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Abstract

Exploration into reproductive quality in honey bees (Apis mellifera Linneaus (Hymenoptera: Apidae) largely
focuses on factors that affect queens, with drones primarily being considered insofar as they pass on effects of
environmental stressors to the queen and subsequent offspring. In those studies that consider drone quality
explicitly, a primary focus has been on the dimorphic nature of drones laid in worker cells (either through rare
queen error or worker reproduction) as compared to drones laid by the queen in the slightly larger drone cells.
The implication from these studies is that that there exists a bimodality of drone morphological quality that is
related to reproductive quality and competitive ability during mating. Our study quantifies the presence of such
small drones in commercial populations, finding that rates of ‘low-quality’ drones are far higher than theoretically
predicted under optimum conditions. Observations from commercial colonies also show significant inter-colony
variation among the size and fecundity of drones produced, prompting speculation as to the mechanisms inducing
such variation and the potential use of drone-quality variation for the colony- or apiary-level exposure to nutrition,
agrichemical, or parasitic stressors.
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Commercial honey bee (Hymenoptera: Apidae: Apis mellifera
Linneaus) queen rearing is a support industry to greater apiculture
supplying queens to beekeepers to grow their operations through
splits, replace aged queens, enforce brood breaks for disease and
parasite management, or to control genetics (Cobey et al. 2012).
Annual queen replacement is almost the norm in beekeeping in the
US, where thousands of queens are shipped throughout the country
(Cobey et al. 2012). The queen is often a major focus of manage-
ment effort and response when colony problems occur (e.g., slow
growth, excess parasite load, disease prevalence, poor productivity,
or declining populations) (Steinhauer et al. 2014). This is in part
because she is the sole reproductive member of the colony (usually)
but also because in many cases she is a product produced outside of
the control of the beekeeper, and therefore the subject of contention
when colonies fail. Therefore, much attention has been paid to assess
and understand the quality of commercial queens and the extent to
which colony-level phenotypes commonly attributed to queens are
in fact their ‘fault’ (Tarpy et al. 2012, Lee et al. 2019). A particular
finding of the research into queen quality is that the major factors
leading to her heading a productive colony or those related to her
mating (e.g., number of partners, sperm count, and sperm viability)

are correlated with colony growth and survival (Collins 2004, Tarpy
et al. 2013, Pettis et al. 2016). These traits are themselves correl-
ated to measures of queen size (e.g., body mass, thorax width,
and head width), albeit weakly (Delaney et al. 2010). Commercial
queen breeders exert control over queen size, through larval selec-
tion during grafting, and control of the ‘cell-builder’ colonies that
raise and feed the larval queen. Control over mating quality is gen-
erally less direct. The common practice in the US is to conduct open
mating; that is, to allow commercially reared queens to fly freely
and mate for themselves. As such, while drone colonies are often
provided in adjacent apiaries, little direct manipulation over drones
produced is exerted by breeders. As each drone partner contributes
to the mating quality of the queen and ultimately the likelihood of
her success, understanding the quality of drones during mating may
be an important missing element in producing high quality queens.
Unlike the solitary queen, colonies may produce thousands of
drones at a time (Page and Metcalf 1984), which are likely subject
to pre-mating competition owing to this high ratio of males:females
in aerial aggregations (Baer 20035, Brutscher et al. 2019). Evidence
for this is that larger drones are more likely to mate successfully
and to contribute a higher paternity share to the worker population
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(Kraus et al. 2003; Schliins et al. 2003, 2004; Couvillon et al. 2010).
Furthermore, the larger body size is associated with higher fecundity,
with larger drones tending to have higher sperm counts and sperm via-
bility, suggesting that—with regard to mating quality—bigger is better
(Genger and Kahya 2020). However, the majority of these studies
were performed using experimentally reared drones from worker
cells or by laying workers. Because the rate of drone production by
workers in queen-right conditions is quite low (<0.1%; Visscher 1989)
and normal queens rarely lay unfertilized eggs in worker-sized cells
(Ratnieks and Keller 1998), drone size variation may be much more
restricted in natural or commercial settings than in experimentally in-
duced ones. Size may not be expected to be the primary factor in the
variation of the fecundity of commercial drones, however, and for sev-
eral reasons. First, adult exposure to the neonicotinoids clothianidin
and thiomethoxam through pollen patties at doses similar to that
found in the field treated pollen (Straub et al. 2016) or fipronil in sugar
syrup at doses reported to be similar to that found in treated plants
(Kairo et al. 2017) decreased spermatozoa viability from the sem-
inal vesicles and ejaculated spermatozoa count, respectively. Second,
colony-level exposure to commercial formulations of coumaphos, ap-
plied according to directions, resulted in decreased viability of ejacu-
lated spermatozoa (Burley, 2007). Combined, these studies indicate
that exposure to incidental or targeted agrichemical may play a factor
in drone reproductive quality. Finally, damage to drone sperm may
confer fragility to the surviving spermatozoa, such that low sperm
quality may affect the queen rather than simply preventing the drone
from capitalizing on a successful mating attempt (Kairo et al. 2016,
Straub et al. 2016).

In this study, we aimed to ascertain the variation in both size
and fecundity traits of drones produced in commercial apiaries
and to compare the variation in these traits to that of experimen-
tally reared large and small drones. Our goal is to elucidate the
breadth of drone variation to provide a baseline for observing
changes in those traits as upstream predictors of queen mating
quality and colony health.

Materials and Methods

Queens and Colonies

Drone-Laying Queens

Drone-laying queens were procured from a commercial apiary
where they were identified as such by the beekeeper during
post-mating screening. They were shipped overnight to the Lake
Wheeler Honey Bee Research Facility, Raleigh NC, where they
were temporarily banked in individual cages placed within a
strong, queenright colony for 1-6 wk. In April-May 2018, four
queens were introduced into individual five-frame, standard deep,
nucleus hives each standardized with one frame of honey, one
frame of pollen and young brood, one frame of capped brood,
and one empty frame to provide open comb space so that the
queen could lay eggs. Six frame-faces of adult bees (i.e., three
frames front and back) were included in the initial setup to estab-
lish equivalent adult bee populations among nuclei (~6,000) with
the populations maintained by adding newly emerged bees from
unrelated sources.

Normal-Laying Queens

Similar to colonies not being able to rear high- and low-quality
queens at the same time (Tarpy and Mayer 2009), we were unable
to successfully raise or foster worker- and drone-cell reared drones
simultaneously in the same colonies. We, therefore, selected five

separate colonies headed by naturally mated queens to raise drones
from drone cells. Drone rearing and fostering occurred in the same
manner as worker-cell reared drones, albeit in separate colonies.
Colonies headed by normal-laying queens were fed supplemental
pollen from patties but were restricted from collected forage pollen
for an unrelated study.

Drone Rearing and Collection

Drone collection occurred from April to June 2018. All six ex-
perimental queens were confirmed to be normal or drone-laying
by observation of capped brood. Each queen was confined to a
single frame face using a push-in cage constructed of the queen
excluder and hardware cloth, sized to completely cover a single
frame face (45 x 20 cm). Drone-laying queens were forced to lay
on a worker-cell frame (mean cell diameter 5. 83 = 0.03 mm) pro-
ducing worker cell-reared drones (WC) while the normal queens
laid on a drone-cell frame (mean cell diameter 6. 55 + 0.03 mm)
producing drone cell-reared drones (DC). The experimental
frames were removed from each colony when the capped brood
were approximately 24 h from emergence (based on eye color and
pigmentation of a few pupae that were uncapped and sacrificed
to stage the cohort), introduced into individual metal and screen
cages (49 x 25 x 12 ¢m) with ~100 worker bees collected from
the brood nest of the source colony (along with a 1:1 sugar syrup
feeder to aid in emergence), and placed into an incubator set at
34°C and ~50% RH.

Daily between 8:00 and 9:00 AM, emerged drones were collected
into rearing boxes constructed of a wooden frame (127 mm x 127 mm
x 25.4 mm) with #8 hardware cloth (~3.2 mm mesh) for sidewalls to
prevent escape of the smaller drones. Each cage was stocked with drones
from a single source/emergence date. Cages were placed into unrelated
foster colonies, which were populous (>30,000 adult workers), headed
by a naturally mated queen, and utilized for no other purpose. A 5 cm
insert was placed on the top-box and under the lid creating space to
place the cages flat atop the frames. This enabled the resident workers
access to the drones without disrupting colony dynamics. Each foster
colony supported 4-7 cages of up to 100 drones each. Cages from a
particular queen source were distributed roughly equally among the
foster colonies to negate adult environment as a confounding variable;
because the experiment proceeded over several weeks, drones of the
two size classes (WC and DC) were not co-fostered. Up to 20 WC
drones from each source were collected from the foster colonies when
they were aged 6, 12,19, and 30 d of age. These ages were indicated as
biologically relevant in prior studies, with 6 d being the point at which
50% of sperm migrated to the seminal vesicles, 12 being the mean age
of mating flights as per, 19 d being the age of maximum sperm count,
30 being the mean age of death (Rueppell et al. 2005, Metz and Tarpy
2019). The study was replicated with four drone-laying queens.

Drones reared in drone cells (=DC drones) were reared to 12 d
of age exclusively, owing to changing apiary conditions (e.g., rising
temperatures, onset of dearth, and the end of the natural breeding
season) resulting in the cessation of successful rearing and fostering
of drones. Drones were collected from their foster colonies between
8:00 — 9:00 AM and immediately transported to the lab in rearing
cages free of workers. Water was rubbed onto the wire mesh of each
cage for hydration, and the cages were placed in a bench-top incu-
bator set to 34°C for processing as below.

Variation of Drones From Commercial Apiaries
From April-May, 2018, April-Mach, 2019, and April 2020,
beekeepers from commercial apiaries were solicited for the sampling
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of drone size and fecundity. Respondents from 19 operations col-
lected drones from colonies of their choosing and shipped them
overnight to NC State where they were processed as below. Sampling
and shipping methods differed somewhat throughout the sampling
period. However, the most widely applied methods were as follows.
In 2018, beekeepers sampled drones by blocking the entrance to
the nest with ~6.4 mm mesh hardware cloth during the afternoon
(approx. 2-4 pm depending on location and day) and collected
returning drones with forceps. From 2019 onward, beekeepers in-
stead opened the colonies and selected an outer frame with a large
number of drones. Drones were lightly pressed on the abdomen and
drones that responded by buzzing their wings and actively running
throughout the frame were selected as being on the verge of flight
initiation. As drones of the age to initiate flight are likely to have
sperm migrated to their seminal vesicles, flight behavior is taken as
reasonable rapid proxy for maturity in this study (Rueppell et al.
2005, Metz and Tarpy 2019).

In either case, approximately 30 drones were collected in this
manner and placed into shipping cages made from plastic dishes pro-
vided with candy made of 1:1 Karo brand corn syrup and powdered
sugar, water provided through a damp dental wick, a TempQueen
lure (Mann Lake: Hackensack, MN), and ~100 workers collected
trom the brood nest. Participants shipped all samples overnight to
NC State Apiculture for processing as below.

Drone Dissection and Sperm Testing
Drones were dissected and processed following procedures outlined
in Metz and Tarpy (2019). Briefly, each drone was lightly anesthe-
tized with CO, delivered via a low flow stream, and the interseg-
mental membrane between abdominal segments 5-6 was pierced
to minimize the chance of ejaculation during dissection. The drone
was then weighed and pinned for photography of their head and
abdomen. The seminal vesicles and mucus glands were then re-
moved and photographed, with the seminal vesicles cut free for sub-
sequent sperm analysis. The head, abdomen, and wings were then
cut away and the thorax and legs weighed to the nearest 0.1 mg.
All drone remains were then stored in a 1. 5 ml sterile, enzyme-free
microcentrifuge tube and preserved at —80°C for future analysis.
Seminal vesicles were ruptured in 1000 micro-l buffer D (Collins
and Donoghue 1999, Makarevich et al. 2010), mixed with for-
ceps, and pipetted into an amber glass vial containing 10 micro-1
(Invitrogen Live/Dead sperm staining kit #L.7011; 1 mM in DMSO)
diluted 1:500 into Dimethylsulfoxide (99.8%) and 10 micro-I
propidium iodide solution (2.4 mM in water). Vials were lightly
vortexed and allowed to rest at room temperature a minimum of
5 min before reading with a Nexcelom Cellometer Vision Sperm
Counter. The number of live and dead sperm cells were counted
on three different areas on the slide using the Cellometer Vision
Software version 2.1.2.1 2018 Nexcelom Bioscience LLC and the
resultant average taken as the final live and dead sperm counts.
Images were processed using Image] version 1.51m9 (Schneider
et al. 2012). Each image was calibrated to an image of a 1.0 mm
glass ruler taken alongside the image using the same microscope and
camera settings. The following measurements were taken: width of
the head at the widest point perpendicular to the longitudinal body
axis; distance between the distal tips of each tegula; mean length of
the seminal vesicles along the central axis; mean length of the mucus
glands along the central axis. We defined fecundity measures as total
sperm count, sperm viability, mean seminal vesicle length, and mean
mucus gland length. We defined size measures as body mass, thorax
mass, inter-tegula distance, and head width.

Statistical Analyses

All statistical analyses were performed in R version 4.0. (R Core
Team 2019); all packages used are cited in Table 1. Descriptions of
the individual analytical methods are presented alongside the results.
A full code and analytical dataset for these analyses and figures may
be provided upon request. All means are reported as =SEM, unless
otherwise noted with a range in parenthetical where informative. We
used an a = 0.05 to signify statistical significance with corrections
for multiple comparisons via a Benjamini-Hochberg false discovery
rate of 0.05 (Benjamini and Hochberg 1995).

Results

Variation Among Individual Size and Fecundity
Characters By Age and Rearing Cell Size

We reared and fostered WC drones from four different colonies at
ages 6,12, 19, and 30 d and DC drones from 2 different colonies at
age 12 d (Table 2). Because WC drones are in essence pseudomutants
in this experiment and it is of interest to compare each individual
reproductive measure to DC drones, we first performed individual
ANOVA comparisons between age-matched (12 d) WC and DC
drones for their descriptive statistics (Table 3). All individual meas-
ures were significantly higher in DC drones with the exception of
sperm count. We next analyzed the effects of Colony and Age of
WC drones only, using a full-factorial ANOVA model on each indi-
vidual reproductive measure, modelling Age as a categorical variable
as it was discontinuous and variable (unlike the DC drones). Drone
source colony was a significant factor for each of the following in-
dependent variables: body mass, thorax mass, thorax width, seminal
vesicle length, and mucus gland length (Table 4). Age, however, was
only significant for mucus gland length (F, ,,; = 19.69; P < 0.0001).
For the individual measures of sperm viability, sperm count, and
head width, there were significant interactions between Colony and
Age (all F>2.83; P <0.002), and as such we do not report the main
effects. However, since these individual phenotypes are singular di-
mensions of overall reproductive quality, a more comprehensive sim-
ultaneous assessment is more appropriate.

Principal Component Analyses

Spearman’s correlations (Sokal and Rolf 1995) of body size and fe-
cundity measures of age-matched WC and DC drones (12 d) were,
similarly to previous results (Schliins et al. 2003, Genger and Kahya
2011, Metz and Tarpy 2019), significantly positively correlated
(Supp Fig. SI 1 [online only]). We then generated the first principal
component (Dunteman 1989) for each correlation cluster to serve
as a unified measure of Size and Fecundity (Supp Table S1 [online
only]). Expectedly, Size and Fecundity were themselves positively
correlated (Spearman’s Rho = 0.52, P < 0.0001).

Table 1. R-statistical packages used during these analyses

Package Publication

broom Robinson, D., A. Hayes, and S. Couch 2020
corrplot Wei, T. and V. Simko 2017

factoextra Kassambara, A. and F Mundt. 2020
gridExtra Auguie, B. 2017

Hmisc Harrell, FE Jr., C. Dupont, et al. 2020
RColorBrewer Neuwirth, E. 2014

readx! Wickham, H. and J. Bryan 2019

tidyverse Wickham, H. et al. 2019
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Variation of Size and Fecundity Principal
Components By Age and Rearing Cell Size
We then analyzed the principal components Size and Fecundity for age
and colony-level variation among the WC drones, to observe whether
the trends observed in our analyses of individual characters was pre-
served. In a full-factorial model, Fecundity varied significantly by both
drone source colony (F,, . = 12.74, P < 0.0001) and Age (F,, . = 14.52,
P <0.0001) with no significant interaction (F. , . = 1.79; P = 0.09) among
WC drones. Size of WC drones varied significantly only by Drone source
colony (F;,5, = 37.19; P < 0.0001) with no significant variation due to
Age (F,,,, = 0.81; P = 0.64) or an interaction (F,,,, =1.70; P = 0.11;
Fig. 1a). Comparing Fecundity as a function of colony and size with Age
as a covariate revealed a significant drone source colony by size inter-
action (F,,, =4.73; P < 0.005), and as such we analyzed those colonies
separately; Fig. 1b). This effect is mostly driven by Colony C, which
scored highly in the Fecundity irrespective of age (F, ;, = 0.67; P = 0.52)
but increasing levels for colonies A (F, , = 7.41; P < 0.001), B (F, , = 5.43;
P <0.005),and D (E, ,, =6.04; P < 0.005). Results are illustrated in Fig. 1b.
Similar to the results for individual characters, same-aged drones
reared from drone cells were both larger and more fecund than those
reared in worker cells (Table 3). However, colony variation remains
important. A main effects ANOVA model including both Rearing cell
size and Colony showed that while Rearing cell size was the only sig-
Lo = 76.15 P < 0.0001), with no sig-
=2.10; P = 0.10), this was not true for
Loor = 387.0; P < 0.0001)
=19.2; P < 0.0001) were significant. Experimental

nificant factor for Fecundity (F
nificant effect of Colony (F, |,
Size, where both Rearing cell size (Table 3; F
and Colony (F,
colony variation in size and fecundity are visualized in Fig. 2.

Variation of Drones From Commercial Apiaries

We sampled drones from a total of 19 operations each with 2. 11 =
0.30 (1-4) colonies and a mean of 9. 57 + 0.98 (1-27) drones each.

Table 2. Sampling of WC and DC drones for each age and colony

— Colony
O
? Age A B C D
s 6 12 11 21 20
= 12 21 33 22 20
S 19 20 20 9 20
30 10 13 - -

;8 R Colony

g9 Age E F

= 12 60 60

a

To compare these with our experimental drones, we generated sep-
arate Size and Fecundity principal components using the coefficients
generated in the prior section. We first compared the variation of in-
dividual commercially reared drones with our population of experi-
mental drones. We filtered the experimental drone dataset to only
flight-aged drones (212 d) to provide the closest match with com-
mercial drones, for which age was not known. We then performed
k-means cluster analysis (Hartigan and Wong 1979) on the drones
predicting two clusters, referred to here as high- and low-quality for
larger, more fecund drones and smaller, less fecund drones, respect-
ively. Euclidean distance was used to form the clusters. We chose
two clusters from the a priori assumption that clustering would be
driven primarily by our experimental populations (WC and DC),
although this was confirmed visually by silhouette (Rousseeuw
1987). Experimentally raised drones clustered such that the ma-
jority of drones in the high-quality cluster were reared in drone cells
and those in the low-quality cluster largely reared from worker cells
(Table 5). Commercial drones were classified mostly as high-quality,
with about 7% classified as low-quality (Table 5).

We then combined all drones for operational level analysis and
calculated colony means for size and fecundity to represent colony
and operational variation visually. Colonies from different oper-
ations varied significantly in both Size (F,,, = 7.163, P < 0.0001)
and Fecundity (F ., =9.319; P < 0.00015, with the general trend
of a positive association among Size and Fecundity being upheld
(Fig. 3).

Discussion

Unlike with queens, where each individual is critical for the life and
productivity of the colony, thousands of drones are produced and
are largely disposable, representing strong analogy to the gametes
they attempt to distribute. As such, drones are highly variable, ran-
ging 145.3-289.5 mg in body mass and 0.18-29.0 * 10° sperm-
atozoa among commercial colonies in this study.

In our experimental population, about 2% of DC drones classi-
fied with the WC drones as ‘low quality’, suggesting the possibility
of other rearing environment factors contributing to reproductive
potential besides the dimensions and volume of a given cell. This
is similarly true for ~17% of WC drones classified along with the
DC drones as ‘high quality’. However, we observed some colonies
effectively reshaping worker cells, elongating and doming them in
such a fashion that overall cell length was much longer than typical.
This increased the overall cell volume, suggesting that controlling
for cell diameter alone is not necessarily sufficient for generating the
size differences among the two experimental drone rearing methods.

Table 3. Comparison of size and fecundity traits among drones reared in worker or drone cells

Worker cell (WC) Drone cell (DC) Stat P-value
N 96 120
Body mass (mg) 143.7 £ 2.9 196.8 = 1.8 Fiou 256 <0.0001
Thorax mass (mg) 64.5+1.4 91.2 0.7 F,u 333 <0.0001
Head width (mm) 4.07 = 0.03 4.41 = 0.01 Fljm 134 <0.0001
Thorax width (mm) 5.12 = 0.04 5.73 £ 0.02 Fin 284 <0.0001
Sperm viability (%) 71.0% = 1.5% 79.2% = 1.2% F . 19.1 <0.0001
Sperm count (*1076) 10.50 = 0.68 10.70 = 0.41 F1:z14 0.895 0.345
Seminal vesicle length (mm) 3.21 +0.04 3.69 = 0.04 Fis 82.6 <0.0001
Mucus gland length (mm) 3.91+0.05 4.51 = 0.04 F o 86.8 <0.0001
Size -1.60 = 0.16 1.31 = 0.08 Fljm 308 <0.0001
Fecundity -0.84 = 0.13 0.69 = 0.10 F\ o 74.9 <0.0001
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Table 4. Full-factorial ANOVA models for the effects of colony and age on worker cell-reared drone size and fecundity measures
Character Colony P-value Age P-value Interaction P-value
Body mass F, s 24.01 <0.0001 F, ., 1.19 0.316 . 117 0.320
Thorax mass Fy o 26.89 <0.0001 Fyu 1.35 0.259 F,u 0.99 0.438
Sperm viability F, s 5.21 <0.0001
Sperm count |- 2.83 0.008
Head width F,, 3.43 0.002
Thorax width E,,.. 26.27 <0.0001 E,,.. 0.98 0.405 E. 1.81 0.086
Seminal vesicle length Fios 6.03 <0.001 Flios 2.52 0.059 Fos 0.52 0.820
Mucus gland length Fy s 5.65 0.0010 Fyus 19.69 <0.0001 F,, ., 1.48 0.177
® Commercially reared drones classified primarily with our experi-
" mental DC drones (Table 5). The proportion of commercial drones
Qe memm e e e e e e e - - - classified as WC in this study (~6.5%) was in line with but some-
a) : : g what less than the 9.1% reported previously (Berg 1991). If we
- base our predictions off of a normal laying colony, with a predicted
@ 9= = s = i ol 6 0.12% of worker-produced drones (Visscher 1989) and no queen
g " laying error (Ratnieks. and Kellef 1998), this proportio‘n appears .to
- Wi R + E *_ - be outsized. One possible cause is population-level variation. While
' i all drones sampled were from mixed lineage new world blends of
+ b purportedly European stock populations, temperate and tropically
¥ p—. U || W) | ————————————— adapted bees vary significantly in size (Rinderer et al. 1985), and
: drones sampled from apiaries with different populations than that
1 ' ' i of our experimental population may have different trait ranges des-
6 12 19 30 . . . . . .
pite being ostensibly from similar lineages. Second, when sampling
free-flying drones from commercial colonies, it is possible that the
drones sampled were not the progeny of the queen from that colony.
Drones may drift, sometimes significantly, so that they return to col-
onies from which they did not originate—up to 150 m away (Currie
and Jay 1991), a distance far greater than the ~2 m typically re-
. O commended for placing hives in an apiary (Sammataro and Avitabile
b) 2011). It is possible that drones from laying-worker colonies may
have been inadvertently sampled, inflating the proportion of small
.é\ fis g drones, although there is no reason to suggest that this was common-
b= place. Finally, there is the possibility that the rates of queen laying
§ errors need to be reevaluated.
3 o In the experimental population, inter-colony variation in drone
L reproductive potential was significant even when accounting for cell
size (Fig. 1a), and we observed significant inter-colony variation in
the commercial population as well (Fig. 3). In essence, some col-
F= o onies seem to produce larger, more fecund drones than others, des-
pite being of the same population and every effort made to minimize
b the possibility of egg-laying error by the queen by caging her onto
é 1'2 1'9 3'0 frames with selected cell size. As has been established elsewhere, cor-
Age (d) relations of size and fecundity characteristics in honey bee drones

Fig. 1. Variation in size and fecundity among worker cell-reared drones
Worker cell-reared drones from four colonies were assessed at five ages
for size measures (a) and fecundity measures (b) defined as in the methods.
Standard box plots for each group are provided that illustrate the mean,
four quartiles, and outliers. Variation in these measures shows a significant
size difference among drones from different colony sources that remains
largely constant at various ages. Age and Colony both elicited a difference
in Fecundity (b). Trend line represents the overall relationship between Age
and Fecundity.

It is unclear why some colonies perform this but others do not. Cell
size clearly matters, although there appears to be other rearing en-
vironment factors at play when determining the size and fecundity
of drones.

are positive and our results confirm this (Schliins et al. 2003, Genger
and Kahya 2011, Brutscher et al. 2019, Metz and Tarpy 2019).
Even within a subset of abnormally small, experimentally derived
individuals, larger drones are more fecund. Generally, drone repro-
ductive ontogeny proceeds as expected, with reproductive develop-
ment increasing throughout the first week of life to a maximum (Fig.
1b). Stiirup et al. (2013) showed a variable decline in sperm viability
among older drones, a result we did not observe in our time course
with WC drones. As discussed above, we observed low numbers of
drones surviving to older ages (data not documented). We therefore
cannot discount a survivor effect, where those drones (WC or DC)
that are more fecund are also more likely to survive. While there are
established trade-offs between reproduction and longevity in many
model systems (reviewed in Blacher et al. 2017), honey bee females
seem to exhibit a lack of such relationships (Rueppell et al. 2004)
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Fig. 2. Classification of high- and low-quality clusters based on comparison to experimental drones reared in worker and drone cells Clusters of worker cell-
(green) and drone cell-(red) reared drones. Ellipses show the 95% confidence interval of each class. Colored dashes along the axes show the distribution of DC
and WC drones for Fecundity and Size. The shape of each point indicates whether drone was classified into either a high- or low-quality cluster. Larger, colored
points represent experimental colony means and standard errors. The purple points represent cluster centroids and the dashed, purple line indicates the cluster
border, calculated as the line at which the Euclidean distance from each cluster centroid was equivalent.

Table 5. Classification of drones based on size and fecundity into
high and low quality clusters

Drone Cluster Total Proportion (Low/Total)
High Low

Worker-cell 29 141 170 82.9%

Drone-cell 103 2 105 1.9%

Commercial 358 25 383 6.5%

Total 489 169 658 25.5%

and exploring whether fecundity and size are consistent measures of
other life history parameters leading to increased longevity is worth
future exploration. Body mass of WC drones did not decrease with
age, countering previously reported results (Metz and Tarpy 2019)
in DC drones. It is possible that these drones, already at a minimum
weight, do not have energy or tissue reserves to lose during devel-
opment. Alternatively, Goins and Schneider (2013) suggested that
smaller adult drones may be targets of increased worker attention;
therefore, these drones might counterintuitively be more well cared
for than their larger brethren and more likely to retain their mass as
they age. We observed significant age-by-colony interactions among
measures presumed to be static (e.g., head and thorax width). This
may well be caused by sampling bias or differential survival among
larger and smaller drones, as previously supposed (Czekoriska et al.
2019). Trends observed in the principal components followed those
of the individual measures, indicating that these may be a useful
proxy for full phenotypic variation. Colonies differed in both the
size and fecundity of the drones produced, with size not entirely
obviating colony differences in fecundity. This suggests that there is

additional variation in fecundity not solely explainable by variation
in size. Possible environmental exposures to temperature fluctu-
ations (Czekonska et al. 2013, Rousseau et al. 2020), agrichemicals
(Burley 2007, Straub et al. 2016), or parasites (Duay et al. 2002)
may have occurred in these drones, all of which have been shown to
elicit negative effects on reproductive traits, but quantifying all of the
possible permutations is beyond the scope of the present study and
only adds to the observed variation.

Variation among drones may persist because any given indi-
vidual drone does not contribute significantly to a colony’s fitness.
However, looking at drone variation among commercial colonies
may yet provide an intriguing insight into colony phenotypes and
perhaps health. In this, drones may serve as a useful bioindicator
of colony stressors. On the one hand, the presence of drones al-
ready serves as a method for identifying laying problems with the
queen, as once she is no longer capable of laying fertilized eggs she
will only produce drones. On the other hand, a small proportion
of drones present in the colony is also a measure that the colony
has the resources to produce them, as drone production is socially
regulated by both the queen and workers (Boes 2010). The quality
and variability of drones produced in a colony may serve as indi-
cators of queen laying problems, declining suppression of worker
reproduction, or environmental stressors that may be affecting the
colony but not yet immediately apparent in other classes. Honey
bee males follow a well-established trend of being the ‘fragile’ sex
(Retschnig et al. 2014, Friedli et al. 2020). Drone quality may
serve as a bioindicator for colony or apiary level health, which
may provide an opportunity for targeted management to occur
before potential problems being identified in the subsequent gen-
eration of queens.
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