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Abstract

Polyandry in social Hymenoptera is associated with reduced within-colony relatedness and increased colony-level eco-
logic fitness. One explanation for this sees increasing within-nest genetic diversity as a mechanism for improving group
task efficiency and colony competitiveness. A queen on her mating flight captures nearly 90% of her breeding population’s
allele potential by her tenth effective mating (m,~ 10 males). Under this population allele capture (PAC) model, colony
fitness gains track mating number in an asymptotic manner, leveling out after about the tenth mating. A supporting theory
we call the genotype composition (GC) model sees genetic novelty at mating levels higher than the m,~ 10 asymptote, the
hyperpolyandry zone, resulting from unique genotype compositions whose number are potentially infinite. Colony fitness
gains under the GC model will track mating number in a linear manner. We set up field colonies with Apis mellifera queens
each instrumentally mated with 1, 2, 4, 8, 16, or 32 males, creating a polyandry gradient bracketing the qualitative divide
of m,~ 10, measured tokens of colony level fitness, and collected observation hive data. Our results lead us to conclude that
(1) ancestral colony traits fundamental to eusociality (cooperative brood care) respond to mating level changes at or below
m,~10 in a manner consistent with the PAC model, whereas (2) more derived specialized colony phenotypes (resistance to
the non-native parasite Varroa destructor) continue improving with increasing m, in a manner consistent with the GC model.
By either model, (3) the mechanism for increasing colony fitness is an increase in worker task specialisms and task efficiency.

Significance statement

Polyandry is a female’s practice of mating with many males, storing their sperm, and using it to produce genetically diverse
offspring. In complex social bees, a queen captures nearly 90% of her breeding population’s diversity potential by her tenth
mating; however, queens in nature routinely mate with many more than ten males. We tested two models that, together,
explain how social bee colonies ecologically benefit from queen mating numbers ranging from 2 to potential infinity. A
population allele capture (PAC) model focuses on colony fitness gains at mating numbers at or below 10, and we provide
evidence that it was at these polyandry levels that significant gains were made in an ancestral eusocial trait, cooperative
brood care. A genotype composition (GC) model focuses on colony fitness gains at higher mating numbers, and we believe
these gains are centered around more recently evolved ecologic specialisms such as parasite resistance.
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Introduction

Polyandry, a female’s practice of mating with multiple
males, has played an important role in the evolution of com-
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of the group. One set of hypotheses for explaining these
dynamics sees increasing within-nest genetic diversity as a
mechanism for improving group task efficiency and colony
competitiveness (Crozier and Fjerdingstad 2001; Gove et al.
2009). Other viable hypotheses see polyandry as an adapta-
tion against sperm limitation (Kraus et al. 2004) or inbreed-
ing at sex or other loci (Page 1980), or as a bet-hedging
strategy for avoiding phenotypic extremes (Yasui 2001).

Any hypotheses based on genetic diversity are constrained
by the rules of haplo-diploid hymenopteran inheritance. The
fraction of alleles shared in common by a mother’s daugh-
ters is capped at 75%, and roughly 90% of this potential is
achieved by the queen’s tenth effective mating (=m,, the
queen’s mating number adjusted for relative contribution of
each of her mates to actual progeny (Starr 1985)) with only
marginal allelic gains thereafter (Palmer and Oldroyd 2000).
Under this population allele capture (PAC) model, colony
fitness gains track mating number in an asymptotic manner,
leveling out after roughly the tenth mating (Fig. 1).

A supporting theory we call the genotype composition
(GC) model sees genetic novelty at mating levels in the
hyperpolyandry zone, those >m,~ 10, arising from unique
genotype compositions, expressed as optimum ratios of spe-
cialists and non-specialists. The number of these composi-
tions is potentially infinite because many compositions are
possible at the same value of average relatedness (Fuchs and

Moritz 1999). Colony fitness gains under the GC model,
therefore, will track mating number in a linear manner.
Polyandry in social Hymenoptera must therefore be under-
stood as a continuum along which different explanations are
required depending on whether the species’s mating biol-
ogy falls below or above the m,~10 asymptote. The Apini
and its sole genus Apis brackets this divide, with average
m, ranging from 5.6 in A. florea (Oldroyd et al. 1995) to
over 44 in A. dorsata (Tarpy et al. 2004) with A. mellifera,
our model species, ranging from 11 (Simone-Finstrom and
Tarpy 2018) to over 20 (Kraus et al. 2005) with records of
colony subfamily representation as high as 77 (Withrow and
Tarpy 2018). It should be noted that Apis expresses some of
the highest hyperpolyandry levels known, matched only by
African army ants Dorylus (Anomma) molestus m,=17.5
(Kronauer et al. 2004) and neotropical army ants m, <25
(Barth et al. 2014).

For most of the history of evolutionary biology, the
high ground for explaining character state change has
been held by gradualism. Polyandry certainly seems com-
patible with this notion, with first two mates, then three
and so forth, with adaptive colony-level changes obtain-
ing along the way. We cannot rule out saltational leaps
(Katsnelson et al. 2019; Bakhtin et al. 2021), especially
given that hyperpolyandrous mating numbers could be
stochastic outcomes of the chaotic and populous drone

Fig. 1 In a colony of social
Hymenoptera, average worker

Genetic diversity as a function of mating number
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congregation areas that young queens visit during their
aerial mating flights (Tarpy and Page 2000). But theory
(Fuchs and Moritz 1999) and experimental evidence
(Delaplane et al. 2015, 2021) show that hyperpolyandry
confers direct colony-level adaptive benefits especially
for more derived tasks such as parasite resistance.

In most honey bee experiments, investigators have
compared colony effects among queen bees instrumen-
tally inseminated with 1 or more drones (=m,, observed
mating number). An overwhelming majority of these
studies (Tarpy 2003; Tarpy and Seeley 2006; Mattila
and Seeley 2007, 2010, 2011, 2014; Seeley and Tarpy
2007; Mattila et al. 2008; Eckholm et al. 2011, 2015;
Girard et al. 2011; Desai and Currie 2015) has compared
colony effects of some observed mating number (m,> 1)
against only one other class — a single-drone insemina-
tion (m,=1). This approach is useful for demonstrating
qualitative differences between polyandry and monandry
but offers little understanding of the variation that occurs
along a continuum of mating levels that could drive a
gradualistic process toward the mating numbers we see
today.

In this paper, we are interested in describing colony-
level changes that occur along a range of queen mating
levels below and above the m,~10 asymptote, including
low mating numbers of the kind we expect at incipient
stages of polyandry in the corbiculate ancestors of Apini
and hyperpolyandrous levels we assume are derived. We
hypothesize that (1) colony-level gains in an ancestral
task foundational to eusociality (cooperative brood care)
will track the geometric increase and plateau of within-
colony genetic diversity illustrated in Fig. 1 consistent
with the PAC model, whereas (2) colony fitness gains
in a more derived character (resistance to a non-natural
parasite) will not be constrained by the rules of hymenop-
teran inheritance and are instead free to increase linearly
in compliance with the GC model. As either scenario col-
lapses to gene-based behavioral or physiological effects
in workers, we predict that (3) changes in polyandry state
will be reflected in detectable changes in worker task dis-
tributions. Although fitness in the honey bee is formally
the number of swarms produced and the number of drones
that successfully mate, we use two tokens for colony fit-
ness, brood production and colony Varroa mite levels,
that are reliable predictors of colony winter survival and
reproduction (Seeley and Visscher 1985; Van Dooremalen
et al. 2012). Moreover, the human-facilitated spread of
the parasitic mite Varroa destructor on its new host Apis
mellifera makes a good model system for studying how
A. mellifera responds to an idiosyncratic stressor with
which it has had an extremely brief evolutionary history
(Rosenkranz et al. 2010).

Methods
Study area and general design

The experiment involved instrumentally inseminating virgin
queens at different mating levels, housing each in a field
colony, and subsequently tracking colonies for brood pro-
duction and parasitic mite levels. The study was conducted
near Athens, Georgia, USA during spring and summer 2019
into spring of 2020. Experimental field colonies were started
between 20-21 Mar 2019, each with a standard package of
3 1b (1.4 kg) worker bees housed in a single deep Lang-
stroth super with a surrogate open-mated queen who was
removed and replaced after experimental queens became
available. Forty virgin supersister queens, all sisters of one
queen inseminated with one male such that all shared the
same mother and father, were reared, caged, and individually
housed in one of the field colonies after its surrogate queen
was removed. Inseminations began 15 Apr 2019, and each
inseminated queen was returned to her respective colony so
we could subsequently track her colony’s brood measures.
All colonies were kept in one apiary.

With an ancillary observation hive study, we tracked
same-aged worker cohorts through their task careers with
the aim of identifying differences in task distribution
based on polyandry.

Instrumental inseminations

Experimental queens were each instrumentally insemi-
nated (Cobey et al. 2013) with a mixture of physiological
saline (15% of volume) and the semen of 1, 2, 4, 8, 16, or
32 drones. Semen batches collected from multiple drones
were each discharged into an Eppendorf tube, manually
mixed with saline to encourage equal sperm representation
per drone, and redrawn into the same syringe subsequently
used to inseminate queens. As our independent variable
was polyandry sensu stricto and not drone source genet-
ics, we randomly selected 10 non-experimental colonies to
serve as drone donors. These drone-source colonies were
from common commercial beekeeping stocks but other-
wise genetically uncharacterized. Our different treatments
were each a mixture of semen from a random sampling of
drones from the 10 colonies (or from one colony in the
case of single-inseminated queens). Each queen received
a mixed semen volume of ~4 pL, controlling for effects of
semen volume (Payne and Rangel 2018). Following insem-
ination, each queen was marked with a unique number and
returned to her host colony. Over the next two days, each
queen was treated with CO, for 10 min to stimulate egg
laying (Mackensen 1947).
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Colony management

Queens were released after 1-3 days and colonies managed
according to standard practices. Colonies were fed supple-
mental sugar solution and given honey supers as needed to
accommodate colony growth. After all queens were released
and before we collected colony level data, colonies were
maintained for another 5 weeks to monitor for normal queen
egg laying performance and to allow for population turnover
to progeny of test queens. Following this period of attrition,
the beginning number of queens/colonies for each insemina-
tion group was m,=1 (n=06 colonies), m,=2 (7 colonies),
m,=4 (6 colonies), m,=8 (7 colonies), m,=16 (8 colonies),
and m,=32 (6 colonies). This ca. 35-day delay means that
an adult bee reared from an egg laid by its mother on her day
of release will be entering into her peak nursing period in
the honey bee’s schedule of age-based tasks, according to a
colony growth model developed for our region (Bartlett et al.
2022). This also means that experimental polyandry effects
were stronger later in our sampling regimen than earlier.

Dependent variables
Brood production and parasite numbers

Holistic colony strength measures, considered proxies for
fitness, were taken at roughly monthly intervals in Jun, Jul,
Aug, Sep, and Oct 2019.

Brood area was derived by visually summing proportions
of whole deep frames covered by brood (Delaplane et al.
2013) and converting frames of brood to cm? by the observa-
tion that one deep Langstroth comb (both sides) = 1760 cm?.

Relative numbers of parasitic Varroa destructor mites
were found by inserting sticky sampling sheets into bottom
board hive inserts and recording the number of Varroa mites
trapped after 24 h (Dietemann et al. 2013).

Worker task distributions

In Mar 2020, we removed combs of emerging brood from
one overwintered experimental field colony whose queen
was mated at the m,=16 level and from another colony
whose queen was mated at the m,=32 level. These were the
only two surviving colonies with enough brood to perform
the experiment. These combs were labeled by colony of ori-
gin, bagged individually, and kept overnight in an incubator
at 35 °C. The next morning, 100 newly emerged worker bees
from each colony were individually numbered with thoracic
tags (Mann Lake) color-coded by colony of origin, and all
200 workers introduced to one observation bee hive (day =0)
with a non-experimental open-mated queen and 311 of her
daughter workers whose number was estimated from a pho-
tograph. The resident workers were therefore surrogate hosts

@ Springer

to two embedded cohorts for whom we have knowledge of
m,. The disadvantage of this arrangement is that it is devoid
of the complexity of thigmotaxic and social cues that govern
polyandry effects in a normal whole colony. The advantage
is that it allows us to compare how different polyandry levels
can capture and express specialisms in a common experi-
mental environment. The comb in the observation hive was
1-sided to restrict bees to one surface and ease observations.
Beginning on day =1 (27 Mar 2020) and for 18 more days
until 14 Apr 2020 one investigator, naive to the bee labeling
designations, observed the marked cohort through the glass
for 15 min and recorded each incidence when a focal bee
performed one of 18 unambiguously identifiable behaviors:
tending queen, watching recruitment dance, dancing, admin-
istering vibration dance, receiving vibration dance, shaping
cappings, shaping cell edges, receiving grooming, autog-
rooming, allogrooming, pollen foraging (possessing pollen
on its corbiculum), building comb, fanning entrance, engag-
ing in trophallaxis, capping cells, cleaning emerged brood
cells, trimming cappings, and antennating another bee.

Statistical analyses
Strength measures

Analyses were performed using SAS v. 9.04 and JMP Pro
v. 11.0.0. Observations for colony strength were taken from
each colony at 5 different timepoints (Jun, Jul, Aug, Sep,
Oct). We were interested in determining the effect of poly-
andry over time on two tokens of colony fitness — brood area
and mite count. Our assumption was that increasing mating
numbers would be associated with improving colony level
fitness.

When residuals were found to deviate from normal dis-
tribution, the dependent data were log(In) transformed to
restore normality and confirmed as such with Shapiro—-Wilk
or Kolmogorov—Smirnov tests. We used repeated measures
models where each colony is measured at every timepoint
and colony is considered a random effect. Random intercepts
were included to allow for colonies with the same mating
level to be different from each other. All models include pol-
yandry and time; interactions of polyandry and time (which
would show whether the effect of polyandry was different
at different timepoints) were tested for each dependent vari-
able but found non-significant in every case and dropped.
Polyandry was considered numerically (value =m,), cate-
gorically, or as ranks such that (i, rank) were (1, 1), (2, 2),
(4,3), (8,4), (16,5), or (32,6), respectively. Linear as well as
quadratic (curved) relationships of polyandry to outcomes
were considered when polyandry was treated numerically
or as ranks. When polyandry was considered categorically,
we assumed no functional relationship between outcomes
and increasing levels of polyandry; each level was simply
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allowed to be different from another. Final models were cho-
sen based on their lower AIC and BIC values compared to
alternative polyandry treatments.

Worker task distributions

Assuming that increasing polyandry and colony diversity
are associated with changes in worker task specialization
leading to changes in colony fitness (Nonacs and Kapheim
2007; Gove et al. 2009), we considered two hypotheses: (1)
Increasing polyandry (m,=16 vs. 32) is associated with
higher number of specialists identifiable as individuals who
persist longer (across days) at certain tasks over others and
(2) Increasing polyandry is associated with decreasing num-
bers of overachievers identified as individuals who perform
a higher than average number of tasks (fewer generalists).
In the end we did not have enough workers persisting in any
task long enough to confidently label as specialists, so we
settled on hypothesis #2 which focuses on the number of
tasks per bee. We consider recovery of bees good. Of the
100-polyandry m, =16 cohort, 11 bees were never observed,
leaving 89 bees to include in the analysis. Of the 100 m,=32
cohort, 6 were never observed, leaving 94 bees to consider
in the analysis.

We tested for overachieving bees two ways: (1) by cal-
culating average number of tasks performed per individual
per day observed and (2) by calculating average number of
unique tasks performed per individual per day.

On each day a bee was observed, the number of non-
resting tasks it performed was counted. If a bee was seen
performing the same task more than once during the same
observation period, it was counted as one task. If a bee was
not observed during the observation on a particular day, that
day was not counted in the analysis for that bee. The param-
eter was converted to number of tasks per observation day.
As an example, if a bee was seen performing two tasks on
one day, one task on one other day, and was not observed
any other days, the total number of days observed is 2, and
the total number of tasks is 3 and tasks per observation day
is3/2=1.5.

To compare these averages for the two mating levels, we
used a Poisson regression. This is a count model that con-
siders the total number of tasks a bee was seen performing
(adding together the count of different tasks on each occa-
sion). Variability across bees was shown to be lower than
expected for a Poisson regression. Therefore, the model was
adjusted for underdispersion by decreasing standard errors
on the basis of a Pearson chi-square measuring the extent of
the underdispersion.

The second analysis considers the number of unique tasks
performed per bee over the course of the study. For example,
if a bee performs two tasks on one day and one of the tasks
again on a second day, this counts as just two kinds of tasks

performed, and average unique tasks performed per observa-
tion day is 2/2=1. To compare these averages for the two
mating levels, we used a Poisson regression as before, once
again adjusting for underdispersion in response to lower
variability across bees than expected.

Results
Brood area

After initial modeling, the residuals from the brood area
model were shown to be acceptably normally distributed
with both Shapiro—Wilk and Kolmogorov—Smirnov tests.
Polyandry was at first treated categorically, and only
timepoint was found to be statistically significant. Post-hoc
contrasts were run to see if there were polynomial trends
across the levels of polyandry. It was found that there was
at least a linear trend, so polyandry was next treated as a
numeric variable. Both the actual value of polyandry (m,)
and the rank value of polyandry were used as numeric inde-
pendent variables in separate models. Polyandry was found
to have significant curvature in its relationship with brood
area. The final model, chosen because it had the lower AIC
and BIC values of the two, included numeric polyandry (not
rank) as a continuous variable and detected a linear effect
of polyandry (F, 3,=7.47, P=0.0101), a quadratic effect
of polyandry (F; ;;¢=5.39; P=0.0268), and an effect of
timepoint (F 1,;,=61.8; P<0.0001). From Fig. 2, we see
that brood area increases with mating number until it reaches
its estimated peak at polyandry level ~m, =20 after which it
declines. Brood area declined over timepoints, and changes
in brood area expressed consistently over time across poly-
andry levels as the two terms did not interact (Fig. 2).

Mite counts

After initial modeling, the residuals from the mite count
model were found to be right skewed. A natural log (In)
transformation of mite count alleviated this; residuals tested
normally distributed with both Shapiro—Wilk and Kolmogo-
rov—Smirnov tests.

At first, polyandry was treated categorically and only
time was shown to be statistically significant in this model.
Despite the overall lack of significance, statistical contrasts
were run as post-hoc tests to see if there were polynomial
trends across levels of polyandry (for example, whether there
was a linear or quadratic (curved) relationship of polyandry
with In(mite count)). It was found that there was a linear
trend, so polyandry was next treated as a numeric variable.
Both the actual value of polyandry and the rank value of
polyandry were used as numeric independent variables
in separate models. Neither had a statistically significant
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F|g.22 .Changes in brood area Brood area by polyandry O Jun
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quadratic (curvature) term in relationship to In(mite count).
The final linear model, chosen because it had the lower
AIC and BIC values of the two, used polyandry rank as a
continuous variable and found significant effects for both
polyandry rank (F; 35,=5.07; P=0.0302) and timepoint
(Fy,133,=29.6; P <0.0010). The linear coefficient for ranked
polyandry across all timepoints was significantly negative,
-0.156 +0.069 (coefficient+ SE; ¢, ,5=38.1; P=0.0302),
indicating that as polyandry increased by one rank, from
1 through 6, the In(mite count) decreased by an estimated
-0.156. The In(mite count) increased over time but per-
formed consistently without interacting across polyandry
levels (Fig. 3).

Worker task distributions

The Poisson regression likelihood ratio tests found signifi-
cant differences in polyandry treatments for worker tasks
performed per day (F} ;g;=35.01, P=0.0253) which was sig-
nificantly higher in the m,=16 group (0.725+0.031 tasks
per worker per day; mean + SEM) than the m,=32 group
(0.632+0.028) (Fig. 4). The same held true when the effect
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was considered as unique worker tasks performed per day
(Fy151=5.79, P=0.0171) which was significantly higher in
the m,=16 group (0.604 +0.027 unique tasks per worker per
day; mean + SEM) than the m,=32 group (0.517 +0.025)
(Fig. 5).

Discussion

Our results show that by increasing her mating number m,,
(a proxy for m,), a honey bee queen confers on her colony
improved brood production and slower population growth of
a dangerous non-natural parasite, the mite Varroa destruc-
tor. These results were accompanied by a demonstration
that increasing queen mating number from m,=16 to=32
is associated with daughter cohorts who perform compara-
tively fewer tasks and fewer kinds of tasks per observation
interval. Results similar to these have been shown before
for brood and colony V. destructor levels (Delaplane et al.
2015, 2021), joining many other papers reporting improved
colony fitness measures with increasing polyandry (Tarpy
2003; Graham et al. 2006; Mattila and Seeley 2007; Seeley
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Fig.3 Changes in natural log- A ) .
transformed V. destructor mite 6 Mite counts by polyandry rank Timepoint
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Data were collected in monthly
timepoints from Jun-Oct. Pool-
ing all timepoints, for every
increase in rank polyandry from
1 to 6, In(mite count) decreased
according to the linear equation
y=3.6-(0.156*rank m,). Data
are color-coded according to
timepoint, and mite counts
significantly increased over time
but never interacted with ranked
polyandry. Tukey’s tests of
Ismeans showed that timepoints A
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Fig.4 Number of tasks Number of worker tasks performed per day
performed per day (+ SEM) observed

among same-aged worker bees

whose mother was inseminated

with m, =16 or 32 males. This 0.8
variable considers the average :
number of all tasks performed a
by a worker per observed day,
even if a task is repeated

0.74

0.68

0.62

Number of tasks

0.56

0.5

Polyandry

and Tarpy 2007; Girard et al. 2011; Desai and Currie 2015;  distribution offer insights into how polyandry evolved from
Eckholm et al. 2015; Soper et al. 2021). However, the pre-  incipient lows to averages as high as 40-44 as seen in mod-
sent design and inclusion of an experiment on worker task  ern Apini (Tarpy et al. 2004).
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Fig.5 Number of unique tasks
performed per day (+ SEM)

among same-aged worker bees
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with m,=16 or 32 males. This
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We want to make clear two ways in which we constrained
random genetic variation in this study: experimental queens
were all supersisters of one wild type non-selected mother,
and the drones they were mated to were sons of 10 differ-
ent wild type non-selected queens/colonies. These measures
were taken to focus on the effects of polyandry in a narrow
sense. If our constraint on maternal variation exaggerates
polyandry effects, our constraint on drone source colonies
understates it. Clearly, work like ours should be replicated
under more natural ranges and distributions of population
genetic variation, but the approach we take here reduces
noise and affirms the agency of increasing mating number
as a driver of colony-level changes in a vector predictable
for social evolution.

Brood area

Our results for brood area support our hypothesis #1: colony
gains in cooperative brood care, an ancestral task founda-
tional to eusociality, track the geometric increase and pla-
teau of within-colony genetic diversity consistent with the
PAC model. The curves for brood area (Fig. 2) closely match
the curve for predicted changes in within-colony genetic
diversity by mating number as constrained by haplo-diploid
inheritance (Fig. 1) (Palmer and Oldroyd 2000).

Genes contributing to aggregate brood production include
those responsible for the egg-yolk protein vitellogenin and
its effects on queen fecundity and worker nursing (Kent
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et al. 2011; Cardoso-Junior et al. 2021), the major royal
jelly proteins (Consortium 2006), nest temperature regula-
tion (Jones et al. 2004), and worker foraging preferences for
pollen or nectar (Hunt et al. 2007), to name a few. But more
to the point, theory (West-Eberhard 1996; Linksvayer and
Wade 2005) and experimental results (Amdam et al. 2006;
Cardoso-Junior et al. 2021) both support that ancient gene
networks associated with solitary maternal behavior were
coopted into pathways governing sibling care by sterile
workers — a defining tenet of eusociality. As such, we can
expect cooperative brood care to be present and sensitive to
patriline specialisms and efficiency gains acquired at incipi-
ent stages of polyandry evolution. The shape of the curves
in Fig. 2 suggests that these gains mirrored the geometric
increase in allele capture shown in Fig. 1 and occurred in
a gradualistic manner up to m,~20. However, we note the
decline in brood area at m, =32 which was universal except
for the Oct timepoint. One explanation for this is the pos-
sibility of conflict among increasing numbers of specialists,
especially if those individuals inherit different action thresh-
olds for focal tasks (Calderone and Page 1991). Evidence
for negative interactions among patrilines has been shown
for at least one indicator of colony fitness, seasonal weight
gain (Oldroyd et al. 1992). Specialist conflict may pose a
constraint on upper queen mating numbers alongside oth-
ers such as bird predation and risks of sexually transmitted
diseases (Schliins et al. 2005; De Miranda and Fries 2008;
Roberts et al. 2015).
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To put the present results in perspective we must con-
sider that brood production also increases at polyandry lev-
els higher than the m,~10 asymptote and therefore outside
the predictions of the PAC model. Delaplane et al. (2015)
showed higher brood rearing efficiency (cm? brood per 100
bees) in colonies whose queens were inseminated at m, =30
or=60 compared to queens inseminated at m,=15, and
Delaplane et al. (2021) showed that 3-day brood survival
was higher in colonies whose queens were inseminated at
m, =54 compared to queens inseminated at m,=9. Clearly,
many gene sets or individual specialist traits contribute to
aggregate brood production, some of which are responsive
to mating levels in the hyperpolyandrous zone.

Mite counts

In contrast to results for brood area, colony populations of
the non-natural parasite Varroa destructor declined with
increasing mating numbers in an exclusively linear manner
(Fig. 3), supporting our hypothesis #2: colony fitness gains
in a derived character are not constrained by the rules of
hymenopteran inheritance and are free to increase linearly
in compliance with the GC model.

Increasing polyandry alone did not reduce colony mite
populations, as V. destructor numbers increased every month
from June to October in a pattern typical on its non-natural
host Apis mellifera (Martin 1998); however, within each
timepoint increasing queen mating number was associated
with significantly slower rates of mite population growth.

We are interested primarily, however, in the fact that
colony fitness gains continued in a linear fashion up to the
highest mating level tested, m,=32. Other studies have
shown Varroa mitigation at mating levels of m,=30, 60
(Delaplane et al. 2015), or 54 (Delaplane et al. 2021). In
other words, the linear trend for improved colony resistance
to V. destructor at hyperpolyandrous mating levels is robust
with no upper limit yet detected. This pattern begs for an
alternate explanation because it is incongruent with the PAC
model that predicts diminishing returns for mating numbers
above m,=10.

Fuchs and Moritz (1999) proposed that colony fitness
gains in the hyperpolyandry zone accrue not from additive
population allele capture but rather from the random acqui-
sition of unique genotype compositions. While the pool of
population alleles is finite and their capture constrained in
Hymenoptera in the manner shown in Fig. 1, the number of
unique genotype compositions is bound by no upper limit.
Although these infinitely unique genotypes include combina-
tions that favor common ancestral tasks (as noted above for
brood production), it seems likely that changes in ancestral
states are weighted toward polyandry changes early in social
evolution and below the m,~ 10 asymptote. In contrast, it
is in the derived upper reaches of hyperpolyandry that we

find the kinds of unique allele compositions that mitigate
against rare, new, or idiosyncratic cliff-edge ecologic catas-
trophes (Mountford 1968; Boyce and Perrins 1987) such
as the lethal non-natural parasite V. destructor (Delaplane
et al. 2021). The negative linear relationship we show here
between colony mite levels and queen mating number mir-
rors the prediction of Fuchs and Moritz (1999) that optimal
genotype compositions continue increasing infinitely above
the m, ~ 10 asymptote; indeed it is in this zone that their
model predicts the highest fitness returns.

Our results are also supported from the perspective of
epidemiological theory on disease and parasite virulence
evolution. Ball (1985) and subsequent authors (Dwyer et al.
1997) have shown that reduced infectious disease burdens
are predicted in host populations with highly heterogene-
ous individuals compared to populations with homogenous
individuals even if average susceptibility to infection is the
same in both populations. Figure 1B in Dwyer et al. (1997)
in particular illustrates the importance of increasing host
heterogeneity at reducing rates of disease transmission as
environmental pathogen density increases. This hints at
another mechanism selecting for hyperpolyandry in euso-
cial evolution. As colonies increased in complexity, task
efficiency, and population size, hyperpolyandry would have
provided levels of population heterogeneity sufficient to off-
set the simultaneous increase in pathogen transmissibility
afforded by increasing host density in finite nest cavities.
Host heterogeneity decreases opportunity for a parasite to
specialize into one dominant virulent genotype (Brosi et al.
2017). In the context of the economically important western
honey bee Apis mellifera and its non-natural parasite Var-
roa destructor, whenever improved colony survival has been
detected whether in natural populations or as a result of con-
trolled breeding, the resistance mechanisms are numerous,
expressing phenotypic variants across behaviors, individual
immunities, population dynamics, and interactions with
associated pathogens. Poignantly, they share no common
molecular pathways (Mondet et al. 2020). One cannot escape
the possibility that any variation at all will help reduce total
parasite burden in large host populations.

Worker task distributions

Whether genetic novelty accumulates through population
allele capture (hypothesis #1) or unique genotypes (hypoth-
esis #2), its effects should collapse into observable differ-
ences in worker task distributions. We found that same-
aged siblings of a mother mated at m,=16 performed more
tasks (Fig. 4) and more types of tasks (Fig. 5) per observed
period than an identically aged cohort from a mother mated
at m,=32, supporting our hypothesis #3: changes in poly-
andry state will be reflected in detectable changes in worker
task distributions. Specialisms based on paternity have
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been shown for many life-critical common tasks including
guarding, undertaking, pollen collecting, nectar foraging,
scouting, regulating nest temperature, and nursing larvae
(Calderone and Page 1991; Chapman et al. 2007; Jones et al.
2007). Although no formal definition of a specialist has been
put forward for Apis mellifera, it is generally understood to
be an individual’s bias in favor of a focal task, measured
either by its exclusivity for that task or the time spent per-
forming it (see, for example, Nakamura and Seeley (2006)).
By extension, a specialist will perform fewer kinds of tasks
in her lifetime and, quite possibly, fewer tasks altogether
owing to group efficiencies. By the measures taken here,
siblings from the m,=32 mother are expressing higher rates
of specialism compared to workers from the m,= 16 mother:
with half the patrilines to recruit from, individuals in the
m,=16 cohort are pressed into performing more types of
tasks to meet colony needs. As the m,= 16 cohort represents
the fringe of the m,= 10 asymptote while the m,=32 cohort
is solidly in the hyperpolyandry zone (3X higher than the
m,=10 break point; Fig. 1), these results support the long-
standing assumption that benefits from polyandry are linked
to increased worker specialisms and task efficiencies (Gove
et al. 2009). What is new in our present results is a dem-
onstration that this mechanism holds across the continuum
from ancestral states of incipient polyandry to derived states
of hyperpolyandry.

Conclusions

We conclude that (1) ancestral colony-level phenotypes
fundamental to eusociality are responsive to mating level
changes at or below the m,~ 10 ceiling imposed by rules of
hymenopteran inheritance, whereas (2) more derived spe-
cialized colony phenotypes such as resistance to a non-nat-
ural parasite are responsive to mating levels unconstrained
by this ceiling and continue improving with increasing m,.
By either scenario, (3) the mechanism for increasing colony
level fitness is an increase in worker task specialisms and
task efficiency. The population allele capture (PAC) and
genotype composition (GC) models thus together explain
the whole range of mating numbers seen in the complex
social bees of Apini.

We postulate that ancestral traits foundational to eusocial-
ity were responsive to early forays into polyandry, prompt-
ing mating numbers to increase in a classically gradualistic
manner to the ceiling on population allele capture imposed
by haplo-diploid inheritance. Ecologic hazards and increas-
ing risks of parasite/pathogen transmission with increasing
nest population densities were, in turn, the drivers selecting
for even higher mating numbers. Extremely promiscuous
queens captured rare, highly potent alleles and increased
colony population heterogeneity, enabling colonies to resist
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rising risks of parasite and pathogen transmission and over-
come ecologic stressors that were novel or idiosyncratic.
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