Flower sharing and pollinator health: a behavioural perspective
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Abstract

Disease is an integral part of any organisms’ life, and bees have evolved immune responses
and a suite of hygienic behaviours to keep them at bay in the nest. It is now evident that flowers
are another transmission hub for pathogens and parasites, raising questions about
adaptations that help pollinating insects stay healthy while visiting hundreds of plants over
their lifetime. Drawing on recent advances in our understanding of how bees of varying size,
dietary specialisation and sociality differ in their foraging ranges, navigational strategies and
floral resource preferences, we explore the behavioural mechanisms and strategies that may
enable foraging bees to reduce disease exposure and transmission risks at flowers by
partitioning overlapping resources in space and in time. By taking a novel behavioural
perspective, we highlight the missing links between disease biology and the ecology of plant-
pollinator relationships, critical for improving the understanding of disease transmission risks

and the better design and management of habitat for pollinator conservation.
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1. Introduction

As with all multicellular organisms, pollinating insects face threats from the pathogens
that they have co-evolved alongside for millenia. A fine balance between the geographical
distribution, prevalence and infectivity of pathogens defines the health of pollinator
populations, and we are just beginning to understand the impacts of disease on plant-pollinator
interactions and whole ecosystem dynamics [1]. In the field of pollinator disease ecology,
much of the current research focus is on conserving wild pollinator populations and
maintaining healthy populations of managed pollinators that are bred and distributed by
humans [2], as well as minimising the risk posed by the latter to the former. One less
understood question however is how pollinating insects might use behavioural defences to

avoid infection and iliness caused by pathogens when visiting flowers.

Commercially-managed bees carry a wide range of parasites (e.g. Varroa mites) and
pathogens, including viral (e.g. deformed wing virus), fungal (e.g. Nosema ceranae), bacterial
(e.g. Paenibacillus larvae) and protozoan (e.g. Crithidia bombi) infectious agents, some of
which can spread to wild insect pollinators [3]. Such spillover effects in pollinator communities
can occur through direct and indirect transmission [4], and the number, route, mode of
transmission, and stability of an infectious agent outside the host will determine its infectivity.
Direct transmission occurring through contact with infected individuals happens mostly under
conditions where insects spend a substantial amount of time together, such as within nests or
mating aggregations. Social bees are among the best-studied pollinators and are known to
have evolved a suite of hygienic behaviours, both at the individual and social level, to keep
disease transmission at bay in the nest [reviewed by 5-6]. Indirect transmission can occur
through exposure to contaminated surfaces or food, and for pollinators this is mostly likely to
occur during foraging on flowers [7-9, see Table S1]. Much less is known about how the
foraging behaviour and choices of individual bees affects the risk of disease transmission and
infection, raising the question of whether pollinators have behavioural adaptations that help

them stay healthy when visiting hundreds of plants over their lifetime.

Previously it has been suggested that bees may be able to recognise and actively
avoid landing on flowers containing pathogens or offering nectar that has been modified by
bacteria [10-13]. Yet in most cases the purpose of flower visits is the extraction of food which
requires handling of the flower, and foraging pollinators risk exposure to pathogens with each
flower contact. The frequency, duration and type of floral contacts determines the likelihood of

contamination and infection, as well as the prevalence and survival of infectious pathogens on



flowers. Foraging and floral handling behaviour therefore may not only be under selection to
increase a forager’s success in acquiring food, but also selected to reduce disease exposure
and infection risk. The types and levels of infection risk that foraging pollinators can tolerate

remain unclear.

Here we explore whether behavioural adaptations that are commonly assumed to be
driven by floral reward quality and availability, such as patterns of flower choices and patch-
leaving decisions, are also beneficial in reducing the frequency of exposure to pathogens. We
focus on bees because it is a diverse group of insect pollinators but also the best-studied
behaviourally. We consider female social and solitary bees exclusively in our discussion, but
acknowledge that male bees in most bee species are also flower visitors collecting food for
themselves within defined home ranges and learning the locations of flowers [14-16]. Males
are typically not considered to be central-place foragers. and so such differences could
potentially also have significant effects on disease transmission at flowers. It is also relevant
to note that not all microbes found on flowers are pathogenic, yet are still relevant to pollinator

health through important roles in multitrophic relationships (see Table S2 for an overview).

2. Overlap in plant utilisation increase the risk of indirect disease transmission in

pollinators

The relationships between pollinating insects and flowering plants are complex. They
are best understood in the context of communities and whole networks that incorporate a
variety of individual interactions between diverse partners over time, in particular locations
and/or types of habitat [for a review see 17]. Flowers vary in their morphology, advertisement
cues and rewards, typically including rather than excluding diverse pollinators, even if that
comes at a higher cost of rewarding less effective species of insect pollinator [e.g. 18-18].
Therefore, there is significant overlap in the floral resources pollinators utilise, even in species-
rich networks and habitats where biotic interactions are increased. While this should lead to
more partitioning and specialisation [22], in reality most plant-pollinator relationships are
predominantly generalist and highly overlapping [23-21]. Typically bees collect pollen and
nectar from many different plant species, benefitting from such generalist collection strategies
by diversifying both the range of nutrients consumed and by diluting exposure to plant toxins
[25-23].

The generalised nature of plant-pollinator relationships therefore generates a high
potential for multiple indirect contacts between insect flower visitors. When foragers of the
same or different species overlap in space and time, visiting the same individual flowers within

short time windows, flower-sharing contacts become a prominent source for indirect pathogen



transmission [10, 27] (Figure 1). Pathogens are deposited when pollinators defecate on
flowers, and this seems to be the most likely mechanism of indirect transmission, both within
and between species [28-31]. Pollen collection can increase pathogen presence on the bee
body and may also be a potential route for infection, though grooming may reduce infection
risk, and pathogen-contaminated pollen has been found on the body of healthy bees [32-34].
Some bees regurgitate small drops of nectar to moisten pollen during collection, and it is
possible that surface contamination of flower organs occurs through salivary deposits or

contact with pollen sacs on the bee legs, though this has not yet been shown directly [35-37].

The risk of infection via indirect contact with pathogens is more variable than risks
associated with direct contact and depends on the amount of time elapsed between pollinator
visits, and whether pollinators make sufficient contact with the contaminated surface. Also
important is the pathogen’s ability to survive on the flower, withstanding various macro- and
microclimatic conditions and exposure to potentially harmful phytochemicals. The longevity of
the flower is another factor. Thus, what matters in terms of disease exposure and transmission
are those visits to the same individual flower that occur within a critical time window during
which the pathogen remains viable. Contacts must also be of sufficient duration to cause
infection. Although contact patterns will depend to a large degree on the abundance of insects
and flowers within a given area, factors which are commonly measured and modelled in
ecological disease studies, sometimes in combination with broad sampling of insect visits [37,
38], we argue that it is also imperative to consider the specific movements and actions of
individual foraging pollinators, including visitation sequences at finer temporal and spatial

scales.
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Figure 1. Flowers are hotspots for indirect transmission of disease. Various factors,

including both flower and bee morphology, determine the placement of pathogens on flowers

and the duration which they remain viable, leading to a critical time window for flower visits

that lead to infection, where bees make sufficient contact with contaminated surfaces and

pathogens remain infective. While dietary specialisations and preferences drive flower

choices and resource partitioning, individual foragers use many different sensory and

handling cues to guide flower choices within a patch, and can avoid landing on flowers that

have been recently visited by another pollinator or reject flowers on the basis of cues

associated with pathogen presence. These behavioural adaptations may serve to reduce

their susceptibility to infection by pathogens present on flowers. Figure created with

BioRender.com. Bee images credited to Jose Luis Ordbrniez and Ignasi Bartomeus, used

under CC-by-NC licence.

3. Dietary specialisations and preferences drive flower choices and can reduce

flower sharing



Although the majority of bees are generalists, diet breadth varies considerably between
species. The larvae of certain solitary bees can only develop on the pollen of one or two closely
related plants, and even the larvae of generalist bees exhibit better survival when fed one type
of pollen over another [see 21]. When foraging, individual bees are known to develop
preferences for certain plant species over another, and do not visit and collect resources

equally from all available flowers

When collecting nectar, the main source of carbohydrate for bees, foragers assess the
nutritional value of this reward instantaneously and over the duration of several foraging bouts,
by measuring the flow rate and sugar content [39]. Generally more concentrated nectar is
preferred by bees, providing it is not too viscous [40], and bees learn floral cues and spatial
information better when the sugar content is higher [e.g. 41-39, 43]. Nectar also contains
amino acids and other phytochemicals, such as caffeine or nicotine, that have been shown to

alter bees’ flower visitation preferences and ability to learn floral cues [44-47].

For pollen the factors driving flower visitation preferences are less well understood
[reviewed by 21], owing both to the nutritional complexity of pollen as a floral reward, and the
fact that unlike nectar, pollen is not actively ingested at the flower during pollen collection,
raising questions about the mechanism(s) of reward evaluation. Individual bees concentrate
their effort on a smaller selection of plant species compared to nectar foraging There is
evidence that bumblebee foragers appear to favour plants providing pollen with high
protein:lipid ratios [48], and that macronutrient ratio preferences vary according to bee species
[49-46]. However, the majority of the work on bees’ individual pollen foraging preferences has
been conducted in social bees, which rely on a large foraging workforce to ensure that a
suitable range of nutrients is secured by the colony [reviewed by 25]. Solitary female foragers
in contrast, must also lay eggs, build the nest and collect all food for developing larvae, and
as yet very little is known about how the drivers of foraging decisions differ between social and

solitary bees [but see 51-52].

Differences in floral food reward preferences, both between species and individuals,
can therefore lead to spatial segregation in flower visitation patterns, reducing the overlap in
flower contacts between pollinating insects, and thus potentially lowering the risk of

contamination of food and flower surfaces, and pathogen transmission and infection.
4. Flower visitation patterns within a patch

Aside from the nutritional suitability of food rewards offered by flowers, there are many

additional factors which affect a bee’s decision to land on a particular flower or not. These can



be broadly divided into i) sensory cues arising from the display of the flower and ii) handling
cues related to flower morphology. Many pollinators exhibit ‘flower constancy’ within a foraging
bout, visiting flowers of the same species or limited range of species and ignoring others within
the same patch, even if they provide approximately equal food rewards [53]. Both sensory and
handling cues contribute to flower constancy, which is thought to maximise foraging efficiency
by minimising the handling and cognitive costs associated with switching between different
flower morphologies, and by reducing the cost of information acquisition [54-58]. Flower
constancy, or majoring and minoring [59], varies in different species, forager types and
contexts, and even an individual that is highly flower constant to one particular plant species
may occasionally deviate from that flower type during a foraging bout to assess and compare
the profitability of alternative floral resources [60]. This means that every flower in a particular
location or ‘patch’ does not have an equal likelihood of being visited by a particular bee species
or individual forager, meaning the risk of indirect disease transmission through contact with

contaminated plant tissue or consumption of contaminated food rewards is variable.

Sensory cues, of which visual and olfactory cues are most salient and well studied, but
also other cues, such as temperature, electric fields and humidity patterns [61-63] help bees
to distinguish between flowers and remain constant to a particular plant species. However,
such multi-modal displays can also lead bees to generalise between flowers of a similar type
on the basis of traits such as petal colour, fragrance and flower morphology [64-66], which
could lead to more overlap between visitors and an increase in flower contacts within a given
location. Such generalising between similar flowers could further be influenced by
environmental ‘noise’ such as changeable weather conditions affecting the bees’ ability to
detect and respond to floral signals [67]. This means it can be hard to predict how individual
bees will distribute themselves and select flowers within a foraging bout in a multi-species
patch based solely on the knowledge of the plant species present alone. Detailed examination
of visitation patterns of individual bees within a foraging bout as well as plant-pollinators
networks are needed. This will allow the detection of contact patterns and the degree of
overlap between individuals which when overlaid with information regarding the virulence and
infectivity of pathogens deposited on flowers, will determine the true exposure risk of foraging

in a particular area.

Differences in flower morphology shape bees’ foraging preferences and the degree of
constancy due to the handling time required to extract rewards. However, flower morphology
itself can also influence the risk of disease transmission. For example, the type of behaviour
required to extract a floral reward from a flower can affect pathogen dispersal, as shown for

bumblebee pollen-scrabbling behaviour which led to a 23% higher acquisition of microbes



from monkeyflowers, compared to nectar collection [34]. When comparing 14 different plant
species, Adler and colleagues [68] showed that the number of reproductive structures per
inflorescence predicted both the risk and intensity of infection with the trypanosome parasite
Crithidia in Bombus impatiens workers. Flower morphology also directly affects which bees or
insects can visit a particular flower, due to mismatches in bee body size or tongue length,
which again leads to partitioning of floral resources among insect visitors. The shape of flowers
and size of bees visiting them affects where faeces are deposited on the flower [28, 29], which
in turn can affect not only the likelihood of other bees making contact with pathogens present
in faeces, but also how long the pathogen remains infectious on plant tissue, since many
pathogens are affected by prolonged exposure to UV light [69]. Furthermore, although the
oral-fecal transmission is arguably the most common route for bee pathogens, both within
colonies and between bee species [27, 29], some bee pathogens, such as Chronic Bee
Paralysis Virus (CBPV) and Israeli Acute Paralysis Virus (IAPV), can also be transmitted by
topical contact through bee cuticle [70, 71]. Therefore, close bodily contact of bees with
pathogen-contaminated flower parts owing to flower shape and/or bee handling behaviour

may also influence the likelihood of viral transmission.

As discussed above, bees will pass by many flowers without approaching them. At
times they may approach a flower but then reject it after inspection, without landing on it. This
decision is based on the presence or absence of particular sensory cues. Insects can detect
the presence and/or size of nectar rewards in flowers using scent cues, humidity gradients
and even the CO; emitted during nectar production [72-74], which may inform their decision
of whether to land on a particular flower or not. Also, “footprints” (hydrocarbons) left behind by
previous insect visitors, for example, can provide olfactory cues used by bees to assess how
recently a flower has been visited or identify a particular reward context [75-77], and may even
be able to determine information about the identity of the visitor [78]. Crucially the decay of
these footprint signals is thought to occur within a similar timeframe to floral reward
replenishment [75], meaning bees already have an in-built sensory and behavioural system to
avoid landing on flowers that have been recently visited by other insects, which potentially
serves a dual purpose of avoiding wasting handling time on empty flowers, as well as
minimising contact with diseases. Furthermore, the presence of pathogens themselves may
alter floral traits and attractiveness, providing sensory cues that could allow bees to avoid
landing and feeding from contaminated flowers [7, 13]. Fouks & Lattorff [79], for example,
showed that when given a choice, bees preferentially feed on non-contaminated flowers,
rather than those contaminated with Crithidia bombi, which they attribute to bees’ detection of

olfactory cues emanating from the pathogen-contaminated nectar [80].



Within a given location bumblebees and honeybees tend to follow individual flight paths
developing a persistent flight geometry as they move from flower to flower [81-84]. The
frequency and sequence in which bees visit individual flowers can change and vary over time,
particularly as bees become more experienced on the flowers [85]. Within and between
foraging bouts, individual bees may switch between exploiting floral resources, and exploring
new resources (i.e. exhibit a decrease in flower constancy)[60]. This can happen in response
to dwindling rewards and resource availability or through increased competition [86, 87].
Following exploration of alternative resources, a bee may choose to switch to a different floral
resource and remain longer within a given location, or to move out of a patch to find better
rewards. Bumblebees tend to stay in the same foraging site where possible, switching to new
plants or foraging on more than one plant species within that site [88]. Plants may also exploit
and manipulate the local behaviour of visiting bees by strategic allocation of rewards to

different flowers within an inflorescence [89].

In summary, bees have behavioural adaptations, based on sensory and morphological
traits, that help them maximise the efficiency of reward extraction through minimising
unnecessary contact with flowers, which can simultaneously help to reduce exposure to
freshly contaminated surfaces or food. When foraging within a patch of preferred floral
resources, bees will not visit every flower of a particular species in that patch, nor indeed every
flower on a particular plant, therefore the risk of pathogen exposure and infection are not

evenly distributed across a flower patch.
5. Foraging ranges, trap lining and navigation between patches

Bees exhibit a high degree of spatial fidelity which enhances their foraging efficiency.
This is best demonstrated for various species of social bees where foragers frequently return
to locations where they have discovered a reward, typically also at the same time of the day.
Besides, movements between plants in a patch are directional and influenced by the type and
quality of reward they experience on subsequent visits, and bees will spend more or less time
in a patch depending on this experience. When homing in on individual flowers bees rely on
wider views of the patch, because they cannot detect single flowers from a long distance with
their low-resolution eyes. Already at a distance of just 10-50cm the appearance of flowers
changes dramatically, rendering small details of their displays and inflorescences
undetectable [90]. Instead, bees are guided by views that are optically merged, and thus floral
displays of many flowers and inflorescences are shared. As bees leave the patch, they
memorise global views, which will include large landmark objects or contrasting visual
features, such as the skyline or tree edges, and follow individual routes [91]. Jointly with

compass information, bees are well equipped with effective navigational mechanisms that



allow them to direct and maintain movements over longer distances, such as between
patches. Over a few foraging trips they develop preferred travel routes [92]. Their movements
between patches have considerable impact on the visitation patterns and hence the risks of
disease transmission (Figure 2).

How far bees are willing to travel to reach a flower patch differs substantially between
species, mainly as a function of body size and level of sociality. Foraging female bees are
central-place foragers; they depart and return to a single permanent location, their nest.
However, social bees tend to fly further away, typically around 1-2km [93-97]. The Western
honeybee and buff-tailed bumblebee have been found to follow rich sources up to 12-15km,
although at diminishing rates of return with many bees being lost to the colony at such extreme
distances [43, 98]

Travelling further away from the nest goes against the predictions of optimal foraging
theory which posits that a pollinator should minimise their flight distance and time, and thus
energetic costs incurred when travelling between patches (Heinrich 1976). On the other hand,
it helps a colony to disperse its workers over a larger area, and an economic model by
Cresswell and colleagues [99] clearly demonstrates that this is an adaptive approach to
resource gathering. The waggle dance is a well-documented recruitment system in honeybees
that is dependent on distance-based profitability assessments [43, 97]. The likelihood and
intensity of dancing decreases when bees travel over longer distances which results in
different density distributions in foraging areas. For foraging patches less than 100m away
colony dances do not indicate specific locations [43], with the aim of spreading out foragers
within the immediate radius of the hive, as well as encouraging independent exploration.
Stingless bee, such as Melipona panamica or M. quadrifasciata, recruit their hive mates to
locations and are able to communicate distance information with vibrational signals similar to
honeybees [100-102].

Solitary bees typically forage over much shorter distances. Moving host plants instead
of artificial feeders, Zurbucher and colleagues [103] found that the maximal distance over
which females would forage was between 1.1-1.4km depending on body size and bee species.
The preferred range was much shorter than the maximal distance, typically between 100 and
300m. The strong relationship between the body size of a bee and its foraging range [104] is
linked to the physical capacity to endure movement through air, which for insects is an
unsteady and viscous medium [105]. Several size-related factors affect speed and energy
requirements, such as mass-specific metabolic rate, wing size, wing beat frequency, ability to
control body posture and orientation in air turbulence, and thermoregulatory abilities needed

to remove excessive heat [106-108].
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In social bee species where individuals differ strongly in body size within a colony, such
as bumblebees or some stingless bees, larger-sized individuals have longer flight ranges and
also differ in their cognitive and flower foraging strategies [42, 109]. Given these dramatic
differences in foraging behaviour, it is logical that sizes and numbers of visited patches will
differ substantially among species, and therefore influence their specific movement patterns,
proximity to the nest and numbers of flowers visited during a foraging trip which in turn will

vary the risk of exposure to pathogens and parasites.

Pollinators fly over variable distances yet plants grow with a finite density, and
situations will arise where pollinators aggregate in larger numbers in high-density or highly-
rewarding patches. However, it is difficult to predict when and where aggregations will occur,
as contrasting boundaries and heterogeneous structures between adjacent patches in the
landscape will influence the different routes followed by pollinators. Adjacent patches
separated by such structures may present high and low abundances of the same or different
flowers, such as crop fields and species-rich field margins. On route, pollinators will decide
whether to stay within a crop field or margin, or whether to switch from one to the other.
Modelling reveals that spatial parameters as well as flower abundances in the multispecies
margins and other floral resources influence which patches will be preferred by bees moving
between them [110, 111].

Variations in flight ranges and trajectories spread pollinators in space and time in a
dynamic way that is not completely random but also not predictably uniform. Taken together,
the spatial behaviour of bees has evolved such that they spread out between patches over
large areas. This reduces the levels of close contacts within the critical time period where visits

occur in short succession and expose the pollinator to a virulent pathogen or parasite.
6. Conclusions

Here we have argued that understanding pollinator behaviour is crucial to predicting
how some diseases spread through the environment. Bees foraging behaviour has
evolved to deal adaptively with the varying spatial and temporal distribution of floral
resources that differ in their heterogeneity. Such adaptive behaviours may be
challenged in areas in which plants are scarce or extremely uniform over a large
area, such as in deserts, pastures or large crop fields. The limitation of measuring
disease risks from abundances of flowers and/or pollinators is that this can only
show association and will strongly vary depending on context, landscape scale and
focus of investigation leading to conclusions that biodiverse habitats can both

11



improve and impair disease threats for pollinators [112]. Flower diverse patches offer
more opportunities for partitioning among diverse pollinators that differ in their flower choices
and movements, leading to a ‘dilution effect’. While dilution effects are typically described as
decreases in transmission due to increases in host diversity [113], increasing flower density
in some cases results in a similar effect [37]. This suggests that increasing both flower
abundance and diversity should synergistically reduce pathogen transmission risks in

pollinator communities.

There are limitations for pinpointing transmission mechanisms and causal health risks
at the individual and nest/colony level. We argue that this is the missing link that would help
to effectively estimate fithess costs at the population level. As well as targeted work in the field
to identify and quantify transmission events, modelling offers a useful tool for exploring the
process and impacts of flower-mediated pathogen contact. Given that this system involves an
understanding of pollinator movement behaviour and contact dynamics, it is likely that suitable
models would need to be spatially explicit (considering complex floral environments that
accommodate the flight ranges of multiple nests of pollinators), going beyond a standard
compartmental epidemiological model. Network theory gives us links into understanding how
interactions between individuals of the same and different species could drive infection [114],
and models exist that consider the links between pollinator networks, individual behaviour and
infection [38, 115]. However, given that pollinator behaviour is highly dependent upon the
location of flowers, the configuration of the pollinator's landscape is likely to be highly
influential on infection. Individual-based modelling offers us a means of bringing movement
rules, landscape form, and population processes together (Figure 2), by simulating the
behaviour of multiple autonomous agents within a complex environment. Individual-based
models (IBMs) already exist considering bee movement and population processes [e.g. 116-
110], and IBMs are being used more frequently to understand disease epidemiology [e.g. 118-
112].

IBMs are often complex, particularly when they are designed to model real systems
(where many specific assumptions are made). For the questions raised here, we suggest that
it would be enlightening to explore the value of modelling assumptions through the creation of
deliberately basic models that simplify the landscape and movement behaviour of the
pollinators, to avoid masking the effects of the pathogen’s transmission strategy. The
pollinator-plant-pathogen system is particularly unusual in that the pathogen is distributed
through the environment in many discrete locations where onward contact is not guaranteed,
and where the hotspots are potentially extremely short-lived. This is partly analogous to the

models created by Nunn and colleages [120] exploring faecally-transmitted parasites in
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primates and which could be extended to animals grazing on a replenishing resource, in
analogy to depleting flowers. Inevitably, however, the floral system does not allow pathogens
to remain present in the environment beyond the short critical time window defined by several
factors (Figure 1), which should be a strong selective force on the pathogens, giving what is
arguably a novel system in epidemiology [1]. In the Supplementary Material

(https://figshare.com/s/4df1fceb538e240a19e8) we provide an example of a simplified model,
which sets out to explore how individual differences in behaviour within a nest could influence

the spread of a florally-transmitted disease.

Finally, we should acknowledge that our focus on bees does not completely cover all
the variation in flower visitation behaviour that applies to full diversity of insect pollinators.
Some, typically less well studied, insects visit flowers for purposes other than collecting floral
rewards, such as eating the flower or using it as a mating site, and this will affect where and
how they interact with flowers and the risks of disease transmission. A finer distinction between
types of pollinators, their behaviour and life-history traits and their functional position in plant-
pollinator networks will help to identify which behavioural adaptations defend against disease

exposure on flowers.
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FIGURE 2. A cartoon of the assumptions required for a functioning model describing
how plant-pollinator-disease dynamics are influenced by both the environment and the
behaviour of the pollinators. The landscape is likely to be highly heterogeneous, and may
consist of different patches of flowers of different species. We sketch an example with central-
place foraging pollinators (such as female bees, which return to a central nest at the end of
each foraging trip), which assumes that all the individuals based in a nest have a limited
distance over which they can forage, here denoted as the ‘local foraging environment’. Within
the landscape, different nests have different local areas, and where these overlap are the
points at which infections can spread. The movement of each pollinator is likely to be
dependent upon its own knowledge of the environment and information it gains both from the
environment and socially (from both its nestmates and other pollinators within the
environment), as well as its own personal state (such as its energetic or nutritional
requirements, or its current health). Because each individual is likely to differ in both
experience and personal state, and because the environment is changing dynamically, the
behaviour of a nest (or several nests) will be complex, and relevant models are likely to use a
spatially-explicit modelling technique such as individual-based modelling. However, because
the populations of both pollinators, flowers and pathogens are also going to be changing
dynamically over the course of a simulation, it is likely that concepts from epidemiological
population modelling may also need to be considered and applied to the spatially-explicit

framework.

Funding

EN acknowledges support from UK Research and Innovation (Future Leaders Fellowship
awarded to E.N., MR/T021691/1), NHI from BBSRC (research grant number BB/N000625/1)
and CB from Consejeria de Educacion, Cultura y Deportes of Junta de Castilla — La Mancha
(European Regional Development Fund SBPLY/19/180501/000342)

Author statement

All authors worked jointly and contributed equal efforts to this paper. EN and NHI conceived
the idea for it and wrote the first draft of the manuscript. SAR performed the modelling. All

authors worked on various iterations of the manuscript and approved its final version.

References

[1] Proesmans W, Albrecht M, Gajda A, Neumann P, Paxton RJ, Pioz M, Polzin C,
Schweiger O, Settele J, Szentgydrgyi H. 2021 Pathways for novel epidemiology: plant—

14



pollinator—pathogen networks and global change. TREE 36, 623-636.
(doi:10.1016/j.tree.2021.03.006)

[2] Manley R, Boots M, Wilfert L. 2015 Emerging viral disease risk to pollinating insects:
ecological, evolutionary and anthropogenic factors. J. Appl. Ecol. 52, 331-340.
(doi:10.1111/1365-2664.12385)

[3] Nanetti A, Bortolotti L, Cilia G. 2021 Pathogens spillover from honey bees to other
arthropods. Pathogens 10, 1044. (doi:10.3390/pathogens10081044)

[4] Yafiez O, Piot N, Dalmon A, de Miranda JR, Chantawannakul P, Panziera D, Amiri E,
Smagghe G, Schroeder D, Chejanovsky N. 2020 Bee viruses: routes of infection in
Hymenoptera. Front. Microbiol. 11, 943. (doi:10.3389/fmicb.2020.00943)

[5] Cremer S, Armitage SA, Schmid-Hempel P. 2007 Social immunity. Curr. Biol. 17, R693-
R702. (doi:10.1016/j.cub.2007.06.008)

[6] Gomez-Moracho T, Heeb P, Lihoreau M. 2017 Effects of parasites and pathogens on bee
cognition. Ecol. Entomol. 42, 51-64. (doi:10.1016/j.ijpara.2020.06.009)

[7] McArt SH, Koch H, Irwin RE, Adler LS. 2014 Arranging the bouquet of disease: floral
traits and the transmission of plant and animal pathogens. Ecol. Lett. 17, 624-636.
(doi:10.1111/ele.12257)

[8] Koch H, Brown MJ, Stevenson PC. 2017 The role of disease in bee foraging ecology.
Curr. Op. Insect Sci. 21, 60-67. (doi:10.1016/j.cois.2017.05.008)

[9] Adler LS, Irwin RE, McArt SH, Vannette RL. 2020 Floral traits affecting the transmission
of beneficial and pathogenic pollinator-associated microbes. Curr. Op. Insect Sci.
(doi:10.1016/j.cois.2020.08.006)

[10] Durrer S, Schmid-Hempel P. 1994 Shared use of flowers leads to horizontal pathogen
transmission. Proc. Roy. Soc. B 258, 299-302. (doi:10.1098/rspb.1994.0176)

[11] Good AP, Gauthier M-PL, Vannette RL, Fukami T. 2014 Honey bees avoid nectar
colonized by three bacterial species, but not by a yeast species, isolated from the bee gut.
PloS one 9, e86494. (doi:10.1371/journal.pone.0086494)

[12] Fouks B, Wagoner KM. 2019 Pollinator parasites and the evolution of floral traits. Ecol.
Evol. 9, 6722-6737. (doi:10.1002/ece3.4989)

[13] Russell AL, Ashman T-L. 2019 Associative learning of flowers by generalist bumble
bees can be mediated by microbes on the petals. Behav. Ecol. 30, 746-755.
(doi:10.1093/beheco/arz011)

[14] Paxton RJ. 2005 Male mating behaviour and mating systems of bees: an overview.
Apidologie 36, 145-156. (doi:10.1051/apido:2005007 )

[15] Robert T, Frasnelli E, Collett TS, Hempel de Ibarra N. 2017 Male bumblebees perform
learning flights on leaving a flower but not when leaving their nest. J. Exp. Biol. 220, 930-
937. (doi:10.1242/jeb.151126)

[16] Pinheiro M, Alves-dos-Santos |, Sazima M. 2017 Flowers as sleeping places for male
bees: somehow the males know which flowers their females prefer. Arthropod-Plant Interact.
11, 329-337. (doi:10.1007/s11829-017-9532-6)

[17] Bascompte J, Jordano P. 2007 Plant-animal mutualistic networks: the architecture of
biodiversity. Ann. Rev. Ecol. Evol. Syst. 38, 567-593.
(doi:10.1146/annurev.ecolsys.38.091206.095818)

[18] Herrera CM. 1996 Floral traits and plant adaptation to insect pollinators: a devil’s
advocate approach. In Floral biology (eds. D. G. Lloyd,S. C. H. Barrett), pp. 65-87. Boston,
MA, Springer. (doi:10.1007/978-1-4613-1165-2_3)

[19] Johnson SD, Steiner KE. 2000 Generalization versus specialization in plant pollination
systems. TREE 15, 140-143. (doi:10.1016/s0169-5347(99)01811-x)

[20] Qllerton J. 2017 Pollinator diversity: distribution, ecological function, and conservation.
Ann. Rev. Ecol. Evol. Syst. 48, 353-376. (doi:10.1146/annurev-ecolsys-110316-022919)
[21] Nicholls E, Hempel de Ibarra N. 2017 Assessment of pollen rewards by foraging bees.
Funct. Ecol. 31, 76-87. (d0i:10.1111/1365-2435.12778)

[22] Olesen JM, Jordano P. 2002 Geographic patterns in plant—pollinator mutualistic
networks. Ecol. 83, 2416-2424. (doi:10.1890/0012-9658(2002)083[2416:GPIPPM]2.0.CO;2)

15



[23] Pocock MJ, Evans DM, Memmott J. 2012 The robustness and restoration of a network
of ecological networks. Science 335, 973-977. (doi:10.1126/science.1214915)

[24] Zografou K, Swartz MT, Tilden VP, McKinney EN, Eckenrode JA, Sewall BJ. 2020
Stable generalist species anchor a dynamic pollination network. Ecosphere 11, e03225.
(doi:10.1002/ecs2.3225)

[25] Wright GA, Nicolson SW, Shafir S. 2018 Nutritional physiology and ecology of honey
bees. Ann. Rev. Entomol. 63, 327-344. (doi:10.1146/annurev-ento-020117-043423)

[26] Eckhardt M, Haider M, Dorn S, Mdller A. 2014 Pollen mixing in pollen generalist solitary
bees: a possible strategy to complement or mitigate unfavourable pollen properties? J. Anim.
Ecol. 83, 588-597. (d0i:10.1111/1365-2656.12168)

[27] Graystock P, Goulson D, Hughes WO. 2015 Parasites in bloom: flowers aid dispersal
and transmission of pollinator parasites within and between bee species. Proc. Roy. Soc. B
282, 20151371. (doi:10.1098/rspb.2015.1371)

[28] Bodden JM, Hazlehurst JA, Wilson Rankin EE. 2019 Floral traits predict frequency of
defecation on flowers by foraging bumble bees. J. Insect Sci. 19, 2.
(doi:10.1093/jisesaliez091)

[29] Figueroa LL, Blinder M, Grincavitch C, Jelinek A, Mann EK, Merva LA, Metz LE, Zhao
AY, Irwin RE, McArt SH. 2019 Bee pathogen transmission dynamics: deposition, persistence
and acquisition on flowers. Proc. Roy. Soc. B 286, 20190603. (doi:10.1098/rspb.2019.0603)
[30] Davis AE, Deutsch KR, Torres AM, Mata Loya MJ, Cody LV, Harte E, Sossa D, Mufiz
PA, Ng WH, McArt SH. 2021 Eristalis flower flies can be mechanical vectors of the common
trypanosome bee parasite, Crithidia bombi. Sci. Rep. 11, 1-10. (doi:10.1038/s41598-021-
95323-w)

[31] Alger SA, Burnham PA, Brody AK. 2019 Flowers as viral hot spots: Honey bees (Apis
mellifera) unevenly deposit viruses across plant species. PLoS One 14, e0221800.
(doi:10.1371/journal.pone.0221800)

[32] Singh R, Levitt AL, Rajotte EG, Holmes EC, Ostiguy N, Vanengelsdorp D, Lipkin WI,
Depamphilis CW, Toth AL, Cox-Foster DL. 2010 RNA viruses in hymenopteran pollinators:
evidence of inter-taxa virus transmission via pollen and potential impact on non-Apis
hymenopteran species. PloS one 5, €14357. (doi:10.1371/journal.pone.0014357)

[33] Zhukovskaya M, Yanagawa A, Forschler BT. 2013 Grooming behavior as a mechanism
of insect disease defense. Insects 4, 609-630. (doi:10.3390/insects4040609)

[34] Russell AL, Rebolleda-Gémez M, Shaible TM, Ashman TL. 2019 Movers and shakers:
bumble bee foraging behavior shapes the dispersal of microbes among and within flowers.
Ecosphere 10, e02714.

[35] Higes M, Martin-Hernandez R, Garrido-Bailon E, Garcia-Palencia P, Meana A. 2008
Detection of infective Nosema ceranae (Microsporidia) spores in corbicular pollen of forager
honeybees. J. Invertebr. Pathol. 97, 76-78. (doi:10.1016/}.jip.2007.06.002)

[36] Copley T, Jabaji S. 2012 Honeybee glands as possible infection reservoirs of Nosema
ceranae and Nosema apis in naturally infected forager bees. J. Appl. Microbiol. 112, 15-24.
(doi:10.1111/j.1365-2672.2011.05192.x)

[37] Burnham PA, Alger SA, Case B, Boncristiani H, Hébert-Dufresne L, Brody AK. 2021
Flowers as dirty doorknobs: Deformed wing virus transmitted between Apis mellifera and
Bombus impatiens through shared flowers. J. Appl. Ecol. 58, 2065— 2074.
(doi:10.1111/1365-2664.13962)

[38] Figueroa LL, Grab H, Ng WH, Myers CR, Graystock P, McFrederick QS, McArt SH.
2020 Landscape simplification shapes pathogen prevalence in plant-pollinator networks.
Ecol. Lett. 23, 1212-1222. (doi:10.1111/ele.13521)

[39] Nufiez JA. 1970 The relationship between sugar flow and foraging and recruiting
behaviour of honey bees (Apis mellifera L.). Anim. Behav. 18, 527-538. (doi:10.1016/0003-
3472(70)90049-7)

[40] Kim W, Gilet T, Bush JW. 2011 Optimal concentrations in nectar feeding. PNAS 108,
16618-16621. (doi:10.1073/pnas.1108642108)

16



[41] Whitney HM, Dyer A, Chittka L, Rands SA, Glover BJ. 2008 The interaction of
temperature and sucrose concentration on foraging preferences in bumblebees. Naturwiss.
95, 845-850. (doi:10.1007/s00114-008-0393-9)

[42] Frasnelli E, Robert T, Chow PKY, Scales B, Gibson S, Manning N, Philippides AO,
Collett TS, Hempel de Ibarra N. 2021 Small and large bumblebees invest differently when
learning about flowers. Curr. Biol. 31, 1058-1064. (doi:10.1016/j.cub.2020.11.062)

[43] von Frisch K. 1967 The dance language and orientation of bees. Cambridge, Mass.,
Harvard University Press 566 p.

[44] Dacher M, Lagarrigue A, Gauthier M. 2005 Antennal tactile learning in the honeybee:
effect of nicotinic antagonists on memory dynamics. Neurosci. 130, 37-50.
(doi:10.1016/j.neuroscience.2004.09.006)

[45] Wright G, Baker D, Palmer M, Stabler D, Mustard J, Power E, Borland A, Stevenson P.
2013 Caffeine in floral nectar enhances a pollinator's memory of reward. Science 339, 1202-
1204. (doi:10.1126/science.1228806)

[46] Erler S, Moritz RFA. 2016 Pharmacophagy and pharmacophory: mechanisms of self-
medication and disease prevention in the honeybee colony (Apis mellifera). Apidologie 47,
389-411. (doi:10.1007/s13592-015-0400-z)

[47] Manson JS, Otterstatter MC, Thomson JD. 2010 Consumption of a nectar alkaloid
reduces pathogen load in bumble bees. Oecologia 162, 81-89. (doi:10.1007/s00442-009-
1431-9)

[48] Vaudo AD, Patch HM, Mortensen DA, Tooker JF, Grozinger CM. 2016 Macronutrient
ratios in pollen shape bumble bee (Bombus impatiens) foraging strategies and floral
preferences. PNAS 113, E4035-E4042. (doi:10.1073/pnas.1606101113)

[49] Muth F, Breslow PR, Masek P, Leonard AS. 2018 A pollen fatty acid enhances learning
and survival in bumblebees. Behav. Ecol. 29, 1371-1379. (doi:10.1093/beheco/ary111)

[50] Vaudo AD, Tooker JF, Patch HM, Biddinger DJ, Coccia M, Crone MK, Fiely M, Francis
JS, Hines HM, Hodges M, Jackson SW, Michez D, Mu J, Russo L, Safari M, Treanore ED,
Vanderplanck M, Yip E, Leonard AS, Grozinger CM. 2020 Pollen Protein: Lipid
Macronutrient Ratios May Guide Broad Patterns of Bee Species Floral Preferences. Insects
11, 132. (doi:10.3390/insects11020132)

[51] Wood TJ, Kaplan I, Szendrei Z. 2018 Wild Bee Pollen Diets Reveal Patterns of
Seasonal Foraging Resources for Honey Bees. Front. Ecol. Evol. 6.
(doi:10.3389/fevo.2018.00210)

[52] Somanathan H, Krishna S, Jos EM, Gowda V, Kelber A, Borges RM. 2020 Nocturnal
bees feed on diurnal leftovers and pay the price of day—night lifestyle transition. Front. Ecol.
Evol. 8, 288. (doi:10.3389/fevo.2020.566964)

[53] Waser NM. 1986 Flower constancy: definition, cause, and measurement. Am. Nat. 127,
593-603. (doi:10.1086/284507)

[54] Pyke GH. 1980 Optimal foraging in bumblebees: calculation of net rate of energy intake
and optimal patch choice. Theor. Popul. Biol. 17, 232-246. (doi:10.1016/0040-
5809(80)90008-8)

[55] Heinrich B. 1983 Do bumblebees forage optimally, and does it matter? Am. Zool. 23,
273-281. (doi:10.1093/icb/23.2.273)

[56] Varju D, Nunez J. 1991 What do foraging honeybees optimize? J. Comp. Physiol. A
169, 729-736. (doi:10.1007/BF00194901 )

[57] Chittka L, Thomson JD, Waser NM. 1999 Flower constancy, insect psychology, and
plant evolution. Naturwiss. 86, 361-377. (doi:10.1007/s001140050636)

[58] Gegear RJ, Laverty TM. 2005 Flower constancy in bumblebees: a test of the trait
variability hypothesis. Anim. Behav. 69, 939-949. (doi:10.1016/j.anbehav.2004.06.029)

[59] Heinrich B. 1979 "Majoring" and "minoring" by foraging bumblebees, Bombus vagans:
an experimental analysis. Ecol. 60, 245-255. (doi:10.2307/1937652)

[60] Biesmeijer JC, de Vries H. 2001 Exploration and exploitation of food sources by social
insect colonies: a revision of the scout-recruit concept. Behav. Ecol. Sociobiol. 49, 89-99.
(doi:10.1007/s002650000289)

17



[61] Harrap MJ, Rands SA, de Ibarra NH, Whitney HM. 2017 The diversity of floral
temperature patterns, and their use by pollinators. Elife 6, €31262. (doi:10.7554/eLife.31262)
[62] Clarke D, Whitney H, Sutton G, Robert D. 2013 Detection and learning of floral electric
fields by bumblebees. Science 340, 66-69. (doi:10.1126/science.1230883)

[63] Harrap MJM, Hempel de Ibarra N, Knowles HD, Whitney HM, Rands SA. 2021
Bumblebees can detect floral humidity. J. Exp. Biol. 224. (doi:10.1242/jeb.240861)

[64] Benitez-Vieyra S, De Ibarra NH, Wertlen AM, Cocucci AA. 2007 How to look like a
mallow: evidence of floral mimicry between Turneraceae and Malvaceae. Proc. Roy. Soc. B
274, 2239-2248. (doi:10.1098/rspb.2007.0588)

[65] Kunze J, Gumbert A. 2001 The combined effect of color and odor on flower choice
behavior of bumble bees in flower mimicry systems. Behav. Ecol. 12, 447-456.
(doi:10.1093/beheco/12.4.447)

[66] Wright GA, Kottcamp SM, Thomson MG. 2008 Generalization mediates sensitivity to
complex odor features in the honeybee. PLoS One 3, e1704.
(doi:10.1371/journal.pone.0001704)

[67] Lawson DA, Whitney HM, Rands SA. 2017 Colour as a backup for scent in the presence
of olfactory noise: testing the efficacy backup hypothesis using bumblebees (Bombus
terrestris). Royal Society Open Science 4, 170996. (doi:10.1098/rsos.170996)

[68] Adler LS, Michaud KM, Eliner SP, McArt SH, Stevenson PC, Irwin RE. 2018 Disease
where you dine: plant species and floral traits associated with pathogen transmission in
bumble bees. Ecol. 99, 2535-2545. (doi:10.1002/ecy.2503)

[69] De Miranda JR, Bailey L, Ball BV, Blanchard P, Budge GE, Chejanovsky N, Chen Y-P,
Gauthier L, Genersch E, De Graaf DC. 2013 Standard methods for virus research in Apis
mellifera. J. Apicult. Res. 52, 1-56. (doi:10.3896/IBRA.1.52.4.22)

[70] Amiri E, Meixner M, Blichler R, Kryger P. 2014 Chronic bee paralysis virus in honeybee
queens: Evaluating susceptibility and infection routes. Viruses 6, 1188-1201.
(doi:10.3390/v6031188)

[71] Amiri E, Seddon G, Zuluaga Smith W, Strand MK, Tarpy DR, Rueppell O. 2019 Israeli
acute paralysis virus: Honey bee queen—worker interaction and potential virus transmission
pathways. Insects 10, 9. (doi:10.3390/insects10010009)

[72] Raguso RA. 2004 Why are some floral nectars scented? Ecol. 85, 1486-1494.
(doi:10.1890/03-0410)

[73] Von Arx M, Goyret J, Davidowitz G, Raguso RA. 2012 Floral humidity as a reliable
sensory cue for profitability assessment by nectar-foraging hawkmoths. PNAS 109, 9471-
9476. (doi:10.1073/pnas.1121624109)

[74] Thom C, Guerenstein PG, Mechaber WL, Hildebrand JG. 2004 Floral CO2 reveals
flower profitability to moths. J. Chem. Ecol. 30, 1285-1288.
(d0i:10.1023/b:joec.0000030298.77377.7d)

[75] Stout JC, Goulson D. 2001 The use of conspecific and interspecific scent marks by
foraging bumblebees and honeybees. Anim. Behav. 62, 183-189.
(doi:10.1006/anbe.2001.1729)

[76] Gawleta N, Zimmermann Y, Eltz T. 2005 Repellent foraging scent recognition across
bee families. Apidologie 36, 325-330. (doi:10.1051/apido:2005018 )

[77] Roselino AC, Rodrigues AV, Hrncir M. 2016 Stingless bees (Melipona scutellaris) learn
to associate footprint cues at food sources with a specific reward context. J. Comp. Physiol.
A 202, 657-666. (doi:10.1007/s00359-016-1104-1)

[78] Pearce RF, Giuggioli L, Rands SA. 2017 Bumblebees can discriminate between scent-
marks deposited by conspecifics. Sci. Rep. 7, 1-11. (doi:10.1038/srep43872)

[79] Fouks B, Lattorff HMG. 2011 Recognition and avoidance of contaminated flowers by
foraging bumblebees (Bombus terrestris). PLoS One 6, e26328.
(doi:10.1371/journal.pone.0026328)

[80] Fouks B, Lattorff HM. 2013 Social scent marks do not improve avoidance of parasites in
foraging bumblebees. J. Exp. Biol. 216, 285-291. (doi:10.1242/jeb.075374)

[81] Pyke GH. 1978 Optimal foraging: movement patterns of bumblebees between
inflorescences. Theor. Popul. Biol. 13, 72-98. (doi:10.1016/0040-5809(78)90036-9)

18



[82] Waddington KD. 1980 Flight patterns of foraging bees relative to density of artificial
flowers and distribution of nectar. Oecologia 44, 199-204. (doi:10.1007/BF00572680)

[83] Thomson JD, Slatkin M, Thomson BA. 1997 Trapline foraging by bumble bees: II.
Definition and detection from sequence data. Behav. Ecol. 8, 199-210.
(doi:10.1093/beheco/8.2.199)

[84] Keasar T, Shmida A, Motro U. 1996 Innate movement rules in foraging bees: flight
distances are affected by recent rewards and are correlated with choice of flower type.
Behav. Ecol. Sociobiol. 39, 381-388. (doi:10.1007/s002650050304)

[85] Ohashi K, Leslie A, Thomson JD. 2008 Trapline foraging by bumble bees: V. Effects of
experience and priority on competitive performance. Behav. Ecol. 19, 936-948.
(doi:10.1093/beheco/arn048)

[86] Heinrich B. 1979 Resource heterogeneity and patterns of movement in foraging
bumblebees. Oecologia 40, 235-245. (doi:10.1007/BF00345321)

[87] Goulson D. 2000 Why do pollinators visit proportionally fewer flowers in large patches?
Oikos 91, 485-492. (doi:10.1034/j.1600-0706.2000.910309.x)

[88] Ogilvie JE, Thomson JD. 2016 Site fidelity by bees drives pollination facilitation in
sequentially blooming plant species. Ecol. 97, 1442-1451. (doi:10.1890/15-0903.1 )

[89] Waddington KD, Heinrich B. 1979 The foraging movements of bumblebees on vertical
“‘inflorescences”: an experimental analysis. J. Comp. Physiol. 134, 113-117.
(doi:10.1007/BF00610469)

[90] Hempel de Ibarra N, Langridge KV, Vorobyev M. 2015 More than colour attraction:
behavioural functions of flower patterns. Curr. Op. Insect Sci. 12, 64-70.
(doi:10.1016/j.co0is.2015.09.005 )

[91] Collett TS, Collett M. 2002 Memory use in insect visual navigation. Nature Rev.
Neurosci. 3, 542-552. (d0i:10.1038/nrn872 )

[92] Lihoreau M, Raine NE, Reynolds AM, Stelzer RJ, Lim KS, Smith AD, Osborne JL,
Chittka L. 2012 Radar tracking and motion-sensitive cameras on flowers reveal the
development of pollinator multi-destination routes over large spatial scales. PLoS Biol. 10,
€1001392. (doi:10.1371/journal.pbio.1001392)

[93] Roubik DW, Aluja M. 1983 Flight ranges of Melipona and Trigona in tropical forest. J.
Kansas Entomol. Soc., 217-222.

[94] Dramstad WE. 1996 Do bumblebees (Hymenoptera: Apidae) really forage close to their
nests? J. Insect Behav. 9, 163-182. (doi:10.1007/BF02213863)

[95] Osborne J, Clark S, Morris R, Williams |, Riley J, Smith A, Reynolds D, Edwards A.
1999 A landscape-scale study of bumble bee foraging range and constancy, using harmonic
radar. J. Appl. Ecol. 36, 519-533. (doi:10.1046/j.1365-2664.1999.00428.x)

[96] Capaldi EA, Smith AD, Osborne JL, Fahrbach SE, Farris SM, Reynolds DR, Edwards
AS, Martin A, Robinson GE, Poppy GM. 2000 Ontogeny of orientation flight in the honeybee
revealed by harmonic radar. Nature 403, 537-540. (doi:10.1038/35000564)

[97] Dyer FC. 2002 The biology of the dance language. Ann. Rev. Entomol. 47, 917-949.
(doi:10.1146/annurev.ento.47.091201.145306)

[98] Goulson D, Stout JC. 2001 Homing ability of the bumblebee Bombus terrestris
(Hymenoptera: Apidae). Apidologie 32, 105-111. (doi:10.1051/apido:2001115 )

[99] Cresswell JE, Osborne JL, Goulson D. 2000 An economic model of the limits to foraging
range in central place foragers with numerical solutions for bumblebees. Ecol. Entomol. 25,
249-255. (doi:10.1046/j.1365-2311.2000.00264.x)

[100] Esch H, Esch I, Kerr WE. 1965 Sound: an element common to communication of
stingless bees and to dances of the honey bee. Science 149, 320-321.
(doi:10.1126/science.149.3681.320)

[101] Nieh JC, Roubik DW. 1998 Potential mechanisms for the communication of height and
distance by a stingless bee, Melipona panamica. Behav. Ecol. Sociobiol. 43, 387-399.
(doi:10.1007/s002650050506)

[102] Barth FG, Hrncir M, Jarau S. 2008 Signals and cues in the recruitment behavior of
stingless bees (Meliponini). J. Comp. Physiol. A 194, 313-327. (doi:10.1007/s00359-008-
0321-7)

19



[103] Zurbuchen A, Landert L, Klaiber J, Muller A, Hein S, Dorn S. 2010 Maximum foraging
ranges in solitary bees: only few individuals have the capability to cover long foraging
distances. Biol. Conserv. 143, 669-676. (doi:10.1016/j.biocon.2009.12.003)

[104] Greenleaf SS, Williams NM, Winfree R, Kremen C. 2007 Bee foraging ranges and their
relationship to body size. Oecologia 153, 589-596. (doi:10.1007/s00442-007-0752-9)

[105] Sane SP. 2003 The aerodynamics of insect flight. J. Exp. Biol. 206, 4191-4208.
(doi:10.1242/jeb.00663)

[106] Unwin D, Corbet SA. 1984 Wingbeat frequency, temperature and body size in bees
and flies. Physiol. Entomol. 9, 115-121. (doi:10.1111/j.1365-3032.1984.tb00687 .x)

[107] Cannell AE. 2018 The engineering of the giant dragonflies of the Permian: revised
body mass, power, air supply, thermoregulation and the role of air density. J. Exp. Biol. 221,
jeb185405. (doi:10.1242/jeb.185405)

[108] Engels T, Kolomenskiy D, Schneider K, Farge M, Lehmann F-O, Sesterhenn J. 2019
Impact of turbulence on flying insects in tethered and free flight: High-resolution numerical
experiments. Physical Review Fluids 4, 013103. (doi:10.1103/PhysRevFluids.4.013103)
[109] Kuhn-Neto B, Contrera FA, Castro MS, Nieh JC. 2009 Long distance foraging and
recruitment by a stingless bee, Melipona mandacaia. Apidologie 40, 472-480.
(doi:10.1051/apido/2009007)

[110] Rands SA, Whitney HM. 2011 Field margins, foraging distances and their impacts on
nesting pollinator success. PLoS One 6, €25971. (doi:10.1371/journal.pone.0025971)

[111] Henry M, Frochen M, Maillet-Mezeray J, Breyne E, Allier F, Odoux J-F, Decourtye A.
2012 Spatial autocorrelation in honeybee foraging activity reveals optimal focus scale for
predicting agro-environmental scheme efficiency. Ecol. Modelling 225, 103-114.
(doi:10.1016/j.ecolmodel.2011.11.015)

[112] Bailes EJ, Bagi J, Coltman J, Fountain MT, Wilfert L, Brown MJ. 2020 Host density
drives viral, but not trypanosome, transmission in a key pollinator. Proc. Roy. Soc. B 287,
20191969. (doi:10.1098/rspb.2019.1969)

[113] Keesing F, Belden LK, Daszak P, Dobson A, Harvell CD, Holt RD, Hudson P, Jolles A,
Jones KE, Mitchell CE. 2010 Impacts of biodiversity on the emergence and transmission of
infectious diseases. Nature 468, 647-652. (doi:10.1038/nature09575)

[114] Albery GF, Kirkpatrick L, Firth JA, Bansal S. 2021 Unifying spatial and social network
analysis in disease ecology. J. Anim. Ecol. 90, 45-61. (doi:10.1111/1365-2656.13356)
[115] Eliner SP, Ng WH, Myers CR. 2020 Individual specialization and multihost epidemics:
Disease spread in plant-pollinator networks. Am. Nat. 195, E118-E131.
(doi:10.1086/708272)

[116] Becher MA, Grimm V, Thorbek P, Horn J, Kennedy PJ, Osborne JL. 2014 BEEHAVE:
a systems model of honeybee colony dynamics and foraging to explore multifactorial causes
of colony failure. J. Appl. Ecol. 51, 470-482. (d0i:10.1111/1365-2664.12222)

[117] Everaars J, Settele J, Dormann CF. 2018 Fragmentation of nest and foraging habitat
affects time budgets of solitary bees, their fitness and pollination services, depending on
traits: Results from an individual-based model. PLOS ONE 13, e0188269.
(doi:10.1371/journal.pone.0188269)

[118] Bershteyn A, Mutai KK, Akullian AN, Klein DJ, Jewell BL, Mwalili SM. 2018 The
influence of mobility among high-risk populations on HIV transmission in Western Kenya.
Infect. Dis. Model. 3, 97-106. (doi:10.1016/j.idm.2018.04.001)

[119] Ciofi degli Atti ML, Merler S, Rizzo C, Ajelli M, Massari M, Manfredi P, Furlanello C,
Scalia Tomba G, lannelli M. 2008 Mitigation Measures for Pandemic Influenza in Italy: An
Individual Based Model Considering Different Scenarios. PLOS ONE 3, e1790.
(doi:10.1371/journal.pone.0001790)

[120] Nunn CL, Thrall PH, Leendertz FH, Boesch C. 2011 The spread of fecally transmitted
parasites in socially-structured populations. PloS one 6, €21677.
(doi:10.1371/journal.pone.0021677)

20



