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Abstract — Reliable information on Western honey bee colony density can be important in a variety of contexts
including biosecurity responses, determining the sufficiency of pollinators in an agroecosystem and in determining
the impacts of feral honey bees on ecosystems. Indirect methods for estimating colony density based on genetic
analysis of sampled males are more feasible and cost efficient than direct observation in the field. Microsatellite
genotypes of drones caught using Williams drone trap are used to identify the number of colonies (queens) that
contributed drones to a mating lek. From the number of colonies, the density of colonies can be estimated based on
assumptions about the area from which drones are drawn. This requires reliable estimates of drone flight distance.
We estimated average minimum flight distance of drones from feral colonies along two 7-km transects in Southern
NSW, Australia. We found that drones from feral colonies flew at least 3.5 km to drone traps. We then determined
that the maximum distance that drones flew from a focal colony to a trap was 3.75 km. We conclude that a drone trap
samples an area of 44 km~, and that this area should be used to convert estimated colony numbers to colony densities.
This area is much greater than has been previously assumed. The densities of honey bee colonies in Grong Grong

and Currawarna, NSW, are 1.38-2.73 and 1.31-3.06 colonies/km?® respectively.

drone flight range / colony density / mating behaviour / feral honey bee

1. INTRODUCTION

The Western honey bee (Apis mellifera) was
originally native to Africa, Europe, and the Mid-
dle East, but has subsequently been spread
throughout the world as a consequence of delib-
erate introduction (Ruttner 1988; Winston 1992;
Moritz et al. 2005). A. mellifera (hereafter ‘honey
bee’) can now be found in most parts of the world
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in wild, feral, or managed populations (Paton
1996; Moritz et al. 2007). Honey bees are widely
used as generalist pollinators in agriculture and
form the basis of the honey and beeswax indus-
tries (Crane 1990). Even in their introduced range,
feral honey bees can provide important ecosystem
services by pollinating native and crop plants (e.g.
Dick 2001; Gross 2001; Klein et al. 2003; Klein
et al. 2007; Cunningham et al. 2016).

Robust information about feral and wild honey
bee colony densities is important in several con-
texts (Utaipanon et al. 2019). First, about 1/3 of
crops benefit from insect pollination, the majority
of which is provided by honey bees (Klein et al.
2007), including the Asian species. Some growers
rent large numbers of colonies at considerable
expense, assuming that the pollination service
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provided by feral honey bees and native pollina-
tors is inadequate. Other growers are reluctant to
rent colonies, assuming that the density of wild
pollinators is sufficient to provide adequate polli-
nation, or that the leasing cost does not warrant the
benefits of increased production and quality
(Cunningham et al. 2002). Either way, the deci-
sion about whether to invest in paid pollination is
sometimes based on limited information and as a
consequence a grower may suffer reduced yields
and quality, or incur unnecessary expenditure on
renting colonies.

Second, honey bee colonies are vulnerable to a
variety of exotic parasites and pathogens (e.g.
Morse and Nowogrodzki 1990; Bailey and Ball
1991). When a new exotic pathogen or parasite is
first detected, it is often desirable to mount a
biosecurity response in an effort to contain or
eliminate the threat to domestic honey bee popu-
lations, or to retain access to international markets
for bees and bee products. The success of a
biosecurity response depends in part on an under-
standing of the density of colonies in the area in
which the biosecurity threat is first detected. If the
density of colonies is very high, and most of them
are wild, the likelihood of finding and then erad-
icating or treating every colony is slim. On the
other hand, if wild colonies are rare or absent,
mounting a biosecurity response may be justified.

Third, in some areas where honey bees have
been introduced, feral populations may have neg-
ative effects on native animals and plants
(reviewed in Paton 1996; Goulson 2003; Hanley
et al. 2008). Potential negative effects include
competition with native insects, birds, and mam-
mals for floral resources (Gross 2001; Hansen
et al. 2002); competition with native mammals
and birds for nest sites in tree hollows (Saunders
et al. 1982; Oldroyd et al. 1994; Wood and Wallis
1998); pollination of exotic weed species, thereby
enhancing their weediness (Butz Huryn and
Henrik 1995; Gross and Mackay 1998; Simpson
et al. 2005); and inadequate or inappropriate pol-
lination of native plant species (Paton 1993; Gross
and Mackay 1998). Understanding the extent and
potential significance of these negative effects
depends in part on having good estimates of the
density of feral honey bee colonies. If the density
of feral colonies is low, their presence may be of
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limited importance. If the density is very high in
an area of high conservation value, there may be a
case for implementing management strategies for
reducing feral colony numbers. In contrast, there
are occasional calls to ban domestic honey bee
colonies from areas of high conservation value
(e.g. Spira 2001; Magrach et al. 2017), but the
case for such action may be diminished if there are
already large numbers of wild colonies in the area.

The foregoing shows that reliable information
about honey bee colony density can be crucial in
contexts as diverse as enhancing crop yields, man-
aging a potential environmental stressor, and
mounting an effective biosecurity response. Un-
fortunately, honey bee nests are hard to find in the
field because they are typically built in lofty loca-
tions in tree hollows and the like. For this reason,
it is almost impossible to assess colony densities
over a large area such as a national park, horticul-
tural region, or area with inaccessible land by
systematic searches for colonies (Wenner 1989;
Oldroyd et al. 1997; Seeley 2016). The most
feasible method to estimate honey bee colony
density without manual surveys or bee lining (a
laborious process in which foraging bees are
caught and traced back to their nest, Wenner
1989; Seeley 2016) is to infer number of colonies
in an area from samples of drones. Drone honey
bees become sexually mature at about 2 weeks of
age (Currie 1987; Page and Peng 2001). When
they are about 3 weeks old, they commence daily
mating flights between about 14:00 and 17:00
(The exact time is location- and season-specific,
Oertel 1956; Taber 1964; Rinderer et al. 1993).
After leaving their colony, drones fly to specific
locations in the landscape known as drone con-
gregation areas (DCAs) (Ruttner 1974; Ruttner
1976). Mating takes place on the wing at the
DCA (Loper et al. 1987; Koeniger 1990;
Winston 1991), facilitating outbreeding (Baudry
et al. 1998; Koeniger et al. 2005). Drones follow
specific routes from their colony to the DCA,
typically following linear features of the land-
scape, such as tree lines, watercourses, or roads
(Loper et al. 1992).

Drones can be conveniently sampled at DCAs,
or the flyways leading to DCAs, using a Williams
drone trap (Williams 1987; Moritz et al. 2007;
Jaffé et al. 2010; Arundel et al. 2012; Moritz
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etal. 2013; Hinson et al. 2015). A Williams drone
trap comprises a tapered tulle cylinder 1.5 m long
and 500 mm wide at its base (Williams 1987).
Lures fashioned from blackened cigarette filters
and impregnated with the queen’s sex pheromone
9-0x0-2-decanoic acid (9-ODA) attract mature
drones over short (100 m) distances (Butler et al.
1962; Gary 1962; Brockmann et al. 2006). The
trap is raised aloft in a likely looking spot (an open
area surrounded or flanked by trees) using a teth-
ered weather balloon filled with helium. Drones
approach the lures and attempt to mate with them,
but realise their mistake at the last moment, fly
upwards, and enter the trap (see video in supple-
mentary material). By this means, it is often pos-
sible to capture hundreds of drones in 30 min.

After obtaining a sample of drones in the field,
the drones are genotyped at 6-10 microsatellite
loci (Moritz et al. 2007; Hinson et al. 2015). The
multilocus genotypes are then classified into
groups of brothers based on maximum likelihood
(Wang 2004; Utaipanon et al. 2019). Each group of
brothers and singleton drones is assumed to come
from a different colony. To obtain an estimate of
colony density, it is necessary to divide the esti-
mated number of colonies represented in the sam-
ple by the area from which the drones are drawn. In
the literature, the area sampled is assumed to be
2.54 km® (Moritz et al. 2007; Jaffé et al. 2010).
This estimate is based on a single study of the
distance that drones fly from their colony on mat-
ing flights (Taylor and Rowell 1988). However, the
Taylor and Rowell study was based on capturing
marked drones at a known DCA. The study did not
extend beyond the identified DCA to find the
maximum drone mating flight range. Therefore,
the true area sampled by a drone trap is likely to
be significantly greater than 2.54 km?.

The area over which a drone trap samples
drones is crucial to the accurate estimation of
colony density. The area sampled is approximated
by 7t where 7 is the maximum flight range of a
drone from his colony on a mating flight. Since
the area sampled scales as 72, small changes in r
have a large effect on the area and estimates of
colony density. Therefore, to obtain reasonable
estimates of the density of colonies in a landscape,
it is important to obtain robust estimates of the
area sampled by a drone trap (Arundel et al.

2013). This issue is complicated by the fact that
the presence of a trap in the environment may
change drone behaviour. In particular, the pres-
ence of large amounts of synthetic queen phero-
mone may attract drones from an unnaturally large
area, which may be asymmetrical depending on
wind direction.

Here we report (1) the distribution and related-
ness of drones captured at 500-m intervals along
two 7-km transects in southern NSW, Australia,
and (2) the distance from a focal colony over
which drones can be captured. From these data,
we provide estimates of drone mating flight dis-
tance, the number of colonies sampled at a trap
location, and the area from which a drone trap
samples colonies.

2. METHODS

2.1. Experiment 1: Drone flight distances of
multiple feral colonies of unknown
location

2.1.1. Study location and transect design

We sampled males using a Williams drone trap
along two 7-km transects parallel to Bundidgerry
Creek and the Murrumbidgee River, in Grong
Grong and Currawarna, NSW, Australia, respec-
tively. The centre of transect A was located on Old
Wagga Road at 34° 45’ 42.53" S, 146° 41’ 37.87"
E. Transect B was 40 km from transect A, on a
roughly linear stretch of Old Narrandera and
Ganmurra Roads. The centre of this transect was
at 35° 0’ 52.60" S, 147° 4’ 43.50" E. We
established sampling sites every 500 m along the
two transects based on two criteria: (1) the sam-
pling site needed to be an area of at least 4-m radius
that was free from tree branches and (2) at least one
side of the space had to be bounded by trees
(Figure 1). The first transect was sampled in
November—December 2017, and the second in
January—February 2018. This period encompasses
late spring and summer in NSW. Drones are pres-
ent in colonies in high numbers at this time of year.

The area sampled was flat agricultural land,
used for mixed farming, and mostly cleared of
native vegetation during the late nineteenth cen-
tury. Remnant Eucalyptus forest, mostly river red
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Figure 1. a Typical sites used for drone trapping in experiment 1. Note that there are features that would encourage
the formation of high-density DCAs. b Drone trapping in experiment 1 using a Williams drone trap.

gum (Eucalyptus camaldulensis), lines the
creeks, rivers, and road sides. These trees contain
numerous hollows suitable for nesting by feral
honey bees, and provide a significant food source
that complements that available from weedy spe-
cies such as Patterson’s curse (Echium
plantagineum) and fireweed (Senecio
madagascariensis) and crops such as canola
(Brassica napus) and sunflower (Helianthus
annuus ) that are grown in the fields.

2.1.2. Drone sampling

We trapped drones daily between 14:30 and
17:30 (GMT+11), whenever the weather was suit-
able (i.e. not raining and low to moderate
windspeeds). Empirically, drones were flying and
could be caught between these hours. Most mature
honey bee colonies have many hundreds of mature
drones (Allen 1963; Szabo 1995). Nonetheless we
avoided sampling adjacent sites on consecutive days
to avoid depleting the drone population in any par-
ticular colony. We aimed to capture 100-200 drones
per site. If we caught less than 100 drones on an
afternoon, which was typically the case when the
weather was cloudy or windy, we resampled the site
the following day. If the conditions were excellent
for drone trapping, but we had difficulty in capturing
100 drones, we assumed that the site was not
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suitable for drone trapping, or that the number of
feral colonies in flying range was low.

2.1.3. Microsatellite analysis

We extracted DNA from collected drones using
the Chelex protocol (Walsh et al. 1991). We then
used nine unlinked polymorphic microsatellite
markers to obtain a multilocus genotype for each
drone. Microsatellite markers (A8, A24, A29, A35,
A79, A88, A107, A113, B124; Solignac et al.
2003; Solignac et al. 2007) were amplified in two
multiplexes, each locus identifiable by a different
fluorescent label and its size range. PCR products
were electrophoresed using a 3130 x/ genetic
analyser (Applied Biosystems™). Drone genotypes
were then determined using GENEMAPPER 4.0
software.

2.1.4. Colony and queen identification

We used COLONY 2.0.6.4 to assign drones to
brother groups and to reconstruct the genotypes of
their diploid queen mothers (Wang 2004; Wang
2013). We specified a haplodiploid mating system
and assumed that all drones were queen laid, (i.e.
that the number of worker-laid males was negli-
gible). The number of reconstructed queens was
assumed to equal the number of colonies sampled
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at each trap site. Reconstructed families with few-
er than three members may not be brothers be-
cause they are grouped with low likelihood. We
therefore present our analyses based on data sets
where all families with < 3 drones were discarded.

2.1.5. Inferred family selection

This study was based on a linear transect, and
we sampled drones from colonies of unknown
location. Families that were absent at most sites
and uncommon at the sites where they were pres-
ent were likely to be derived from colonies distant
from the transect. Such colonies would provide
unreliable information about flight range along
the linear transect (Figure 2). Therefore, we se-
lected only those colonies whose drones were
present at high frequency at least one site. Such
colonies were likely to be close to the transect, so
that their flight range would not be underestimated
because they were distant from the transect. To do
this, we ranked all colonies according to the num-
ber of captured drones per colony and selected

only those colonies above the 90th percentile. All
other colonies were discarded from the data set.

2.1.6. Drone flight range estimation

Since a colony could be located at one end
(colony A in Figure 2) or located at a substantial
distance from the transect (colony B in Figure 2),
we assumed that the colony whose drones were
sampled at the most sites provided the best esti-
mate of maximum flight range (colony C in
Figure 2). We therefore tabulated the number of
males from each family at each sampling site in an
Excel spreadsheet (Supplementary table S1), each
column representing one of the 15 sites per tran-
sect, and each row a family of brothers (=a colo-
ny). For each colony, we determined the maxi-
mum distance between a pair of sites in which
brother drones were present. We then identified
the colony with the greatest distance between
sampling sites, assuming that such a colony was
at or near the middle transect (Figure 2). The
distance over which drones fly from their colonies
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Figure 2. Hypothetical illustration of drone flight distances from 3 colonies (A, B, and C) along a linear 7-km
transect. Colony A is located close to the transect but at one end. Drone flight distance of this colony is also
underestimated as 0.5 km (i.e. half of the observed maximum distance between sites where its drones were sampled.
Colony B is situated 1.5 km from the transect, and its drone fight range is also underestimated as 1 km. Colony C is
located on the transect. Its drone flight range, 7, is accurately estimated as d/2 =2 km.
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to a drone trap () was then estimated as half of
the maximum distance between sites represented
by this colony (d in Figure 2).

2.2. Experiment 2: Flight range of drones
from a focal colony

In this experiment, we established a single
drone-producing colony and trapped drones
from this colony at 250-m intervals in two
linear directions. This experiment was comple-
mentary to experiment 1 in that it provided an
independent estimate of drone flight range.

2.2.1. Colony preparation

This study was begun in early August 2018
in winter but after the winter solstice, when
A. mellifera colonies are eager to rapidly in-
crease brood production if provided with the
right food. We selected the strongest colony at
our apiary at the University of Sydney, and
stimulated it to produce drones in large num-
bers by feeding supplementary pollen within
the colony, and by providing four combs with
brood cells of the size used by honey bees to
rear drones. The apiary is located near the coast
in an urban area where the climate is relatively

mild, and there are numerous flowering plants
both on campus and in surrounding suburbs
that provide early stimulus for brood rearing.

2.2.2. Experimental location

The experimental colony responded well to
stimulation and carried an estimated 5000 ma-
ture drones by the start of our experiment on
September 17, 2018. On that day, we
transported the colony 265 km over the Blue
Mountains to Lyndhurst, NSW (33° 43" 57.5"
S, 149° 01’ 19.4" E). Due to the cooler climate
(elevation 670 m) and lack of artificial nutri-
tional stimulation, the local colonies in
Lyndhurst were at least 1 month behind our
experimental colony in their brood rearing, and
most carried few or no sexually mature drones.
We left the colony in the study area for a
week, so that its drones had time to explore
the area around their colony, and perform nor-
mal mating flights. After 1 week, we opened
the colony and marked drones with a thoracic
paint mark (Uni POSCA marker pens, Japan)
with 5 different colours (Figure 3). We contin-
ued to mark drones each morning prior to
drone trapping during the normal drone flight
time (around 14:00-16:00 GMT+10). We paint

Figure 3. a The landscape of experiment 2. There were no obvious landscape features that would encourage the
formation of DCAs. b Paint-marked drones leaving the focal colony for a mating flight.
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marked 6209 drones during this experiment
over the course of 28 days.

2.2.3. Bidirectional transect sampling

We sampled drones using a Williams drone
trap as above. We sampled every 250 or 500 m
along Garland Road in two directions from the
experimental colony from 13:00 to 15:30
(GMT+11), which was the local drone flight
time observed in the area during our experi-
ment. The first site was 250 m from the hive
in a southerly direction. As soon as a marked
drone was caught, we moved to a site 500 m
north of the colony, then to 1000 m south of the
colony and so on, in a pendulum fashion, until
no marked drones were caught (Figure 4). We
released marked drones after trapping, but
photographed the paint mark to ensure that
each trapped male was an independent obser-
vation (To our knowledge, we did not resample
any drone.) The landscape along the transect
was gently undulating, and used for mixed
farming, particularly cattle grazing. Tree cover
was sparse but regular (Figure 3) providing
limited opportunities for drones to self-
organise into congregation areas. We defined
the end of the flight range by the distance at
which no further marked drones were caught,
but more than 30 unmarked drones were
caught. The presence of unmarked drones at
the distant sites showed that the conditions for
drone flight and capture were satisfactory.

2.2.4. Genetic analysis

We confirmed absence of drones from the
focal colony at both ends of the transect using
microsatellite markers—that is we verified ge-
netically that none of the unmarked drones
were from the focal colony. To obtain a refer-
ence genotype for the mother queen, we col-
lected 24 drone pupa directly from the colony.
We then extracted DNA and amplified micro-
satellite markers of the reference pupa using
nine unlinked polymorphic microsatellite

markers: A8, A24, A29, A79, A88, A107,
A113, B124, HbThe3 (Solignac et al. 2003;
Solignac et al. 2007). All DNA extractions,
PCR conditions, and genotype construction
followed the same protocol as in the first ex-
periment. The queen’s genotype was recon-
structed manually from her offspring drone’s
genotypes. We then compared the genotypes of
the unmarked drones with those of the mother
queen manually to exclude the possibility that
they were from the focal colony, but had es-
caped being marked.

3. RESULTS

3.1. Experiment 1: Drone flight distance of
multiple feral colonies of unknown
location

We captured and genotyped 4343 drones,
2288 from transect A and 2055 from transect
B (Genotypes of individual drones are
presented in supplementary tables S2.1 and
S2.2.) The mean number of captured drones
per site was 142+17.42 s.e. (range 16-251).
Following sibship reconstruction, 201 colonies
contributed drones to the first transect and 231
to the second. Seven of the 30 sites had low
sample size (n <100), even though we sam-
pled those sites 2—3 times. The number of
inferred colonies at each site is presented in
Table 1.

In transect A, we discarded 174 of 201 fam-
ilies because they did not meet our criteria of
large sample sizes (i.e. above the 90th percen-
tile, >22 drones), leaving 27 families for fur-
ther analysis (range 21-38 individuals/family).
In transect B, we discarded 204 of the 231
colonies leaving 27 with a minimum 18 indi-
viduals per family (1841 individuals/family)
(Table I).

The average maximum distance between
sites (d) where the same colony was sampled
is shown in Table II, together with the assumed
flight distance, », which is equal to d/2
(Figure 2). These values may be underestimates
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Number of trapped drones Time elapsed before the first
marked/unmarked marked drone was trapped (minutes)
0/39 (14) N/A%, N/A, N/AC
1/0 (13) 19
12 (11) N/Ab 18
1/7 9) 47

i/0 (6) 10

1/3 (4) 10

2/2 13
Focal hive location
1/1 29

11 (3) 70 f

10 (5) 3

1000 m
i2 (7) 5
28 (8) 25
1/1 (10) 50
1/4 (12) N/Ab, 10

0/16 (15) N/A2, N/A%, N/AC

Figure 4. Number of marked drones and unmarked drones (left) and time when the first marked drone was trapped
after the trap was launched (right). Superscript letter “a” indicates 150-min sampling time (all day) without catching
any marked drones when the weather was clear. Superscript letter “b” indicates 150-min sampling time (all day)
without catching any marked drones when the weather was overcast. Points 11 and 12 and points 14 and 15 were
sampled on the same two and three consecutive days respectively.
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Table 1. Number of inferred colonies from drones sampled from transects A and B

Honey bee drone flight distance

Transect A Transect B
Site Sample  Number of Number of family with>  Sample =~ Number of Number of families with
size families' 3 members® size families' >3 members®

1 111 50 46 104 53 47
2 121 66 61 59% 35% 32%
3 251 85 78 212 73 71
4 188 91 84 195 89 84
5 58 33% 32% 203 76 70
6 217 87 83 124 70 69
7 142 65 64 73* 52% 50%
8 192 46 46 16* 15% 14%*
9 101 43 40 38* 17% 17%
10 192 87 80 167 94 86
11 190 85 84 22% 21% 20%
12 132 68 63 216 103 94
13 24* 20% 18%* 194 61 57
14 172 73 66 183 85 77
15 197 69 65 167 82 74
Total 2288 236 201 1973 265 231

! Includes families with less than three males. This column is likely to be an overestimate of the actual number of colonies sampled

2 Excludes families with less than three males. This may underestimate the actual number of families represented, since singleton
males may indeed indicate a novel family

*Sample size below 100

of the true drone flight distance because most
colonies were no doubt located off the transect
and/or at one end of the transect. However,
since one colony was detected at both ends of
the 7-km transect A (Supplementary S1,
Table II), we can infer that drones flew at least
3.5 km in this landscape.

3.2. Experiment 2: Flight range of drone

from a fixed location

During suitable weather, marked drones were
captured within 3 to 70 min of raising the trap aloft
(Figure 4). No marked drones were captured
4.00 km from the colony in both directions, even

Table II. Flight distance of drones calculated from the transect data of experiment 1. Excludes all colonies below the

90th percentile

Transect ~ Number of selected families ~ Mean flight distance (») (km)  SE Maximum flight distance () (km)
A 27 0.15 35

B 27 0.15 325

Average 54 0.11 -

@ Springer



P. Utaipanon et al.

though 55 unpainted drones were trapped at the two
sites over a total of 3 days per site, with 2.5 h of
sampling each day. Microsatellite markers con-
firmed that all unmarked trapped drones did not
belong to the focal colony (supplementary data S3).

4. DISCUSSION

4.1. Estimated area from which honey bee
drones fly to a trap

We suggest that a 3.75-km drone flight range is
the appropriate value to use when estimating colo-
ny density from drones sampled in a Williams trap
because this was the maximum distance we found
painted males from our focal colony. This distance
is congruent with observations from our first ex-
periment. We found that drones from one colony
were detected at sites 7 km apart. This indicates
that drone flight range exceeds 7/2 = 3.5 km. Based
on a drone flight range of 3.75 km, the arca sam-
pled by a Williams drone trap is 44 km?” and the
number of colonies detected in a drone trap should
be divided by 44 to obtain an estimate of the
density of colonies in an ecosystem. This area is
an order of magnitude greater than has been previ-
ously assumed (Moritz et al. 2007; Moritz et al.
2008; Jafté et al. 2010) and suggests that previous
estimates of colony density based on this technique
are significant overestimates.

Note that we do not suggest that 3.75 km is the
maximum distance that drones are able to fly,
rather this is the typical distance sampled by a
drone trap. This distance could vary due to the
landscape and other biotic and abiotic factors. For
example, Ruttner and Ruttner (1966) estimated
that drones fly 2.3-3.0 km to a DCA. Ruttner
and Ruttner (1972) showed that in mountainous
country in Austria, where a > 1400-m-high moun-
tain range forced drones to fly in one direction,
drones flew up to 7 km. We suggest that this
situation was atypical, and that in a flat, homoge-
nous landscape without a specific DCA, 3.75 km
is the more probable drone flight range.

Since the true drone flight range (3.75 km) is
considerably greater than that which has been
previously assumed (0.9 km), we recommend that
researchers should collect a very large number (>
300) of males at a site to ensure that all colonies in
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flight range are sampled. Large sample size has an
additional benefit. Because the COLONY pro-
gram uses maximum likelihood to assign drones
to families, it is important to have multiple males
per family. If a family is represented by only a few
drones, COLONY may determine that two or
more families are more likely than a single family
for this group of brothers, because the genotype of
the inferred mother is difficult to determine based
on a small number of sons.

4.2. Effects of the trap on drone mating
flights

The queen decoy has two properties that attract
drones, a visual cue (a bouncing black object of
queen shape and size) and the olfactory sex pher-
omone. The visual cue only acts over short dis-
tances (less than a few meters) and is only effec-
tive when drones are already present, attracted by
queen pheromone, and the location (Gries and
Koeniger 1996). Males can detect pheromone (9-
ODA) from at least 100 m (Brockmann et al.
2006), and possibly further if the trap is down-
wind of the source colony. This suggests the pher-
omone lure does not attract drones from beyond
their normal flight range. However, even if it does,
our estimate of drone flight range incorporates this
effect, and is therefore appropriate distance to use
when assessing the density of colonies using a
drone trap.

4.3. Estimated colony densities in south-
central NSW

We estimated honey bee colony densities in the
Currawarna area based on an estimated 44 km?
sampling area by averaging colony density across
sampling sites (Table III). We estimate that there
were 1.47 colonies per km? in transect A and
1.40 colonies per km? in transect B based on the
total number of colonies detected per site, but
excluding families with fewer than 3 brothers.
These density estimations are in the range of
colony densities estimated by an agent-based
model in Weddin Shire, also in southern NSW
(Hinson et al. 2015). However, our estimate is
subject to non-sampling error because our sam-
pling sites were selected according to distance and



Table II1. Colony densities in transects A and B based on a flight range of 3.75 km using the total number of families from each sampling site

Average density

+SE

Density (colonies/km?)

Family

Transect

selection

15

14

13

12

10

1.47 £0.13

1.57
1.48

1.50 1.93 2.07 0.75% 198 148 1.05 0.98 198 193 1.55 045* 1.66
1.77 191 1.8 145 1.05 0.91 1.82 191 1.43 1.50

1.39

14
1.05

l.
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A

1.38 £0.12

0.41%

0.73*

Families with n

3
All families

=

1.40£0.17

1.86
1.68

0.80* 1.66 2.02 1.73 1.59  1.18* 0.34* 039*% 2.14 048* 234 139 1.93
1.61 191 1.59 1.57  1.14* 1.95 2.14 130 1.75

1.20
1.07

B

1.31£0.15

0.45*

0.39*

0.32%

0.73*

Families with n

Honey bee drone flight distance

*Sample size below 100

not DCA characteristics. Only small numbers of
drones could be caught at some sites (in some
cases, less than 50 individuals), which we assume
is because these sites were not suitable for the
formation of drone aggregations or flyways.

We also estimated the density of colonies
across sites combined, based on the 44 km? radius
flight range assumption per site (Table V). Each
transect samples an area of 86.48 km? (Figure 5b).
The estimated densities (transect A 2.32, transect
B 2.67 colonies per km?) are ca. 50% higher than
when drones from each sampling site were
analysed separately. This suggests that the preci-
sion of estimates will be increased if several sites
are used, and only sites where it is easy to catch
drones are used. Using sites where the sample size
is low causes an underestimate in colony density.

4.4. Mating biology of honey bees

Honey bees are extremely polyandrous
(Palmer and Oldroyd 2000; Tarpy et al. 2004),
and their mating behaviour captures the maxi-
mum genetic diversity available in the popula-
tion (Baudry et al. 1998; Ding et al. 2017).
High levels of intra-colonial genetic diversity
are thought to contribute to colony fitness by
enhancing the task allocation system (Mattila
and Seeley 2007; Oldroyd and Fewell 2007),
improving disease resistance (Seeley and Tarpy
2007) and reducing the proportion of diploid
males (Page 1980). The ability of drones to fly
more than 3.5 km from their colonies to con-
gregate at DCAs undoubtedly helps to maxi-
mise intra-colonial diversity and panmixis.

4.5. Practical significance of our findings
for bee breeders and queen producers

Our study shows that bee breeders who
attempt to control honey bee mating by isola-
tion need to locate their mating nuclei more
than 3.75 km from the nearest colonies they
wish to avoid. Since virgin queens also fly
from their colony to mate, it is probably pru-
dent to allow a buffer of 7.5 km, when the
mating distance of queens is conservatively
assumed to be equal to drone mating flight
distance. However, virgin queens likely fly
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Table IV. Colony densities in transects A and B when estimated by average density from each site and based on the

whole transect
Transect Family selection Density (colonies/km?)
Average per sample site Based on the whole transect
A All families 1.47 2.73
Families with n >3 1.38 2.32
B All families 1.40 3.06
Families with n >3 1.31 2.67

much further than drones, especially if they are
unable to find males close to their colony. Peer
(1957) showed that in northern Alberta, some
queens successfully mated even when the
nearest colonies carrying males were up to
16.2 km from their colony. However, success-
ful mating was delayed relative to queens that
were located nearer to drone source colonies,
suggesting that queens only search for males at
great distances if they cannot initially locate
them. Therefore, if the colonies that the

Figure 5. a Area sampled by a single trap.

@ Springer

Focal trap site

breeder wishes to use as drone source colonies
are located near the mating nuclei, and there
are no undesired drones within 7.5 km,
breeders should be able to obtain good control
of matings under most circumstances. This
conjecture supported empirical findings in En-
gland where 90% of matings occurred between
colonies less than 7.5 km apart (Jensen et al.
2005).

If the goal is only to provide enough drones to
ensure adequate mating frequency (Chapman

Area sampled across all sites collectively.
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et al. 2019), drone source colonies should be
presented within 3 km of the mating nuclei.

4.6. Concluding remarks

In agreement with previous studies (Ruttner
and Ruttner 1966; Koeniger et al. 2005), our
study shows that the normal drone flight range
is 3.75 km, and that therefore the area sampled
by a single trap is 44 km?. We have determined
this distance using a linear transect in two direc-
tions from a focal colony (experiment 2), and
verified it by showing that drones from the same
unknown colony can be detected across a dis-
tance of 7 km (experiment 1). Experiment 1
provides further information about the distribu-
tion of colonies in an environment, based on the
drones they produce. Readers may use the data
from experiment 1 to argue for a different sam-
pling area should they wish to do so. For exam-
ple, one can make a coherent argument that the
average maximum distance that males were
sampled across the top 90 percentile colonies
in experiment 1 is more appropriate than the
maximum distance (Moritz et al. 2007; Jaffé
et al. 2010). However, because drones can be
caught up to 3.75 km from their colony, we
suggest that averaging across colonies will un-
derestimate the true flight range, as illustrated in
Figure 2.
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