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Pollinator conservation is aided by knowledge of dispersal behavior, which shapes gene
flow and population structure. In many bees, dispersal is thought to be male-biased, and
males’ movements may be critical to maintaining gene flow in disturbed and fragmented
habitats. Yet male bee movements are challenging to track directly and male dispersal
ability remains poorly understood in most species. Here, we combine field manipulations
and models to assess male dispersal ability in a stingless bee (Tetragonula carbonaria).
We placed colonies with virgin queens at varying distances apart (1-48 km), genotyped
the males that gathered at mating aggregations outside each colony, and used pairwise
sibship assignment to determine the distribution of likely brothers across aggregations.
We then compared simulations of male dispersal to our observed distributions and
found best-fit models when males dispersed an average of 2-3 km (>2-fold female flight
ranges), and maximum of 20 km (30-fold female flight ranges). Our data supports the
view that male bee dispersal can facilitate gene flow over long-distances, and thus play
a key role in bee populations’ resilience to habitat loss and fragmentation. In addition,
we show that the number of families contributing to male aggregations can be used to
estimate local stingless bee colony densities, allowing population monitoring of these
important tropical pollinators.

Keywords: sex-biased dispersal, inbreeding avoidance, flight range, mating aggregations, conservation, stingless
bee, habitat fragmentation

INTRODUCTION

In many animals, offspring actively disperse away from their place of birth. Such dispersal allows
an individual to access new resources, reduces competition for mates, and minimizes the risk of
breeding with near relatives (Chaine and Clobert, 2012). How regularly and how far individuals
disperse from natal sites also impacts a range of ecological and evolutionary processes at the
population level. For example, local persistence, colonization ability, gene flow, and local adaptation
are all shaped by the extent and direction of dispersal (Chaine and Clobert, 2012). These processes
in turn are critical for predicting a species’ vulnerability to environmental change.

Bees (Anthophila) provide an essential service in natural and agricultural ecosystems by
pollinating plants (Klein et al., 2006). Increasing threats to wild bee populations from habitat loss,
degradation, and climate change have highlighted the need to better understand the factors that
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affect their population genetic structure, including dispersal
(Lopez-Uribe et al., 2019; Kelemen and Rehan, 2021). Natal
dispersal in bees is thought to be commonly male-biased (Paxton,
2005). This bias has been inferred in a range of both solitary
and social species on the basis of greater population structure
in mitochondrial haplotypes (maternally inherited) than nuclear
loci (Lopez-Uribe et al., 2014; Francisco et al., 2017; Chapman
et al., 2018; Santos et al., 2020), or greater coancestry of females
than males sampled in the same locale (Ulrich et al., 2009; Lopez-
Uribe et al,, 2015). Also, nesting habits in some bees favor female
philopatry, while males (which do not contribute to parental
care) are freer to disperse (Paxton, 2005). Thus male bees are
assumed to have a central role in facilitating gene flow at both
local and regional scales, with males credited for maintaining
high genetic diversity in some bee populations despite disturbed
or fragmented habitat (Ulrich et al., 2009; Francisco et al., 2017;
Chapman et al., 2018). Yet the movements of male bees after
leaving the natal nest are extremely challenging to track directly,
and the extent of males’ dispersal potential remains unclear in the
majority of bee species.

In this study, we combine field manipulations, genotyping
and models to investigate male dispersal ability in a stingless
bee. Stingless bees (Meliponini) are highly eusocial bees that
form colonies typically comprising one queen and thousands
of workers. They are among the most abundant pollinators
in tropical and subtropical ecosystems across the globe, where
they are known to visit the flowers of over 200 plant families
(Griiter, 2020; Bueno et al., 2021). They are also economically
important pollinators of tropical crops, with both wild and
managed colonies providing crop pollination services (Griiter,
2020). The dispersal potential of stingless bee females (queens)
is highly restricted by their mode of colony fission. Workers
locate a new nest cavity and provision it over months before
rearing a queen to occupy it (Vollet-Neto et al.,, 2018). New
nests (and queens) must therefore be within a few hundred
meters of the parent nest, as workers travel between them
many times a day during the provisioning phase. Male dispersal
potential, in contrast, is poorly understood. Stingless bee males
leave the natal nest at maturity and never return (Vollet-Neto
et al., 2018). Researchers typically only observe them again
when they congregate to mate outside colonies that contain
virgin queens. In several species, males have been confirmed to
travel distances at least similar to worker flight ranges, before
joining mating aggregations (e.g., 100 m-2 km; Carvalho-Zilse
and Kerr, 2004; dos Santos et al., 2016b). Indirect evidence,
however, hints that they may be capable of dispersing much
further. Male aggregations can contain dozens to hundreds of
unrelated individuals (Kraus et al., 2008; dos Santos et al., 2016a),
suggesting that males are drawn from a large catchment area.
Furthermore, some populations of Neotropical stingless bees
show low nuclear genetic differentiation across ranges of 200-
500 km, consistent with significant male-mediated gene flow
(Jaffé et al., 2016).

Male dispersal distances inform the conservation and
management of wild stingless bee populations in at least two
ways. First, their vulnerability to habitat fragmentation or
degradation depends in part on their natal dispersal ability

(Brosi et al., 2008). Inbreeding costs are high in hymenopteran
insects, including bees, due to their genetic system of sex
determination (Heimpel and de Boer, 2008). Under this system,
males are haploid (develop from unfertilized eggs) and females
are diploid (develop from fertilized eggs) but homozygosity
at one or a few critical “sex loci” will cause diploid embryos
to develop as infertile or subfertile diploid males. High levels
of inbreeding and diploid male production can thus lead
small populations to spiral into extinction (Zayed and Packer,
2005). Social Hymenoptera may be further vulnerable to such
processes, on account of their low effective population sizes
relative to non-social species (Romiguier et al., 2014). Given
the restrictions on female dispersal in stingless bees, the extent
to which fragmentation disrupts gene flow, and thus increases
inbreeding risk, depends on the likelihood of males dispersing
between fragments.

Second, male dispersal distance predicts the catchment area
that is being sampled around the site of a male aggregation,
and thus allows estimates of local colony density and population
size (Utaipanon et al, 2019). The colonies of cavity-nesting
eusocial bees are cryptic and often high in the canopy, making
them extremely challenging to survey by traditional means. This
problem has been overcome in the western honey bee (Apis
mellifera) via a protocol that exploits male bees’ reproductive
biology (Baudry et al., 1998). If the typical distance that males
travel from their natal nests to an aggregation is known, then
males at an aggregation can be collected, genotyped, assigned
to colonies, and used to estimate the number of colonies in the
catchment area. This method has been deployed effectively to
monitor changes in wild honey bee populations and identify
local population declines (Jaffé et al., 2010; Hinson et al,
2015). A similar approach may be viable for stingless bees
provided that, for a given species, we know both the typical
male dispersal distance, and how to reliably attract males to a
desired sampling site.

Our investigation wused the Australian stingless bee
Tetragonula carbonaria. This species occurs across tropical
and subtropical East-Coast Australia and can be propagated in
hives (Heard, 2016). Both males and workers are 4-5 mm in
length and the maximum foraging range for workers (and thus
natal dispersal of queens) has been estimated at 700 m (Smith
et al., 2017). To determine typical and maximum male dispersal
distances, we positioned colonies at target sites, manipulated
them into attracting male aggregations, genotyped the males
that arrived and identified brothers based on genotype. We
then considered the distances between aggregations from which
brothers were collected and simulated the dispersal distribution
that was most likely to produce our observed sibship dataset.
We also assessed male’s per-day flight capability via mark-and-
recapture of males trapped at mating aggregations. Finally, we
estimated local colony densities for select sites based on the
number of colonies contributing males to an aggregation. In all,
we asked three questions: (1) Do males tend to disperse further
than females? (2) What is the average and maximum dispersal
distance of males? (values that determine gene flow patterns
and the impact of habitat fragmentation), and (3) Can male
aggregations be used to provide estimates of local colony density?
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MATERIALS AND METHODS

Sampling and Genotyping of Males at
Aggregations

We made three sets of collections of T. carbonaria males
from mating aggregations: Set 1 (three sites spanning 15 km;
Sunshine Coast, 26.6500°S, 153.0667°E, September 2017), Set
2 (seven sites spanning 23 km; Sydney, 33.7416°S, 151.1520°E,
October-December 2017) and Set 3 (13 sites spanning 48 km,
Greater Sydney, 33.7416°S, 151.1520°E, October-December
2018; Figures 1A-C; site details in Supplementary Table 1).

We lured males to our collection sites using a hive propagation
technique, whereby a single colony that is established inside
two half-boxes is split to produce two hives, each with a new
empty half-box (Heard, 2016). Following these splits, one hive
retains the original queen, while the other is forced to requeen.
To identify requeening hives, we placed perspex lids over newly
divided colonies and observed colony activity until a virgin queen
was spotted. Stingless bee colonies rear a constant supply of virgin
queens which are on-hand to inherit the colony if required, and
evicted or executed if not (Griiter, 2020). We kept hive entrances
plugged during this period to ensure that virgin queens could not
leave the hive to mate. We then positioned these “bait colonies”
at our sampling sites and monitored them daily for 2 weeks.

T. carbonaria males form aerial aggregations close to
requeening colonies (Heard, 2016). Workers also sometimes
swarm outside colonies as part of colony defense (Gloag
et al, 2008). However, we found that the sex of swarming
individuals could be discriminated in the field with the
naked eye by focusing on the facial characteristics of the
bees, with males having larger eyes and smaller mandibles
than workers (Figure 2A). We collected and genotyped at
least 200 males for large aggregations, and every available
male for smaller aggregations (mean: 203 =+ 132 males per
aggregation; Supplementary Table 1). As the reliability of
attracting males to bait colonies is key to understanding
their utility as a tool for inferring population density, we
also assessed the effect of temperature and hive manipulation
on the probability of male swarms forming (Supplementary
Table 1). For all bait colonies, we collected 20 workers
prior to hive-splitting, which we used to infer the colony’
maternal genotype and thus assess whether males aggregate
in front of their natal nest. Additionally, for Set 1 samples
only, we also sampled 10 workers per colony from 76 known
managed colonies in the area, in an effort to estimate the
distances travel by males from their natal nest by matching
the genotypes of males collected at mating aggregations to
the genotypes of known local colonies. All samples were
preserved in 99% ethanol in the field and stored at —20°C
until DNA extraction.

We extracted DNA by grinding whole abdomens in 5% Chelex
solution (1 mM Tris HCI pH 7.6, 0.1 mM EDTA pH 8) and boiling
for 15 min (Walsh et al., 1991). Supernatant containing DNA was
diluted 1:1 with distilled water prior to PCR amplification. We
genotyped each bee at seven microsatellite loci: Tc3. 155, Tc4. 63,
Tc3. 302, Tc7. 13, and Tc4. 287 (Green et al,, 2001) and Tang60

and Tang70 (Brito et al., 2009). Primers were fluorescently labeled
with one of four dyes (FAM, NED, PET, VIC; Sigma-Aldrich,
United States). PCR amplifications were performed according
to Green et al. (2001) and the resulting products were analyzed
using a 3130x] Genetic Analyzer and Genemapper V5 (Applied
Biosystems, United States).

Composition of Male Aggregations

We used COLONY V2.0.6.4 (Wang, 2004) to estimate the
number of colonies contributing males to each aggregation.
COLONY uses population allele frequencies to estimate the
likelihood of relatedness among individuals and assign them
to families. T. carbonaria workers cannot lay eggs (Bueno
et al, 2020), thus all males produced by a colony are the
queen’s sons. We input population allele frequencies based
on the full sample of males for each collection set. We then
took the number of families per swarm to be the number
of families COLONY output with an (inclusive) probability
of more than 0.95 that all individuals were siblings. To
estimate what proportion of total families were typically detected
from a sample of 200 males, we genotyped additional males
for three large aggregations sampled in Set 1 (507 £ 28
males). The cumulative distributions of estimated family number
for these aggregations indicated that 200 males captured
around 85% of the families contributing to large swarms
(Supplementary Figure 3).

Estimated Mean and Maximum Male
Dispersal Distances

In Set 1, we aimed to assess male flight behavior across
distances of 5-15 km by matching males sampled from three
aggregations to the genotypes of colonies kept at the same
sites (8-56 colonies per site; Figure 1A). While this strategy
confirmed that males can travel such distances, the proportion
of males in aggregations that matched our “supplier” colonies
was extremely low (<2%). To make better use of the data
from all males sampled in an aggregation, we therefore took a
different approach in Sets 2 and 3 whereby we: (i) calculated
the pairwise probability that any two males sampled at mating
aggregations were brothers, (ii) determined the distribution
of likely brothers across all aggregations, and (iii) compared
this distribution to simulated distributions under different
assumptions of mean dispersal distance. A full description of
this approach is in Supplementary Material, and the key aspects
are given below. Model and simulations were run in Python
(Sanner, 1999).

Pairwise Sibship Probability

We used a Bayesian model to estimate the probability that
two males were brothers, based on their genotypes and the
population allele frequencies. This approach is “family-blind,
as the probability of sibship of two males is not affected by
their respective probabilities of sibship with any other male. It
is therefore more suitable for estimating the pairwise sibship
likelihood than COLONY’s family assignments. Under this
model, for any pair of males, the rarer the shared alleles at a
given locus, the higher the probability that they are brothers.
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Setl

Set 2

Set 3

sibship data was compared, to estimate best-fit male dispersal distributions.

Proportion of male pairs Proportion of male pairs

Proportion of male pairs

FIGURE 1 | Left: Sites (yellow circles) at which T. carbonaria male aggregations were successfully attracted using “bait” re-queening colonies in hives for each of
three sample sets: (A) Set 1 (Sunshine Coast), (B) Set 2 (Sydney), (C) Set 3 (Greater Sydney). In Set 1, we also sampled from hived colonies at each site (“x”). Right:
The cumulative distribution plots of the distance between pairs of males binned by their probability of sibship (o), for males collected in each of the three Sets 1-3
(D-F). High p-values for sibship (blue) indicate pairs of males that are likely to be brothers, while low p-values (pink) indicate pairs of males that are not related.
Distances of zero indicate pairs of males in the same aggregation, while distances > 0 indicate males were sampled from different aggregations at that distance
(km). Dotted lines indicate the maximum possible distance separating male pairs for each Set (i.e., the distance spanning the two furthest apart aggregations
sampled in that set; 15, 23, and 48 km for sets 1-3, respectively). These cumulative distribution plots served as the observed data against which our simulated
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FIGURE 2 | (A) Head morphology of female (left) and male (right) T. carbonaria. Females have 9 antennal segments and large mandibles. Males have 10 antennal
segments and small mandibles (scale bar: 1 mm). (B) Annual average male brood investment per month for T. carbonaria in Southern Queensland (black circles,
n =4 colonies per month, 2016-2017) and Sydney (white circles, n = 4 colonies per month, 2018-2019). Triangles represent the Maximum Temperature Mean in
Brisbane (black) and Sydney (white) based on data from the Bureau of Meteorology, Australia.

We computed the pairwise sibship probabilities under scenarios
in which the total number of colonies (S) contributing to our
sample set ranged from low to high; that is, scenarios in which
the prior probability that any given pair are siblings ranged
from high to low. The selection of the range of priors was
adjusted according to our sample size for each set (Set 1:
S =193, 300, 538, Set 2: S = 200, 380, 475, 570; Set 3: S = 450,
600, 750).

Distribution of Brother Pairs Across Aggregations

We next assessed the relationship between the probability of
sibship of each pair of males and the physical distance (km)
separating the aggregations in which they were sampled. If
we found that sibship probability did not vary by distance
in our sample sets, then males must disperse over distances
at least as large as our sample area. In contrast, if males
with high sibship probabilities were only ever sampled from
the same aggregation site, then males must not disperse far
from their natal nests. To visualize this relationship between
sibship probability and distance, we plotted the cumulative
distance flown by pairs of males, with pairs binned by
their probability of sibship (Figures 1D-F). These cumulative
distribution plots indicated that actual male dispersal was
somewhere in-between the two extremes described above, and
therefore that our scale of sampling would be informative.
That is, pairs with a high probability of sibship were more
likely to be collected from nearby sites than pairs with a
low probability of sibship, yet sometimes likely brothers (i.e.,
sibship probabilities > 0.95) were found at distant aggregations.
These cumulative distribution plots (one per set) served as the
“observed data” against which our simulations were compared.
As an additional check, we also assessed distances between
males with identical genotypes (i.e., a highly conservative set

of brothers), which gave similar results to our simulations
(Supplementary Figure 4).

Simulated Data vs. Observed Data

Finally, we simulated the distribution of males by sibship
across aggregations for different distributions of male dispersal
distances, and assessed which simulations gave results most
similar to our observed data. Each simulation generated
male-producing colonies at random locations within a virtual
catchment area matching our actual study area and sample sites
(Supplementary Figure 1). Each simulated colony was randomly
assigned a diploid queen genotype based on population allele
frequencies (and thus haploid male genotypes for the queen’s
sons). Males from each colony dispersed in uniform directions
from their natal colony at distances according to:

P(x) = he ™

Where x = metres flown and N = 1/mean dispersal distance.
By using an exponential distribution, we assume that the
probability of a male surviving to fly an additional unit of distance
is fixed, regardless of how far they have already flown.

In the simulation, any male that was within M meters
of a collection site was added to that collection in the
simulation (Supplementary Figure 2). This process continued
until the total number of colonies contributing to the virtual
sample set was equal to the number of total colonies used
to calculate sibship probability (S). We ran 100 simulations
for each of 30 distributions, where mean dispersal distances
of the distributions varied from 100 to 5,200 m, and for
each prior (S). We then assessed the fit between simulations
and our observed data by comparing the average areas
between the curves in the cumulative distribution plot of
sibship by distance. That is, we measured the area between
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the curves of both distributions (simulated vs. observed),
across each bin of sibship probability, and then looked for
the simulation parameters that minimized the difference in
these areas. A key advantage of this measure was that
it utilized the empirical data from across the full range
of sibship values.

Male Flight Distance Per Day

To support our estimates of male dispersal distances based
on sibship probabilities, we performed four mark-recapture
experiments (Sydney; April and December 2018, October and
November 2019). In each case, we collected males from one
or more aggregations and painted dots on their thoraxes using
Posca paint pens. We kept marked males overnight in plastic
containers and fed them 50% sugar solution. We then released
them at 9 AM the following morning at known distances
from a different target male aggregation to the one they were
collected at: 1 km away (n = 5 releases), 1.5-2.5 km away
(n = 3 releases), 3-4.5 km (n = 2 releases); (1,522 + 492 males
marked per release). In each release, males were color-coded
into two batches, with batches released in opposite compass
directions from the target aggregation. We then collected
samples at the target aggregation 24, 36, and 48 h after release
and counted the number of marked males we recaptured
(Supplementary Table 2).

Mark-recapture experiments with small insects over large
distances are challenging. In the case of stingless bees, if marked
males radiate out equally in all directions from the point of
release, and must travel within at least 100 m of a mating
aggregation in order to detect it, then we would predict just
one male per 2,500 to arrive at a target aggregation positioned
4 km from the release site (given that the circumference of a
circle with radius 4 km is 25,000 km). We therefore expected
to recapture only a tiny fraction of released males. Nevertheless,
any successful recaptures provide an important validation for
estimates based on models, by confirming that males can cover
substantial distances daily.

Estimating the Density of Colonies in a
Region

We used the estimates of typical male dispersal distance
generated by our simulations to estimate the density of
T. carbonaria colonies in the two broad regions where we
sampled mating aggregations (Sunshine Coast: Set 1 and Sydney:
Sets 2 and 3). We calculated colony density as:

Colony density = N¢/mr?

Where Np is the average number of families represented per
aggregation, as calculated by COLONY (for all aggregations
N > 180), and r is the mean dispersal distance of males. That is,
aggregating males are drawn from a catchment area around the
aggregation of radius r.

For one aggregation sampled in Sydney, we were able to
check our estimate against a known density of managed colonies.
Sydney’s Kuringai Council runs a T. carbonaria breeding
program that allocates hives to residents of the area, and in 2019

maintained 700 colonies across an 86 km? area, or 8 colonies/km?
(Kuringai Council). We validated our estimate of colony density
against this known minimum density of colonies.

Colony Investment in Male Production

The use of males from mating aggregations to estimate the
density of colonies in an area assumes that, at the time
of sampling, most or all colonies in an area are producing
males and thus have the potential to be detected in the
male population. To test this assumption, we determined
the variability in male production between T. carbonaria
colonies throughout the year. We sampled 100 pupal brood
cells per colony from four colonies per month in South-
East Queensland (27.4698°S, 153.0251°E) (July 2016-June 2017,
excluding January). We uncapped brood cells and sexed
pupae based on facial morphology. To determine whether
the higher seasonality in southern parts of their distribution
affected the variability of male production, we also sampled
between 4 and 6 colonies per month in winter (July 2018,
n = 4), spring (November 2018, n = 6), summer (February
2019, n = 4), and autumn (April/May 2019, n = 5) from
Sydney (33.7416°S, 151.1520°E). Both Sydney and South-East
Queensland have humid subtropical climates, but the annual
mean temperature of Sydney is lower (min 13.8- max 21.8)
than South-East Queensland (min 15.9-25.5) (Australian Bureau
of Meteorology).

RESULTS

Attracting Male Aggregations Using Bait

Colonies

We attracted a total of 31 male aggregations from 41 attempts
with bait colonies (colonies with a virgin queen; Set 1 = 3, Set
2 =13, and Set 3 = 15 colonies; total males sampled across all
aggregations = 4,922). On average, aggregations formed 4 days
after unplugging the entrance of the bait hive (range 1-11 days,
SE = 3). The aggregations persisted anywhere from 2 days to more
than 2 weeks, often even after the colony’s new queen became
visibly physogastric and thus had already mated. The remaining
10 bait colonies failed to attract visible male aggregations within
the 2-week observation period, but five were later confirmed to
have nevertheless re-queened during this period. Thus, queens
sometimes locate a mate despite the absence of a conspicuous
male aggregation.

Composition of Male Aggregations

Male aggregations comprised males from an average of 80
colonies (COLONY family assignment, 49 + 20 families per
100 males sampled), indicating either the catchment area for
males is large (i.e., large male dispersal distances), the density of
colonies in the study area is high, or both. Most male aggregations
contained few or no males with genotypes matching the bait
colony attracting the aggregation (4 & 2%, n = 28), consistent
with T. carbonaria males dispersing away from their natal nest
even if it has a virgin queen. However, three aggregations were
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outliers in this respect, with 28-39% of male genotypes matching
the bait colony itself; these aggregations were also small in size
(N=12,N =124, N = 83).

Male Dispersal Distance
Brothers (defined as males with pairwise sibship
probabilities > 0.95) were frequently detected in the same
aggregation (n = 47 pairs), but also in different aggregations
ranging from 1 to 33 km apart (n = 32 pairs, Figures 1D-F).
Where brothers occurred in different aggregations, they were
most commonly adjacent ones, with fewer at greater distances
(<2 km apart, n = 53 brother pairs; 2-5 km, n = 20; 5-7 km,
n=2; 7-10 km, n = 1; 10-20 km, n = 2; > 20 km, n = 1).
A similar trend was observed if the definition of brothers was
relaxed to include all males with sibship probabilities > 0.85 (<2
km apart, n = 144 pairs; 2-5 km, n = 35 pairs; 5-7 km n = 7
pairs; 7-10 km, n = 3; 10-20 km, n = 5; > 20 km, N = 1), or if
we defined brothers only as the subset of males with identical
genotypes (same aggregation, n = 232; aggregations 1-7 km
apart, n = 18 pairs; aggregations > 7 km apart, n = 2 pairs;
Supplementary Figure 4). None of these cases of dispersed
brothers could be accounted for by our own colony movements
(i.e., brother pairs in different aggregations did not match the
genotypes of colonies we relocated), and it is unlikely that the
chance movements of pet hives by other people could produce
the observed trend of steadily decreasing male sibship probability
with distance. Furthermore, consistent with our observed
distribution of brothers among the male aggregations of all sets,
a small proportion of total males sampled at aggregations in Set 1
(1%; 22 of 1,532 males) had genotypes matching known colonies
in the area, with most of these joining aggregations near to their
natal colony (<500 m; n = 20) but two males having traveled 6
and 16 km, respectively, before joining an aggregation.
Simulations indicated that mean male dispersal distances
between 2 and 3 km produced distributions of sibship probability
that were the best fit to our observed data (Set 2: Figure 3B, Set 3:
Figure 3C). This estimate of mean male dispersal was somewhat
higher (5.2 km) or lower (1.3 km) if we assumed few or many total
families contributed males to the set, respectively (Set 2, S = 200
or S = 900; Figure 3B). In all cases, these simulations assumed
male dispersal followed an exponential distribution, with male
survivorship decreasing steadily with distance from the natal
nest. Given this function, a mean dispersal distance of 2.5 km
corresponds to approximately 67% of a colony’s males dispersing
more than 1 km, 30% more than 3 km, 13% more than 5 km
and 2% more than 10 km (Figure 3A). That is, this dispersal
function closely reflects the distribution of brothers we observed
in aggregations, with the majority found in the same or nearby
aggregations, and a minority separated by large distances.
Finally, mark-recapture studies suggested our estimates of
male dispersal were realistic by confirming that males can travel
several kilometers per day. Paint marked males were recaptured
at target aggregations within 48 h after release at distances of 1
km (50 of 2,830 total released), 1.5-2.5 km (6 of 2,600) and 3-
4.5 km (2 of 1,800); (Supplementary Table 2). The low recapture
rates were consistent with expectations if males dispersed in all
directions from the release site.
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FIGURE 3 | vs. observed data for Sets 2 (B) and Set 3 (C) for different values
of mean male dispersal distance. This difference was measured as the area
between the curves of the pairwise sibship cumulative distribution plots of
each data type per sibship probability bin. The unit in which the difference is
measured (i.e., area on a plot) is important only as a means of comparing
modeled and observed data, whereby lower values for this unit indicate closer
matches between simulated and real data. Bold lines indicate the average
difference for given values of S (the prior estimate of total number of families
contributing males to our datasets). Fine lines represent each of the 100
simulations for a given set of parameters. Dots indicate the mean male
dispersal distance (km) at which the difference between simulated data and
observed data was the lowest, i.e., the mean male dispersal distance that
produced the best-fit for our observed data. For most values of S in both
Sets, this best-fit was for mean dispersal distances (1) between 2 and 3 km.

Estimating the Density of Colonies in a
Region

Assuming mean male dispersal distances between 2 and 3 km,
we estimate the density of T. carbonaria colonies in the Sunshine
Coast region (a mix of natural bushland and agricultural land) to
range from 11.2 to 25.4 colonies/km? (N; = 319; 3 aggregations),
and in Greater Sydney (urban and remnant bushland) to be
2.8-6.4 colonies/km? (Nf = 80; 10 aggregations). For one area
of Sydney (Kuringai) where the density of hived T. carbonaria
colonies is known to be high due to a local breeding program
(8 colonies/km?), our estimate matched the known minimum
colony density when average male natal dispersal was assumed
to be 2 km (N; = 100).

Colony Investment in Male Production

T. carbonaria colonies produced males throughout the year
(average 20% total brood £ 0.02 S.E., n = 62), with male
production relatively constant per month in the warmer climate
of South East Queensland (9.7-26.3%, n = 43) and showing a
springtime peak in the more seasonal climate of Sydney (1% in
winter to 51.63% in spring, n = 19 colonies; Figure 2B). This
equates to approximately 450 males produced per week, and up
to 1,000 per week during spring for a typical colony (i.e., a colony
of 8,000 workers with 300 eggs laid per day; 28).

DISCUSSION

We find that male stingless bees are efficient dispersers, capable
of dispersing long distances from their natal nests. Based on the
sibship probabilities of males sampled at mating aggregations,
we estimate that the average male T. carbonaria (a bee 4 mm
in length) travels 2-3 km from their natal nest before joining
a mating aggregation, and that some males travel up to 20 km.
Mark-and-recapture supported these estimates, by revealing that
T. carbonaria males can travel several kilometers per day in
search of a mate. In contrast, queen dispersal in this species
is constrained to worker flight ranges (~700 m; 29) because
new nests are dependent on resources carried by workers from
the parent nest (Smith et al., 2017). Our data thus support the
view that male dispersal ability may be key to understanding the
resilience of wild bee populations to habitat fragmentation.

The capacity to disperse long-distances has been proposed
to account for the low genetic differentiation observed in
populations of some bees (Ulrich et al., 2009; Lopez-Uribe et al.,
2014; Jafté et al., 2016; Luna-Lucena et al., 2017), despite them
occupying disturbed habitats. This includes stingless bees, many
of which appear capable of maintaining high gene flow in the
face of modifications to their natural habitat. In a landscape
genetic study of 17 stingless bee species in South and Central
America, gene flow was found to be largely independent of
landscape features such as forest fragmentation, rivers or roads
(Jaffé et al., 2016).

Australias T. carbonaria also show low population
differentiation across 900 km? of their southern range, an
area that includes natural, agricultural and urban landscapes
(Chapman et al, 2018). Female-mediated gene flow might
contribute to these patterns. For example, high rates of colony
reproduction would facilitate gene flow, even if natural female
dispersal distances are low. Also, virgin queens in some species
can usurp or parasitize existing colonies (Gloag et al., 2008),
which in theory might allow larger-than-usual leaps in distance
between parent and daughter colonies. It seems likely, however,
that the free movement of males makes the greater contribution
to nuclear gene flow in stingless bee populations. Indeed, strong
local signatures in mitochondrial genomes have been reported
for several species, consistent with this sex-bias (Francisco
et al, 2013; Rattanawannee et al., 2017). As such, gene flow
driven by male dispersal is probably crucial to maintaining high
genetic diversity in fragmented populations of these bees, in turn
reducing inbreeding risks and safeguarding their capacity to
adapt. Further work is needed to confirm whether the magnitude
of male-bias in dispersal ability estimated here for T. carbonaria
is typical of all meliponine bees (e.g., by applying the models
developed in this study to the sampled male aggregations of
other species). Actual dispersal distances will vary across the
clade with variation in body size (Lépez-Uribe et al., 2019) or
other species-specific traits (Jaffé et al., 2016).

The extent to which dispersal is active rather than passive
will affect how populations respond to fragmentation, because
it affects the probability that individuals travel between habitat
patches. At short range, stingless bee males are presumably
attracted to a pheromone emitted by the virgin queen inside
the nest (Vollet-Neto et al, 2018). Prior to passing near a
requeening nest, however, males may be at the mercy of abiotic
factors. In this sense, they are comparable to the male gametes
of other organisms that are produced on mass and thrown to
ocean currents or wind, such as the sperm of egg-brooding
marine invertebrates, or the pollen of wind-pollinated plants. For
example, the male cones of conifers, produce large quantities
of pollen which are dispersed consecutively by the wind, some
eventually reaching a receptive female cone. Female cones hold
and retain the eggs, which are protected by the cone scales and
exposed only briefly during sexual maturity to allow fertilization
(Williams, 2009). In the same way, stingless bee males are
produced in high numbers and set forth from a colony, each
male with a low likelihood of successfully encountering a briefly
available virgin queen. At large spatial and temporal scales,
male-mediated gene flow in stingless bees may well be strongly
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influenced by landscape patterns in wind, just as occurs in wind-
pollinated plants (Kling and Ackerly, 2021). While our data
provides insight into male dispersal capability, further studies
are needed to understand how the abiotic environments affects
patterns of male bee dispersal, and thus gene flow, in different
landscapes.

Male bees are also pollinators (Ogilvie and Thomson, 2015).
While they visit flowers only to gain energy for themselves
(Boongird and Michener, 2010), and rarely collect pollen directly,
the pollen they do move may be more likely to lead to pollination
than that transported by females (Tang et al., 2019), and males
may fulfill specific pollination roles via sex-specific behaviors
(Sapir et al., 2005). During paint-marking of T. carbonaria,
we observed that males were often heavily dusted with pollen.
The potential for long-distance dispersal by stingless bee males
therefore raises the question of whether they regularly displace
pollen grains over distances greater than their worker sisters. If
so, stingless bee males may have a role in ensuring gene flow
between habitat patches not only for their own species, but also
the plants they feed on.

Inbreeding is particularly costly in bees and other
hymenopteran insects (Heimpel and de Boer, 2008). Why
then did we find that some males failed to disperse at all, instead
aggregating outside their natal colonies? Such non-dispersing
males were rare or absent from most mating aggregations we
sampled, but three of the 31 aggregations that formed at our
bait hives had a high proportion of natal males. Whether this
reflects natural variance in dispersal tendency, or arose from our
experimental manipulation, is unclear. One possibility though
is that hive-splitting sometimes triggers a stress response by
colonies that includes the ejection of males, with some ejected
males (perhaps immature ones) failing to disperse. Honey bees
will eject males from their nests as winter approaches and food
becomes scarce (Free and Williams, 1975). Whatever the reason,
the presence of natal males in some aggregations indicates
that brother-sister matings are likely to occur sometimes in
stingless bees, particularly if re-queening colonies fail to attract
many external males.

Can Male Aggregations Be Used to
Estimate Stingless Bee Colony
Densities?
Conservation requires effective tools for tracking how species
abundances vary in space and time. While there is widespread
concern about population declines in bees and other insects,
especially in the tropics (Sanchez-Bayo and Wyckhuys, 2019),
it is often challenging to demonstrate population size changes.
In stingless bees, if average male dispersal distances are known,
males in an aggregation can be assigned by genotype to a given
number of natal colonies to provide an estimate of colony density.
We show that T. carbonaria meets key criteria for using this
approach: hived colonies can be manipulated to attract males,
and all colonies in a given season produce males and thus are
represented in the adult male population.

The use of male aggregations to estimate colony
densities is a technique originally developed for honey bees

(Baudry et al., 1998; Jafté et al., 2010; Hinson et al., 2015), and
its use in stingless bees presents some novel challenges. There
is no available synthetic queen pheromone for stingless bees,
so real virgin queens must be used as lures. While we found
this relatively straightforward in T. carbonaria via standard
beekeeping practices, it means the technique is workable only for
species that can be similarly hived and manipulated. Moreover,
as stingless bee males never return to their natal nest after leaving
it (unlike male honey bees), the variance in distances traveled
by males from the same aggregation will be greater for stingless
bees. Nevertheless, using average dispersal distances is probably
sufficient to give informative estimates for stingless bee colony
density in most cases. We found that when applying a colony
density estimate to a sub-region of Sydney in our T. carbonaria
dataset, using an average male dispersal distance (2 km) gave
values that closely matched the known colony density of
managed hives. Colony density estimates derived in this way
from male aggregations may be particularly useful where the
goal is to monitor changes in population size of the same region
over time, or to make broad comparisons of colony densities in
different regions or habitat types. For example, our estimates for
T. carbonaria colony density on the Australian Sunshine Coast
(a region of intact bushland and farmland) were around fourfold
that of urban Sydney. We believe that with further development
of this protocol in T. carbonaria and other stingless bees, the
targeted attraction of male aggregations to hived colonies has a
valuable application to population monitoring, and thus efforts
to conserve these important pollinators.
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