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Abstract

In a context of global biodiversity lost, recent studies support that well-managed cities
could improve the preservation of Hymenoptera and thus provide hot spots for pollination
services. Therefore, cities are in the spotlight of studies in order to determine if they have
sufficient resources to host both domesticated and wild bees. One solution would be to
investigate their floral preferences to promote the biodiversity through integrated urban
greening projects.

Part of this continuum, the present work analyses the pollen collected from 18 different
apiaries distributed in the Kanto region of Japon. The sampling was realised from March to
September 2019. Prior to the analysis, the pollen was identified by pollen metabarcoding.
Next, the objectives were to assess if the species richness and diversity were influenced
influenced by by landscape and/or sampling period. In addition, a trait-based analysis was
conducted to determine if the plant nature (Woody or Herbaceous) and the native status
(Native, Alian or Cultivar) were influenced differ among the landscapes and over the course
of the seasons.

To do this, several test were applied including a K-means clustering associated with a
PCA to determine the landscape classes, a NMDS ordination followed by permutation-based
multivariate analysis of variance (PERMANOVA) and a post-hoc multilevel pairwise analysis
to evaluate the differences in the pollen composition. Then the diversity was assessed by a
2ways mixed ANOVA and the Hill indices along rarefaction and extrapolation curves. Finally,
the trait-based analysis was based on a G–test of independence for contingency followed by
a post-hoc pairwise comparisons.

It has been evidenced that the landscape explains minor variations in the plant composition
foraged by honeybees. In contrast, the species richness, pollen diversity and plant composition
showed a strong dependence to the seasons. Regarding the taxonomic composition, the
Fabaceae, Rosaceae, Brassicaceae, Plantaginaceae and Onagraceae represent the families with
the most frequent observations in all samples combined.

The present study contributes to a broader understanding of the ecology and floral preferences
foraged by honeybees on which the urban planning can rely in order to promote the biodiversity
in the cities.
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Résumé

Dans un contexte de perte de biodiversité, des études récentes soutiennent que des villes
bien gérées pourraient améliorer la préservation des hyménoptères et ainsi fournir des pôles
de pollinisation. C’est pourquoi les villes font l’objet d’études visant à déterminer si elles
disposent de ressources suffisantes pour accueillir à la fois des abeilles domestiques et des
abeilles sauvages. Une solution serait d’étudier leurs préférences florales afin de promouvoir
la biodiversité par le biais de projets intégrés d’écologisation urbaine.

Dans le cadre de ce continuum, le présent travail analyse le pollen collecté dans 18 ruchers
différents répartis dans la région de Kanto au Japon. L’échantillonnage a été réalisé de
mars à septembre 2019. Avant l’analyse, le pollen a été identifié par le métabarcodage du
pollen. Ensuite, les objectifs étaient d’évaluer si la richesse et la diversité des espèces étaient
influencées par le paysage et/ou la période d’échantillonnage. En outre, une analyse basée
sur les caractéristiques a été menée pour déterminer si la nature de la plante (ligneuse ou
herbacée) et le statut d’indigène (indigène, alien ou cultivar) étaient influencés différemment
selon les paysages et au cours des saisons.

Pour ce faire, plusieurs tests ont été appliqués, notamment un regroupement de K-means
associé à une ACP pour déterminer les classes de paysage, une ordonnée NMDS suivie d’une
analyse multivariée de la variance basée sur la permutation (PERMANOVA) et une analyse
par paires multiniveaux post-hoc pour évaluer les différences dans la composition du pollen.
Ensuite, la diversité a été évaluée par une ANOVA mixte à deux voies et les indices de Hill le
long des courbes de raréfaction et d’extrapolation. Enfin, l’analyse des traits a été basée sur
un test G d’indépendance pour la contingence, suivi de comparaisons par paires post-hoc.

Il a été démontré que le paysage explique des variations mineures dans la composition
des plantes butinées par les abeilles. En revanche, la richesse des espèces, la diversité du
pollen et la composition des plantes montrent une forte dépendance aux saisons. En ce qui
concerne la composition taxonomique, les Fabaceae, Rosaceae, Brassicaceae, Plantaginaceae
et Onagraceae représentent les familles dont les observations sont les plus fréquentes dans
tous les échantillons combinés.

La présente étude contribue à une meilleure compréhension de l’écologie et des préférences
florales des abeilles domestiques sur lesquelles l’urbanisme peut s’appuyer pour promouvoir
la biodiversité dans les villes.
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1 Introduction

1.1 Pollinator decline and its impacts
Between 1 and 10% of biodiversity is lost every decade (Abrol (2012)), resulting mainly from

ecological niche loss, landscape degradation, invasion of non-native pests, pollution, over-harvesting,
diseases and climate change (Wilcove et al. (1998); Potts et al. (2010); Hoffmann et al. (2010);
Dirzo et al. (2014); Goulson et al. (2015)). In addition to directly impacting ecosystems, it affects
severely vital ecosystem services, such as the pollination (Kluser and Peduzzi (2007)). Despite
shifts of pollinator populations remain poorly documented, especially for wild species, experts
agree on the reliability of a collapse (Vanbergen et al. (2013); Lever et al. (2014); Goulson et al.
(2015)). Indirect assignments of pollinator loss are issued from communities studies along gradients
of agricultural intensification and habitat fragmentation as temporal predictors of change (Larsen
et al. (2005); Winfree et al. (2008)). Local-scale researches report a global decline in pollinator
richness and abundance. Since most of the world’s natural landscapes have been altered by human
disturbances, it is likely that this finding can be broadened in many regions of the world (Potts
et al. (2010)).

The scientific consensus agrees that the pollinator decline results from multiple interacting
drivers, including: agricultural intensification with the continuous use of agrochemicals (e.g.:
neonicotinoids) (Barnett et al. (2007); Desneux et al. (2007); van der Sluijs et al. (2015)); the
extensive land use as well as the fragmentation and degradation of habitats through agriculture
and urbanisation (Rathcke and Jules (1993); Steffan-Dewenter et al. (2005); Kremen et al. (2007);
Garibaldi et al. (2011)); increasing parasitism (e.g viruses,mites) (Le Conte et al. (2010); Cameron
et al. (2011); Evison et al. (2012)); invasion of alien plants or animals with their collateral
consequences (Goulson (2003); Singh et al. (2010); Goulson and Sparrow (2009); Pyšek et al.
(2012)); and impacts of global and local climate changes (Memmott et al. (2007); Schweiger et al.
(2008); Forister et al. (2010)). This loss will have serious, direct impacts on both wild and crop
flowers.

Biotic pollination is an essential regulating, supporting and cultural ecosystem service through
interactions between the fauna and the flora (Kevan and Menzel (2012); Chagnon et al. (2015)).
It is performed by a wide diversity of animals, mainly insects (honeybees, bumblebees, solitary
bees, butterflies, wasps, ...) but also some vertebrates such as bats, squirrels, hummingbirds, some
primates and humans with hand pollination (Allen-Wardell et al. (1998); Klein et al. (2007)). 87
of humanity’s main food crops depend on the animal pollination (Klein et al. (2007)), including
vegetables, fruits, nuts, edible oils and proteinaceous crops, spices and condiments (Maxim and
van der Sluijs (2013)). Although these crops account for only 35% of global production (Klein
et al. (2007)), their production value per ton has been estimated to be five times higher than for
the crops dependent on abiotic pollination (Gallai et al. (2009)).
The wild bees play a significant role in the pollination of a wide range of crops (Morandin and
Winston (2005); Winfree et al. (2008)). Moreover, in many countries, the domesticated bees are
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1.2 Honeybees (Apis spp.)

used in the agriculture to supplement the local pollinators (Olmstead and Wooten (1987); Robinson
(1989)). Therefore, the bees are considered as the largest and most economically valuable group
of pollinators in most parts of the world (Kluser et al. (2010)). Gallai et al. (2009) estimates the
total economic value of insect pollination to 153 billion euros. Furthermore, in addition to this
aspect, there is also a whole ecological issue. The loss of pollinators would lead to a decline in the
associated biodiversity by losing the mutualism pollinator-plant interaction with potential trophic
cascades. As a final note, van der Sluijs and Vaage (2016) stated that "pollinator decline is an
issue that is characterised by complexity, deep uncertainty, high stakes and urgency".

1.2 Honeybees (Apis spp.)

1.2.1. Description

Throughout the world two social domesticated species (Apis spp.) are commonly used : Apis
mellifera L. (European honey bee) and Apis cerana L. (Asiatic honey bee). Thanks to their
morphological adaptations and behaviours, they become the key pollinator of agriculture and
horticulture (Abrol (2012)). The honeybees are easily manageable, in contrast with solitary bees,
bumblebees or other pollinators (Aizen et al. (2008); VanEngelsdorp and Meixner (2010)). The
beekeeper can influence the behaviours of the colony by modifying the reward system of the plant
and/or nectar and pollen storage in the unsealed brood (Free (1965c,b,a, 1967); Cale (1968); Barker
(1971); Al-Tikrity et al. (1972)). The hives can be relocated depending on the pollination needs
(Jay (1986); Mardan (1995)).

In comparison with other pollinators, honeybees are more persistent throughout the seasons and
have a greater foraging force given the high number of individuals in a colony. Therefore, they
can accumulate more working hours in total (Abrol (2012); Mahmood et al. (2017)). In fact, the
number of potential foragers is estimated to 25-30% of the colony, so around 10 000 foragers in
a strong colony. However, not all forage constantly (van der Steen (2015)). Furthermore, the
colony benefits from an effective communication system for locating and collecting food. Another
advantage is the size of their body and proboscis length which allow them to forage a wide range
of floral hosts (McGregor (1976); Free (1993); Sihag and Mishra (1995)).

1.2.2. Foraging behaviour

The colony has a complex communication system allowing its workers to locate and collect
food. It works as a dynamic system collecting information from an environment and adapting
its behaviour consequently (Stephens and Krebs (1986); Tereshko and Loengarov (2005)). Once
back at the hive, the scouts recruit foragers by communicating, through the waggle dance, the
distance and the direction of resources regarding to the sun (von Frisch (1965)). After foraging
a specific plant specie, the Apis forager continues as long as this resource is not depleted. This
action is defined as the floral fidelity or constancy which is essential for the cross-pollination
success (Wells and Wells (1983); Waser (1986)). The resources (nectar, pollen, water) being not
constant and reliable along the year, the colony must balance its food supply between present
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1.2 Honeybees (Apis spp.)

consumption and reserve for the future. To this end, negative feedbacks are extremely essential
for the colony’s foraging process. Moreover, to counter the resource availability, colonies maintains
a strong deployable workforce to fully benefit of the abundance period. The workers can extend
their search radius significantly in order to find suitable resources (Seeley (1995)). According
to several researches (Visscher and Seeley (1982); Roubik (1989); Wenner et al. (1991); Seeley
(1995)), characteristic distances can be assumed and are listed in the table 1. However, it is clear
that these distances are proper to the experimental conditions, but they give a good first indication.
Steffan-Dewenter and Kuhn (2003) observed that the foraging distance is influenced significantly by
the complexity of landscapes expressed by the proportion of arable land and semi-natural habitats
and mean patch area.

Table 1 – Characteristic distance to forage site [km] from Visscher and Seeley (1982), Roubik
(1989), Wenner et al. (1991) and Seeley (1995)

.

modal distance 0.7

median distance 1.6

mean distance 2.2

maximum distance 10.9

95th percentile distance 6.0

Beekman et al. (2004) discovered that the mean of foraging distances differ between small (6000
bees) and large (20 000 bees) colonies but also according to the months considered. In fact, small
and large colonies foraged a comparable distance in July when resources was abundant, while in
August large colonies flied much further as the floral offer became scarcer. Pollen and nectar
production is intense for most of the floral plants during only a portion of day (Southwick (1983).
Therefore, the recruitment priorities of the colony vary considerably between the morning and the
afternoon. Domroese and Johnson (2017) and Grabowski and Wilde (2000) have reported that
efficiency of worker’s flight is higher during the morning and reach its maximum at midday before
starting to decrease. Thus, the scouting distance of colonies from a same region is influenced by
the colony strength, the availability of food supply, the weather, the month and period of the day.

A colony will cease collecting nectar once its combs are filled of honey, while only a low reserve
of pollen is gathered (Jeffree and Allen (1957); Fewell and Winston (1992)). In addition of being
a source of lipids, vitamins and minerals, pollen provides the primary protein supply for honeybee
(Haydak (1970)). Approximately between 15 to 30 kg of pollen is collected annually from which
nearly all is consumed (Avni et al. (2009, 2014)). The colony uses proteins for brood production
principally during the summer (Seeley (1995)). The related quantities of larval brood and stored
pollen is highly correlated with the colony’s pollen needs (Dreller and Tarpy (2000); Weidenmüller
and Tautz (2002)). Therefore, the sustainability of the colony is highly dependent on the pollen
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1.2 Honeybees (Apis spp.)

gathered (Smart et al. (2016)). Furthermore, not only the quantity is important but also the
diversity and quality of the pollen is necessary for the well being of bees (Käpylä (1974); Wilde et al.
(2003); Alaux et al. (2010); Di Pasquale et al. (2013); Danner et al. (2017)). The nutritional quality
of pollen has been correlated to honey bee physiology, worker longevity and parasite tolerance
(Di Pasquale et al. (2013); Wang et al. (2014)).

1.2.3. Coexistence with native pollinators

The mass introduction of domesticated honeybees may impact negatively the interactions
between plants and native species causing disruptions in ecosystem functioning (Thomson (2006)).
The competition and pathogen spread appear as the most disruptive mechanisms (Graystock et al.
(2016); Geslin et al. (2017)).

The exploitative competition with native pollinators for limited resources may lead to a reduction
of the fitness of at least one of the interacting species (Roubik (1978); Sugden and Pyke (1991);
Stout and Morales (2009); Henry and Rodet (2018)). To ensure the best yield, beekeepers
boosted their hives by providing sugar during the low nectar flows, which gives no chance to
wild pollinators. As an example, Thomson (2004) noticed that colonies of Bombus occidentalis
suffered from increased lack of nectar while they competed with Apis spp. To offset this deficiency,
they redeploy more workforce from the pollen to the nectar collection, leading to a decrease in
progeny production due to lack of pollen. Thus, Apis spp. may threaten the existence of important
pollinators with potential cascading effects on the related endemic plant communities (Gross and
MacKay (1998); Gatoria et al. (2000); Paini (2004)). Similarly, Apis mellifera replaced Apis cerana
japonica in China and Japan and Apis cerana indica in Indian subcontinent (Sakagami (1959);
Sakai (1992); Abrol (2012)).

Introduced alien pollinators can host parasites potentially harmful to endemic populations of
honeybees or wild bees (Allen et al. (1990); Saville (2000); Goulson (2003); Woolhouse et al.
(2005)). This is especially the case for viruses, such as the deformed wing virus DWV (Ribière
et al. (2008)), which can infect different host species (Eyer et al. (2009)). Thus, it is more likely
they can be transmitted to wild bees and vice versa.

Furthermore, some studies reviewed how honeybees may disrupt mutualism between native
plants and pollinators (Kearns et al. (1998); Dohzono and Yokoyama (2010); Watts et al. (2012);
Traveset and Richardson (2014)). The pollination to be efficient needs a concordance between the
flower and the pollinator morphology in order to transfer the pollen (Burd (1994)). Collecting
the floral rewards without proper transfer of pollen is synonym of floral parasitism (McDade and
Kinsman (1980)). Observations support that introduced honeybee can lower the reproductive
success of native plants by stealing nectar or pollen (Kenta et al. (2007); Hargreaves et al. (2009))
or by physically damaging the flower (Dohzono and Yokoyama (2010)). From Australian and
American data set, Butz Huryn (1997) concluded that honeybees perform an efficient pollination
for most of native plants, although they operate as a floral parasites for few species.
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1.3 Urban beekeeping

Finally, some researches pointed out that the introduction of non-native honeybees may promote
the spread of invasive or exotic species (e.g. Stimec and Scott-Dupree, CD McAndrews (1997);
Stout et al. (2002); Montalva et al. (2011)). On the other hand, opposite observations have also
been reported. For example, Sanguinetti and Singer (2014) found in Argentina that Bombus
terrestris (L.) ensures a better reproductive success to an indigenous orchid by increasing the
number of visits compared with what the native Bombus dahlbomii (Guérin-Méneville) does.
Therefore, this point requires thorough investigations.

1.3 Urban beekeeping
Urbanization is one of the major causes of habitat segmentation and related biodiversity losses

(Concepción et al. (2015); Geslin et al. (2016)). However, rural areas no longer represent optimal
habitats for pollinators due to landscape homogenisation, loss of habitats and excessive use of
pesticides which reduce floral resources diversity (Ollerton et al. (2014); Banaszak-Cibicka et al.
(2016); Kaluza et al. (2016)). In this regard, observations from recent studies (Samuelson et al.
(2018); Theodorou et al. (2020)) support that Hymnoptera, in particular bees, can thrive more in
urban than in rural areas.

In addition to the benefits of the pollination, beekeeping offers an activity that can generate
profits from the sale of the byproducts (honey, wax, ...) at a local scale. Moreover, it can also
bring a social aspect by involving the population into environmental education, but also with the
need of integrate stakeholders into projects. This cooperation between the different actors allows
the emergence of new interactions and the promotion of more sustainable activities with respect
to the environment.

Lately, some cities want to put in place some actions in order to preserve and promote the
biodiversity. Apis mellifera embodies the biodiversity for the general public due to campaigns
and public policies that tend to focus on the introduction of its colonies. Consequently, urban
beekeeping has become more and more popular, leading to a surge of Apis mellifera colony density
in the cities (Geslin et al. (2013); FAO (2018)). However, the floral resources availability needs
to be sufficient enough to host both domesticated honeybees and the local wild pollinators. The
percentage of impervious surfaces plays a major role in the pollinating biodiversity (Geslin et al.
(2016)). Therefore, on one side, populations of managed honeybees must be regulated so that wild
pollinator populations are not adversely affected (Geslin et al. (2017); Mallinger et al. (2017)).
On the other side, green areas must be managed and well distributed to meet the demands of the
pollinator community (Blackmore and Goulson (2014)). Garbuzov et al. (2015) identified, in a city
of UK, that among the ornamental flowers only 33% were attractive to insect pollinators. Many
flower beds managed in the cities are not sources of pollen. Thus, in order to promote biodiversity
in cities, it is essential that the greening projects examine the appropriate floral composition by
favouring diverse honey-bearing species.
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1.4 Pollen analysis

To summary, well-managed cities could improve the preservation of hymenoptera and thus
provide hot spots for pollination services. To do so, decision-makers should focus on regulating the
introduction of honeybees (selection of native bee species, colony density, control of pathogens and
parasites) and on the availability of resources (proportion of impermeable surface area, melliferous
plant species, landscape diversity) (Mallinger et al. (2017); Geslin et al. (2017)).

1.4 Pollen analysis
The mutualistic interactions between pollinators and plants are essential for preserving the

proper functioning of ecosystems. To assess these interactions several methods are used : observation
of the frequency of pollinator visit; mark recapture, agent-based foraging models, digital tracking
systems, chemical signatures, genetic sequencing and light microscopy (Cornman et al. (2015)).
The methods that analyses the pollen collected from pollinators are more relevant to study
the interactions on a global scale. Traditionally, the pollen present in the honey is analysed
through light microscopy following dichotomous keys (Cornman et al. (2015)). It is a laborious
and time-consuming process, called melissopalynology (De França Alves and De Assis Ribeiro
DosSantos (2014)), requiring an expert eye in pollen identification and resulting in a low taxonomic
resolution, usually to family rank (Kaškoniene and Venskutonis (2010); Keller et al. (2014); Bell
et al. (2016); Danner et al. (2017). However, it remains a useful diagnostic tool when combined
with other techniques (Hawkins et al. (2015)).

Another method relies on the chemical composition of the pollen in aroma compounds, free amino
acids or minerals and trace elements (Conti et al. (2016)). Pollen quality, in regards to amino acid
profile and total protein content, varies significantly depending on the floral origin (Auclair and
Jamieson (1948); Roulston et al. (2000); Cotte et al. (2004)). Nevertheless, it involved advanced
and expensive equipment (Hermosín et al. (2003); Fernández-Torres et al. (2005)) and still result
in little information on the plant species of honey samples (Laha et al. (2017)).

Over the last two decades, the sequencing of taxonomic "barcode" genetic loci has become
a robust approach to taxonomic identification. DNA barcoding described the sequencing of a
standardized barcode marker that reveals intra-species identity and interspecies variability (Hebert
et al. (2003); Borisenko et al. (2009). Thanks to innovative high-throughput sequencing, the
metabarcoding analysis is able to classify pollen collected from bees thanks to chloroplast
(rbcL,matK, and trnH-psbA) and nuclear ribosomal (ITS region) barcoding markers (Keller et al.
(2014); Kraaijeveld et al. (2014); Richardson et al. (2015b); Bell et al. (2016)). In theory, a single
operation can quickly define taxonomic profiles for dozens of pollen samples at the milligram scale
(Cornman et al. (2015)). DNA metabarcoding provides faster and higher taxonomic resolution of
pollen in comparison to traditional approaches (Bell et al. (2017)).
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Nevertheless, while qualitative assessment of species composition in the pollen load mix is
largely correct, its robustness of quantitative analysis remains controversial (Lamb et al. (2019);
Piñol et al. (2019). In fact, recent studies have tried to quantify the different components of the
pollen load mix carried by pollinators. Most of them have reported a poor correlation between the
number of sequence reads and visually identified pollen grains (Kraaijeveld et al. (2014); Keller
et al. (2014); Richardson et al. (2015b)). Bell et al. (2018) stated that the metabarcoding method
is globally reliable in the assessment of pollen presence/absence but, given current knowledge, the
number of reads should not be used to predict relative abundance of specie’s pollen. In contrast, up
to-date, four studies have succeeded in quantifying pollen for certain plant species using the "trnL"
marker (Kraaijeveld et al. (2014); Pornon et al. (2016); Richardson et al. (2018); Baksay et al.
(2020)). Moreover, lately, Baksay et al. (2020) concluded that the robustness of the correlation
between the number of sequence reads and visually identified pollen grains depends on pollen
counting methodology, the marker choice, plant samples and the number of PCR cycles. Despite,
this technique still need investigations and improvements, it it is clear that it will allow strong
progress in studying plant-pollinator interactions and the floral preferences of pollinating insects.

1.5 Objectives
Better understandings of ecology in the cities are essential for nature resource management,

preservation and tackling environmental issues in urban areas. The urban matrix is highly
fragmented with usually small, remote and intensely maintained green spaces (Bastin and Thomas
(1999)). Consequently, the foraging behaviour of pollinators must adapt in order to ensure that
sufficient net energy gain is maintained (Fontaine et al. (2006)). The foraging distance with the
quantity and diversity of pollen may be influenced. However, studies on this last point remain
sparse. Danner et al. (2017) found no influence of the agricultural landscape diversity in the pollen
pollen amount and diversity. As the honeybees rely on a broad variety of flowers, it is suggested
that they could counterbalance lower landscape diversity where resources are poor by enlarging
their foraging area (Steffan-Dewenter and Kuhn (2003); Danner et al. (2016)).

However, pollen availability is not only dependent on landscape diversity but is also sensitive to
seasonal shifts. As colonies’ pollen demands also differ seasonally, the foraged flower types could
vary over time. Danner et al. (2017) discovered a strong seasonal effect on species richness. In
fact, April and the first half of May had significantly lower number of species than the end of May,
June, July. Furthermore, they observed differences in the amount of collected pollen among the
seasons, with April and May being the most abundant. This could be explained by higher protein
requirements for the brood production in the colony development during the spring. While June
reported low supply, matching with the shortage period, also documented by Requier et al. (2015).
More recently, Sponsler et al. (2020) reported also seasonal variations in the traits composition of
the flower. The spring was dominated by trees and shrubs, the summer presented more herbaceous
species, while woody vines characterized fall samples.
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Part of this continuum, the present study analyses the pollen foraged by honeybees from
different locations along a urban-rural gradient across the season in order to answer the following
questions:

— Are the species richness and diversity determined through the pollen analysis influenced by
the landscape type and/or the month period ?

— How the floral composition and its traits differ between the different landscapes and over
the course of the seasons ?

In the end, the results may assist in the selection of appropriate plant composition in urban
planning to promote honeybees and the biodiversity. The understanding of which flowers are
favoured by honeybees and their distribution and availability in cities can support stakeholder
decisions in promoting green spaces. This research is willing to provide further knowledge for
urban planning to ensure the preservation and development of biodiversity in cities.

2 Material and methods

2.1 Study area and experimental set-up
The study carried out 18 different locations distributed in the Kantō region of Japan (Figure 1).

As it can be observed in the table 2, the meteorological conditions and altitude are homogeneous
between the different sites. Therefore, these variables can be interpreted as constant among the
site as they should not explain a significant proportion of the variability in the observations. 18
observations hives were used, one per site, owned by different beekeepers collaborating with the
project.

Theoretically, pollen samples were supposed to be collected once a month with a constant interval
from March to September. However, the sampling being sensitive to the weather conditions and
the personal schedule of beekeepers, the sampling date, collection frequency and operational time
varied from site to site. For the subsequent analysis, the sampling dates have been discreetly
grouped by month period. The appendix A shows the details of the sampling among the sites. In
order to determine if the data can be treated independently of the sampling length, the Spearman’s
Rank-Order correlation was tested between the number of species per sample and the sampling
length in hours. Pollen traps were placed at the entrance of the hive for several hours in order
to collect the pollen balls from the bee’s legs (Figure 2 and 3). Although multiple designs of
pollen trap have been developed, the basis remains identical i.e. a bee size mesh to remove
the pollen from the bees and a tray to collect the pollen (Mahmood et al. (2017)). Then, the
contents of the pollen traps were discharged into 50 ml conical tubes, referenced with the date
and the location. The samples from the different beekeepers were received every month and
stored at -20°C. Finally, all the samples were sent to the private company Bioengineering Lab.
Co., Ltd. (https://www.gikenbio.com/, consulted on 20/07/2020) which realises the DNA pollen
metabarcoding analysis.
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2.1 Study area and experimental set-up

Figure 1 – Study sites distributed along the Tokyo bay in the Kantō region, Japan (maps issued
from ©Google satellite images). Red dots represents the location of the beehives

Figure 2 – Pollen trap at the entrance of a hive
(location: Nishi-Chiba campus Chiba University,
25 March 2020)

Figure 3 – Pollen trap close-up with pollen balls
collected in the trail (location: Nishi-Chiba campus
Chiba University, 17 June 2020)
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2.2 DNA isolation, sequencing and bioinformatics

Table 2 – Characteristics of the different locations

ID Location Prefecture Elevation
[m]

Mean temperature
[°C]

Precipitation
[mm]

A-B Enokisawa Chiba 14 15.6 1428
O Kuwata Chiba 23 15.6 1428
C Yachiyo Chiba 31 14.9 1394
D Ichihara Chiba 36 15.5 1550
E Nerima Tokyo 38 15.1 1448
F Shiba Tokyo 6 15.4 1442
G Togo Tokyo 29 15.4 1442
H Colombin Tokyo 24 15.4 1442
I Shinjyuku Tokyo 32 15.4 1442
J Toyosu Tokyo 6 15.4 1442
K Yamatecho Kanagawa 23 15.6 1554
L Ishikawacho Kanagawa 29 14.7 1488
M Gumyoji Kanagawa 13 15.6 1554
N Honmoku Kanagawa 12 15.6 1554
V Nishichiba Chiba 17 15.3 1435
W Kashiwanoha Chiba 19 14.7 1358
X Inohana Chiba 17 15.3 1435

1 issued from ©Google Earth Pro
2 from ©Climate-Data.org (consulted 16/07/2020)

2.2 DNA isolation, sequencing and bioinformatics
The use of DNA metabarcoding to characterize interactions between plant and pollinators

alleviates some of the limitations associated with traditional methods such as the need of an
expert eye, time consuming and the cost (Pornon et al. (2016)). Moreover, it allows to identify
bigger pollen samples and provides the researchers a greater taxonomic resolution. Therefore, DNA
metabarcoding is considered as a better approach to analyse the relationship between bees and the
surrounding environment. For these reasons, the present study decided to use this method even
though technical advances are still needed to make it more accurate, consistent and quantitative
(Bell et al. (2016))

DNA extraction

At first, the pollen were lyophilized using a Lyophilizer Freeze dryer VD-250R (TAITEC,
Koshigaya, Saitama, Japan). After being ground at 1500 rpm for 2 min using a ShakeMaster
NEO homogenizer (bms, Shinjyuku, Tokyo, Japan), DNA extraction was realised with the kit
MPure Bacterial DNA Extraction Kit(MP Biomedicals, Irvine, CA, USA). Then a purification
with a MPure-12 Automated Nucleic Acid Purification System (MP Biomedicals, Irvine, CA,
USA) was applied. Concentration of extracted DNA solutions were measured using Synergy H1
(BioTek, Winooski, VT) and QuantiFluor dsDNA System (Promega, Madison, WI, USA).

16



2.2 DNA isolation, sequencing and bioinformatics

Library preparation and sequencing

Libraries were produced from a 2-step tailed Polymerase Chain Reaction (PCR) method. The
first PCR analysis was conducted with ITS primers coupled with MiSeq-specific adapters and
Illumina index sequences, and the second was conducted with index primers. Even if plastid intron
such as trnL demonstrated a higher reliability in the quantitative analysis of mixed pollen samples
when compared to internal transcribed spacer (ITS) of the nuclear ribosomal locus (Richardson
et al. (2015a); Baksay et al. (2020), ITS markers are strongly divergent and allow a relatively high
taxonomic resolution (Chen et al. (2010); Wang et al. (2015)).
PCR reactions were carried out in a reaction volume of 10µl containing 10XEx Buffer 1.0 µl,
nucleoside triphosphate dNTPs (each 2.5mM) 0.8 µl, 0.5µl for both Forward and Reverse primer
at a concentration of 10µM, Template DNA※1(max0.5ng/µl) 2.0µl, DNA polymerase ExTaq
(TaKaRa, Otsu, Shiga, Japan)(5U/µl) 0.1µl and Double-distilled water DDW 5.1µl. PCR programs
were proceeded as followed : 2 min denaturation at 95°C; followed by 30 then 10 cycles (30s
denaturation at 95 °C, 30s annealing at 57 °C, 30s elongation at 72 °C) and a final elongation at
72°C for 5 min. At the end of each PCR, the products were purified using AMPure XP(Beckman
Coulter, Brea, CA, USA) (the amount of AMPure added equal PCR solution volume x 0.7).
Library concentrations were determined with a Synergy H1 microplate reader (BioTek, Winooski,
VT) and a QuantiFluor dsDNA System (Promega), and library quality was evaluated by using
a Fragment Analyzer (Advanced Analytical Technologies, Ankeny, IA, USA) with a dsDNA 915
Reagent Kit (Agilent, Santa Clara, CA, USA). The generated library was then sequenced using
the MiSeq Illumina technology (Illumina, San Diego, CA, USA) through 2 × 300 paired-end run.

Data analysis

"FASTX Barcode Splitter" 1 from Fastx toolkit, a short-reads pre-processing tools, was used to
extract only the Miseq reads with sequences readings matching exactly the primers used. Next, the
reads were clipped and filtered using the Sickle tool 2 with a quality value of 20; then, trimmed reads
and paired-end reads with fewer than 150 bases were discarded. The remaining reads were merged
by using the FLASH (version 1.2.11) paired-end merge script (Magoč and Salzberg (2011)) under
the following conditions: fragment length after merge, 420 bases; read fragment length, 280 bases;
and minimum overlap length, 10 bases.The paired readings were then aligned with the reference
sequences using the open-source bioinformatics pipeline Qiime 2.0. (Bolyen et al. (2019)). A Qiime
workflow script “pick_de_novo.py” (Caporaso et al. (2010)), with the default parameter values,
was used for OTU creation and taxonomic assignments. RDP classifier was used for taxonomic
assignments with the output sequence.

Following alignments, further filtering of the raw data were applied in R (R Core Team (2020)).
First, all Operational taxonomic units (OTUs) assignation below the identity thresholds of 97%
were discarded (Danner et al. (2017); Smart et al. (2017)). Next, in the same way as Sponsler et al.

1. A. Gordon et al. (2008). FASTX-Toolkit: FASTQ/A Barcode splitter (Version 0.0.13) Available at
http://hannonlab.cshl.edu/fastx_toolkit/download.html

2. Joshi NA, Fass JN. (2011). Sickle: A sliding-window, adaptive, quality-based trimming tool for FastQ files
(Version 1.33) [Software]. Available at https://github.com/najoshi/sickle.
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2.3 Landscape characterization

(2020) did, the number of reads were sorted by genus and by sample (i.e. site and date) and was
then expressed for each genus as the ratio between the read counts and the sum of number of reads
per sample. Genera accounting less than 0.05% of the total number of readings for a single sample
were excluded to prevent low false positives. Moreover, a sample was removed if it accounts less
than 1000 reads to limit inferences from insufficient sequencing depth.

2.3 Landscape characterization
Landscape structure was investigated within a 6 km radius around the hive’s location (table

1) using remote sensing. This study used 3-m pixel resolution multi-spectral images (RGB, NIR)
from ©Planet Labs Inc. With approximately 130 satellites, PlanetScope constellation takes daily
images of the entire land surface of the Earth. In order to fully exploit the whole potential of the
data, the cloud cover condition was set to maximum 5%. However, as Japan is most of the time
cloudy, the possibilities of adequate images were limited. In the end, the images from the different
locations are issued from either April, May or June. It is believed that this heterogeneity would
not have significant impact in the further analysis.

As report by Miller et al. (2019), Planet data are relevant for computing and mapping high
resolution terrestrial above-ground vegetation at the landscape scale. For each Planet image,
the normalized difference vegetation index (NDVI, eq. 1) was computed using the Red and
Near-InfraRed bands. The chlorophyll pigment of a plant in good conditions absorbs the majority
of the visible red light and reflects most of the near-infrared light. Therefore, a dense vegetation
with high photosynthetic activity has higher reflectance in the NIR and low one in the red band.

NDV I = NIR−RED
NIR +RED

(1)

Where:

NIR : spectral reflectance measured in the near infrared waveband
RED : spectral reflectance in the red waveband

Based on this principle, band rationing allows to distinguish vegetation cover from other type
of land cover (Xue and Su (2017)). Classes were created with the function reclassify from the
R package ’Raster’ (Hijmans et al. (2020)) by defining NDVI threshold value to 0.2 in order to
distinguish the non vegetation (NDVI: -1-0.199) from the vegetation (NDVI: 0.2-1) (Taufik et al.
(2016); Hashim et al. (2019)). Then, a majority filter, with 6x6 filter kernel size, from the R
package ’Whitebox’ (Lindsay (2016)) was applied in order to smooth the result and accumulate
regions of high uncertainty.
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2.3 Landscape characterization

Separate landscape classifications were performed using as inputs demographic data 3 and
landscape metrics from the ’lconnect’ and ’landscapemetrics’ R packages (Mestre and Silva (2019);
Hesselbarth et al. (2019)). The landscape matrix along the urban-rural gradient should differ
in terms of landscape diversity, connectivity and aggregation between the patches (Bastin and
Thomas (1999); Hadley and Betts (2012)). Based on these assumptions, the retained landscape
metrics were: Integral index of connectivity (Saura and Pascual-Hortal (2007)); effective mesh size
(Spanowicz and Jaeger (2019)); Shannons’s evenness index (Danner et al. (2017)); vegetation cover
proportion; patch density (Threlfall et al. (2015)); and median of vegetation class’s NDVI.

IIC =
∑n

i=1
∑n

j=1
ai.aj

1+nlij

A2
L

(2)

Where 4:

n : total number of patches
ai : area of each habitat patch

nlij : number of links in the shortest distance between patches i and j
AL : total landscape area

The Integral index of connectivity is derived from habitat availability and a binary binary link
model, in opposition to a probabilistic. On one hand, for non-connected patches the sum’s
numerator is null as nlij = ∞. On the other hand, for i = j then nlij = 0 as no link required
to reach itself. IIC increase with the connectivity between the patches within a landscape [0:1].
Therefore, IIC=1 corresponds to the case where only one habitat occupied the whole landscape
(Pascual-Hortal and Saura (2006)).

MESH = 1
AL

n∑
i=1

a2
i (3)

The effective mesh size assesses the probability that two randomly selected points in a region
are linked and thus part of the same patch (Jaeger (2000)). The lower is the effective mesh size,
the more fragmented the landscape is. In other words, the higher it is, the bigger the area covered
by this class is.

3. ©人口・面積・人口密度, 昼夜間人口比率ランキング　全都道府県市区町村　平成22年国勢調査 ,
http://demography.blog.fc2.com/blog-entry-6677.html (consulted on 28/07/2020)

4. Note that only variables not yet mentioned previously are precised for every equation
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2.3 Landscape characterization

SHEI = −
∑n

i=1(Pi. lnPi)
lnn (4)

Where:

Pi : proportion of class i

Shannon evenness index gives information on the diversity of a landscape. It corresponds to the
ratio of the actual Shannon’s diversity index for the patch type i to its maximum value. SHDI
equal to zero when there is only patch in the landscape (no diversity) and tends to 0 as the
patches’ classes are becoming more even, dominated by one class. In opposition, classes with same
proportional abundances shows a SHEI equal to 1.

Pd = n

AL

(5)

The patch density Pd describes the fragmentation of the landscape. Maximum when each cell of
the raster is a different patch.

PA1 = AL −
∑k

i=0 pixeli
AL

(6)

Where:

pixel0 : pixel having a NDVI <0.2

The vegetation cover PA1 corresponds to the proportion of area showing a NDVI superior than 0.2
relative the total area of the study site.

A1 = 1− A0

AL

(7)

Where:

A0 : non vegetation area characterized by a NDVI<0.2

The unsupervised clustering method of K-means was applied in order to identify which sites
are similar, and potentially categorize into k groups to establish an urban-rural gradient. Before
initiating the analysis, the data was standardized using the R function "scale", to make variables
comparable and so, the clustering algorithm independent of any variable unit. The number of k
groups required to be defined as a first step was determined by the elbow method (Kodinariya
and Makwana (2013)). The method consists in plotting the total within-cluster sum of square in
function of each k group. The location of the bend in the plot can be interpreted as the adequate
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2.4 Taxonomic analyses

number of clusters. The clustering K-means analysis was proceeded using the "kmeans" function
and the R package ’factoextra’ for the graphical representations (Kassambara and Fabian (2020)).
First, the algorithm selects k objects from the observations as the initial centroids. Then, the
remaining observations are assigned to their closest center on the basis the Euclidean distance.
The "kmeans" function offers an nstart option that performs several initial configuration attempts
and only retains the best one. As recommended (Strickland (2014)), nstart equal to 25 was added
to the "kmeans" function. After this assignment step, the algorithm updates each groups centers.
Iteratively, the total within sum of square, which measures the compactness of the clustering, is
minimized until the convergence is achieved or the maximum number of iterations is reached. At
the end, all the study sites are classified into the k distinct groups.

2.4 Taxonomic analyses
Given the poor correlation between the biomass collected during the sampling and the sequencing

read proportions (Lamb et al. (2019)), the analyses undertaken are based exclusively on incidence
based approaches. In other words, the results issued from the data constructed from barcoding
are based on presence/absence binary arrays. This process prevents misinterpretation of DNA
metabarcoding data.

The taxonomic composition of samples was studied across sites, sampling periods and landscape
classes using the Jaccard dissimilarity metric from the R package ’vegan’ (Oksanen et al. (2019)).
This asymmetric distance coefficient addresses the problem of double zero, which is essential when
studying data on community composition along a gradient. Differences in the plant composition
between sampling periods and landscape classes were investigated by permutation-based multivariate
analysis of variance using the function "Adonis" (vegan R package, Oksanen et al. (2019)). Adonis
segments a distance matrix between categorical or continuous variables, and evaluates the robustness
and significance level of the predictors (Anderson (2001). The significance was measured using 999
permutations. If the PERMANOVA results in significant level, a post-hoc multilevel pairwise
analysis with Bonferroni correction was performed using the "pairwise.adonis()" function from
’pairwiseAdonis’ R package (Martinez Arbizu (2020)). The dissimilarities in plant communities
structures were displayed using non-metric multidimensional scaling (NMDS) with 999 permutations.
This iterative algorithm approach reshapes multivariate data into important axes to simplify
interpretation of patterns and variations between groups. It aims in illustrating, as faithfully
as possible, pairwise dissimilarity between components in a low-dimension space. Points that are
clustered can be interpreted as more likely similar than those further apart. The stress value defines
degree of correspondence between the distances among points into the reduced dimension compared
to the complete multidimensional space. Better is the representation as the stress is minimized.
Compared to other ordination methods, NMDS can be advantageous when data sets present several
different gradients of variance (Minchin (1987)). In fact, in a two dimension ordination plot, with
the NDMS method, all data set variance is used to allocate the objects in the low dimensional
space, whereas for PCA/CA/PCoA the first two dimensions only exploit partially this variance
(Legendre and Legendre (2012); Paliy and Shankar (2016)).
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2.4 Taxonomic analyses

Following, species richness of the samples, i.e. number of distinct species, was analyzed as
function of the months and the landscape classes. Differences were assessed by a two-way mixed
ANOVA on species richness (response), across independent landscape classes (between subject
factors) and along time (within subjects factor). Prior to the test, the data was mathematically
root squared transformed to respect the normality (shapiro test) assumption for each combinations
of factor levels. Then, the assumptions on homogeneity of variance (Levene’s test), homogeneity
of covariances (Box’s M-test) and the sphericity (Mauchly’s test) of the landscape classes were
verified at each level of time variable. Finally, a Tukey’s post hoc test was applied to analyzed the
pairwise differences. The graphics were generated using ’ggplot2’ (Wickham (2016)).

The package ’iNEXT’ (Chao et al. (2014); Hsieh et al. (2020)) was used to analyze the diversity
from the three Hill’s numbers of order q = 0, 1, 2 corresponding respectively to species richness
(eq.8.a), Shannon diversity (the exponential of Shannon entropy, eq.8.b) and Simpson diversity (the
inverse of Simpson index, eq.8.a). Hill’s numbers derived from presence/absence data measure the
effective number of uniformly frequent (in all samples) in the system (Alberdi and Gilbert (2019)).
The order of diversity q adapts the sensivity to frequent and rare OTUs. The higher the order is,
the greater are the weights attributed to dominant OTU (Chao et al. (2014)). Therefore, for q=0,
rare OTUs are over-represented, q=1 weighs without discriminating rare or most frequent OTUs,
while the most frequent OTUs are over-weighed for q=2 (Keylock (2005); Jost (2006)). In the case
of incidence data, sample size refers to number of sampling units (here pollen traps).

q∆ = (
S∑

i=1
[ πi∑S

j=1 πj

]q)1/(1−q) q ≥ 0, q 6= 1 (8a)

1∆ =
q

lim
q→1

∆ = exp(−
S∑

i=1

πi∑S
j=1 πj

.log
πi∑S

j=1 πj

) (8b)

Where:

q∆ : effective number of equally frequent species in the assemblage
S : number of species
q : the sensitivity to the relative frequencies
πi : incidence probabilitie of the specie i

To each computed index, a 95% confidence intervals was associated, as well as rarefaction and
extrapolation (R/E) curves. Concerning the species richness (q=0), the argument endpoint
designating the maximum sample size of the R/E computation was set to not exceed the double of
the original sample size. In fact, above this setting, the prediction bias can be significant leading
potentially to unreliable results. In contrast, if the data are not scattered, this precaution is not
necessary for the two other measures (Hsieh et al. (2016)). In order to realise a sample-size-based
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2.5 Indicator species and trait-based analysis

rarefaction and extrapolation, the base sample size was determined following the methodology
described by Chao et al. (2014). Moreover, completeness curves from coverage-based
rarefaction/extrapolation were generated in order to illustrate the sampling effort required to
obtain a given level of sample completeness (Good (1953)). The base size is fixed by taking the
minimum size when comparing the maximum reference sample size and the minimum of the double
reference sample sizes. The reference sample size is defined by the number of samples in the objects
to be compared (here landscape and season). The same procedure is applied to determine the base
coverage with coverage instead of sample size. The two parameters allow to perform more robust
inferences on the assemblage comparison within the sampling range below them (Chao et al. (2014);
Hsieh and Chao (2017)).

2.5 Indicator species and trait-based analysis
Similarity percentage (SIMPER) analysis was conducted with the ’simper ’ function from R

package ’vegan’ (Oksanen et al. (2019)) in order to identify how the taxonomic composition differs
from the environmental conditions (landscape type) and the environmental changes (time). This
step allowed to determine which sampled species contribute significantly to the dissimilarities
among the months and/or landscapes, but also which species are cosmopolitan and are foraged
over seasons. The contribution of each species to the dissimilarity between two groups is determined
from the Bray-Curtis dissimilarity. When implemented with a binary matrix, this index is none
other than Sørensen index.

Finally, to analyze the foraging preferences of honeybees concerning plant’s traits, each specie
identified in the samples were characterized by its nature, i.e. herbaceous (no woody stems above
ground) or woody species(tree, shrub, liana), and its native status, i.e. native, alian, cultivar
species. The database has been built up obtaining the information from different database : Ylist
(Yonekura and Kajita (2007); and ©Species2000 (Roskov et al. (2019)). To determine if proportion
between the different traits varies with season and landscape type, the G–test of independence for
contingency table was performed using the R package ’RVAideMemoire’ (Hervé (2020)). It is
based on Log likelihood ratio and tests if the relative proportions of one categorical variable (here,
plant nature or nativity status) are independent of the second categorical variable (season or
landscape). Therefore, a reject of the null hypothesis allows to conclude that there is a statistical
significant relation between the two variables. Next, a post-hoc pairwise comparisons between
pairs of proportions with Bonferroni corrections of the p-values was conducted (MacDonald and
Gardner (2000)), using the ’pairwise.G.test’ function from R package ’RVAideMemoire’.
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3 Results

3.1 Landscape classification
The method to differentiate the vegetation from the impervious surfaces using the NDVI yields

to convincing results after cross-visualisation checking, even in complex environment such as the
urban matrix. The Figure 4 illustrates an example of the result for one of the study site.

According to the elbow method ( Figure 5), the optimal number of k distinct groups is four.
Therefore, the K-means clustering method classified the different sites into four clusters based
on demographic and landscape metrics (Figure 6). The four different classes represent different
landscape environments: rural; suburban; urban; and urban center. As the two first dimensions
describe a high percentage of variance, the interpretations can be reliable. In support to table 3,
the biplot issued from Principal component analysis (Figure 7) allows to visualize how variables
explain the differences between the landscape classes. The urbanized locations are driven by a much
higher demographic density compared to the other landscape. Morever, following the decrease in
the proportion of vegetation along the rural-urban gradient, it can be assumed that the higher
patch density in the cities is induced by the presence of many smaller plots, such as gardens.
patches, such as gardens. In contrast, the rural sites testifies of a higher connectivity between the
patches. Finally, the suburban landscape really acts as a transitional bridge between rural and
metropolitan areas. The detailed results of the principal component analysis are presented in the
appendix B.

Table 3 – Mean and standard deviation of variables among the landscape classes. The standard
deviation is situated between brackets below the mean.

Cluster dpop
[in./km2]

IIC
[-]

MESH
[ha]

NDVI
median [-]

SHEI
[-]

veg
cover (%)

Pd
[nbr/km2]

rural 398
(291)

0.3533
(0.0366)

2414.8
(904.9)

0.49
(0.05)

0.93
(0.05)

0.67
(0.05)

0.000044
(0.00004)

suburban 6475
(4839)

0.0572
(0.0342)

186.3
(122.9)

0.48
(0.05)

0.93
(0.1)

0.56
(0.08)

0.000117
(0.00003)

urban 10741
(2104)

0.0023
(0.0021)

2.7
(1.3)

0.32
(0.04)

0.51
(0.12)

0.27
(0.08)

0.000276
(0.00003)

urban center 16532
(1499)

0.0009
(0.0006)

1.4
(1.1)

0.32
(0.03)

0.38
(0.14)

0.19
(0.07)

0.000437
(0.00010)
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3.1
Landscape

classification

(a) Satellite base map using QuickMapServices (NextGIS
(2019),©Google images) with 6 km radius around the hive.

(b) Computed NDVI map, June 2019.

(c) Vegetation highlighting (NDVI= 〈0.2 : 1〉) in white.

Figure 4 – Successive remote sensing outputs
for the case of Nishichiba
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3.1 Landscape classification

Figure 5 – Elbow method plotting the total within sum of square explained in function of the
number of k clusters. The elbow of the curve suggests the number of groups to retain for kmeans
clustering analysis.

Figure 6 – Cluster plot of the study sites from k-means clustering analysis. The axes represent the
first two principal components of the PCA analysis.
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3.2 Richness and diversity of pollen samples

Figure 7 – Principal component analysis (PCA) biplot of individuals and variables.
Pd: Patch density [patches/km2], dpop: demographic density (number of inhabitant/km2), MESH_veg:
effective mesh size of vegetation [-], IIC: Integral index of connectivity [-], veg_cover: vegetation cover
(%), NDVI_median: median of the NDVI of the cells superior to 0.2 [-], SHEI: Shannons’s evenness
index [-]

3.2 Richness and diversity of pollen samples
From a total of 8,179,602 raw reads initially, the data set includes 6,806,967 reads after quality

filtering (identity≥ 97%) with an average sampling rate of 47548 reads (SD = 27464) for the 143
samples. The further filtering reduced the number of reads to 6,799,314, distributed among 307
taxa from 74 families and 187 genera. 301 are determined to the specie level and the 6 to the genus.
The species richness, defined as the number of distinct taxa in the samples, extends from 3 to 42
per sample with an average of 12 (SD = 6.2). No interaction is found between the landscape type
and the time on the squared root species richness (F = 0.95, p = 0.52). While the landscape type
implies no statistical significant differences (F = 2.00, p = 0.12), the pollen diversity (squared root
species richness) varies highly significantly across the months (F = 5.22, p < 0.001) with the early
spring (March and April) testifying a significantly higher diversity (Tukey test, p < 0.05) than the
late growth season (July, August, September) (Figure 8). Prior to the analysis, the Spearman’s
rank-order correlation showed a very weak relation 5 (rs[143] = −0.17, p < 0.05) between the
number of species and the sampling length. Despite a significant p-value, because of the large

5. Correlation strength evaluation following the guides of Fowler et al. (1998)
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3.2 Richness and diversity of pollen samples

size of sample, the weak correlation is statistically justified and representative of the population
(Schober et al. (2018)).

Figure 8 – Boxplot of squared root species richness by sampling period. Letters indicate significant
differences according to Tukey’s test.

NMDS shows variabilites in the pollen composition accros the month periods (Figure 9). The
greatest discontinuity is found between the Spring season (March, April, May) and the Autumn
(september). The floral composition foraged by the honeybee during May and August serve as a
transition to the next season. The permutation tests reveal that the month period (F = 6.87, R2 =
0.23, p < 0.001), the site (F = 1.27, R2 = 0.1, p < 0.01) and the landscape class (F = 2.01, R2 =
0.03, p < 0.001) are significant explanatory variables of the pollen composition in the samples, but
the sampling period explains a larger proportion of the variance. From post-hoc pairwise adonis
(letters from Figure 9), the urbanized sites (urban and urban center) appears to host a similar
plant community. Moreover, taken as a whole, the plant composition foraged by honeybees varies
considerably over the months until early autumn, when the floral composition appears similar to
the one of late summer.

The results from sample-size-based rarefaction and extrapolation, and sample completeness
curves are shown in the Figures 10 for the landscapes and in Figures 11 for the seasons.
Independently of the factor, the null order sampling curves increase sharply with the sampling
size, while the ones from higher orders tend to flatten out. This illustrates the increasing influence
of dominant species in the measure. The curves for the highest order start stabilizing at lower
sampling size and present smaller confidence intervals. In fact, the most frequent species having
more weigh, they can be observed with lower sampling effort.
Prior to the comparison of diversity among the factors, the base sample size and the base coverage
were determined and equal to 48 and 87.2% for the landscape, and 110 and 94.6% for the season.
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3.2 Richness and diversity of pollen samples

Figure 9 – Non-metric multidimensional scaling (NMDS) of plant communities from the pollen
incidence data. Pollen samples’ landscape type are symbolized by different shapes. Sampling
periods are illustrated by color, and seasons are represented by 80% prediction confidence ellipses.
Stress value = 0.086, non-metric fit,R2=0.99 and linear fit, R2=0.96 determined from Shepard
diagram (appendix C). Letters indicate significant differences according to the post-hoc pairwise
comparisons, with Bonferroni correction, of the plant communities among the landscape gradient
and the sampling period.

Regarding to the landscape factor (fig.10.a), the urban class appears to have the highest diversity
independently of the order. The difference is only justified statistically compared to suburban class
when the sample size exceeds 30 (for the order q=0 and q=1). Furthermore, the 95% confidence
intervals tend to not overlap for q=0,on one side, for the urban and rural classes, and on the
other side for q=2, between the urban and urban center. Moreover, for the rural, suburban and
urban center, in contrast to q=0, the order of the curves is inverted. Without being statistically
significant, this implies that urban center’s plant community presents more rare OTUs compared
to rural and suburban areas. On the other hand, it also indicates that proportion of frequently
common OTUs is higher in the rural than in the suburban and urban center landscapes.
The sample coverages for the four landscape (rural, suburban, urban and urban center) was
evaluated respectively to 73.3%, 88.3%, 85.4% and 81.8% and increased to 90.5%, 92.3%, 85.4%
and 84.0% with the extrapolation. The Figure 10.c displays coverage-based rarefaction and
extrapolation curves up to the base coverage of 87.2%. Similar trends as for the sample size-based
curves (fig. 10.a) can be observed for the order 1 and 2. However, for the species richness (q=0),
the urbanized landscapes differ significantly from rural and suburban landscapes at a higher level
of coverage (from 80% of sample coverage to the base coverage).

29



3.2 Richness and diversity of pollen samples

Turning to the season factor, being composed of only one month (September), the fall season
has far less sample units compared to the two others seasons. Being too restrictive, it has not been
considered in the determination of the base size and coverage size. Hence, the estimation with
extrapolation of the species richness (q=0) for the fall season cannot be reliable and is excluded
from the interpretations of this graph. The spring season presents a significantly higher diversity
independently of the sampling size, coverage and the order of Hill number. In contrast, for order
superior to zero, the fall and the summer do not differ in species diversity at any sample size.
When the reference sample size is extrapolated to the base size, the sample coverage is increase from
92.5%, 89.,% and 71.3% to 95%, 94.6% and 99% for the spring, summer and fall. Consequently, the
comparison of covered-based sampling curves allows to contrast three equally complete samples.
The patterns observed for the Figure 11.c are consistent with the ones based on sample-size-based
curves.

The coverage-based comparison ensures that the differentiation level between multiple communities
is due to the intrinsic differences between these communities and not to the sampling effort. It
allows a better guidance on the sampling efforts required to support interpretations on differences
between communities rather than samples (Chao and Jost (2012)). Here, the conclusion is different
depending on factors studied. For the analysis of seasons, the sampling efforts is sufficient to reach
a complete sample, while for the landscape, it would require more samples, especially for the rural
landscape which limits the extrapolation and thus interpretations.
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3.2 Richness and diversity of pollen samples

(a) Sample-size-based rarefaction and extrapolation curves

(b) Sample completeness curve

(c) Coverage-based rarefaction and extrapolation curves

Figure 10 – Comparison of three types of sampling curves showing plant species diversity
depending on the landscape for Hill numbers of order q=0 (Specie richness), q=1 (Shannon
diversity), q=2 (Simpson diversity).
Reference samples, 95% confidence intervals, rarefaction and extrapolation are indicated respectively
by solid shapes, shaded areas, solid lines and dotted lines. The vertical dotted lines represent the base
size equal to 48 on (b) and the base coverage , 87.2%, on (c).
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3.2 Richness and diversity of pollen samples

(a) Sample-size-based rarefaction and extrapolation curves

(b) Sample completeness curve

(c) Coverage-based rarefaction and extrapolation curves

Figure 11 – Comparison of three types of sampling curves illustrating the plant species diversity
depending on the season for Hill numbers of order q=0 (Specie richness), q=1 (Shannon
diversity), q=2 (Simpson diversity).
Reference samples, 95% confidence intervals, rarefaction and extrapolation are indicated respectively
by solid shapes, shaded areas, solid lines and dotted lines. The vertical dotted lines represent the base
size equal to 110 on (b) and the base coverage , 94.6%, on (c).
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3.3 Trait-based and dominant taxa

3.3 Trait-based and dominant taxa
The results from the G–test of independence reveal that over the months, the traits composition

of plants foraged by the honeybees varied significantly, both in nature (G = 99.0, p < 0.001 ) and
native status (G = 69.1, p < 0.001). In contrast, regarding the landscape, only the nature of the
plants shows a dependence (G = 10.7, p < 0.05). The results of the post-hoc comparisons are
depicted on the Figure 15 by letter combinations which reflect significant differences (p < 0.05)
between the pairs of proportions.

Effect of landscape

According to the Figure 12, the proportion of herbaceous species among the samples appears to
be significantly higher for the rural landscape compared to the others. Apart from this observation,
plant composition traits are independent of landscape type. The Figure 13 shows that among the
307 different species identified in the study, 144 species are only found in specific landscape. In
term of ratio, it corresponds respectively to 27%, 22%, 24% and 26% of the total species identified
in the rural, suburban, urban and urban center landscapes. In contrast, 35 species are observed in
every landscape. They correspond to 45% of the species found in all the samples combined. These
species are divided between 18 families and 25 genera.

Figure 12 – Comparison of proportional occurrence of the different plant traits along landscapes.
Letters on top of the bar indicate significant differences between pairs of proportions according to
the result of post-hoc pairwise comparison with Bonferroni correction.
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3.3 Trait-based and dominant taxa

Independently of the landscape, Fabaceae, Rosaceae, Brassicaceae, Asteraceae, Plantaginaceae
and Onagraceae are respectively the most frequent taxonomic families encountered in all samples.
However, as support by the Figure 14, the order varies in function of the landscape. The suburban
area stands out from the other classes as it presents higher frequency for Brassicaceae, Ranunculaceae
and Rosaceae, to the detriment of the Fabaceae family. In contrast, the proportions of the Fabaceae
are equal for the urban and urban center landscapes This finding supports the result from the
NMDS ordination of diverse plant community among the landscape type (rural, suburban and
urbanized landscape). Moreover, to be noted, the presence of Poaceae among the families most
represented in the samples. This family is almost exclusively formed by anemophilous species.
More surprisingly, it is the most frequent in the urbanized landscape, while this family is usually
associated in majority to the countryside.

Figure 13 – Venn Diagram illustrating the overlap of plant species within different landscapes. The
"N" between brackets corresponds to the number of samples per landscape.

Effect of sampling period

The proportions of woody species decrease significantly over the season (G = 87.5, p < 0.001).
The Figure 15 highlights the monthly variation with the highest proportion in April (46%) and
the lowest in September (10%). It can be observed that there is a strong drop between June and
July (-12%) and between August and September (-10%). On the other hand, the proportion in
native status(G = 32.9, p < 0.001), the spring stands out compared to the other two seasons with
a higher presence of cultivar in the samples. Throughout the sampling period, native species are
the least common, in opposition to the exotic species.

March and April are dominated by Prunus and Brassica spp (Fig. 16), from which half of the
observations being cultivar species. A strong presence of the genera Acer (maples) and Helleborus is
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3.3 Trait-based and dominant taxa

Figure 14 – Bar plot showing the 9 most frequent family observed in the samples in contrast with
the landscape classes.

detected, which are known to bloom early in the season. These genera disappear from samples, later
in the season. In contrast, four of the eleven most frequent genera emerge from late spring in May.
Between April and June, a noticeable phenological turnover in the pollen composition (Fig.14) can
be evidenced, with May serving as a transition bridge. This has already been highlighted by the
discontinuities in the NMDS ordination (Fig.9). Following this shift, the genus Trifolium spp. is
highly dominant in June and July samples. In addition, are also found in large proportions, the
herbaceous genera Plantago and Oenothera spp, and the woody genera Mallotus, Hydrangea spp. .
In August, the species from the genus Oenothera arer the most represented with Trifolium despite
a reduction in its occurrence. August and September denote a shift in pollen composition trends
with a reduction of high proportional occurrence genera. In other word, plants detected in August
and September are more dispersed between genera. Only genus Allium shows an increase from
August to September. Finally, Trifolium spp., Rosa spp and Allium spp. are the only genera that
are observed across the whole study period.
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3.3 Trait-based and dominant taxa

Figure 15 – Proportional occurrence of the different plant traits across the sampling period. Letters
on top of the bar indicate significant differences between pairs of proportions according to the result
of post-hoc pairwise comparison with Bonferroni correction.

Figure 16 – Heatmap representing the 11 most frequent genera (62 species) in all samples according
to their monthly proportional occurrence. The proportional occurrence corresponds to the ratio
of the number of observations for a genus per month to the number of samples for the specific
month. The 11 genera were chosen according to the condition that their observation frequency is
superior to 10% of the total occurrence of at least one season. In total, they account for 47% of all
observations of the study period. Note that the genera are ordered according to their prevalence,
with the most frequent on the top.
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4 Discussion
The study analyzed the pollen collected from 18 different sites for 7 months, from March to

September, in 2019. Using DNA metabarcoding to identify the pollen composition of the samples,
the methods yields to the identification of 307 taxas of which 301 to the specie level. As advised
by Bell et al.(2018), the generated data set is considered as incidence data (presence/absence).

The pollen composition is assessed over the seasons and along an urban-rural gradient. For
the latter, the use of landscape metrics allowed to include influences of ecological processes at a
landscape level (foraging, plant dispersal) by assessing the diversity, connectivity and aggregation
of the patches (Baguette et al. (2012); Doherty and Driscoll (2018)). Four different landscapes
were identified : rural; suburban; urban; and urban center (Fig.6, table 3).

Landscape diversity does not show significant difference in the Species Richness (Fig. 10.a (q)
and Two way ANOVA). However, the rural sample shows limitation in its interpretation as it
accounts a lower sample size not comparable to the others, that could mislead the extrapolation
(see section 3.2). Therefore, its analysis must be treated with caution. For the others, with regard
to Coverage-based rarefaction and extrapolation curves (Fig.10.c, q=0 and q=1), the suburban sites
appear to have a significantly lower diversity compared to the urbanized areas (urban and urban
center). In fact, except for the urbanized areas that are similar, the plant communities among the
landscape differ independently of the season (Fig.9). This in opposition to related studies that
report no effect of the landscape diversity on the pollen composition (Steffan-Dewenter and Kuhn
(2003); Danner et al. (2017). The hypothesis is that as many ornamental flowers used in the city
are unattractive for the pollinators(Garbuzov et al. (2015)), in order to meet nutritional demands
with diverse pollen diet, the honeybees need to increase their foraging range to find available
resources increasing the probability to meet a higher diversity of plants (Avni et al. (2014); Danner
et al. (2016)). Moreover, the urban matrix having smaller spread patches, the resources are less
dense, so the foragers to search further or for substitutes. Hendriksma and Shafir (2016) report
that in case of nutritional deficiency, honeybees do not only integrate new sources but also focus
in searching complementary nutritional ones.

Despite this difference in community composition, the trait-based analysis reveals no significant
differences in the characteristics of sampled plants (Fig.12). This reflects a great diversity of
plant resources and highlight foraging patterns regardless the landscape. In the samples, 35
species are found in all landscape which corresponds for each class to 45% of the observations
from all the samples combines. Fabaceae, Rosaceae and Brassicaceae are the most occurring
taxonomic families in the samples (Fig.14), which is in agreement with previous findings (Park
and Nieh (2017); Doherty and Driscoll (2018). Furthermore, the presence of the Poaceae family
among the most frequent families in the samples support the findings of Saunders (2018) to take
in consideration the anemophilous plants as resources for pollinators. The presence in higher
proportion for the urbanized landscape support the hypothesis of a nutrional deficiency that
foragers try to compensate.
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In contrast to the minor variations due to the landscape diversity, a strong seasonal effect
has been evidenced on the species richness (Fig.8, Fig.11.a), the pollen diversity and the plant
composition (Fig.11.a,.c and Fig.9). The samples from the Spring have significantly higher diversity
compared to the other two seasons (Fig.11), same observations have been made by Lau et al. (2019).
Woody species appear to occur more in the Spring (Fig.15), as they constitutes an important source
of pollen for the early season (Brodschneider et al. (2019); Sponsler et al. (2020)). The genera
Prunus spp. and Acer spp. are the most represented (Fig.16). It is also during this period that
the cultivar species occur the most with the genera Prunus spp. and Brassicaceae spp. Next,
the proportion of woody species is gradually replaced by herbaceous plants when in September,
they only represents 10% of the occurrence (Brodschneider et al. (2019); Sponsler et al. (2020)).
Concerning the native status, the cultivar frequency tends to decrease in time to the benefits of
alian species which dominates the observations. These observations are at odds with the ones
from Williams et al. (2011) and Urbanowicz et al. (2020) who report both no overall preference for
native or alian species. The dominance of non native species in the samples could be explained by
a higher presence of non native species in the vegetation communities as the region is composed
of highly modified landscape favouring the development of non native plants at the expense of the
indigenous. However, this statement should be alleviated and requires further research. A plants
inventory representative enough of populations surrounding the hives would allow to remove some
uncertainties.

The plant composition of May and August denote a qreongn to the next season (Fig.9, Fig.16).
The summer shows a presence much more important of dominant taxa in the samples. This
pattern corresponds to the findings of Liolios et al. (2015) evidencing the behaviour of honeybees
to focus on certain abundant plant with a long flowering period (floral consistency). Therefore, the
low diversity during the Summer matches with the peak of occurence of certain families (Fig.16)
such as Fabaceae with the genus Trifolium spp and Plantaginaceae, Plantago spp. This finding
is in line with other researches (Donaldson-Matasci and Dornhaus (2012); Brodschneider et al.
(2019)). Finally, August reflects a break in the preponderance of the dominant taxa in the pollen
composition, that translate the transition to seasonal dearth with the resources that are decreasing
(Fig.9,Fig.15). To mitigate this transition, the honeybees increase their foraging radius requiring
to extra effort from the foragers sometimes for worthless rewards. Therefore, in an urban greening
context, it would be relevant to put in place measures to alleviate this seasonal dearth by ensuring
enough resources close to the apiaries.
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Limitations

The urban-rural gradient used in this research was determined from an unconventional approach.
Despite, the method led to convincing results, certain caveats can be emitted. In fact, the image
resolution used was 3 meters which could lead to some limitations and approximations, especially
in complex landscape matrices such as urban area. Therefore, a higher satellite resolution or images
captured by drones would be more appropriate. Then, the choice of variables can be questioned.
Despite, these limitations, this approach gave relevant results, open to further investigations.

Concerning the DNA metabarcoding, the method yields the identification of a large number of
taxa, 307 from which 306 at the specie level. This results is higher than what I have been found
the literature. However, this technique is still under development and needs further investigations
and improvements, especially in the question of the relation between the number of reads and the
pollen abundance, which remains to date not reliable (Baksay et al. (2020)). Too many steps are
still arbitrary, such as the choice of the identity threshold, set in this study to 97%. Consequently,
with the upcoming progress, it will require to be standardized in order to enable the comparison
of data between different studies.

Finally, some implementation would allow for further interpretations of the samples. A monitoring
of strength of each colony (brood combs, stored food,...) would help to compare the conditions of
the colonies. Moreover, during the pollen collection, the weighting of the samples would give some
insights about the abundance.
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5 Conclusion
The present study aims to promote biodiversity and urban greening in cities by adopting a

more reasoned and conscious urban planning. Pollen was used as the source of the observations
in this study as it is vital to the growth and well-being of the colony (Herbert (1992)), but also
because it highlights the plant-pollinator interactions.

In this context, pollen was collected from 18 different locations during the period from March
to September 2019. The pollen was analyzed by DNA metabarcoding yielding in the identification
of 307 different taxa. Next, the study conducted an analysis of the pollen sampled depending on
two factors : across the seasons (Spring, Summer, Fall); and along an urban-rural gradient (rural,
suburban, urban and urban center). The goals of the study were to determine if the landscape
and/or the season explain some variations in the species richness and diversity. In addition, the
floral composition was characterize by specific traits: nature (Woody or Herbaceous); and native
status (Native, Alien and Cultivar).

It has been evidenced that the landscape explains minor variations in the plant composition
foraged by honeybees. In fact, only a higher diversity in the pollen composition was observed
for the urbanized locations (combination of urban and urban center) compared to suburban areas
compared. The hypothesis is in favour of an unattractive plant composition in the urban areas
that forces the bees to forage further to increase the plant diversity in order to find suitable pollen.
Moreover, smaller patches in the urbanized landscape yield in fewer resources requiring the foragers
to visit more patches. However, despite this difference any difference in the trait-based analysis
was identified. It reflects large plant communities dominated by the occurrence of alian species
independently of the landscape classes.

In contrast, the species richness, pollen diversity and plant composition showed a strong dependence
to the seasons. Woody species appearing more often the sample of the early Spring provide an
important source of pollen to the honeybees in the early growth season. Over the months, the
proportion of woody species is decreasing in favour of herbaceous plants. Regarding the native
status, the alian species dominates the observation. The cultivar species occurrence tends to
decrease constantly over the seasons, while native species are sparsely foraged.

Regarding the taxonomic composition, the Fabaceae, Rosaceae, Brassicaceae, Plantaginaceae
and Onagraceae represent the families that are the most frequently observed in the sample. The
genus the most represented is by far Trifolium spp., reaching its peak in Summer, period of low
diversity due to the pervasive presence of dominant taxa. In opposition, the end of the Summer
shows a reduction in the presence of dominant taxa in the sample, which corresponds to the seasonal
dearth. To conclude, the present study contributes to a deeper understanding of the ecology and

floral composition foraged by honeybees on which the urban planning can rely in order to promote
the biodiversity in the cities.
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