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SUMMARY

Bees are important pollinators of wild and agricultural plants'~® and there is increasing evidence that many
bee populations decline due to a combination of habitat loss, climate change, pesticides, and other anthro-
pogenic effects.®”'! One trait that shapes both their role in plant reproduction'®'® and their exposure to
anthropogenic stressors is the distance at which bees forage. It has been suggested that bee sociality’*
and diet'® affect bee foraging ranges, but how these traits and their potential interactions drive foraging
ranges remains unclear. We analyzed flight distance data from 90 bee species and developed an agent-
based model to test how social, dietary, and environmental factors affect foraging ranges. We confirm that
bee sociality is positively associated with foraging range, with average-sized social bees foraging up to 3
times farther from the nest than size-matched solitary bees. A comparative analysis of social bees and com-
puter simulations shows that foraging distances increase with colony size, supporting the hypothesis that
greater foraging distances are an emergent property of increasing colony sizes in a food-limited environment.
Flower constancy and communication, two traits often found in social bees, synergistically increase foraging
distances further in many simulated environments. Diet breadth (oligolectic versus polylectic diet), on the
other hand, does not appear to affect foraging ranges in solitary bees. Our findings suggest that multiple traits
linked to bee sociality explain why social bees have greater foraging ranges. This has implications for predict-
ing pollination services and for developing effective conservation strategies for bees and isolated plant pop-

ulations.'®1°

RESULTS AND DISCUSSION

Bees are central place foragers that collect floral resources to
feed their brood, mainly pollen and nectar, but also nest building
material, such as mud or leaves.”® The distances they need to
travel to collect these resources are a key determinant of a
bee’s energy expenditure and, as a result, are important for their
overall foraging and reproductive success. For example, honey-
bees (Apis mellifera) produce less honey if they need to forage at
greater distances®' and solitary bees experience a reduction in
reproductive success when forced to forage farther away.'®??
Larger foraging distances also shorten adult lifespan®*** and in-
crease the risk of brood parasitism due to longer absences from
the nest in the case of solitary bees.?® Yet despite these costs,
individuals of some species routinely visit food sources at
impressive distances—often several kilometers from their
nest—if food sources are of high quality and nearby options
are scarce.”® Body size has been identified as an important pre-
dictor of foraging range, " but much of the interspecific varia-
tion in foraging range—from less than 200 m*® in some species
to more than 20 km?® in others—remains unexplained.

There is evidence that social bees, e.g., honeybees (Apini),
bumblebees (Bombini), and stingless bees (Meliponini), have
larger foraging ranges than solitary species.'* One explanation

is that social bees are more likely to experience exploitation
competition near their nest due to foraging nestmates, which in
turn would promote foraging at greater distances as bees
attempt to avoid a “halo” of low food availability in nest vicin-
ity.'*°%°" In addition, sociality has allowed colonial bees to
evolve communication strategies that might allow colonies to
exploit distant food sources.?®>? Honeybees, for example, use
the waggle dance to communicate food source locations and
colonies are known to forage at distances of several kilometers,
sometimes more than 10 km.?%*3%* Waggle dancing, however,
is restricted to the honeybees, and it remains unknown if and
how other forms of communication about food sources might
affect foraging ranges. Understanding the links between sociality
and foraging ranges has wider ecological and economic implica-
tions as social bees represent some of the most important and
abundant pollinators of wild and agricultural plants.?%°-°¢
Another potential driver of bee foraging ranges is dietary special-
ization, at both the individual (e.g., flower constancy) and spe-
cies level (oligolecty, i.e., specialist diet versus polylecty, i.e.,
generalist diet). Dietary specialization limits foraging options
and could, therefore, lead to larger foraging distances as bees
might need to visit isolated patches of suitable plants.’® To
test how (1) sociality and (2) dietary specialization affect foraging
ranges, we assessed foraging distance data of 90 bee species
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Figure 1. Phylogenetically controlled analysis of foraging ranges
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(A) Phylogenetic tree with divergence times in million years from now (Mya) and foraging range estimates of 71 species included in our phylogenetically controlled
analyses. Squares show whether species are social, whether their diet is polylectic or oligolectic, and the method used to estimate the foraging range (see

Table S1 for details). M, Melittidae; Hali, Halictidae; Col, Colletidae.

(B) Relationship between sociality, body size (IT), and foraging range (meters, log-transformed). Social species (n = 22, shown slope: y = 2.019x + 5.88) have
greater foraging ranges than solitary bees (n = 24, slope: y = 1.68x + 5.09). Data are natural log-transformed.

(C) Colony size is positively associated with foraging range in 18 eusocial species. This relationship remains significant if the facultatively social Xylocopa virginia is
included (GLS, colony size: t = 2.58, p = 0.02, n = 19). Phylogenetically independent contrasts are shown.

(D) Relationship between foraging range (i.e., max. foraging distance) and mean foraging distance in 20 species for which both estimates were available.

(E) Relationship between foraging range estimates and median foraging range estimates for 17 species. Gray areas delimit 95% confidence intervals.

See also Figure S1 and Tables S1, S2, and S83.

belonging to six of the seven bee (Anthophila) families (Figure 1A;
Table S1), and we developed an agent-based simulation model
of bee colonies foraging in a food-limited foraging environment.

Researchers have used various methods to estimate foraging
distances (Table S2), including radio and harmonic radar
tracking,'®*! mark-release-resighting studies,?**” pollen anal-
ysis,*® observations on host plants,* movement of natural or
artificial food sources,***° genotyping of worker bees,"' or
waggle dance decoding.?®** The most commonly used method,
bee translocations (or homing; 46 species), assesses the ability
of bees to find their nest after being released away from their
nest (Table S2). Translocations are thought to provide good es-
timates of the maximum foraging range of a bee species in the
tested environment.'”**?> An important advantage of transloca-
tion studies is that they are not restricted to certain types of
bees, e.g., large bees (radio tracking), eusocial bees (genotyping
of workers), honeybees (waggle dance decoding), or oligolectic
bees (rare pollen analysis). When we compared foraging range
estimates from translocation studies with other commonly
used methods, we found that the different methods correlate
well (Pearson’s correlation coefficient r = 0.49-0.91; Figure S1).

Using data from translocation studies, we performed a phylo-
genetically controlled analysis and found that social bees
have larger foraging ranges than solitary bees (phylogenetic
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generalized least-squares model [PGLS], t = —2.21,n =46, p =
0.03; Figure 1B). Thus, our analysis confirms the recent findings
of Kendall et al.,'* using a different methodological approach
(STAR Methods). Our model predicts that an average-sized so-
cial bee (intertegular distance = 2.5 mm) has a foraging range
that is almost 3 times larger than that of a similarly sized solitary
bee (~3,300 versus ~1,200 m). The model included body size as
a covariate and confirmed the well-documented positive rela-
tionship between body size and foraging range (t = 3.12; p =
0.003).""?7

One explanation for this sociality effect is that social bees
experience more exploitation competition in the vicinity of their
nest due to the foraging activity of their nestmates, causing for-
agers to search for food sources at greater distances from their
nest (“halo” effect).’® This leads to the prediction that foraging
ranges should increase with colony size in social bees. We
tested this prediction using a phylogenetically controlled anal-
ysis that included body size as a covariate and found that colony
size was indeed positively associated with foraging range esti-
mates (Figure 1C) (PGLS, colony size, t = 3.18, p = 0.006; body
size, t = 4.09, p = 0.001, n = 18). This effect remained significant
when we included the facultatively social Xylocopa virginia
(PGLS, colony size, t = 2.58, p = 0.02, n = 19). Colony size esti-
mates ranged from less than 100 in Lasioglossum umbripenne or
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Figure 2. Foraging distances in simulated colonies

Average foraging distances of colonies (colony sizes range from 5 to 300) in a simulation run. Each symbol represents the mean of a single run.
(A) Environments contained 3,000 high-quality and 3,000 low-quality food sources in a 2 x 2 km foraging area, but results are qualitatively identical for different
abundances. If food sources replenish immediately, foragers do not experience exploitation competition and colony size does not affect foraging distances.

(B) Medium refill = flowers stay empty for 20 min before offering rewards again.

(C) Slow refill = food sources stay empty for 60 min before offering rewards again. Triangles show flower constant colonies; circles represent colonies that forage
randomly. Blue, colonies with communication; red, colonies without communication.

See also Table S4 and Methods S1.

Bombus pensylvanicus to more than 10,000 in Apis mellifera and
Trigona corvina (Table S3). This colony size effect can explain
why primitively eusocial bees, i.e., species with small, short-lived
colonies founded by a single queen (e.g., Bombus and Lasio-
glossum umbripenne), have shorter foraging ranges than highly
eusocial bees, i.e., species with larger, long-lived colonies
founded by swarming (Apis and stingless bees) when body
size is controlled for."

We built an agent-based simulation model (ABM) to test how
colony size drives foraging distances in a food-limited environ-
ment. ABMs are a powerful tool to study the emergent properties
of complex systems, such as the foraging distances of bee col-
onies inhabiting virtual landscapes. Under default conditions,
simulated environments contained two flower species, one offer-
ing high-quality rewards, the other offering lower-quality re-
wards. Foragers searched for food sources using a Lévy flight
search strategy*®** (a type of random walk where the length of
the flight segments follows a “heavy-tailed” probability distribu-
tion; STAR Methods). The simulations show that increasing
colony sizes lead to larger foraging distances and that the
strength of this effect depends on food availability —more specif-
ically, on how rapidly visited food sources replenish (Figure 2). If
food sources replenish more slowly, exploitation competition
near the nest increases and foragers start to exploit food sources
farther from their nest, in line with a “halo” effect (Figures 2B
and 2C).

It has been hypothesized that communication®” and dietary
specialization'® affect foraging distances. Social bees have
evolved a range of recruitment behaviors to inform nestmates
about the discovery of a profitable food source, including jostling
runs (bumblebees,*® stingless bees*®), thoracic vibrations

(stingless bees,*” honeybees*®), pheromone trails (stingless
bees*®*"), and the honeybee waggle dance.®* While the features
of these communication behaviors differ, the general function is
to bias the search behavior of nestmates toward high-quality
food sources.*” Therefore, we simulated a general communica-
tion method that allowed foragers exploiting a high-quality flower
type to interact with nestmates inside their nest and bias the lat-
ter’s flower preference toward the same high-quality flower type
(without communicating a specific location), similar to what has
been found in bumblebees,*® honeybees,**> and most stingless
bees.’®*" A special case of dietary specialization is flower con-
stancy, which refers to the tendency of bees to visit flowers of
one flower type during a foraging trip even if alternative options
are available.”*°° Flower constancy relies on the capacity of
bees to learn and remember rewards®®°"' and is particularly pro-
nounced in social bees,*®*? possibly because flower constancy
is more beneficial in bees that communicate about food sour-
ces®® and because solitary bees might need to collect food
from multiple flower types during a foraging trip to achieve die-
tary diversity.>**° In social species, on the other hand, colonies
can achieve a diverse diet if different colony members specialize
in different food types. Honeybees and several Trigona stingless
bees, for example, have elaborate communication systems, indi-
vidual foragers exhibit strong flower constancy, and colonies
have a broad diet.*®*°

We simulated colonies with or without communication about a
high-quality food type in concert with individual foragers that
were either flower constant or foraged indiscriminately. Our sim-
ulations show that in most environments, communication and
flower constancy increase foraging distances synergistically
(Figure 2; ~16%-28% increase in the environments tested in
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Figure 3. Foraging distances in relation to different food source abundances

Foraging distances of colonies consisting of 100 foragers in environments with low (3,000 flowers), medium (6,000 flowers), or high (9,000 flowers) food
abundance. Two flower species were present offering either high- or low-quality rewards. Flowers differed in the time they needed to replenish their rewards after
avisit (20 or 60 min). Gray dots represent the average foraging distance of a colony in a particular run (n = 30 in each condition). Blue (with communication) and red
(no communication) horizontal lines and areas represent the mean and 95% confidence interval, respectively.

See also Figures S2 and S3, Table S4, and Methods S1.

Figure 3). Communication alone never affected foraging dis-
tances, whereas flower constancy by itself increased foraging
distances by ~10%-20% (Figures 3, S2, and S3). Flower con-
stancy and communication cause individual foragers to focus
on a subset of all available options, for example a high-quality
flower type, which leads to increased competition for this flower
type. As a result, foragers are more likely to search for this floral
type at greater distances from their nest. Communication and
flower constancy are likely to enhance each other’s effects as
communication causes an initial preference for a certain floral
type while flower constancy causes this preference to be long-
lasting. This interaction is particularly strong when the high-qual-
ity flower type is less common than the lower-quality flower type,
resulting in many foragers focusing on a smaller number of food
sources, which drives foragers to forage at greater distances
(Figures S2A and S2C). The interaction between communication
and flower constancy disappears when the high-quality flower
type is more common than the low-quality type (Figures S2B
and S2D; see Figures S3A-S3C for a similar pattern when envi-
ronments contain 4 flower species), most likely because
communication allows colonies to direct their forging force to-
ward a common flower type, thereby reducing interference
competition and foraging distances. Our simulations also reveal
that seemingly unrelated behavioral phenomena can increase
foraging distances considerably. If we modify indiscriminate for-
agers so that they need more time to collect rewards than flower
constant foragers because switching from one flower type to
another has cognitive costs,®’ the difference between indiscrim-
inate and flower constant colonies increases considerably
(Figures S3D-S3F). In this situation, cognitive constraints lead
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to time costs that cause indiscriminate foragers to forage at a
slower tempo, thereby reducing exploitation competition and,
therefore, foraging distances.

We found that food source abundance is a major driver of
foraging distances (Figure 3), with decreasing food source abun-
dance leading to larger foraging distances. Similarly, empirical
studies have found that honeybees (Apis mellifera) and bumble-
bees (Bombus terrestris) forage closer to their nest if food sour-
ces are abundant,®’***® and foraging trip durations are shorter
in the solitary bee Osmia bicornis when foraging conditions are
good."® This supports a scenario in which foraging distances in
bees are an emergent property of the interaction between innate
search strategies (e.g., a Lévy flight search strategy*>*%),
learning (e.g., an acquired preference for a certain flower type),
and the foraging landscape.

One difference between our model and the empirical data is
that our model estimates average foraging distances of colonies
(distance between visited food sources and the nest), whereas
translocation experiments estimate foraging ranges, i.e., the
maximum foraging distance of a species in a particular environ-
ment. We compared foraging range estimates with estimates of
average and median foraging distances in species for which all
three types of estimates were available (Table S1) and found
that foraging range estimates correlate strongly with average
(Pearson’s r = 0.84, n = 20) and median (Pearson’s r = 0.77,
n = 17) foraging distance estimates (Figures 1D and 1E). This
suggests that average and median foraging distances are a reli-
able predictor of foraging ranges. Median foraging distances are
slightly, but significantly, lower than average foraging distances
(814 + 447 m versus 369 + 474 m, n = 15) (paired Wilcoxon
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test: V=102, p = 0.015), indicating that foraging distance distri-
butions tend to be positively skewed.

It has been suggested that oligolectic species, i.e., bees
specializing on one or a small number of plant species, might
have greater foraging ranges than bees with a broad (i.e., poly-
lectic) diet as they need to locate potentially isolated host-plant
patches.'® We compared foraging range estimates of oligolectic
and polylectic solitary bees but found no difference in foraging
range estimates (PGLS, estimates based on sightings on food
sources, t = 0.87; p = 0.39; estimates based on translocations,
t = —1.33, p = 0.20; Figure 4). Since foraging distances impact
the reproductive success and lifespan of bees, '82?~2* oligolectic
species are likely to be under stronger selection to nest near suit-
able host plants than polylectic bees. The oligolectic Chelostoma
rapunculi and Megachile lapponica, for example, show a strong
preference to nest close to their host plants.'® This selection
pressure could explain why oligolectic bees do not appear to
forage at greater distances.

Taken together, our results suggest that multiple traits related
to social complexity explain why social bees forage at greater
distances than solitary bees. A better understanding of the
drivers of bee foraging ranges is crucial for our understanding
of how anthropogenic changes affect bee populations. For
example, bees with smaller foraging ranges are likely to be
more affected by habitat fragmentation,”® while larger foraging
distances might allow bees to adjust better to changes in food
source availability and local habitat loss. A larger foraging range
is likely to create a more constant food supply as bees have ac-
cess to a greater variety of habitats containing a larger richness
of plants (due to the positive species-area relationship). Bombus
terrestris, for example, is thought to be very adaptable to
different environments in part due to its large foraging range
compared to other bumblebee species.®” Pollinator foraging
ranges are also important for plant species that are impacted
by fragmentation.®®°° A striking example is the Amazonian tree
Dinizia exelsa, a species that faces severe habitat fragmentation
in its native range but thrives in fragmented habitats thanks to the
pollination provided by non-native Africanized honeybees, a
species with a large foraging range that has taken over the role
of native pollinators in these habitats.>® A better understanding
of how biological and ecological traits shape bee foraging ranges
provides an important basis for predicting pollination services'®

Diet

and for the development of effective conservation strategies of
isolated plant populations and specific types of bees.'>""""°

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
e METHOD DETAILS
O Foraging range data
O Colony size and body size data
O Phylogenetic framework
O The agent-based model
O Communication and flower constancy
O Entities and state variables
O Food sources
O Sensitivity analysis and model exploration
o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
cub.2022.10.064.

ACKNOWLEDGMENTS

We thank Tom Timberlake and Francisca Segers for helpful comments and
suggestions on drafts of this manuscript.

AUTHOR CONTRIBUTIONS

C.G. planned the study and collected the literature data. L.H. and C.G. planned
and built the agent-based model. C.G. analyzed the data and wrote the original
draft of the manuscript. C.G. and L.H. reviewed and edited the manuscript.
DECLARATION OF INTERESTS

We declare we have no competing interests.

Current Biology 32, 1-8, December 19, 2022 5



https://doi.org/10.1016/j.cub.2022.10.064
https://doi.org/10.1016/j.cub.2022.10.064

Please cite this article in press as: GrUter and Hayes, Sociality is a key driver of foraging ranges in bees, Current Biology (2022), https://doi.org/
10.1016/j.cub.2022.10.064

¢? CellPress

OPEN ACCESS

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research.

Received: September 8, 2022
Revised: October 24, 2022
Accepted: October 27, 2022
Published: November 17, 2022

REFERENCES

—_

N

10.

11.

12.

13.

14.

15.

16.

. Klein,

. Fontaine, C., Dajoz, |., Meriguet, J., and Loreau, M. (2006). Functional di-

versity of plant-pollinator interaction webs enhances the persistence of
plant communities. PLoS Biol. 4, e1.

A.-M., Vaissiére, B.E., Cane, J.H., Steffan-Dewenter, |.,
Cunningham, S.A., Kremen, C., and Tscharntke, T. (2007). Importance
of pollinators in changing landscapes for world crops. Proc. Biol. Sci.
274, 303-313.

Potts, S.G., Imperatriz-Fonseca, V., Ngo, H.T., Aizen, M.A., Biesmeijer,
J.C., Breeze, T.D., Dicks, L.V., Garibaldi, L.A., Hill, R., Settele, J., and
Vanbergen, A.J. (2016). Safeguarding pollinators and their values to hu-
man well-being. Nature 540, 220-229.

Bawa, K.S. (1990). Plant-pollinator interactions in tropical rain forests.
Annu. Rev. Ecol. Systemat. 271, 399-422.

. Ollerton, J. (2017). Pollinator diversity: distribution, ecological function,

and conservation. Annu. Rev. Ecol. Evol. Syst. 48, 353-376.

Zattara, E.E., and Aizen, M.A. (2021). Worldwide occurrence records sug-
gest a global decline in bee species richness. One Earth 4, 114-123.

Potts, S.G., Biesmeijer, J.C., Kremen, C., Neumann, P., Schweiger, O.,
and Kunin, W.E. (2010). Global pollinator declines: trends, impacts and
drivers. Trends Ecol. Evol. 25, 345-353.

Goulson, D., Nicholls, E., Botias, C., and Rotheray, E.L. (2015). Bee de-
clines driven by combined stress from parasites, pesticides, and lack of
flowers. Science 347, 1255957.

Roulston, T.H., and Goodell, K. (2011). The role of resources and risks in
regulating wild bee populations. Annu. Rev. Entomol. 56, 293-312.

Soroye, P., Newbold, T., and Kerr, J. (2020). Climate change contributes to
widespread declines among bumble bees across continents. Science
367, 685-688.

Biesmeijer, J.C., Roberts, S.P.M., Reemer, M., Ohlemdiller, R., Edwards,
M., Peeters, T., Schaffers, A.P., Potts, S.G., Kleukers, R., Thomas, C.D.,
et al. (2006). Parallel declines in pollinators and insect-pollinated plants
in Britain and the Netherlands. Science 373, 351-354.

Pasquet, R.S., Peltier, A., Hufford, M.B., Oudin, E., Saulnier, J., Paul, L.,
Knudsen, J.T., Herren, H.R., and Gepts, P. (2008). Long-distance pollen
flow assessment through evaluation of pollinator foraging range suggests
transgene escape distances. Proc. Natl. Acad. Sci. USA 105, 13456
13461.

Garibaldi, L.A., Steffan-Dewenter, |., Kremen, C., Morales, J.M.,
Bommarco, R., Cunningham, S.A., Carvalheiro, L.G., Chacoff, N.P.,
Dudenhéffer, J.H., Greenleaf, S.S., et al. (2011). Stability of pollination ser-
vices decreases with isolation from natural areas despite honey bee visits.
Ecol. Lett. 714, 1062-1072.

Kendall, L.K., Mola, J.M., Portman, Z.M., Cariveau, D.P., Smith, H.G., and
Bartomeus, |. (2022). The potential and realized foraging movements of
bees are differentially determined by body size and sociality. Ecology
103, €3809.

Gathmann, A., and Tscharntke, T. (2002). Foraging ranges of solitary bees.
J. Anim. Ecol. 71, 757-764.

Lonsdorf, E., Kremen, C., Ricketts, T., Winfree, R., Williams, N., and
Greenleaf, S. (2009). Modelling pollination services across agricultural
landscapes. Ann. Bot. 703, 1589-1600.

Current Biology 32, 1-8, December 19, 2022

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Current Biology

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

Zurbuchen, A., Cheesman, S., Klaiber, J., Miller, A., Hein, S., and Dorn, S.
(2010). Long foraging distances impose high costs on offspring production
in solitary bees. J. Anim. Ecol. 79, 674-681.

Cresswell, J.E., and Osborne, J.L. (2004). The effect of patch size and sep-
aration on bumblebee foraging in oilseed rape: implications for gene flow.
J. Appl. Ecol. 41, 539-546.

Michener, C.D. (2007). The Bees of the World (The Johns Hopkins
University Press).

Ribbands, C.R. (1951). The flight range of the honey-bee. J. Anim. Ecol. 20,
220-226.

Peterson, J.H., Roitberg, B.D., and Peterson, J.H. (2006). Impacts of flight
distance on sex ratio and resource allocation to offspring in the leafcutter
bee, Megachile rotundata. Behav. Ecol. Sociobiol. 59, 589-596.

Schmid-Hempel, P., and Wolf, T. (1988). Foraging effort and life span of
workers in a social insect. J. Anim. Ecol. 57, 509-521.

Williams, N.M., and Kremen, C. (2007). Resource distributions among hab-
itats determine solitary bee offspring production in a mosaic landscape.
Ecol. Appl. 177, 910-921.

Seidelmann, K. (2006). Open-cell parasitism shapes maternal investment
patterns in the Red Mason bee Osmia rufa. Behav. Ecol. 17, 839-848.

Beekman, M., and Ratnieks, F.L.W. (2000). Long-range foraging by the
honey-bee. Funct. Ecol. 74, 490-496.

Araujo, E.D., Costa, M., Chaud-Netto, J., and Fowler, H.G. (2004). Body
size and flight distance in stingless bees (Hymenoptera: Meliponini):
Inference of flight range and possible ecological implications. Braz. J.
Biol. 64, 563-568.

Hofmann, M.M., Fleischmann, A., and Renner, S.S. (2020). Foraging dis-
tances in six species of solitary bees with body lengths of 6 to 15 mm, in-
ferred from individual tagging, suggest 150 m-rule-of-thumb for flower
strip distances. J. Hymenoptera Res. 77, 105-117.

Janzen, D.H. (1971). Euglossine bees as long-distance pollinators of trop-
ical plants. Science 171, 203-205.

Dukas, R., and Edelstein-Keshet, L. (1998). The spatial distribution of colo-
nial food provisioners. J. Theor. Biol. 790, 121-134.

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

Ratnieks, F.L.W., and Shackleton, K. (2015). Does the waggle dance help
honey bees to forage at greater distances than expected for their body
size? Front. Ecol. Evol. 3, https://doi.org/10.3389/fevo.2015.00031.

von Frisch, K. (1967). The Dance Language and Orientation of Bees
(Harvard University Press).

Couvillon, M.J., Schuirch, R., and Ratnieks, F.L.W. (2014). Waggle dance
distances as integrative indicators of seasonal foraging challenges.
PLoS One 9, €93495.

Hung, K.-L.J., Kingston, J.M., Albrecht, M., Holway, D.A., and Kohn, J.R.
(2018). The worldwide importance of honey bees as pollinators in natural
habitats. Proc. Biol. Sci. 285, 20172140.

Heard, T.A. (1999). The role of stingless bees in crop pollination. Annu.
Rev. Entomol. 44, 183-206.

Zurbuchen, A., Bachofen, C., Milller, A., Hein, S., and Dorn, S. (2010). Are
landscape structures insurmountable barriers for foraging bees? A mark-
recapture study with two solitary pollen specialist species. Apidologie 417,
497-508.

Beil, M., Horn, H., and Schwabe, A. (2008). Analysis of pollen loads in a
wild bee community (Hymenoptera: Apidae) — a method for elucidating
habitat use and foraging distances. Apidologie 39, 456-467.


http://refhub.elsevier.com/S0960-9822(22)01712-2/sref1
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref1
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref1
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref2
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref2
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref2
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref2
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref3
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref3
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref3
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref3
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref4
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref4
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref5
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref5
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref6
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref6
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref7
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref7
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref7
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref8
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref8
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref8
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref9
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref9
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref10
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref10
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref10
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref11
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref11
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref11
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref11
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref12
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref12
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref12
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref12
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref12
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref13
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref13
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref13
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref13
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref13
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref14
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref14
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref14
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref14
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref15
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref15
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref16
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref16
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref16
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref17
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref17
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref17
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref18
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref18
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref18
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref19
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref19
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref19
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref20
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref20
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref21
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref21
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref22
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref22
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref22
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref23
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref23
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref24
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref24
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref24
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref25
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref25
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref26
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref26
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref27
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref27
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref27
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref27
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref28
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref28
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref28
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref28
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref29
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref29
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref30
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref30
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref31
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref31
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref31
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref31
https://doi.org/10.3389/fevo.2015.00031
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref33
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref33
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref34
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref34
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref34
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref35
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref35
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref35
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref36
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref36
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref37
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref37
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref37
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref37
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref38
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref38
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref38

Please cite this article in press as: Griter and Hayes, Sociality is a key driver of foraging ranges in bees, Current Biology (2022), https://doi.org/
10.1016/j.cub.2022.10.064

Current Biology

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.
61.

Neff, J.L., and Danforth, B.N. (1991). The nesting and foraging behavior of
Perdita texana (Cresson) (Hymenoptera: Andrenidae). J. Kans. Entomol.
Soc. 64, 394-405.

Zurbuchen, A., Landert, L., Klaiber, J., Muller, A., Hein, S., and 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.

Knight, M.E., Martin, A.P., Bishop, S., Osborne, J.L., Hale, R.J,,
Sanderson, R.A., and Goulson, D. (2005). An interspecific comparison of
foraging range and nest density of four bumblebee (Bombus) species.
Mol. Ecol. 74, 1811-1820.

Van Nieuwstadt, M.G.L., and Ruano Iraheta, C.E. (1996). Relation between
size and foraging range in stingless bees (Apidae, Meliponinae).
Apidologie 27, 219-228.

Reynolds, A.M. (2009). Lévy flight patterns are predicted to be an emer-
gent property of a bumblebees’ foraging strategy. Behav. Ecol.
Sociobiol. 64, 19-23.

Reynolds, A.M., Smith, A.D., Reynolds, D.R., Carreck, N.L., and Osborne,
J.L. (2007). Honeybees perform optimal scale-free searching flights when
attempting to locate a food source. J. Exp. Biol. 270, 3763-3770.

Dornhaus, A., and Chittka, L. (1999). Evolutionary origins of bee dances.
Nature 401, 38.

Grter, C. (2020). Stingless Bees: Their Behaviour, Ecology and Evolution
(Springer International Publishing).

Jarau, S., and Hrncir, M. (2009). Food Exploitation by Social Insects:
Ecological, Behavioral, and Theoretical Approaches (CRC Press).

Hrncir, M., Maia-Silva, C., Mc Cabe, S.I., and Farina, W.M. (2011). The re-
cruiter’s excitement - features of thoracic vibrations during the honey
bee’s waggle dance related to food source profitability. J. Exp. Biol.
214, 4055-4064.

Waser, N.M. (1986). Flower constancy: definition, cause, and measure-
ment. Am. Nat. 727, 593-603.

Gruter, C., and Ratnieks, F.L.W. (2011). Flower constancy in insect pollina-
tors: Adaptive foraging behaviour or cognitive limitation? Commun. Integr.
Biol. 4, 633-636.

Chittka, L., Thomson, J.D., and Waser, N.M. (1999). Flower constancy, in-
sect psychology, and plant evolution. Naturwissenschaften 86, 361-377.

Smith, C., Weinman, L., Gibbs, J., and Winfree, R. (2019). Specialist for-
agers in forest bee communities are small, social or emerge early.
J. Anim. Ecol. 88, 1158-1167.

Heinrich, B. (1976). The foraging specializations of individual bumblebees.
Ecol. Monogr. 46, 105-128.

Eckhardt, M., Haider, M., Dorn, S., and Mdiller, A. (2014). Pollen mixing in
pollen generalist solitary bees: a possible strategy to complement or miti-
gate unfavourable pollen properties? J. Anim. Ecol. 83, 588-597.

Williams, N.M., and Tepedino, V.J. (2003). Consistent mixing of near and
distant resources in foraging bouts by the solitary mason bee Osmia ligna-
ria. Behav. Ecol. 74, 141-149.

Wolf, S., and Moritz, R.F. (2008). Foraging distance in Bombus terrestris L.
(Hymenoptera: Apidae). Apidologie 39, 419-427.

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

Dick, C.W. (2001). Genetic rescue of remnant tropical trees by an alien
pollinator. Proc. Biol. Sci. 268, 2391-2396.

Ricketts, T.H., Regetz, J., Steffan-Dewenter, I., Cunningham, S.A,,
Kremen, C., Bogdanski, A., Gemmill-Herren, B., Greenleaf, S.S., Klein,
A.M., Mayfield, M.M., et al. (2008). Landscape effects on crop pollination
services: are there general patterns? Ecol. Lett. 77, 499-515.

Wilensky, U. (1999). NetLogo. http://ccl.northwestern.edu/netlogo/.

R Development Core Team. (2013). R: A language and environment for
statistical computing (R Foundation for Statistical Computing).

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

¢? CellPress

OPEN ACCESS

Kohl, P.L., Thulasi, N., Rutschmann, B., George, E.A., Steffan-Dewenter,
1., and Brockmann, A. (2020). Adaptive evolution of honeybee dance dia-
lects. Proc. Biol. Sci. 287, 20200190.

Rodrigues, F., and Ribeiro, M. de F. (2014). Influence of experience on
homing ability of foragers of Melipona mandacaia Smith (Hymenoptera:
Apidae: Meliponini). Sociobiology 67, 523-528.

Southwick, E.E., and Buchmann, S.L. (1995). Effects of horizon landmarks
on homing success in honey bees. Am. Nat. 7146, 748-764.

Wayo, K., Sritongchuay, T., Chuttong, B., Attasopa, K., and Bumrungsri,
S. (2020). Local and landscape compositions influence stingless bee com-
munities and pollination networks in tropical mixed fruit orchards,
Thailand. Diversity 72, 482.

Campbell, A.J., Gomes, R.L.C., da Silva, K.C., and Contrera, F.A.L. (2019).
Temporal variation in homing ability of the neotropical stingless bee
Scaptotrigona aff. postica (Hymenoptera: Apidae: Meliponini). Apidologie
50, 720-732.

Cardinal, S., Buchmann, S.L., and Russell, A.L. (2018). The evolution of flo-
ral sonication, a pollen foraging behavior used by bees (Anthophila).
Evolution 72, 590-600.

Rasmussen, C., and Cameron, S.A. (2009). Global stingless bee phylog-
eny supports ancient divergence, vicariance, and long distance dispersal.
Biol. J. Linn. Soc. Lond. 99, 206-232.

Ramirez, S.R., Nieh, J.C., Quental, T.B., Roubik, D.W., Imperatriz-
Fonseca, V.L., and Pierce, N.E. (2010). A molecular phylogeny of the sting-
less bee genus Melipona (Hymenoptera: Apidae). Mol. Phylogenet. Evol.
56, 519-525.

Arbetman, M.P., Gleiser, G., Morales, C.L., Williams, P., and Aizen, M.A.
(2017). Global decline of bumblebees is phylogenetically structured and
inversely related to species range size and pathogen incidence. Proc.
Biol. Sci. 284, 20170204.

Dorchin, A., Lopez-Uribe, M.M., Praz, C.J., Griswold, T., and Danforth,
B.N. (2018). Phylogeny, new generic-level classification, and historical
biogeography of the Eucera complex (Hymenoptera: Apidae). Mol.
Phylogenet. Evol. 119, 81-92.

Trunz, V., Packer, L., Vieu, J., Arrigo, N., and Praz, C.J. (2016).
Comprehensive phylogeny, biogeography and new classification of the
diverse bee tribe Megachilini: can we use DNA barcodes in phylogenies
of large genera? Mol. Phylogenet. Evol. 103, 245-259.

Gonzalez, V.H., Gustafson, G.T., and Engel, M.S. (2019). Morphological
phylogeny of Megachilini and the evolution of leaf-cutter behavior in
bees (Hymenoptera: Megachilidae): evolution of leaf-cutter behavior in
bees. J. Melittology 85, 1-123.

Haider, M., Dorn, S., Sedivy, C., and Mdiller, A. (2014). Phylogeny and floral
hosts of a predominantly pollen generalist group of mason bees
(Megachilidae: Osmiini). Biol. J. Linn. Soc. Lond. 7177, 78-91.

Gibbs, J., Brady, S.G., Kanda, K., and Danforth, B.N. (2012). Phylogeny of
halictine bees supports a shared origin of eusociality for Halictus and
Lasioglossum (Apoidea: Anthophila: Halictidae). Mol. Phylogenet. Evol.
65, 926-939.

Pisanty, G., Richter, R., Martin, T., Dettman, J., and Cardinal, S. (2022).
Molecular phylogeny, historical biogeography and revised classification
of andrenine bees (Hymenoptera: Andrenidae). Mol. Phylogenet. Evol.
170,107151.

Polidori, C., Jorge, A., and Ornosa, C. (2020). Antennal morphology and
sensillar equipment vary with pollen diet specialization in Andrena bees.
Arthropod Struct. Dev. 57, 100950.

Leys, R., Cooper, S.J.B., and Schwarz, M.P. (2002). Molecular phylogeny
and historical biogeography of the large carpenter bees, genus Xylocopa
(Hymenoptera: Apidae). Biol. J. Linn. Soc. Lond. 77, 249-266.

Hill, P.S.M., Wells, P.H., and Wells, H. (1997). Spontaneous flower con-
stancy and learning in honey bees as a function of colour. Anim. Behav.
54, 615-627.

Current Biology 32, 1-8, December 19, 2022 7



http://refhub.elsevier.com/S0960-9822(22)01712-2/sref39
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref39
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref39
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref40
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref40
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref40
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref40
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref41
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref41
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref41
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref41
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref42
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref42
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref42
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref43
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref43
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref43
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref43
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref44
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref44
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref44
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref45
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref45
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref46
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref46
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref47
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref47
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref48
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref48
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref48
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref48
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref49
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref49
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref50
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref50
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref50
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref51
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref51
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref52
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref52
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref52
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref53
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref53
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref54
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref54
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref54
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref55
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref55
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref55
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref56
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref56
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref57
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref57
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref58
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref58
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref59
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref59
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref59
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref59
http://ccl.northwestern.edu/netlogo/
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref86
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref86
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref60
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref60
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref60
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref61
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref61
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref61
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref62
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref62
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref63
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref63
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref63
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref63
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref64
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref64
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref64
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref64
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref65
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref65
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref65
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref66
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref66
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref66
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref67
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref67
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref67
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref67
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref68
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref68
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref68
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref68
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref69
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref69
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref69
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref69
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref70
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref70
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref70
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref70
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref71
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref71
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref71
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref71
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref72
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref72
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref72
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref73
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref73
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref73
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref73
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref74
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref74
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref74
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref74
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref75
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref75
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref75
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref76
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref76
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref76
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref78
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref78
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref78

Please cite this article in press as: GrUter and Hayes, Sociality is a key driver of foraging ranges in bees, Current Biology (2022), https://doi.org/
10.1016/j.cub.2022.10.064

¢? CellPress

80.

81.

82.

83.

OPEN ACCESS

Westphal, C., Steffan-Dewenter, |., and Tscharntke, T. (2006). Bumblebees
experience landscapes at different spatial scales: possible implications for
coexistence. Oecologia 749, 289-300.

Seeley, T.D. (1986). Social foraging by honeybees - how colonies allocate
foragers among patches of flowers. Behav. Ecol. Sociobiol. 19, 343-354.

Farina, W.M. (2000). The interplay between dancing and trophallactic
behavior in the honey bee Apis mellifera. J. Comp. Physiol. 186, 239-245.

Willmer, P. (2011). Pollination and Floral Ecology (Princeton University
Press).

8 Current Biology 32, 1-8, December 19, 2022

84.

85.

86.

87.

Current Biology

Stout, J., and Goulson, D. (2002). The influence of nectar secretion rates
on the responses of bumblebees (Bombus spp.) to previously visited
flowers. Behav. Ecol. Sociobiol. 52, 239-246.

Nufez, J.A. (1966). Quantitative Beziehungen zwischen den
Eigenschaften von Futterquellen und dem Verhalten von Sammelbienen.
Z.Vgl. Physiol. 53, 142-164.

I’Anson Price, R., Dulex, N., Vial, N., Vincent, C., and Gruter, C. (2019).
Honeybees forage more successfully without the “dance language” in
challenging environments. Sci. Adv. 5, eaat0450.

Paradis, E. (2011). Analysis of Phylogenetics and Evolution with R
(Springer Science & Business Media).


http://refhub.elsevier.com/S0960-9822(22)01712-2/sref79
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref79
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref79
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref80
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref80
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref81
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref81
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref82
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref82
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref83
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref83
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref83
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref84
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref84
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref84
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref85
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref85
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref85
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref85
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref85
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref87
http://refhub.elsevier.com/S0960-9822(22)01712-2/sref87

Please cite this article in press as: Grlter and Hayes, Sociality is a key driver of foraging ranges in bees, Current Biology (2022), https://doi.org/
10.1016/j.cub.2022.10.064

Current Biology ¢? CellPress

OPEN ACCESS

STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Data on foraging distances This paper Table S1
and body sizes

Data on colony sizes and This paper Table S3
foraging ranges

List of tested model This paper Table S4
parameters

Software and algorithms

Netlogo for agent-based Wilensky®’ N/A

model

R version 4.1 R Development Core Team®' N/A
Netlogo code for main model This paper Methods S1

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Christoph Gruter (c.
grueter@bristol.ac.uk).

Materials availability
This study did not generate any new reagents.

Data and code availability

Empirical data originates from existing, publicly available publications and can be found in Tables S1 and S3. Original Netlogo code
for the agent-based model is available in the Supplemental Information. Any additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
All data sources reported in this paper can be found in Tables S1 and S3 and the corresponding Supplemental references.
METHOD DETAILS

Foraging range data

We collected data on (female) bee foraging ranges by combining data from earlier comparative studies and a literature
search in Google Scholar using the search terms “bee” AND “foraging range” OR “foraging distance” OR “flight range”. We found
foraging distance data for 90 species (44 solitary, 44 eusocial and 2 polymorphic species) (Table S1), which is comparable to the 81
species included in Kendall et al.’* We recorded the method used to assess foraging distance (see Table S2 for details) and whether
maximum, mean, or median foraging distances were estimated. We also recorded sample sizes and whether a species has a pre-
dominantly polylectic or oligolectic diet.

The most frequently used approaches are translocations (46 species), feeder/food source movement (18 species) and direct ev-
idence of food source visits (mark-release-resighting, observations on host plants and pollen analysis, 38 species). The methods
used to assess foraging ranges have different advantages and disadvantages, with some methods being feasible only for a certain
species (Table S2). Kendall et al.’* classified the different methods according to whether they measure the “potential ranges” or
“realized ranges”. The latter is shaped by external constraints, such as food source availability or the landscape, whereas the former
reflects the fundamental physiological limit in the absence of external constraints. However, this distinction is problematic as data
from feeder and translocation studies (category “potential range” ') are known to be affected by various external factors, such as
foraging experience,®® landscape type®*®° and food availability.?® We therefore decided to test the effects of sociality on foraging
ranges by including data from translocation studies only. Translocations (or homing tests) can be used for most bee species and
are considered a good indicator of the actual foraging range.'”**?> We excluded data of bees that did not return on the release day
(if information about return time was given).

15,17,28,40,42,62
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Colony size and body size data
Colony size estimates were taken from the published literature (Table S3). We used the intertegular distance (ITD) as a measure of
body size'* and averaged ITD values if multiple values were available for a species.

Phylogenetic framework

The phylogenetic framework for the comparative analysis relied on phylogenetic trees with branch lengths that are proportional to
geological time. We combined phylogenetic information from Cardinal et al.°” (Anthophila), Rasmussen & Cameron®® (Meliponini),
Ramirez et al.®® (Melipona), Arbetman et al.”® (Bombus), Dorchin et al.”" (Tetraloniella), Trunz et al.”? (Megachilidae), Gonzalez
et al.”® (Megachilidae), Haider et al.”* (Osmia), Gibbs et al.”® (Halictidae), Pisanty et al.”® (Andrenidae), Polidori et al.”” (Andrena)
and Leys et al.”® (Xylocopa). These trees were pruned to include only the taxa relevant for the comparative analysis (see Figure S1
for species that were included in our analysis). Sub-trees of this tree were used to answer different questions using the “drop.tip”
function.

The agent-based model

An agent-based model (ABM) was built using NetLogo 6.1°° (see Methods S1 for NetLogo code). The model simulates a colony within
an environment containing food sources. The agents (“bees”) move in a two-dimensional square grid with 400 x 400 patches. A single
patch length corresponds to 5 meters and 1 tick corresponds to 1 second. Thus, the size of the virtual world corresponds to 2 x 2 km.
The nest of the colony is positioned in the center of the grid (x=0, y=0). The simulated environments contained between 1 and 4
different flower species (2 was the default) which differed in the rewards they offered.

Communication and flower constancy
Social bees have evolved different behavioral mechanisms to transmit social information and, thereby, influence the food source
preferences of their nestmates. The model does not simulate a particular behavior, but a general process that causes a bias in
the food preferences of nestmates after interacting with a successful forager. Foragers that provide social information about a
food source type to nestmates inside their nest are called influencers. If colonies were flower constant, foragers would visit the flower
type they encountered after leaving the nest, irrespective of the quality of the reward (“spontaneous flower constancy”’®).

We based our default parameters, such as the nest stay time (fnest), flight speed (vaign) and crop capacity (Crop) on honey bees.
Other values were tested as well (see Table S4 and section Sensitivity analysis and model exploration).

Entities and state variables

Colony sizes (foragers) ranged from 5 to 300 bees (default = 100), a range which includes common colony sizes of bumble bees®® and
stingless bees.“® Agents could assume any of the following states: (1) generalist forager, (2) feeding forager, (3) searching forager, (4)
returning forager, (5) inside-nest-worker and (6) influencer (Figure S4).

Agents began the simulation in the center of the nest and as generalist foragers. They then moved at a flying speed of 1.4 patch/tick
(vsight), corresponding to a flight speed of honey bees (7 m/sec®®). Their random search behavior follows a Lévy-flight pattern (with u =
1.4 as default).*>** A Lévy-flight consists of a random sequence of flight segments whose lengths, /, come from a probability distri-
bution function having a power-law tail, P()~/™*, with 1<u<3.** The inside nest speed of agents (Vnest) Was arbitrarily chosen to be 0.1
(patch/tick). Once an agent encounters a food source, it remains on the food source for 60 ticks (trower-stay) Under default conditions
(feeding foragers).

The agent then continues to forage (searching foragers) until it reaches its desired crop threshold (see below), after which it returns
to the nest (returning foragers) to unload the collected food and stay in the nest for 300 ticks (tnest_stay).81'82 In the default state, only
foragers visiting a high-quality food source could become influencers upon return to the nest. Since recruitment behaviors often
depend on the food source distance,*® with greater foraging distances lowering the probability of recruitment, the probability of
becoming an influencer decreased with increasing distance of the last visited food patch (Figure S5). Influencers interacted with in-
side-nest-workers when they encountered each other on the same patch. Influencers encountering inside-nest-workers that had not
foraged on high-quality food sources (see below for details about food sources) caused them to leave the nest and search for a high-
quality food type.

Food sources

In the default condition, two different types of food sources could be found in the environment. The food source types differed in the
rewards they offered per visit, allowing bees to recruit to the better food source. Natural flowers visited by bees offer between 0.1 and
10 pL of nectar per flower.®® For the default condition, we chose 5 pL for the high-quality type and 2.5 pL for the low-quality type. This
reward could represent an individual flower that offers a large reward or a small patch of several flowers, each offering smaller quan-
tities, or it could represent a larger patch of flowers that is shared by several bees.

We tested different refill times (o) for food sources: 0, 1200 and 3600 ticks. When t;= 0, food sources offered rewards again
immediately after the visit of a bee. This simulates conditions under which bees would have a very high probability of finding a reward
after locating a food source, which can be realistic for food patches. With .= 3600, a flower or patch was empty for 60 minutes after
it had been visited by a bee,®* leading to intense exploitation competition among bees. The number of food sources per type in the
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simulated environment varied between 1500 (Jow abundance) and 4500 (high abundance). Default conditions simulated even
numbers of food sources for both food source types, but we also explored uneven food source abundances (Table S4).

Apis mellifera can carry up to ~70 pL of nectar in their crop, but they usually carry less.®*° The crop load has been shown to
depend on the quality of the visited food source, with lower quality food sources leading to smaller crop loads.?®> Agents visiting
the low-quality flower type foraged until their crop contained 25 L, whereas agents visiting the high-quality food type collected
50 uL per foraging trip. Bees that choose indiscriminately had an intermediate crop capacity of 37.5 pL.

Each simulation lasted 36,000 ticks (corresponding to 10 hours), mimicking a day with good foraging conditions. We measured the
average foraging distance of a colony as the average distance between the nest and the visited flowers during a simulation run. Our
main questions were if the foraging distance depended on colony size, flower constancy (vs. indiscriminate choice) and communi-
cation (vs. no communication).

Sensitivity analysis and model exploration

We varied a range of factors to explore how they affected our results (see also Table S4). We tested the effects of refill time, the ab-
solute and relative abundance of food sources, Lévy flight 1 and the shape of the recruitment curve (see Figure S4). The latter two
factors led to qualitatively similar results and are not shown. We performed 30 simulation runs per parameter combination. We do not
provide p-values for formal significance testing due to the arbitrariness of the simulation number but indicate 95%-confidence inter-
vals to facilitate visual interpretation of the data.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were done with R 4.1.°" To test whether sociality, colony size and diet affect foraging ranges, we used phylogenetic
generalized least squares (PGLS) models (R package nime) while assuming that traits evolve under a Brownian motion model®” with
the corBrownian function, as implemented in the R package ape.®” Phylogenetically controlled analyses are necessary to account for
the non-independence of data points due to varying degrees of relatedness among species.?” We included body size as an additional
predictor due to the well-known relationship between body size and foraging range.'”**” Body size did not significantly interact with
either sociality or colony size; the interaction was, therefore, removed for the final model. Variables were logarithmically transformed
(natural logarithm) before analyses.®”
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