowering plants rely on aspoiihation
(Fig.3), surpassing even the previous estimate made by Ollerton ef2@lL1)

accordingo whom it ranged between 85% and 87.5%.

GBIF

ABP
22.58%

BP & |
67.53% ‘ 88.49% 89.79%

ABP
ABP

24.88%

BP

BP

63.53% 90.47%

88.11%

Family Genus Species

[ ABP [ Dual []BP

Figure 3Percentages of biotic (BP), abiotic (ABP), and ambophilous (Dual) pollination based on the
results of the literature search by Tong et al. 2023 and the use of the most complete angiosperm
name databases GBIF and WFO (accessed in February 2023).

¢



These data pinpoint the crucial importance of pollinators conservation, especially
insects, representing the most widespread group in the pollinator guild (Ollerton,
2017). Bees, despite not being the most speciels group among insect
pollinators, domimte in almost every region except for the Arctic ones, where flies
prevail (Ollerton, 2017). Bees are also among the most efficient pollinators due to
their ability to transport a large number of pollen grains and their heavy reliance on
floral resources @mpared to other pollinators (Ollerton, 2017; Jhonson &
Anderson, 2010). Other insect orders such as Lepidoptera, Diptera, Coleoptera, and
non-bee Hymenoptera contribute significantly to the provision of the ecosystem
service of pollination (Rader et al., 2020). Among dipterans, the Syrphidae family
for example is one of the major groups of ndiee flower visitors and visits a
comparable proportion of flowers to those visited by Hymenoptera (Klecka et al.,

2018).

The undeniable connection between pollination and human Hweihg is
underscored by its incontrovertible economic value, primarily derived from its role
in agricultural production and food security (IPBES 2016). Pollhdajpendent
crops contribute to abut 35% of overall crop production by volume (IPBES 2016),
and crop pollination service has a value estimated to range from US$195 billion to

~US$387 billion annuallyPérto et al., 2020 Acknowledging the significance of

pollination for modern societies is a pivotal issue, espec@lysideringrecent

M
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assessments revealing declines in wild pollinators in both Europe and North
America (Potts et al., 2010). Despite the urgency posed by these declines, data
shortfalls and the absence of comprehensive monitoring programs persist in many
regions worldwide (imberlake and Morgan, 2018). This knowledge gap becomes
even more apparent when considering the limited evaluation of the global
conservation status of bee species, with a significant proportion categorized as
"data deficient" (IUCN, 2019). This alarminguaion has been effectively
highlighted byNieto et al. (2014)who pointed out the high likelihood that a
substantial number of unstudied species might also be under threat. This concern
is echoed by the research conducted by Goulson and colleagues (2015), who argued
that the declines observed in Europe and Northekita are probably indicative of
similar trends in other unexamined regions across the globe. This situation
underscores the urgency of comprehensive research and conservation efforts to

address the global decline of pollinator populations.

In the last decades, there has been a surge in research aimed at identifying the
drivers of this trend and the subsequent impacts on pollination service (Dicks et al.,
2021; Goulson et al., 201Becoury et al. 2019 However, numerous underlying

mechanisms remain poorly understood. Clarifying these intricate mechanisms is
essential for implementing effective conservation strategies and safeguarding the

essential role of pollinators in our ecosystems.
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Insect pollinators imuman-altered environments

Pollinators habitats encompass diverse environments, including natural,- semi
natural landscapes (e.g., hedgerows), and anthropic areas (e.g., agricultural, and
urban areas). The preservation of the integrity and health of these habitats is of
utmost importance and plays a pivotal role in safeguarding the benefits that
humans receive from pollinators, ultimately impacting our overall delhg.
Humandriven alterations in land use and land cover encompass several factors that
pose a significant threat to ficnator preservation (Wenzel et ak020; McDonald

et al, 2020; Lau et al., 2023). Habitat loss, pesticide exposure, the presence of
invasive species, and climate change, which are all closely linked to landscape
anthropization are key drivers of the decline we are witnessing (Potts et al., 2016).
Agricultural mntensification and the expansion of urban areas are distinct
phenomena but share some common characteristics. Both are guided by the rapid
growth of the global human population that creates demands for food and housing
resources. The creation of large emggons of monoculture crops and the increase

in impervious surfaces that characterize agricultural and urban landscapes
respectively have as prominent outcomes the loss and fragmentation of habitats
(KovacsHostyanszki et gl.2017 Senapathi et al.2017. Beyond this primary
consequence, these phenomena impact pollinators at multiple levels, from the

reduction of flower diversity and abundance due to the high use of agrochemicals
M O
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and the intensively performed tillage, grazing, or mowing (Aviron et al., 2023;
Lerman et al., 2021Bretzel et al., 2016), to the loss of nesting habitat due to the
decrease in barground patches (Wilson & Jamieson, 2019). These pressures can
shape the plant and pollinator community compositiotigo et al.2016) and their
interactions Matthews et al, 2014). Cities are also characterized by changes in the
climate due to urban warming or the urban heat island (UHI) effect (Deilami et al.,
2018) and by an increased occurrence of environmental contaminants (e.g., soil and
air pollution, noise, artificial light All these elements interact with each other,
covary with the progress of urbanization, and can influence ecosystems functioning

at either the landscape or local scale (Fig.4; Ayers and Rehan, 2021).



Landscape Factors Local Factors

% Vegetation
Cover

Vegetation Type and
Cover

Fragmentation

Green Space Size

Surrounding
Landscape

Microclimate

UHI Effect

Impervious Surface Green Space Type

Figure 4.Diagrams illustrating interactions between landscape and local features associated with
urbanization. The arrows denote features influenced by other features originating the arrow. The
diagram distinguishes between lodaktal interactions (depicted in i), landscapdocal
interactions (depicted in red), and landscapadscape interactions (depicted in yellow) (Ayers &
Rehan, 2021).
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Due to these set of conditions the expansion of cities, in conjunction with
intensified agriculture, has often been indicated as the major determinant of the
declines in biodiversity, species interactions, and ecosystem services (Grimm et al.,
2008,Beninde et al., 20155rimm et al., 2008yIcKinney, 2008Piano et al., 2020

Land use influences many ecologipabcesses that rely on species interactions,
including for example seed dispersal and frugivétglécio & Ordand@023), and
herbivory Miles et al., 2019Santangelo et al2022), and particular concern has

been raised about its impact on pollinators' conservation (Wenzel et al., 2020).

Although these characteristics can lead to the conclusion that agricultural areas and
cities are only detrimental to pollinator conservation, their real impact is not so
obvious (Lau et al., 2023; Spotswood et al., 2021, Theodorou et al., 2020). The
configuration of agroecosystems, typically characterized by monocultures
dominating a landscape and a mosaic of smaller natural and seminatural areas
create a system of ecological corridors playing an important role for pollinators
(Zhang et al., 2023). Crop pta themselves may offer a significant amount of floral
resources although limited in time and space (Lau et al., 2023), and agroecosystems
can also provide additional resources, such as nesting habitat and trophic rewards
deriving from the wildflowers comunity Kim et al, 2006 Arathi et al., 2018
Recent studies have also revealed how urbanization can also have a neutral or even
positive impact on botiLJ2 f £ A gbundaehdélar@ richness (Millard et al., 2021;

MC



Theodorou et al., 2020; McDonald et al.,, 2020; Wenzel et al., 2020). This
observation can be partly explained by the fact that the richness of pollinators may
initially increase in response to intermediate levels of disturbance (éufjiamy et

al, 20006), but it rapidly declines as the level of disturbance becomes intense
(Chacoff & Aizen 2006 Applying this rule directly to assess the impact of
urbanization on pollinator communities proves challenging due to the varied effects
experienced by different taxonomic and functional groups of pollinators (Wenzel et
al., 2020; Ayers & Rehan, 20219r lExample, grounehesting pollinator species
that require patchy vegetation characteristic of early successional stages are likely
to benefit from a moderate level of disturbance (Kremen et al., 20Qdljamy et

al. 2006 while in a highly urbanized context, cawitgsting species will be favored
due to the lack of barsoil nesting sites (Ayers & Rehan, 2021preover, the
urban matrixseemsto benefit small, social, polylectic, and naative species
(Ayers & Rhean 2021; Bucholz & Egerer, 26#0h et al., 201P so that it can be
seen to behave as a filter on biotic communitaesd on pollinators species (Ayers
and Rehan, 2021Aronson et al. 2016. Recent evidence also indicated that
Hymenoptera aremore resilient to urbanization compared to Diptera or
LepidopteraBaldock et al., 201%-enolgio et al., 2020heodorou et al., 2020). The
complex and diverse effects of urbanization on pollinator communities have

triggered significant interest in the field of pollination ecology in the context of
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anthropized environments. T topic extends beyond recognizing the negative
impacts of anthropic pressures and involves the evaluation of the potential of cities
to serve as refugia for pollinator speci&a(dock, 2020Hall et al., 201} Although

we have a growing understanding of how urbanization impacts pollinator
communities, it is unclear whether the observed changes can translate into a shift
in pollination service provision (Liang et al., 20Z8eodorou et al., 2022 The
variation in the pollinator communities' structure and furwtal diversity could
indeed impact plant fitness, by reducing the efficiency or frequency of pollen
transfer, ultimately leading to pollen limitation phenomen#érwin et al., 2018
Despite such a detrimental impact of urbanization has consistently been detected,
the expansion of urban areas may not always affect pollinator abundance and
pollination service. Its filter effect can indeed suppress threatened or rarely
observed speck but favor generalist and managed bebxleed,a recent meta
analysis by Liang et al. (2023) has revealed that while urbanization has a negative
impact on pollinator abundance and richness, this effect does not clearly translate
into a decreased pollination service, due to the presence of abundant ghkster

and managed pollinators in urban areas.

To comprehensively unravel the intricate relationship among pollinators, land use
changes, and the ecosystem service of pollination, all facets of pollination ecology

in anthropized environments must be thoroughly addressed. A pivotal aspect to

MYy



investigate is the interaction existing between the two primary actors in this
context: the pollinators and the plant communities. The transformations of natural
environments driven by urbanization and agricultural intensification can indeed
accelerate evlutionary selections and reshape fundamental ecological interactions
(Palacio & Ordan@®023), including the mutualistic relationship between plants and
pollinators. The decrease in pollinator diversity often observed in these landscapes
represents a potent driver of evolutionary changes in the plant communities, as
well pinpointed by various stlies. In the metaanalysis of Liang et al., 2023, for
example, a selection towards radial flower morphology in urban areas was
highlighted and this observation was explained by the fact that this floral shape can
benefit from the presence of generdligollinators that are usuallfavored in these
habitats The increased proportion of generalist pollinators and the high prevalence
of managed species in cities can also be the base for the prevalence of exotic or
invasive plant species due to the documented preference of tHelef f A y I (i 21

functional groups for exotic flowering speci€3aulson et al., 2003

A large amount of research has been dedicated to investigating patterns of rewiring
of the plantpollinator networks in anthropic environments (Biella et al., 2022;

Prendergast & Ollerton, 2021; Theodoru et al., 2017). Despite these efforts, critical
aspeds that could offer a unique perspective on this topic, such as those linked to

pollinators nutrition have been overlooked until recently.



Impact of land use on pollinators nutrition

Pollinators exhibit diverse dietary patterns. Nutritional requirements vary widely
not only at the interspecific level but also at the intigpecific one, with individuals

of different life stages and sexes showing different requirements (Altaye et al.,
2010; Human et al., 2007). For instance, fly larvae (Diptera) are predominantly
detritivores or predators (Davis et al., 2023) and larvae of Lepidoptera species are
primarily herbivorous, often displaying high levels of specialization (Altermatt et al.,
2011). Despite these diversities, all pollinators share a fundamental partial or
complete reliance on pollen and nectar as food sources (Nicolson et al., 2018). Bees
stand out as a remarkable example as almost all the species exclusively rely on

flower resouces (Brodschneider & Crailshei2®10).

Pollen and nectar contain proteins, carbohydrates, and lipids that belong to the
class of macronutrients and represent the major portion of the nutritional intake in
all organisms (Biesalsikd017). They also contain vitamins, dietary minerals, and
secondarymetabolites These micronutrients play crucial roles in diverse biological
processes from osmoregulation to immune system functions (Glavinic et al., 2017).
Pollen and nectar display relevant differences in their chemical composition. Nectar
is essentially a solution of sugars, but also contains amino acids and phytochemicals

(Barberis et al.,, 2021). Compared to nectar, pollen chemistry is more



heterogeneous. It contains proteins, lipids, amino acids, and a higher diversity and
concentration of secondary metabolites compared to nectar (Palvamng et al.,

2019).

The balanced intake of macronutrients and micronutrients is crucial for pollinator
fitness. Deviations from the optimal nutritional intake, the-Sd f £ SR &y dzi
G NBSGé OFly t€SIR (G2 aS@OSNBE 0O2yaSldsSyoS
2018), compomised immune functions (Di Pasquale et al., 2013), and reduced
reproductive success (Schweiger et al., 2022). Not only the absolute intake but also
the relative proportion of these nutrients in the diet is vital for determining the
health status of polliators (Vaudo et al., 2016Y.he importance of a balanced
assumption of macroand micronutrients has been emphasizeddwdencefrom

several bee species showing clear food choices of floral resources to meet their
nutritional demands (Kriesell et a@2017; Liu et aJ2006; Ruedenauer et aR016;

Vaudo et al.2016). Pollen macronutrients play a key role in this food choice, as
indicated by experiments showing thBombus terrestriand B. impatienavorkers

can regulate their protein and lipid intake preferring pollen with higher protein
concentration while avoiding provisions too rich in lipids (Vaudo et2416).

Beyond single nutrient concentrations, the ratios of macronutrients are also pivotal

to describe bees foraging behavior, such as the protein:lipid ratio (P:L) as

highlighted by a recent study by Kraus et al. (2019) that demonstrated how entire
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bumblebee colonies seldggtly forageto reach an optimal ratio of proteins, lipids,

and carbohydrates. A similar pattern of active food choice has also been found at
the community level in the experiment by Finkelstein et al. (2022) that documented
an increase in pollinator visitation ratesd higher diversity of visiting pollinator
species when the nectar of wild species was enriched with Na. Phytochemicals that
can act as protective agents, such as antioxidants, antibiotics, and detoxifiers
(Barascou et al., 2021; Wong et al., 2018) aleeha role as attractive agents or
deterrents. The most evident way through which secondary metabolites exert this
function is through visual signals. For example, blue colors exhibited by certain
flowers are produced by anthocyanins such as delphinidifife¢, Owens, and
Rarslett, 2011) and serve as strong attractants for many pollinator species (Reverté
et al., 2016)Caffeine occurring in the nectar ofanyplant species has the potential

to enhance memory retention of pollinators thus increasing floral focus (Koch and
Stevenson 2017), but it exerts toxicity upon specific dosages*4(1d). It is
important to underline thatmost of the studies performed on the effect of
phytochemicals on bee health underlméhe fact that the beneficial effects of
these compounds are gained within specific doses, such as the casmofraric

acid that act as a pesticide detoxifier (Mao et al., 2023) or polyaminesctrat
mitigate oxidative stress related phenomena (Dordievski et al.,, 2023).

Disproportionate concentrations of these compounds are usually related to toxic



effects (Stevenson et al., 201An interesting situation is also represented by the
plants belonging to the family of Asteraceae whose pollen is seldom foraged by
polylectic species (e.gB. terrestrig, despite them representing one of the most
widespread and abundant groups of plants. This phenomenon is partly due to the
presence of toxic phytochemicals in the pollen that act as a cheche¢ahcefrom
herbivory (Vanderplanck et al., 2020). Many studies are trying to disentangle the
reason for which floral rewards may contain deterrent compounds and many
hypotheses are still debated nowadays. Some researchers argue that this
phenomenon may be dueta sort of heritage coming from vegetative tissues, such
as leaves, where the production of defence secondary compounds is essential to
protect against herbivores (Bennett & Wallsgrove, 1994). According to this theory,
the occurrence of secondary compownéh floral rewards may be a trait under
evolutionary pressure. Other hypotheses suggest that the presence of secondary
compounds in floral rewards is important to avoid the spread of opportunistic
microorganisms, that may waste the rewards provided byntslao pollinators
(Stevenson, 2020). Notably, this intricate relationship between pollinators and
plants, shaped by the chemical composition of floral resources, adds further layers
of complexity to their interactions. In the context of landscape antlwapon and

its multifaceted impact on pollinator ecology, these nutritional dynamics assume

paramount importance.



Both biotic and abiotic conditions within the humaiftered landscape can
influence various aspects of pollinators' nutritional ecology (Hulsmann,&Cdl5;

Winfree et al, 2011). The alterations in landscape composition and configuration,
associated with the increase in impervious cover and intensive agriculture, lead to
lower connectivity between green patches (Wenzel et2020) and a reduction in

their size, diminishing their quality intended as the potential to sustain local
populations of pollinators (Fahrig003). These conditions shape both the plant and
LR2EfAYFGI2N O2YYdzyAlASaQ &0GNUzOG,20B), | YR
significantly impacting the pollinator's nutritional ecology (Gervais et28120;

Leach & Drummond, 2018; Theodorou ef 2020). Land use intensification is often
associated with diminished floral diversity and abundance (Gossner et al., 2016;
Potts et al., 2010), altered plant community composition (Requier & Leonhardt,
2020; Weiner et al., 2011), and variations in the sdatistribution of floral
resources (Matteson et aR013). Although large crop fields and monocultures can
represent a relevant trophic resource, their availability is limited only to the
flowering period of the crop (Straub et al., 2023). The uneven distribution of plant
resources for pollinators is alsvident in the linear decrease of pollen diversity
collected by pollinators across a gradient of green areas feagationin urbanized
areas0 . ASttlF SO |f®dX HAHHOD a2NB2OSNE TN

foraging behavior (Gervais et,@020). According to the optimal foraging theory,



pollinators tend to forage closer to their nesting sites in a landscape characterized
by lower habitat fragmentation and even resource distribution to reduce their
energetic expenditure (Goulspnl999). This was corroborated by a study
demonstrating that landscapes with higher green coverage were associated with
shorter foraging distances and trip duration in several bumblebee species (Redhead
et al, 2016). While numerous studies investigated variations in food resources
directly collected by a few model species in response to landscape management
and anthropization gradieniPioltelli et al., 2023; Vaudo et al., 2018; Donkersley et
al., 2017), low attention has been directed to investigating the nutritional landscape
represented by plant communities and the potential variation in the chemical
composition of floral rewards duto environmental pressures (Biella et al., 2022;
Venjakob et al., 2020) thad I y dzf GAYIF GSf& AYLI OG GKS

(Bucholz & Egerer, 2020).

The chemistry of floral rewards depends mainly on phylogenetic signals but is also
influenced byenvironmental variables, especially in the quantitative variation of
phytochemicals (Zu et al., 2021; Palmer Young et al., 2019). Indeed, the metabolism
of plant secondary compounds is known to be highly responsive to environmental
factors among which lightemperature, and drought, as well as biotic agents, such
as the damage produced by herbivores and parasites (Khare et al., 2020). The

quality and quantity of plant resources can be affected for example by fertilizers,
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widely used inagriculture (Fox, 2013). The limitations imposed by landscape
composition and configuration on pollinator foraging behavior and flower resource
availability, coupled with potential variations in their chemical composition, pose a
significant threat to urba pollinators population conservation and the ecosystem

service they provide.

This concern is particularly alarming considering the escalating importance of urban
and periurban agriculture, especially in developing countries, due to their
substantial social and economic benefits (Wenzel et al., 2020). Recent assessments
have undersored the significance of this practice, indicating that2B% of global

food production originates from these types of agricultu@rgini et al., 2013
Abdulkadir et al., 2012and these estimates are constantly increasing, coherently

with the intensifcation and expansion of urban areas.



The role of animal pollination for food security

Most calories in the human diet are derived from a limited numbepadafinator-
independent staple crops, such as rice, wheat, potato, and corn (Gh&£M3;
Richards2001). These crops primarily rely on wind pollination,-pelfination, or
vegetative propagation for reproduction. Despite their high energetic value, these
crops are deficient in most micronutrients (Eilers et al., 2011). In contrast,
pollinator-depencent crops, accounting for only 2.5 % of the global calories
production (Garibaldi et al., 2022), play a disproportionate role in dietary nutrient
supply (Smith et al., 2015; Kramer et al., 2014). Indeed, animal pollination is
responsible for up to 20 % weitamin C, 41% of vitamin A, and 7% of folate supplies
globally (Eilers et al., 2011). Additionally, oils from plants promoted by animal
pollination constitute approximately 74% of globally produced lipids (Eilers et al.,
2011). Animapollinated plants alo contribute significantly to mineral provision in
the human diet, with 58% of calcium and 62% of fluoride derived from plants whose
yields are at least partially influenced by animal pollination (Edeed., 2011). The
important role of pollination for food crops is largely acknowledged (Dainese et al.,
2019; Gallai et al., 2009) and growing concerns are expressed regarding the
potential impact of their decline as the demands for pollination service is @rea

outstripping the supply. The importance of animal pollination is highlighted further



O2YAARSNAY3I (GKIFIG YAONRBYdziNASY(d RSTAOAS
affect over 25% of the global populatiomt@rnational Food Policy Research
Institute, (IFPRL 2014; Willet et al., 2019; Nicole, 2015, Lim et al., 2012). The
condition, affecting individuals of all ages and genders, can occur in individuals who
have no energy deficits areyencoexists with obesity cases (Gddecke et al., 2018).

It can lead to increased incidence of chronic (NCDs) and infectious diseases,
contributing to a global burden of elevated morbidity and mortality (Willet et al.,
2019).Developing regions are particularly endangered due to their higher reliance

on animal pollination (Millard et al., 2023), limited data on pollinators status
(Goulson et a).2015), and existing vulnerability to food and nutrient shortages

related to demographic and climate change (Muhammad et al., 2017).
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Figure 5 Decreases in food amtuitritional intake with full pollinator removal. Source: Smith et al.,
2015.

Though the contribution of pollinators to human nutrition through their role in
increasing crop yield has already been recognized (Garibaldi et al., 2013; Klatt et al.,
2014), whether animamediated pollination is able to influence the nutritional
guality of agronomic crops remains a relatively understudied area (Wietzke et al.,
2018). Actually, although the Green Revolution and the intervention of GMOs in the

agriculture scenario made it possible to select for a wide range of crop varieties able
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to selfpollinate irrespective of their pollinator vectors, there is growing evidence
that insect mediated pollination can affect the nutritional quality of specific foods,
as shown for instance for apples (Garratt et al., 2014) and oilseed rape (Bommarco
et al., 2012). Recent studies have observed higher sugar and acid concentrations in
strawberries (Wietzke et al., 2018; Rosianski et al., 2016) or variations in the ratio
of mono- and polyunsaturated fatty acids in almonds (Brittain et al., 2014)
produced by flowers visited by insects, or even higher production of anethol (an
essential oil) in fennel seeds originating from insect mediated pollination compared
to selfpollinated ones (Schurr et al., 2022). These findings suggest that pollination
mechanisms possess the capability to initiate or shape a wide array of plant
metabolic pathways that ultimately determine the chemical composition of food.

In Wietzke et al., 2018, thhigher fertilization success due to insect mediated
pollination translated into increased levels of auxins that explained the difference
in size and shape observed in insect pollinated strawberries compared to self

pollinated ones.

However, to date, no study investigated the influence of pollinator insects on the
metabolism of fruit and seecklevant to human nutrition, especially concerning the
investigation of secondary metabolites of recognized nutraceutical importance
(e.g., phenolic compounds, terpenes, carotenoids, etc.). Overall, a more precise
investigation of the relationship betweemsectmediated pollination and the

on



chemical features of agronomic products has the potential to pave the way for
novel policy strategies aimed at promoting biodiversity conservation, facilitating
the ecological transition of productive systems, and enhancing humarbeiely.
These objectigs align with the priorities delineated in the National Recovery and
Resilience Plan (PNRR) and the directives of the EU GreerBpeakavelling the
influence of insect mediated pollination on the nutritional value of crops, future
research has the potential to enhance the recognition of biodiversity as a

fundamental pillar for human health.






Objectives

The two main scopes of this PhD project were:

i) to provide a multievel assessment of the impact of humerduced land use
intensification (and related stressors) on the relationships between plants and
pollinators, with specific attention to the flower resources (i.e., pollen and nectar)
and the polinators nutritional ecology. This investigation strategy offers the
opportunity to identify suitable mitigation strategies and to implement actions
aimed at strengthening the functional biodiversity, in contexts loigh

anthropogeniqressures.

i) to delve into the mechanisms of plapbllinator interactions, witlreferenceto

the role of the insect in modulating the evolution of the ovary into fruit. This last
element is relevant both for the reproductive and dispersion success of the plant,
and to understand the implications of pollination mediated by insactgricultural
contexts. Specifically, evidence was sought to demonstrate the influence of animal
pollination on thecommercial qualityand chemical compositioof plantsfruit and

seed.



To achieve these ambitious objectives, the work was developed through specific
case studies, carried out in an operationahvironment, and using integrated
approaches based on field observations, biomolecular analyses and analytical

chemistry.

The project also included a study carried out in a controlled environment which
made it possible to evaluate the effects on the fruits of the plants in the presence
and absence of pollinators. The project was therefore divided into consequential
phases thapursued intermediate goals.

w !adasSaavySyid 2F (GKS AYLIOG 2F fIyRaoOl
chemistry of pollen and nectar foraged by pollinator insects. This involved a
detailed analysis of land cover and temperature data in anthropized contgttis

the aim of determining a measurable cateskéect relationship in terms of macro

and micronutrients content variations in nectar and pollen. The study was carried
out by considering gradients of increasing landscape anthropization (i.e.,

agriculturalintensification and urbanization).

w Ly@gSadAadalridrzy 2F GKS AYLI OG 2F INBSyY
flower richness) on the nutritional profile and composition of the diet of a generalist
pollinator species, and on its foraging behaviour. This second goal went into the
merits of the functional relationship between plant and pollination from the point

of view of resources and the effects on the whadiing of the insect. It should also
on



be underlined that this second objective was pursued in an operational
environment by analyzing urban and perban study areas characterized by
different degree of green areas fragmentation.

w !adasSaayvySyida 2nedidel follinddih i shapifg friy/aadSseed
morphological and nutritional/nutraceutical value. In this context, the aim is to
evaluate how inseemediated pollination can influence the chemical composition
of food. Ths last aim is undoubtedly the most ambitious and innovative as it intends
to study a level of ‘communication' promoted by the insect towards the plant
through the evaluation of the final product of the pollination and fertilization

process and specificglthe development of seed and fruit.

The results obtained represent valuable information to guide and develop reliable
policy guidelines, useful for territory management actors, to achieve conservation

and sustainability issues.
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