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Abstract

Population density is a fundamental ecological factor that shapes the intensity of
competition within a species. Increased density often intensifies competition for
resources and mates, driving the evolution of diverse adaptive responses in
behaviour, morphology and physiology. A key area where density-mediated
competition manifests is in sperm competition. This occurs when sperm from multiple
males compete to fertilise the ova of a female. Species facing intense competition
exhibit a range of adaptations, including adjustments in sperm production, ejaculate
characteristics, and mating strategies. Elevated population density is a major factor
that can exacerbate sperm competition, further amplifying these evolutionary
pressures. Within this context, this thesis investigates the effects of apiary density on
reproductive strategies and drone physiology in the honey bee (Apis mellifera), a
highly social insect that exhibits a complex interplay between individual and colony-
level responses. Apiary density, characterised by the number of colonies within a
defined area, was manipulated across three treatments: low (8 colonies), medium
(60-68 colonies), and high (120 colonies). Drone brood production and comb
allocation (both drone and worker) were measured monthly to assess colony-level
investment in reproduction versus worker production. Total sperm count and the
proportion of viable sperm were assessed in drones collected from each density
treatment to evaluate sperm competition dynamics. Heat Shock Protein 70 (HSP70)
levels, a biomarker of cellular stress, were quantified in drones from each treatment
using an enzyme-linked immunosorbent assay. Colonies in high-density apiaries
exhibited significantly increased drone brood production and higher total sperm
counts compared to those in low-density apiaries. However, worker comb production

was significantly reduced in high-density apiaries, suggesting a trade-off between



resource allocation towards reproduction and colony maintenance. Sperm viability
varied across densities and seasons, with low-density treatments having a higher
proportion of viable sperm in early summer and medium-density treatments showing
higher viability in late summer. This suggests that while high-density may favour
increased sperm quantity, lower densities might facilitate greater investment in
sperm quality. Apiary density significantly predicted HSP70 concentration in drones,
with drones from high-density apiaries displaying significantly elevated levels,
indicating increased physiological stress. These findings suggest that colonies in
high-density environments experience intensified sperm competition, responding by
increasing drone and sperm production. However, the observed variation in sperm
viability and reduced worker comb production implies that this augmented
reproductive investment may compromise overall colony function. The elevated
HSP70 levels further corroborate that drones in high-density apiaries are subjected
to greater physiological stress. Crucially, this study provides a unique perspective by
demonstrating that apiary density, a factor often controlled in beekeeping, acts as a
significant driver of reproductive strategies and physiological stress at both the
colony and individual drone level within a superorganism. This highlights the
profound impact of a managed environmental parameter on the evolutionary
dynamics of a highly social species, offering critical insights for sustainable

apicultural practices.
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CHAPTER 1

Literature Review



Reproductive Competition

Sexual reproduction inherently generates competition among males, who often strive
to maximise their reproductive success by siring as many offspring as possible
(Andersson & lwasa, 1996). However, their opportunities are fundamentally limited
by the presence and competitiveness of other males (Kokko et al., 2014). This
dynamic, known as male-male competition, is central to the evolution of reproductive
traits and strategies (Boomsma et al., 2005; Kokko et al., 2014). It drives the process
of sexual selection, where traits that enhance a male's ability to outcompete rivals in
securing mates and fertilisations become more prevalent within a population. These
traits can range from physical weaponry used in direct confrontations to elaborate
displays that attract females, and even to subtle physiological adaptations at the
level of sperm (Boomsma et al., 2005; Kokko et al., 2014). Ultimately, the intensity of
male-male competition, and the nature of the traits it favours, depend on a range of

ecological and social factors.

Population Density and the Intensification of Sexual Selection

Population density is a key demographic factor that significantly influences the
intensity of sexual selection, particularly through its effects on male-male competition
for mates (Bretman et al., 2013). As the number of males within a given area
increases, so too does the competition for limited resources, mating, and fertilisation
opportunities. This intensified competition subsequently amplifies the selective
pressures associated with sexual selection, driving the evolution of more elaborate
or effective traits that improve mating and fertilisation success (Evans & Magurran,

2000; Grant & Kramer, 1992; Vanpé et al., 2008). Crucially, variation in population
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density across different populations can result in differences in trait expression and
behaviour, even to the point of loss of a sexually selected trait in areas with low-

density (Kokko & Rankin, 2006).

Population density affects the selection landscape in several fundamental ways,
such as indirectly influencing sexual selection by altering access to resources
(Winkler et al., 2023). In denser populations, competition for resources, such as food
or nesting sites, can increase, which then ultimately affects the strength and direction
of sexual selection (Cattelan et al., 2020; Gwynne, 1990). Therefore, in high-density
populations, males may face intense selection for traits that allow them to effectively
compete for limited resources, in addition to direct competition for mates. Moreover,
population density also influences the frequency and nature of interactions between
individuals of the same species (Winkler et al., 2023; Kokko & Rankin, 2006). As
density increases, so does the probability of encounters with other members of the
same species. The increased frequency of interactions can intensify competition for
mates but also alter mate searching and mate choice dynamics (Kokko & Rankin,
2006). Higher densities can lead to increased mate sampling by females, as well as
decreased monopolisation of mating opportunities by males due to a greater

frequency of competitive interactions (Watts et al., 2022; Aronsen et al., 2013).

The effect of density on male-male competition is evident from observations across a
range of species, including insects, fish, and mammals (Evans & Magurran, 2000;
Grant & Kramer, 1992; Vanpé et al., 2008). Consequently, males face greater
selective pressures to develop superior traits that improve their chances of mating
and passing on their genes. Traits can manifest as elaborate mating displays, such
as the exaggerated plumage in birds-of-paradise or the complex courtship rituals of
bowerbirds (Ligon et al., 2018; Uy & Borgia, 2000). Additionally, more aggressive
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behaviours can emerge, where direct contests or dominance hierarchies are more
prevalent, as seen in red deer (Vanpé et al., 2008). Males may also invest more
resources into sperm production, adjusting ejaculate quality, quantity, and
composition in response to increased competition (Evans & Magurran, 2000; Gage,

1998).

Furthermore, denser populations amplify sperm competition. In these higher-density
settings, females are more likely to mate with multiple males (Kokko & Rankin,
2006). Multiple mating leads to greater competition for fertilisation opportunities,
which drives the selection of traits that enhance a male's ability to outcompete rival
sperm (Gage, 1998). The link between population density and sperm competition
illustrates the interconnectivity between demography and sexual selection, where the
environment shapes the dynamics of mating and fertilisation. While the theoretical
underpinning of these processes is strong, there are relatively few studies directly
exploring the effect of population density on sexual selection. Despite the strong
predictions for the influence of population density on sexual selection, this effect is
often overlooked in experimental studies. Population density strongly influences
sexual selection, accelerating the evolution of traits linked to reproductive

competition.

Reproductive Competition: A Powerful Evolutionary Force

A central theme in reproductive biology is the evolutionary process of sperm
competition, where sperm from multiple males compete to fertilise a single female’s
ovum. (Parker, 1970). This phenomenon is prominent in polyandrous species, where
females mate with several males during one or multiple reproductive cycles
(Birkhead & Magaller, 1998). Sperm competition acts as a strong selective pressure,
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shaping various male reproductive traits and strategies aimed at increasing
fertilisation success (Simmons, 2001; Snook, 2005). These adaptations are diverse,
reflecting the intricate nature of this competition, and include variations in sperm
quantity, morphology, ejaculate composition, and mating behaviour (Simmons, 2001;

Snook, 2005).

Behavioural and Physiological Strategies

Males have evolved a range of behavioural and physiological strategies to maximise
their fertilisation success in the face of reproductive competition. The specific
strategies favoured often depend on the nature of this competitive pressure,
particularly the patterns of sperm precedence, which dictate the relative fertilisation
success of sperm from different males (Simmons, 2001). Last-male sperm
precedence, where the last male to mate fathers a greater proportion of offspring, is
a common pattern in many species (Birkhead & Mgller, 1998). This pattern selects
for strategies that ensure a male's sperm is the last to enter the female's
reproductive tract. A prevalent strategy under last-male precedence is mate
guarding, where males actively prevent rival males from accessing the female after
copulation (Moller & Birkhead, 1993). This behaviour is particularly common in birds
and insects, where males may remain with the female for extended periods,
physically blocking other suitors. Males also engage in frequent copulation to
maximise the likelihood that their sperm is the most recently deposited (Simmons,
2001). This can be seen as a form of "defensive" mate guarding, ensuring that any
subsequent matings by rivals are less likely to displace the male's sperm (Simmons,
2001). In species of damselflies, males have evolved specialised structures to

actively remove or displace the sperm of previous males from the female’s
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reproductive tract before transferring their own (Siva-Jothy & Tsubaki, 1989). This

behaviour can be highly effective in ensuring paternity under last-male precedence.

In contrast to last-male precedence, first-male sperm precedence favours males who
are the first to mate with a female. This pattern is often found in species where
females store sperm for extended periods or where the first sperm to reach the eggs
has a significant advantage in fertilisation (Simmons, 2001). Under first-male
precedence, selection strongly favours males who are adept at locating and
inseminating virgin females quickly. This can involve the evolution of enhanced
sensory capabilities to detect female pheromones or other cues (Herberstein et al.,
2017). Males may exhibit protandry, emerging earlier in the breeding season than
females to gain a temporal advantage in the race to find receptive mates
(Herberstein et al., 2017). Once a female is located, rapid copulation is crucial, and
sperm may be adapted to resist displacement by subsequent males, helping to
preserve the first-male advantage. This can be achieved through specialised
structures that anchor sperm within the female's reproductive tract or chemical
components in the seminal fluid that inhibit the movement or viability of rival sperm
(Simmons, 2001). Adaptations that allow sperm to quickly reach and fertilise eggs,
such as increased motility or enhanced ability to penetrate the egg's outer layers,

would be highly advantageous under first-male precedence.

Where sperm mixing or incomplete precedence occurs, males may focus investment
into sperm quality, and quantity or even employ chemical strategies through seminal
fluid to incapacitate rival sperm or manipulate female behaviour (Firman, 2018). This
often occurs in species where females mate with multiple males and the sperm of
various males’ mixes within the reproductive tract (Poiani, 2006; Rhodes et al., 2011;
Tofilski et al., 2012).
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Morphological Adaptations to Sperm Competition

The risk and intensity of sperm competition can drive the evolution of specific
morphological adaptations (Pitnick, 1996). Males in populations experiencing intense
sperm competition tend to develop larger testes, allowing the production of greater
numbers of sperm. This suggests that the capacity to adjust testes size in response
to competition is an evolved trait. Additionally, it is often correlated with the
production of larger ejaculates, as observed in guppies (Poecilia reticulata) (Evans &
Magurran, 2000; Parker, 1982). Beyond simply increasing sperm numbers, sperm
competition can also drive changes in sperm morphology. For example, some
Drosophila species produce elongated sperm under competitive conditions (Pitnick,
1996). Longer sperm may have an advantage in reaching and fertilising the egg first,
or in displacing previously stored sperm. Other morphological adaptations include
changes to sperm structure, such as the development of more streamlined sperm in
particular bird species, that have higher mitochondrial content to increase swimming
speed and efficiency (Humphries et al., 2008). Although these examples highlight
general patterns of morphological adaptation in response to sperm competition, the

precise mechanisms that underpin these trends remain an area of active research.

The diverse strategies employed by males highlight the variable nature of sperm
competition. Some strategies, such as producing larger ejaculates or increasing
mating frequency, represent a “numbers game” by simply outnumbering the sperm of
competitors. Contrastingly, other strategies prioritise sperm quality over quantity.
Males may invest instead in sperm that are more mobile, longer lived, or more

capable of penetrating the egg (Fitzpatrick et al., 2009; Gage, 1998).
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Sperm Competition in the Context of a Superorganism

Species utilise different strategies to maximise reproductive success. Sperm
competition is a multifaceted process where diverse adaptations are influenced by
sexual selection. The intensity of this competition is influenced by various factors,
including mating frequency, the number of competing males, and female mating
behaviour (Shackelford et al., 2005). While the influence of demographic factors on
male-male competition and its associated evolutionary adaptations has been
explored in various species, this relationship remains largely unstudied in the context

of superorganisms.

Superorganisms, such as ants, termites, and some bees, exhibit a unique social
structure where individuals function as interconnected parts of a larger, cohesive
unit, with the reproductive division of labour (Canciani et al., 2019; Moritz &
Southwick, 1992; Seeley, 1989b). This model suggests that superorganism colonies
act as a unified unit of selection, analogous to a multicellular organism where
individual cells function together for the organism's overall success, and the colony's
overall success takes priority over the reproductive success of individual members

(Page & Metcalf, 1984).

Within a superorganism, we can consider the reproductive individuals as
representing the germline, while the non-reproductive individuals represent the soma
(Boomsma et al., 2014). This framework allows us to explore the concept of sperm
competition at two levels: the level of the individual male's sperm and the level of the
colony's "sperm" (i.e., the drones it produces). Furthermore, this leads to an

important question: if the colony functions as a single organism, can drones be
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viewed as its flying gametes, and therefore would we expect to see sperm

competition dynamics reflected in the production and traits of drones?

To address this gap, we can use the western honey bee (Apis mellifera) as a model
superorganism. The honey bee provides a valuable system for investigating these
complex social dynamics due to several practical advantages. First, First, the long-
standing history of apiculture and scientific research on honey bees provides a
strong foundation for studying their biology and behaviour (Canciani et al., 2019;
Gates, 1914; Phillips & Demuth, 1914; Tarpy, 2024). Second, the reproductive
biology of honey bees, particularly the mating dynamics at drone congregation
areas, is relatively well-characterised (Baudry et al., 1998; Brutscher et al., 2019;
Jaffé et al., 2009; Moskri¢ et al., 2020). Third, the ability to manipulate honey bee
colony population densities through the transport and management of hives provides
a unique opportunity to experimentally investigate the effects of density on
reproductive competition. Finally, understanding how high-density management
scenarios, such as those encountered during commercial pollination and honey
production, affect colony physiology and reproductive success has practical

relevance for beekeeping and optimising pollination services.

Within this framework, honey bee colonies are characterised by a hierarchical
structure. Non-reproductive female workers undertake tasks related to foraging, nest
maintenance, and brood rearing (Moritz & Southwick, 1992; Seeley, 1989b). Male
drones are solely dedicated to reproduction, while the queen's principal role is to lay
both fertilised (diploid) eggs, which develop into queens or workers, and unfertilised
(haploid) eggs, which develop into drones (Slater et al., 2021). Approximately five
days after emerging, queens will embark on mating flights, typically undertaking one
to five such flights over a week (Koeniger et al., 2014; Seeley, 1989).

17



Characteristically polyandrous, a single queen will mate with numerous drones.
Recent research suggests that the number of drone matings may be significantly
higher than previously thought, with estimates averaging 54.5 mates and ranging up
to over 90, based on the discovery of cryptic royal subfamilies that are not
represented in worker offspring (Withrow & Tarpy, 2018). While earlier estimates
based on worker paternity analyses suggested an average of around 12-20 matings,
these likely underestimated the true extent of polyandry (Winston, 1991). The sperm
obtained from these matings is then stored in the queen's spermatheca and must
suffice for the duration of her life (Rhodes et al., 2011; Shafir et al., 2009; Tofilski et

al., 2012).

This complex social organisation greatly influences the dynamics of sperm
competition. Drones from neighbouring colonies compete for opportunities to mate
with queens (Jasper et al., 2020; Shafir et al., 2009; Tofilski et al., 2012). Drones
achieve this by gathering in drone congregation areas (DCAs), specific aerial
locations where drones from many colonies congregate, sometimes in the
thousands, waiting for the arrival of virgin queens. While the general location of
DCAs are known to remain consistent, the stability of a DCA on any given day, in
terms of drone numbers, can vary, and the precise mechanisms that regulate daily
DCA formation and drone attendance are not fully understood (Ruttner, 1966).
Drones, however, do need to return to their colonies periodically, presumably to be
fed, approximately every 20-30 minutes (Koeniger et al., 2005). This need to refuel
likely imposes a selective pressure to attend DCAs that are relatively close to their
home colony, minimising travel time and maximising the time spent at the DCA,

increasing their odds of encountering a queen (Koeniger et al., 2005).
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Within the DCA, drones are generally dispersed until a queen arrives. The presence
of a queen is initially detected through her pheromones, which trigger a rapid and
dramatic change in drone behaviour (Page, 1986; Tofilski et al., 2012). Drones then
use visual cues to orient towards the queen, forming a characteristic "comet" of
hundreds of drones chasing her from below and behind (Bastin et al., 2017).
Competition at this stage is primarily a numbers game, with drones relying on their
flight speed and agility to increase their chances of reaching the queen (Loper et al.,
1992). Interestingly, there is a remarkable lack of direct physical contact or fighting
between drones as they compete to mate, suggesting an evolutionary strategy that
prioritises speed and positioning over aggression (Rangel & Fisher, 2019).
Furthermore, the presence of the "mating sign" (the endophallus of the previously
mated drone) on the queen appears to enhance her attractiveness to other drones,

potentially increasing the intensity of competition (Baer, 2005; Zhao et al., 2021).

While queens do have the ability to reject further mating attempts, the specific
circumstances and reasons why a queen might be present at a DCA but not
receptive to mating are not fully understood. Research using tethered queens flown
at DCAs has shown that queens are not always receptive to mating, but the factors
influencing their receptivity in natural settings require further investigation (Jacobson,
2012). Once a drone successfully mates with a queen, they do so in flight. The drone
will transfer its sperm via its endophallus (Figure 1-1) (Slater et al., 2021). Eversion
of the endophallus during mating is fatal for the drone, and the endophallus itself
detaches and remains in the queen, rendering the male obligately monogynous (i.e.,
single male mating) (Slater et al., 2021). The sperm is then subject to mixing in the
queen’s oviducts as they contract (Page, 1986; Tofilski et al., 2012). However, only a

small portion of the total sperm in the queen’s spermatozoa is stored for ova
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fertilisation, the rest is expelled through the sting chamber (Liberti et al., 2019;

Tofilski et al., 2012).

By framing drones as the colony's 'sperm’, we can investigate how the colony might
adapt its reproductive strategy in response to varying levels of competition (Baer,
2005; Boomsma et al., 2005). This includes examining both the abundance of
drones produced by the colony and the individual traits of those drones, such as
sperm quality and quantity (Rangel & Fisher, 2019). For example, in populations with
high competition (i.e., high population density or male-biased sex ratio), the colony
may invest in producing more drones or in enhancing drone sperm quality or quantity
to increase its chances of successfully mating with queens. By addressing the
colony's response to male-male competition at both the population and individual
drone levels, we can gain a deeper understanding of how the colony's reproductive
strategy, as a superorganism, interacts with individual drone biology. This
perspective highlights the link between demography and reproduction in honey bees,
suggesting new avenues of research into how colonies adapt to varying levels of

competition.
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Figure 1-1. During mating, the male drone deposits spermatozoa and
seminal fluids into the queen's oviduct, as illustrated in this depiction of
the mating process (Slater et al., 2021).

Honey Bee Sperm Morphology

Sperm Polymorphism

Honey bee sperm competition involves a range of mechanisms that operate at the
molecular and cellular levels. First, the phenomenon of sperm polymorphism, where
two distinct subpopulations exist within the drone ejaculate, presents a crucial
starting point (Tofilski et al., 2012). Tofilski et al. (2012) identified two distinct
populations of live spermatozoa in honey bee drone semen. They also noted that
proteins present in the seminal fluid of the non-viable sperm tended to coagulate

when exposed to the spermatozoa of another drone. This suggests a potential
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offensive mechanism for sperm competition, where one subpopulation of sperm, or
its associated seminal fluid, may be allocated to incapacitating or eliminating the
sperm of rival males. It is plausible that different sperm morphs are selected for
different roles. These roles could include directly competing for fertilisation or having
alternative functions like blocking or eliminating rival sperm through their interactions
with seminal fluid. Such a mechanism would align with observations in other species,
where certain sperm morphs are specialised for competitive functions rather than
fertilisation. For example, in the sawfly parasitic wasp (Dahlbominus fuscipennis),
sperm morphs have been shown to exhibit differential fertilisation capabilities. These
morphs may also influence the sex ratio of the offspring by differentially fertilising or
blocking access to the egg (Lee & Wilkes, 1965; Swallow & Wilkinson, 2002). The
dextral and sinistral sperm coils observed in the sawfly parasitic wasp serve as
evidence that different sperm morphs may have evolved specific functions (Figure 1-
2). Furthermore, this mechanism is similar to that seen in Drosophila melanogaster,
where seminal fluid proteins can incapacitate rival sperm, thus increasing the chance
of fertilisation by a particular male (Harshman & Prout, 1994). Further research
should focus on confirming the role of the two subpopulations, but also on the
genetics of these differences and what trade-offs exist between them. This could
involve using advanced imaging techniques to visualise their interactions within the
reproductive tract of the queen. Alongside these methods, molecular techniques can
be utilised to identify genetic and proteomic differences that are responsible for the

observed distinct morphological forms.
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Figure 1-2. A detailed view of a sperm cell, including a cross-section of the mid-
piece. The mid-piece encompasses a mitochondrial sheath, a helical formation that
encloses the outer dense fibres and axoneme. A three-dimensional representation of
the mid-piece is shown to demonstrate the mitochondrial gyres—the spiralling
structures formed by the mitochondrial sheath (Bracke et al., 2017; Nassir et al.,
2022).

Quality Over Quantity?

Beyond the quantity of sperm produced, both sperm quality and ejaculate volume
are important determinants of fertilisation success (Baer, 2005; Bratu et al., 2022;
Gencger & Kahya, 2020; Metz & Tarpy, 2022). Drones with a higher proportion of
viable sperm and fewer morphological abnormalities, such as defects to the head,
acrosome, or tail, are better equipped to navigate the female reproductive tract and
successfully fertilise the queen’s eggs (Bratu et al., 2022; Rhodes et al., 2011).
These structural components are critical for the overall functionality of the sperm.

The head, which contains the genetic material, must be properly formed to enable
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penetration of the egg; the acrosome must have the necessary enzymes for
fertilisation; and the tail's integrity directly impacts motility. Furthermore, the structural
integrity of the mitochondrial gyres, which surround the midpiece, is also essential for
energy production and proper sperm motility (Bracke et al., 2017; Nassir et al.,
2022). Any structural or biochemical abnormalities in these areas are likely to
compromise a sperm’s ability to reach the egg and be successful at fertilisation. This
delicate balance is further emphasised by the high concentration of sperm within
ejaculates produced by honey bee drones. Evolutionary pressures have resulted in a
strategy of producing abundant and highly concentrated sperm, which may
compensate for any sperm loss within the queen’s reproductive tract (Bratu et al.,
2022; Genger & Kahya, 2020; Metz & Tarpy, 2022). Furthermore, because drones
only mate once in their lifetime, there is likely a strong selection to maximise the
transfer of sperm during that single mating opportunity. This “all-in” reproductive
strategy further reinforces the importance of ejaculate size and sperm concentration.
Unlike in other species, where sperm dilution can be a potential issue, honey bees
seem to have developed a strategy to ensure a large quantity of sperm is available
for fertilisation. As Calhim et al. (2007) highlight, it is not just the number of sperm,
but also their quality that is important. Therefore, drones must strike a balance
between the number of sperm they produce and the quality of those sperm to
maximise their chances of reproductive success. This complex interaction
emphasises the delicate evolutionary balance between sperm quality and quantity
and underscores the need for drones to optimise sperm output and maximise their

fitness while maintaining sufficient levels of sperm viability.
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Population Density: A Driver of Competition and Reproductive Strategies

In the context of honey bees, population density refers to the number of colonies
within a given area, encompassing both managed apiaries and feral colonies. This
density, regardless of whether it's concentrated in a few large apiaries or dispersed
across many smaller ones, exerts a significant influence on colony dynamics and
reproductive strategies (Lee & Winston, 1987). It acts as an environmental pressure,
dictating the intensity of competition for resources, space, and mating opportunities.
From the perspective of the honey bee colony, viewed as a superorganism, the
primary goal is to maximise reproductive fitness. Therefore, colonies could be
predicted to respond to the level of competition imposed by surrounding colonies. In
high-density settings, this response could manifest through colonies producing more
drones, thereby increasing the number of individuals available to compete in mating
events (Rangel & Fisher, 2019; Seeley & Mikheyev, 2003). However, this increased
drone production could also lead to heightened intra-colony competition for
resources, particularly food, potentially influencing their development and raising
stress levels. The need to reallocate colony resources to support this increased
drone production poses a significant challenge, particularly as high-density settings
can also intensify foraging pressure and lead to more rapid resource depletion
(Boes, 2010; Seeley & Mikheyev, 2003; Smith et al., 2015). The balance between
increased drone output and energetic costs remains a critical question. It remains
unclear what additional strategies colonies may employ under high-density
conditions. The way that colonies allocate their resources (especially in relation to
worker bees and honey production) in the face of intense competition is also

important and requires further investigation. The specific trade-offs and
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consequences of high-density environments require further research to fully grasp

how colonies optimise their reproductive strategies under density-driven competition.

As previously discussed, drones, acting as the 'sperm' of the superorganism, play a
crucial role in the colony's reproductive success (Baer, 2005; Boomsma et al., 2005).
The parallel between drones and sperm becomes clear when we consider their roles
in competition: just as sperm from individual males compete to fertilise an egg,
drones from individual colonies compete to mate with a queen. This dynamic leads
to a different manifestation of sperm competition at the individual drone level
compared to the colony-level adaptations. As competition intensifies, particularly in
high-density apiaries, individual drones are under greater pressure to invest in sperm
quality and quantity to outcompete rivals (Gage, 1998). This mirrors patterns
observed in many non-eusocial animals, where increased density results in
intensified competition for mates and resources (Bretman et al., 2013; Evans &
Magurran, 2000; Grant & Kramer, 1992; Vanpé et al., 2008). Therefore, it is
reasonable to expect a similar response in honey bees, with high apiary density
leading to intensified resource competition within the colony and a heightened
intensity of sperm competition among drones. In fact, apiary density can be seen as
a critical demographic factor that directly shapes the competitive landscape and
evolutionary pressures experienced by both individual drones and the colony as a
whole. This highlights the need for research exploring how drones perceive levels of
competition and how their behavioural and physiological responses are directly
impacted by environmental factors like apiary density. The question that remains is
how will honey bees balance the trade-offs that they are facing when they are
surrounded by a high number of competing colonies? Furthermore, how might this

affect the overall health, productivity, and long-term viability of the colony?
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A Molecular Marker of Stress in Competitive Environments

The physiological consequences of intensified competition and abiotic stressors on
individual drones, specifically in the context of varying apiary densities remains
poorly understood. Especially when considering the potential for long-term stress to
impair cellular mechanisms, including the essential stress response pathways

(Morimoto, 1998).

For organisms to maintain cellular homeostasis under duress they must rely on
several stress response mechanisms. One of the most important mechanisms
involves the upregulation of heat shock genes, which encode heat shock proteins
(HSPs) (Morimoto, 1993). Heat shock proteins (HSPs), particularly HSP70, are
central to cellular homeostasis. They act as molecular chaperones that respond to
stressful conditions (King & MacRae, 2015; Mayer & Bukau, 2005). These assist in
protein folding, preventing aggregation, and facilitating the degradation of damaged
proteins (King & MacRae, 2015). HSP70 is a highly conserved protein and is a
critical part of the cellular stress response pathway across all living organisms.
Additionally, HSP70 plays a key role in repairing damaged proteins, enabling cells to
withstand environmental stressors relevant to apiary conditions, including thermal
stress, starvation, pesticide exposure, and pathogen load (Mayer & Bukau, 2005).

Therefore, it is a crucial factor in maintaining cellular integrity under duress.

Initially discovered in response to heat stress, it is now well-established that HSPs,
including the extensively studied heat shock protein 70 (HSP70), are upregulated in
response to a wide array of stressors such as starvation, toxins, oxygen deprivation,
and crucially, competition for resources (Feder & Hofmann, 1999; King & MacRae,
2015). HSP70 expression responds rapidly to stressors, with concentrations

increasing within minutes of exposure, making it a more responsive indicator than
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other cellular markers like oxidative regulation or DNA damage (Beckham et al.,
2008; Dhama et al., 2019; Farcy et al., 2009; Moreira-de-Sousa et al., 2018; Mosser
et al., 2000). Studies on cell lines have also demonstrated that HSP70 expression is
proportional to the toxicity level of stressors (Gibney et al., 2001). Furthermore, the
signalling pathways that regulate HSP70 expression during stress responses are
highly conserved across diverse taxa, including vertebrates, invertebrates, and
single-celled organisms. This highlights the fundamental importance of this protein in

maintaining cellular integrity (Morimoto, 1998).

In honey bees, the significance of HSP70 is increasingly recognised. Studies have
shown its involvement in thermotolerance, immune response, pesticide exposure,
parasites and bacterial infections (Abou-Shaara, 2024; Al-Ghzawi et al., 2022;
Dubovskiy et al., 2013; King & MacRae, 2015; Y. Li et al., 2017; McMenamin et al.,
2020; Scharlaken et al., 2008; Shi et al., 2024; Wojda et al., 2009). Furthermore,
research on other insect species indicates that food limitation, a direct consequence
of resource competition, can induce physiological stress and influence HSP
expression (Chen et al., 2018; Wang et al., 2007). The carob moth (Ectomyelois
ceratoniae), for example, during caloric restriction has been shown to modulate the
expression of various HSPs, including HSP70, suggesting a link between resource
availability and the cellular stress response (Farahani et al., 2020). While direct
evidence specifically linking competition for resources to HSP70 upregulation in
honey bee drones is still emerging, these findings in other insects, combined with the
known sensitivity of HSP70 to a wide range of stressors, suggest that resource
competition in high-density apiaries could indeed be a significant factor influencing
drone physiology and HSP70 levels. However, most research has centred on worker

bees, leaving a significant gap in our understanding of HSP70's role in drones
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(Figure 1-3) (McAfee et al., 2022). Given the drone’s importance in passing on their
queen’s genes, understanding how apiary density and colony population density

affect their physiological condition is important (Slater et al., 2021).
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Figure 1-3. A bar graph comparing the number of publications identified in Scopus
between 1999 and 2025 for two distinct search terms. The bar containing the
terms “Apis mellifera” and/or “worker” and “HSP70,” represents 34 publications
(Scopus, n.d.-b). This indicates a focus either generally on honey bees or honey
bee workers. The bar representing only two publications contains the terms “Apis
mellifera,” “drone,” and “HSP70”. This highlights a significant gap in research on
drones and HSP70 (Scopus, n.d.-a).

Thesis Aims

In this thesis, | aim to investigate the effects of apiary density on honey bee (Apis
mellifera) reproductive strategies and drone physiology, viewed through the lens of
the superorganism concept. To do this, | examine how colonies and individual drones
respond to varying levels of competition, as facilitated by apiary density. This

research contributes to a deeper understanding of the complex interplay between
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demography, reproductive investment, and physiological trade-offs in honey bees.
This research explores the practical application of these findings for apiary

management and honey bee conservation.

In Chapter Two | present an empirical study investigating the effects of apiary
density on reproductive investment. Using a field study design, | compare colonies
across low, medium, and high-density apiaries. At the colony level, | test the
hypothesis that high-density settings will result in increased drone brood production,
measured through drone comb and brood area. At the individual level, | analyse
sperm quantity and quality in drones from each density treatment. | test the
hypothesis that drones from high-density apiaries will have higher total sperm counts
but also explore the potential trade-off between sperm quantity and quality by

examining the proportion of viable sperm.

In Chapter Three, | investigate the impact of apiary density on drone stress
responses by quantifying HSP70 expression. Drones are sampled from each density
treatment and analysed using an ELISA kit. | test the hypothesis that drones from
high-density apiaries will exhibit higher HSP70 levels, indicating elevated
physiological stress. The results are interpreted in the context of insect stress

responses and their implications for drone health and reproductive potential.

In Chapter Four, | synthesise my research findings, discussing the implications for
our understanding of honey bee reproductive biology in the context of the

superorganism concept and reproductive competition theory. | evaluate the support
for the initial hypotheses, address the study’s limitations, and propose avenues for

future research. Finally, | consider the real-world implications of this research for

30



apiary management and honey bee conservation, emphasising how these findings

can contribute to more sustainable beekeeping practices.

CHAPTER 2

High-Density Apiaries Drive Drone Production and Sperm Counts, but Reduce
Worker Comb
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Abstract

Honey bee (Apis mellifera) colonies function as superorganisms where reproductive
competition increases is predicted to increase with higher apiary densities. This
increased competition may drive adaptive reproductive strategies, including changes
in sperm characteristics within individual drones, and adjustments in drone
production at the colony level. Our study investigates the reproductive strategies
employed by honey bees in high-, medium-, and low-density apiaries, particularly
focusing on drone production and their sperm characteristics. We hypothesised that
honey bee colonies respond to increased reproductive competition, driven by higher
apiary density, through both colony-level and individual-level adaptations. At the
colony level, we predicted increased drone production. At the individual level, we
predicted both higher total sperm counts and a greater proportion of viable sperm in
drones from high-density apiaries compared to those from low-density apiaries. We
set up three levels of apiary density (low, medium, and high). To assess colony-level
resource allocation we measured drone comb and drone brood production across
three months, whereas worker comb production was measured across two months.
We also collected sexually mature drones from colonies in each density treatment to
determine sperm quantity and viability. Colonies in high-density apiaries exhibited
increased drone brood production and significantly higher total sperm counts
compared to those in low-density apiaries. However, worker comb production was
reduced in high-density apiaries, suggesting a trade-off between reproduction and
colony maintenance. Furthermore, sperm viability varied across densities and
seasons, with low-density treatments having a higher proportion of viable sperm in
early summer and medium-density treatments showing higher viability in late

summer. Our findings suggest that colonies in high-density environments face
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intensified sperm competition, which they respond to with increased drone and
sperm production. However, it is important to note that these observations are based
on unreplicated apiary densities and a truncated data collection period that missed
the early stages of drone production. Moreover, the observed variability in sperm
viability, coupled with reduced worker comb production, suggests that this increased
reproductive effort could come at the expense of overall colony function. This
highlights the intricate relationship between environmental pressures, particularly
apiary density, and resource allocation within honey bee superorganisms, impacting

both reproductive output and colony maintenance.

Introduction

Mating systems, which describe the patterns of mating between males and females
within a population, play a fundamental role in shaping reproductive strategies and
the evolution of sexual traits (Boomsma et al., 2005; Kokko et al., 2014).
Monogamous and polygamous mating systems impose different selective pressures
on reproductive traits and strategies. Polygamy can be further divided into polygyny
(one male mating with multiple females) and polyandry (one female mating with
multiple males). The prevalence of each mating system within a species is
influenced by various ecological and social factors, including resource distribution,
parental care requirements, and the operational sex ratio (the ratio of sexually

receptive males to females) (Boomsma et al., 2005; Safonkin, 2011).

A direct consequence of polyandry is the post-mating mechanism of sperm
competition. This occurs when the sperm from two or more males compete to fertilise

the ovum of a single female (Parker, 1970). Sperm competition, therefore, is the
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result of the female mating with multiple males and can occur within a single
reproductive cycle or across multiple cycles. Subsequently, polyandry creates a
scenario where sperm from multiple males coexist within the female reproductive
tract, driving the evolution of diverse sperm adaptations to enhance the fertilisation
success of any given male (Birkhead & Mgller, 1998; Shackelford et al., 2005).
These include variations in sperm number, sperm morphology, ejaculate
composition, and mating behaviours (Simmons, 2001; Snook, 2005). For example, in
species with high levels of sperm competition, males often produce larger ejaculates
with more sperm (Parker, 1982). Alternatively, males may invest in producing higher
quality sperm that are more mobile, longer lived, or better able to penetrate the egg

(Fitzpatrick et al., 2009; Gage, 1998).

The intricate social structure of honey bee (Apis mellifera) colonies, often described
as a "superorganism,” relies on the coordinated efforts of individual bees to achieve
the colony’s collective reproductive success (Moritz & Southwick, 1992; Seeley,
1989b) Within this system, drones (male bees whose sole purpose is to mate with
queens) play an essential role in colony-level reproduction (Genger & Kahya, 2020;
Tofilski et al., 2012). Honey bee queens are highly polyandrous, mating with multiple
drones (54.5 on average) during their nuptial flights (Withrow & Tarpy, 2018).
Meanwhile, drones, are monogynous and die after mating (Schlins et al., 2005;
Withrow & Tarpy, 2018). This mating system creates intense competition among
drones, both for securing a mating opportunity with a queen and to have their sperm

successfully fertilise her eggs (Baer, 2005).

Producing drones is resource intensive, requiring substantial investments of energy
and food by the colony. These investments are influenced by environmental factors
such as seasonality, resource availability, and colony size (Boes, 2010; Seeley &
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Mikheyev, 2003; Smith et al., 2015). As a superorganism, a honey bee colony's
reproductive success depends on its ability to strategically allocate these resources
(Baer, 2005; Boomsma et al., 2005). At the individual level, honey bee drones
compete through sperm competition to fertilise a queen's eggs. Unlike non-social
insects where individual males compete directly, in honey bees, drones can be
considered as the "sperm" of the superorganism, collectively representing the
colony's reproductive output (Baer, 2005; Boomsma et al., 2005). This parallel is
reinforced by the fact that drones are haploid, developing from unfertilised eggs. This
means that drones within a colony are exceptionally closely related, much like sperm
cells produced by a single diploid individual. Therefore, unlike many other systems,
competition occurs not only at the level of individual drones, whose sperm compete
directly within the queen's reproductive tract but alsThio at the colony level, where

colonies effectively compete through the production of their drones.

Sperm quality is another critical component of reproductive success. In many
species, males respond to sperm competition not only by increasing sperm numbers
but also by modifying sperm quality (Gage, 1998). Baer et al. (2005) emphasised
that sperm viability significantly impacts a drone's chances of fertilising eggs. Higher
proportions of viable sperm confer a competitive advantage. Environmental factors,
including nutrition and genetics, are known to influence sperm (Sturup et al., 2013;
Zhao et al., 2021). However, the role of apiary density in shaping these dynamics

remains unclear.

Our study used population density to refer to the number of honey bee colonies
within a given area. High population density, therefore, implies a greater number of
colonies coexisting and potentially competing for resources and mating opportunities
within a defined spatial range. Comparable patterns have been observed in other
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animals, where increased population density intensifies competition. In many
animals, increased density often leads to intensified male-male competition for
access to mates and resources (Bretman et al., 2013). For instance, in some fish
species, high-density populations facilitate increased aggressive encounters
between males and the establishment of dominance hierarchies and can also
increase the intensity of sperm competition (Evans & Magurran, 2000). Across
various taxa, from insects to mammals, studies have demonstrated that males adjust
their ejaculate investment in response to the perceived density of male rivals. For
example, male guppies (Poecilia reticulata) will alter their sperm allocation based on
the number of surrounding males (Evans & Magurran, 2000). In the red deer (Cervus
elaphus), increased population density is correlated with an increase in male
reproductive skew, demonstrating the significant impact density can have on male
mating success (Vanpé et al., 2008). These findings underscore the general principle
that population density can be a potent driver of both behavioural and physiological

responses related to competition.

Areas with high densities of honey bee colonies result in intensified reproductive
competition due to a larger pool of drones competing for limited queen mating
opportunities at nearby DCAs. Thereby, driving colonies to adjust their reproductive
strategies by increasing their production of drones and/or optimising sperm quality in

their drones to improve fertilisation success under competitive conditions.

Our study investigates the effects of apiary density on reproductive strategies at both
the level of the colony (drone quantity) and the level of the drone (sperm quantity
and quantity). Specifically, we examine whether colonies in high-density apiaries
respond to reproductive competition intensity by producing more drones and whether
drones from these environments exhibit higher sperm quantity and quality. At the
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colony level, we predicted that colonies in high-density apiaries would produce a
greater number of drones compared to those in lower-density apiaries. We predicted
that drones from high-density apiaries would have a greater proportion of viable
sperm relative to non-viable sperm, compared to lower density apiaries. Additionally,
we expected that drones from high-density apiaries would exhibit higher total sperm
counts compared to those from low-density apiaries. This dual focus applies the

superorganism concept by treating drones as the colony’s functional sperm.

Methods

Study Sites and Experimental Design

The experiment was conducted across three apiary sites located in Tauwhare
(37°45'04"S 175°28'27"E), Matangi (37°48'26"S 175°23'45"E), and Ruakura
(37°46'32"S 175°18'46"E), Aotearoa, New Zealand (Figure 2-1). These sites
represented three different colony density conditions: low (Tauwhare, housed 8
colonies), medium (Matangi, housed 60—68 colonies), and high (Ruakura housed
120 colonies; Figure 2-2). All three apiaries were situated in rural or semirural areas
characterised by a similar landscape dominated by pastures used for livestock
grazing. Each site was approximately 10.6 km apart, with a minimum distance of 8.1
km between them. Due to the geographic proximity and similar landscape attributes
of each apiary, it is unlikely that there were notable differences in the types of
foraging resources available to colonies in each treatment. However, it is important
to acknowledge that resource abundance may have varied to some degree between

sites.

37



Eight 'focal colonies’ were monitored within each of the experimental apiaries. The
focal colonies were comprised of European-derived honey bees (Apis mellifera spp.)
and were housed in standard, 10-frame, Langstroth hive equipment consisting of a
solid bottom board, a full-depth brood box, a queen excluder, and one medium-depth
super above the queen excluder containing black plastic foundation. The focal
colonies were chosen from forty colonies at Plant and Food Research, Ruakura. We
assessed colony health and strength using the ‘number of frames’ (FOB) method
(Nasr et al., 1990). This is a standard technique that estimates the adult bee
population by counting the number of frames fully covered with bees. We selected
twenty-four of the strongest colonies with FOB values between 7.5 and 8 were
selected as the focal colonies. The 24 focal colonies were relocated to a neutral site
without nearby managed colonies for 28 days (from 215t September to 17" October
2023) to allow a new generation of bees to develop in the absence of outside
competition. Eight focal colonies were assigned to each of the three density
treatment groups based on the initial assessment of drone and worker brood to

ensure no noticeable differences between the groups.
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Figure 2-1. Aerial map of the Waikato Region with the locations of the three apiary sites (Google
Earth, n.d)

Figure 2-2. Visualisations of (A) the low-density apiary site (Tauwhare) with 8 colonies, (B) the
medium-density apiary site (Matangi) with 60-68 colonies, (C) The high-density apiary site
(Ruakura) with 120 colonies.
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Colony Management and Monitoring

On 17" October 2023, cluster assessments were conducted on each focal colony to
confirm that each colony was queen-right, all three brood stages (eggs, larvae, and
pupae) were present, and we found no visible signs of disease. We applied Ecrotek
Bayvarol© strips to all colonies to manage varroa mite (Varroa destructor) infections,

following New Zealand’s beekeeping guidelines.

On the morning of the 19" of October 2023, the three treatment apiaries were
established and then we transported the focal colonies into their respective density
treatment apiaries sites (Figure 2-1). Once in place at the treatment apiaries, the
frame in position ‘8’ of the bottom deep hive box was replaced with one blank wired
frame and the frame in position ‘4’ of the bottom deep hive box was replaced with
one drone cell frame containing 1120 cm? of pre-established drone comb (Figure 2-
3, 2-4). These frames were pre-drawn by non-focal colonies, after which the amount
of existing drone comb was assessed and equalised across all frames. The
standardised frames were then distributed to the focal colonies, allowing for
consistent baseline conditions before further comb production was measured. The
drone frames were made of plastic and had a cell size of 7.1 mm, notably larger than

the standard worker cell size of 5.4 mm.

Focal colonies underwent weekly swarm checks from October 19t to 151" December
2023 then 15" January to 9™ February 2024. We attended to colonies that required

requeening and reestablished any colonies that had swarmed with nucleus colonies.

40



Figure 2-3. Visualisations of (A) the blank wired frames added to the focal colonies and (B) a
drone cell frame containing 170cm? of pre-established drone comb.

Figure 2-4. The layout of the 10 frames in the hive box for each focal colony.
Each frame is labelled from 1-10. The drone cell frame (with pre-established
drone comb) was placed at position ‘4’. The blank frame was placed at position
‘8.
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Colony Data Collection

Colony assessments of drone production were conducted on the 10" of November
2023, 18t December 2023, and 15™ January 2024. During each assessment, we
recorded the following measurements: (1) capped drone brood (the total area of
capped drone cells across all ten frames in the hive box), (2) drone comb (the area
of comb dedicated to drone production on both the blank frame and the drone cell
frame), and (3) worker comb (the area of comb used for worker brood and resource
storage on the blank frame only). Each assessment was conducted in the field by
removing frames from the hive and overlaying them with a brood grid during
inspections. To calculate area, we used a brood grid the size of a deep frame. The
grid was divided into 11 rows and 5 columns of 5 cm x 5 cm squares and one row of
5 cm x 2.5 cm rectangles. We overlaid the grid over a frame to measure comb and
brood areas (Figure 2-5a). We then counted the number of full squares containing
the relevant feature (e.g., capped drone brood). To convert the number of squares
counted to cm?, we multiplied the number of 5 cm x 5 cm squares by 25 (as each
square represents 25 cm?) and the number of 2.5 cm x 5 cm rectangles by 12.5 (as
each rectangle represents 12.5 cm?) for further analysis (Figure 2-5b). By measuring
both drone and worker comb, we assessed how colonies proportionately allocated

resources between reproduction and maintenance under different density conditions.

Drone Collection

To assess viable, non-viable, and total sperm counts, we collected drones from five
randomly selected colonies at each apiary at two time points (4™ to 12" December
2023 and February 5" to 71", 2024). To ensure a representative sample, we collected

a surplus of sexually mature drones from the front entrance of the hive while they
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were departing for or returning from mating flights. Drones were then transported live
to the laboratory in ventilated containers. From these, a minimum of five drones were

randomly selected and analysed per colony at each sampling point.

Sperm Analyses

For each drone, we gently pressed the abdomen to extrude the endophallus, and the
semen was removed using fine forceps (Collins & Donoghue, 1999). The semen was
immediately transferred into a 1.5 mL microcentrifuge tube containing 20 pL of
Beadle saline solution (128.3 mM NacCl, 4.7 mM KCI, and 23 mM CacCl,) to preserve
sperm viability (Thomas & Simmons, 2007). We then prepared the samples using 2
uL of reagents from the LIVE/DEAD® Sperm Viability Kit (Molecular Probes,
Eugene, OR, USA), including SYBR 14 and propidium iodide. The sperm solution
was mixed with an equal volume of 1:50 diluted SYBR-14 (1 mM) and incubated in
the dark for 10 minutes. After incubation, 4 pyL of 2.4 mM propidium iodide was
added. We left the samples for an additional 10 minutes before removing 5 pL
aliquot of each sample placing it on a clean microscope slide and covering it with a
coverslip (Thomas & Simmons, 2007). This staining process differentiated live
(green) and dead (red) sperm. Samples were examined under an Olympus BX53F2
microscope using Olympus cellSens Standard software. Sperm were viewed at 40x
magnification with a blue excitation filter (A = 510 nm). Six randomly selected fields

per slide were then photographed using an Olympus D22 microscope camera.
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Figure 2-5. Visualisation of (A) the brood grid used to calculate drone brood, drone comb and
worker comb and (B) an example of researchers collecting data.

Automated Sperm Analysis

Live, dead and total sperm were manually counted on 200 images using a clicker
counter. Those 200 manually annotated images were used to train an automated
computer model to improve efficiency and consistency in the scoring of the total data
set of over 900 images. The model used for sperm detection is a Faster R-CNN
model using the ResNeXt-101 backbone and a feature pyramid network called
Faster R-CNN X101-FPN. A generic pre-trained model was fine-tuned on our sperm
images using our custom annotations, to adapt it to the task of sperm detection.
Annotations were created using the Supervisely software platform, (Deep Systems,
USA). Model training was performed using custom in-house software based on the
Detectron2 framework. The model identified and counted viable, non-viable, and
total sperm cells using a machine-learning algorithm to differentiate between the
fluorescent signals of viable (green) and non-viable (red) sperm. Validation against
the 200 images that we manually counted showed the model achieved 91.3%

accuracy for non-viable sperm counts and 88.0% accuracy for viable sperm counts.
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Statistical Analysis

Linear mixed-effects models were used to analyse the effects of apiary density and
sampling date on drone brood, drone comb and worker comb production. Data were
analysed separately for the drone cell frame, the blank frame, and their combined
total. Models were fitted using the Ime4 package in R Version 4.0.0 (R Core Team
2024), with Treatment (apiary density) and Date as fixed effects, and Colony as a
random effect to account for repeated measures within hives. Statistical significance
was assessed at p < 0.05. Three outliers in the January data were identified, which
represented three colonies — one from the medium-density treatment and two from
the high-density treatment- that were found to be dead during health assessments.
These colonies had no visible stages of brood present, suggesting no queen was

present and were subsequently removed from any further analysis.

The initial model for each response variable included an interaction term between
Treatment and Date. Model comparison was conducted using likelihood ratio tests to
evaluate the necessity of the interaction term. Likelihood ratio tests (ANOVA) were
performed to compare the full model with a reduced model excluding the interaction.
Additional comparisons with simpler models (including models with only Date or
Treatment as fixed effects) were conducted to identify the best-fitting model for each
variable based on Akaike Information Criterion (AIC) and Bayesian Information

Criterion (BIC).

Post hoc pairwise comparisons between treatment groups were performed using
Tukey’s method to adjust for multiple comparisons. The emmeans package was
used to calculate estimated marginal means for the treatment groups, allowing

further investigation of differences across apiary densities.

45



Non-parametric tests were used for sperm count data due to non-normal
distributions and unequal variances. Data was analysed separately for the December
2023 and February 2024 sampling points. Kruskal-Wallis rank-sum tests were
conducted to compare total sperm counts and the proportion of viable sperm across
density treatments. Post hoc pairwise comparisons were performed using Dunn’s

test with Bonferroni corrections to adjust for multiple comparisons.

Results

Colony Management and Maintenance

During the initial setup of the experiment, some colonies required intervention to
ensure their health and stability. Specifically, on October 17t, 2023, one colony from
the medium-density apiary and one colony from the high-density apiary were found
to be queenless. These colonies were immediately requeened, and the new queens
were caged until October 19t 2023, to allow for acceptance by the colony.
Additionally, on October 20, 2023, one colony from the low-density apiary was
discovered to have swarmed. This colony was promptly combined with a nucleus
colony to restore its population. No additional interventions were needed beyond
routine weekly swarm checks for the remaining colonies. These checks were
conducted from October 19t to December 15%, 2023, and then resumed from

January 15" to February 9%, 2024.

Drone Brood

No significant interaction between Treatment and Date was found for drone brood
production on drone cell frames (x2 = 3.445, df = 4, p = 0.486; Figure 2-7a), and

there was no effect of treatment (x2= 14.10, df = 2, p > 0.05) showing that drone
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brood production on the drone cell frames was similar across all density levels
tested. However, there was a significant effect of sampling date for drone brood
production on the drone cell frames (x2= 3.94, df = 2, p < 0.001, Figure 2-6) with
average drone brood production being highest in November (606 + 65 cm?), and

lowest in December (304 + 75 cm?).

A model using the additive effects of Treatment (x2 = 7.34, df = 2, p = 0.026; Figure
2-7b) and Date (x2 = 9.18, df = 2, p = 0.010) had a significant impact of drone brood
production on blank frames (AIC = 916.11). Post hoc tests revealed that the high-
density treatment produced 381 + 96 cm? more drone brood compared to the low-
density treatment on the blank frames (p = 0.012). No significant differences were
found between the medium and low-density treatments (p > 0.05) or between the
high and medium-density treatments (p > 0.05). Regarding Date, there were only
significant differences found between December 2023 and November 2023. In
December less drone brood was produced on the blank frames compared to

November.

The additive model indicated that Treatment (x2 = 15.53, df = 2, p < 0.001; Figure 2-
7c) and Date (x2 = 6.57, df = 2, p = 0.037) had a significant effect on total drone
brood production across combined frames (AIC = 1047.5). A lower AIC value
indicates a more parsimonious model, balancing fit with simplicity. In November
2023, colonies produced significantly more drone brood compared to December
2023. Post hoc analysis showed a marginally significant difference between the high-
density and low-density treatments. The high-density treatment produced 680 +
232cm? more drone brood than the low-density treatment (p = 0.006). There were no
significant differences between the medium and low treatments (p > 0.05) or
between the high and medium treatments (p > 0.05).
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Figure 2-6: Effect of date across treatments for drone brood
(cm?) produced on the drone cell frame. Box plots represent the
distribution of drone brood for each treatment group (low,
medium, and high) across three dates (November, December,
and January). The central line within each box represents the
median amount of drone comb, the edges of the box indicate
the interquartile range (IQR), and the whiskers extend to 1.5
times the IQR. Outliers are displayed as individual points
beyond the whiskers. The key indicates which coloured box plot
represents each treatment.
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Figure 2-7. Effect of apiary density on drone brood production across different frame types. The
panels show the amount of drone brood (cm?) measured on (A) drone frames, (B) blank frames,
and (C) combined frames across the three treatments. The central line within each box represents
the median area of the drone brood, the edges of the box indicate the interquartile range (IQR),

and the whiskers extend to 1.5 times the IQR. Outliers are displayed as individual points beyond
the whiskers.

Drone Comb

Similar to drone brood production, no significant differences were found in drone
comb production on the drone cell frames across the density treatments (x2 = 57.76,
df = 2, p = 0.175; Figure 2-9a). The interaction between Treatment and Date was not

significant (x2 = 2.62, df = 4, p > 0.05). Instead, drone comb production on the drone
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cell frame varied significantly by Date (x2 = 3.48, df = 2, p < 0.001; Figure 2-8), with
colonies producing notably less drone comb in November than in either January or

December.

However, Treatment (x2 = 12.73, df =2, p = 0.0017; Figure 2-9b) and Date (x2 =
2.34, df = 2, p < 0.001) together as additive effects had a significant influence of
drone comb production on blank frames (AIC = 1027.5). Colonies produced
significantly fewer drone comb cells in January compared to November. Post hoc
comparisons showed that the high-density treatment produced 802 + 234 cm? more
drone comb than the low-density treatment (p < 0.001). However, there were no
significant differences in drone comb production between either the medium-density
and the low-density treatment (p > 0.05) or the medium and high-density treatment

(p > 0.05).

Additionally, the combined production of drone comb was significantly impacted by
the additive effects of Treatment (x2 = 29.6, df = 2, p < 0.001; Figure 2-9c) and Date
(x2 =12.95, df = 2, p = 0.0015) (AIC = 1070.2). Colonies produced significantly more
drone comb in December compared to November across the combined frames. Post
hoc analysis indicated that the high-density treatment produced on average 856 +
276 cm? more drone comb than the low-density treatment (p = 0.0021). There were
no significant differences between the medium-density and low-density treatments (p

= 0.0823) or the medium-density and high-density treatments (p = 0.215).
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Figure 2-8. Effect of date across treatments on the amount of drone comb (cm?) on
the drone cell frame. Box plots represent the distribution of drone comb for each
treatment group (low, medium, and high) across three dates (November, December,
and January). In November 2023 each focal colony began with 1120 cm? of pre-
established drone comb on the drone frame. The central line within each box
represents the median amount of drone comb, the edges of the box indicate the
interquartile range (IQR), and the whiskers extend to 1.5 times the IQR. Outliers are
displayed as individual points beyond the whiskers. The key indicates which
coloured box plot represents each treatment.
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Figure 2-9. Effect of apiary density on drone comb production across different
frame types. The panels show the amount of drone brood (cm?) measured on (A)
drone frames, (B) blank frames, and (C) combined frames across the three
treatments. The central line within each box represents the median amount of
drone comb, the edges of the box indicate the interquartile range (IQR), and the

whiskers extend to 1.5 times the IQR. Outliers are displayed as individual points
beyond the whiskers.

Worker Comb on Blank Frames

Worker comb was not recorded during the initial November assessment, as this
variable was only added to the protocol beginning in December. The additive model,
which included Treatment (x2 = 6.35, df =1, p = 0.012; Figure 2-10), Date (x2 =
8.57, df = 2, p = 0.014) and the random effect of Colony demonstrated a significant
influence on worker comb production. The low-density treatment produced 176.08 +
68.1 cm? more worker comb compared to the high-density treatment (p = 0.007).
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However, there were no significant differences between the high and medium-
density treatments (p > 0.05) or the low and medium-density treatments (p > 0.05).

Worker comb production was significantly higher in January compared to December

(89.96 £ 33.38 cm?, t = 2.695, p = 0.011; Figure 2-11).
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Figure 2-10. Effect of apiary density on worker comb production
(cm?) on blank frames across the three treatments. The central line
within each box represents the median worker comb area, the
edges of the box indicate the interquartile range (IQR), and the
whiskers extend to 1.5 times the IQR. Outliers are displayed as
individual points beyond the whiskers.
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Figure 2-11. Effect of date across treatments on the amount of worker
comb (cm?) on the blank frame. Box plots represent the distribution of
drone comb for each treatment group (low, medium, and high) across
two dates (December, and January). The central line within each box
represents the median amount of drone comb, the edges of the box
indicate the interquartile range (IQR), and the whiskers extend to 1.5
times the IQR. Outliers are displayed as individual points beyond the
whiskers. The key indicates which coloured box plot represents each
treatment. Note: Worker comb data collection began in December; no
measurements were taken in November.

Effect of Apiary Density on Total Sperm Count

Total sperm counts during December 2023 sampling differed significantly across
treatments (x* = 114.67, df = 2, p < 0.001; Figure 2-12a). A Dunn’s post-hoc test with
Bonferroni correction indicated that total sperm count in the low-density treatment

was significantly lower than in both the medium (Z = -8.63, p <0.001) and high-
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density treatments (Z = -9.37, p < 0.001). However, no significant difference was

detected between the medium and high treatments (Z = 1.06, p = 0.87).

Likewise, the total sperm counts differed significantly across treatments during the
February 2024 sampling (x* = 59.50, p < 0.001; Figure 2-12b). Dunn’s test revealed
that total sperm count was significantly lower in the low-density treatment compared
to both the medium (Z = -7.58, p < 0.001) and high-density treatments (Z = -3.68, p <
0.001). Additionally, the high-density treatment exhibited a significantly higher sperm

count than the medium-density treatment (Z = 4.60, p < 0.001).
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Figure 2-12. Total sperm counts of drones collected in (A) December 2023 and (B)
February 2024 across different apiary densities (low, medium, high). The central line
within each box represents the median total sperm count in, the edges of the box
indicate the interquartile range (IQR), and the whiskers extend to 1.5 times the IQR.
Outliers are displayed as individual points beyond the whiskers
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Effect of Apiary Density on the Proportion of Viable Sperm

Across the treatments, the Kruskal-Wallis tests showed significant differences in the
proportion of viable sperm in December 2023 (x2 = 48.925, df = 2, p < 0.001; Figure
2-13) and February 2024 (x2 = 6.5259, df = 2, p = 0.038; Figure 2-14). For
December, post-hoc Dunn's tests with Bonferroni adjustments showed that the low-
density treatment had a significantly higher proportion of viable sperm than the high-
density treatment (p < 0.001). The low-density treatment also had a significantly
higher proportion of viable sperm than the medium-density treatment (p = 0.045).
The high and medium-density treatments were significantly different (p = 0.003).
Dunn's post hoc tests for the February 2024 data showed no significant difference
between the high-density and low-density treatments (p > 0.05). The high-density
treatment had a significantly lower proportion of viable sperm than the medium-
density treatment (p = 0.036). The low and medium-density treatments were not

significantly different (p > 0.05).
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Figure 2-13. Proportion of viable sperm from drones collected in December 2023
across different apiary density treatments (low, medium, high). Bars represent the
median proportion of viable sperm, and error bars represent the standard error of the
median.
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Figure 2-14. Proportion of viable sperm from drones collected in February 2024
across different apiary density treatments (low, medium, high). Bars represent the
median proportion of viable sperm, and error bars represent the standard error of
the median.

Discussion

Our study demonstrates that apiary density significantly influences both drone
production and sperm characteristics in honey bees. Colonies in the higher-density
apiary produced significantly more drone brood and had higher total sperm counts
compared to those in the low-density apiary. Despite this, the increased reproductive
output appears to come at a cost, as evidenced by the reduced worker comb

production in those same colonies in the high-density apiary. This suggests a

58



potential trade-off between worker allocation and drone production. However, when
considering the viability of sperm we found variable results. Interestingly, in early
summer (December 2023), drones from the low-density treatment exhibited a
significantly higher proportion of viable sperm compared to medium and high-density
apiaries. In contrast, drones sampled in late summer (February 2024 ) from the
medium-density treatment had a significantly higher proportion of viable sperm
compared to those from high-density apiaries. Notably, in both months, the lowest
proportion of viable sperm was consistently observed in the highest-density
treatment, suggesting another potential cost associated with increased apiary

density.

These findings partially support our hypothesis that reproductive competition in high-
density environments prompts colonies to increase reproductive investment. While
the increased drone production and total sperm counts align with this hypothesis, the
observed variations in sperm viability across density treatments and sampling times
indicate a more complex relationship between apiary density and sperm quality.
Specifically, the higher proportion of viable sperm in the low-density treatment in
early summer and the medium-density treatment in late summer, coupled with the
consistently lower viability in the high-density treatment, suggest that colonies might
be experiencing trade-offs between the quantity and quality of their sperm output.
Colonies in high-density environments may invest more heavily in overall drone
production at the expense of individual drone sperm quality, potentially reducing the
proportion of viable sperm per drone. This could be a strategy to maximize the
chances of some drones succeeding in a highly competitive mating environment,

even if the average sperm viability per drone is lower.
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Previous studies provide valuable context for this investigation and suggest that our
findings when considered alongside those of other researchers, help address a
critical gap in understanding how environmental factors shape honey bee
reproductive strategies. For example, Jaffé et al. (2009) explored how inter-colony
competition influences mating dynamics, highlighting the importance of external
pressures on reproductive strategies. Our results align with the predictions from the
reproductive competition theory, which suggests that organisms increase
reproductive investment in response to heightened competition for mates and
fertilisation opportunities (Wedell et al., 2002). This is further supported by studies in
other taxa, such as the increased sperm production observed in humans under
competitive conditions (Baker, 1995). However, the specific mechanisms and trade-
offs may differ across species. In honey bees, the superorganism concept adds
another layer of complexity, where a single colony potentially adjust their

reproductive strategy collectively (Baer, 2005).

The findings on sperm viability, however, present a more nuanced picture. While the
increased drone production and total sperm counts align with the general predictions
of reproductive competition theory, the consistently lower proportion of viable sperm
in the high-density treatment across both sampling periods suggests that higher
density may favour greater investment in sperm quantity at the expense of quality.
This divergence in the allocation of resources (between sperm quality and quantity)
is a pattern that has been observed in other species, where males under increased
competition may adjust their ejaculate characteristics. Thomas and Simmons (2007),
for example, found that male field crickets (Teleogryllus oceanicus) adjusted the
proportion of viable sperm in their ejaculates based on a female's mating history.

They observed that males ejaculated sperm of lower viability when mating with virgin
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females, increased sperm viability when mating with singly mated females, and
reduced sperm viability when mating with multiply mated females. This strategic
adjustment is likely an adaptation to maximise paternity. Males allocate the highest
proportion of viable sperm when there is a moderate risk of sperm competition,
suggesting an optimal level of investment. However, when sperm competition
becomes too intense, males reduce the proportion of viable sperm, likely because
the probability of successfully outcompeting numerous rivals is low, making it more
advantageous to conserve resources and potentially seek out females with fewer

prior mates.

However, individual male sperm strategies are unlikely to be the primary drivers of
these patterns in honeybees. Unlike crickets or many other species where males can
mate multiple times, honeybee drones are monogamous and die upon mating (Betti
& Lee, 2020; Thomas & Simmons, 2007). This single, fatal mating makes individual
ejaculate adjustment at the drone level a less likely explanation. Instead, the
observed variations in sperm quality are more likely a reflection of colony-level
resource allocation and reproductive strategies influenced by the environmental
conditions they experience. The observed patterns, particularly the lower proportion
of viable sperm in high-density apiaries, contrast with findings from a review study by
Boomsma (2013), which examined ejaculate investment strategies across a broad
range of social and non-social insects. The review indicated that, at the individual
level, males in many species tend to allocate a higher proportion of viable sperm
when facing increased sperm competition. This pattern holds for both non-social
insects and some social insects, such as certain ant and termite species where
males may compete for access to a single, long-lived queen. However, this

difference is likely due to the unique mating dynamics of honey bees, particularly the
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lack of opportunity for post-mating, individual-level ejaculate adjustment in drones.
Honey bee queens are highly polyandrous, creating intense sperm competition
within the queen's reproductive tract. Yet, individual drones, having only one
opportunity to mate before they die, cannot adjust their ejaculate in response to the
competitive environment. Instead, our findings suggest that in honey bees, colony-
level responses to environmental conditions, such as apiary density, are more
influential in determining sperm viability. While other eusocial insects with different
mating systems (e.g., monogamous species) may exhibit individual-level
adjustments in sperm viability, the constraints on honey bee drones make this less

likely (Boomsma, 2013).

It's plausible that colonies in low-density apiaries may experience less stress and
better resource availability, enabling them to produce a higher proportion of high-
quality sperm. Conversely, while high-density apiaries might prompt colonies to
increase total sperm output by producing more drones, these resources may be
spread more thinly, potentially decreasing the proportion of viable sperm per drone.
High-density stress itself may also alter resource allocation within a colony, further
reducing the resources available to produce higher-quality sperm (Tihelka, 2018).
This is consistent with findings by Fisher and Rangel (2018) who demonstrated that
exposure to pesticides during development negatively impacts drone sperm viability,

underscoring the role of environmental factors in reproductive health.

Resource availability is likely a critical factor for drone production and sperm quality.
Colonies in high-density environments probably face increased resource
competition, as evidenced by the reduced worker comb production on blank frames.
However, the results suggest that reproductive priorities may override resource
constraints, at least to some extent. Similarly, Perry et al. (2015) and Schneider &
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McNally (1992), noted that honey bee colonies can maintain reproductive investment
under competitive pressures, even when resources are limited. However, Danner et
al. (2017) and Pasquale et al. (2013) emphasise that resource availability,
particularly pollen and nectar, is a key determinant of colony health and reproduction.
The lack of resource quantification in this study limits our ability to fully understand
how colonies balanced resource competition with not only reproductive investment
(i.e. drone production) but also the production of female workers. This is particularly
relevant given our observation that colonies in the high-density apiary produced
more drones but exhibited reduced worker comb production. This suggests a
potential trade-off where increased competitive pressures may force colonies to
prioritise reproductive output at the expense of workers or resource storage.
Therefore, future research should include direct measures of resource availability
and foraging behaviour to better understand how colonies manage resource

competition in high-density environments.

Our findings of increased drone production in high-density apiaries may come at the
expense of other functions, such as colony maintenance, worker production or
immunity (DeGrandi-Hoffman & Chen, 2015). This increased investment in
reproduction under competitive pressure could make colonies more susceptible to
stressors, including varroa mites, which are known to impair drone production and
sperm quality (Rangel & Fisher, 2019). Although varroa mites were managed in this
study, their prevalence was not directly monitored and we did not measure the
prevalence of any other honey bee parasites or pathogens The potential for
increased stress due to resource allocation towards reproduction in high-density
environments underscores the complex interplay between environmental factors,

colony health, and reproductive success. Ultimately, the ability of colonies to
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successfully navigate these trade-offs between reproduction and other vital functions

will determine their long-term survival and contribution to the surrounding ecosystem.

By expanding on previous studies to include the effects of apiary density at both the
colony level and individual level, our research addresses a critical gap in
understanding how environmental factors shape honey bee reproductive strategies.
Our findings also offer practical insights for beekeeping. Higher apiary densities
could pose risks if colonies are unable to sustain reproductive investment without
compromising health or reducing investment in worker production. A decrease in the
number of workers could, in turn, lead to lower honey production. Strategies such as
optimising apiary density to balance colony health and productivity are essential for
sustainable practices and the long-term success of honey bee populations (Nganso
et al., 2024). For instance, Rangel & Fisher (2019) emphasised the need to maintain
optimal environmental conditions to support colony function under stress. Therefore,
beekeepers must carefully balance the potential benefits of increased drone

production with the need to maintain overall colony health and resilience.

In addition to the effects of apiary density, we also observed variations in drone comb
and drone brood production over time during our experiment. We found that colonies
produced the greatest and most variable amounts of drone brood in November and
the least in December. In contrast, colonies produced notably less drone comb in
November than in either January or December, regardless of apiary density. This
suggests a strong seasonal influence on drone comb and brood production. This
aligns with the typical pattern of drone production, which peaks in spring and early
summer, coinciding with the swarming season and the availability of virgin queens

(Smith et al., 2015). It is plausible that our sampling was conducted towards the end
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of the typical drone comb building period, and we may have missed earlier seasonal

variability since our data collection did not begin until November.

Our study has several limitations that need to be addressed in future studies. Most
importantly, the lack of replication of the three apiary size treatments (low, medium,
and high) and the limited range of apiary sizes tested prevent us from drawing
definitive conclusions about the causal relationship between apiary density and the
observed patterns in drone production and sperm characteristics. While our results
are consistent with the hypothesis that higher apiary density leads to increased
drone production but potentially lower sperm quality, we cannot rule out the
possibility that these patterns are due to chance or other unmeasured factors that
varied between our experimental apiaries. Future studies should prioritise replicating
these findings across a greater number of apiaries and a wider range of colony
densities to establish a more robust link between apiary size and reproductive
strategies. The lack of direct measures of resource availability and foraging
behaviour limits our understanding of how colonies managed resource competition.
Danner et al. (2017) demonstrated that foraging success is closely tied to
reproductive outcomes, particularly in resource-limited environments. Including
metrics such as forager activity, pollen loads, and nectar collection would provide a

clearer picture of how colonies cope with competitive pressures.

The potential influence of genetic factors on drone reproductive success also
warrants further investigation. Variations in genes involved in spermatogenesis,
sperm motility, or the synthesis of seminal fluid components could lead to differences
in sperm competitiveness. For example, certain alleles might confer advantages in
sperm longevity, swimming speed, or the ability to penetrate the egg, ultimately
affecting a drone's fertilisation success (Jaffé et al., 2010). Exploring these genetic
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influences could be further enhanced by investigating potential heritable variations in
reproductive traits across different subspecies of A. mellifera, such as the lItalian
honey bee (Jaffé et al., 2010). These studies would help explain the complex
interaction between genetics and environmental pressures on honey bee

reproductive strategies.

Finally, investigating the physiological mechanisms underlying the observed trade-
offs between sperm quantity and quality would provide valuable insights into the
reproductive biology of honey bees. Our study indicates that reproductive
competition (due to increased population density) drives a response to increase
sperm competition through the production of more drones and sperm production.
Here, we contribute to understanding how honey bee colonies allocate resources
under competitive pressures and highlight the complex trade-offs between quantity
and quality in reproductive investment. By addressing limitations such as resource
quantification, varroa monitoring, and foraging activity in future research, a more
comprehensive understanding of these dynamics can be achieved. The results also
offer practical insights for apiary management, emphasising the need to balance

density to optimise both reproductive output and colony health.
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CHAPTER 3

Elevated HSP70 in Honey Bee Drones Indicates Increased Stress in High-

Density Apiaries
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Abstract

Population density is a critical ecological factor that significantly influences selection
pressures and reproductive strategies, primarily through its effects on resource
competition. In many species, increased density intensifies competition, leading to
trade-offs between resource allocation towards reproduction versus survival and
maintenance. This is particularly evident in social insects, where colony-level
responses are crucial. Our study investigates this dynamic in honey bees (Apis
mellifera), focusing on how apiary density, a manageable environmental factor,
impacts drone physiology. Specifically, we measured Heat Shock Protein 70
(HSP70), a biomarker of cellular stress, to assess the physiological consequences of
density-mediated competition. We hypothesised that drones reared in colonies within
higher-density apiaries would exhibit higher HSP70 levels than those in lower-
density apiaries, reflecting increased stress due to resource competition. Drones
were collected from colonies managed in high (120 colonies), medium (60-68
colonies), and low (8 colonies) density apiaries, and their HSP70 levels were
quantified using an ELISA kit. Drones from high-density apiaries exhibited
significantly higher HSP70 levels than those from low- and medium-density apiaries.
No significant difference in HSP70 levels was found between drones from low- and
medium-density apiaries. Our findings suggest a link between apiary density and
increased physiological stress in honey bee drones, as indicated by elevated HSP70
levels. The results align with previous research on stress responses in insects and
highlight the potential impact of environmental factors on colony health. While further
research is needed to explore the underlying mechanisms and long-term

consequences, our study provides valuable insights into the physiological responses
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of honey bees to varying population densities, emphasizing the trade-offs associated

with increased competition.

Introduction

Honey bees (Apis mellifera) are eusocial insects that live in colonies with a complex
social structure and a highly specialised division of labour (Slater et al., 2021). Within
this superorganism, the queen's reproductive success is essential, but the quality
and quantity of male drones are also crucial; these factors directly influence the
colony's reproductive success and, consequently, its fithess within the population
(Page & Metcalf, 1984). We previously found that apiary density (the concentration
of bee colonies within a given area) significantly impacts drone production at the
colony level, likely in response to sperm competition (Chapter 2). Specifically,
colonies in higher-density apiaries produced a greater number of drones, potentially
intensifying male-male competition for mating opportunities. However, while a colony
may be able to increase reproductive success in response to increased density, the
effects of competition and environmental stress on drone physiology remain poorly

understood.

Long-term exposure to stress can impair the cellular mechanisms that manage an
organism’s response to stress (Morimoto, 1998). Disruptions can lead to protein
misfolding, unfolding, or aggregation, triggering a cascade of biochemical reactions
that may result in cell apoptosis. Such disruptions are mitigated by the transcription
of highly conserved heat shock genes (Morimoto, 1993). These genes encode heat
shock proteins (HSPs), a diverse group of proteins produced in response to various

stressors. HSPs function as molecular chaperones, assisting in the proper folding of
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newly synthesised or denatured proteins, thus maintaining cellular homeostasis
under duress (Feder & Hofmann, 1999; Georgopoulos & Welch, 1993). While the
term "heat shock proteins" implies a specific response to heat, it's important to note
that these proteins are also upregulated by a variety of other stressors, including

starvation, exposure to toxins, and oxygen deprivation (King & MacRae, 2015).

Among the HSPs, Heat Shock Protein 70 (HSP70) has been extensively studied and
recognised as a sensitive biomarker for detecting stress in animals and cell culture
lines. Compared to other cellular markers, such as oxidative regulation, DNA
damage, and cell cycle regulation, HSP70 expression responds rapidly to
environmental, physical, or chemical stressors (Dhama et al., 2019; Farcy et al.,
2009; Moreira-de-Sousa et al., 2018). Stress protein concentrations in cells can
increase within minutes of exposure, making HSP70 an efficient indicator of cellular
stress response (Beckham et al., 2008; Mosser et al., 2000). For example, mouse
cell lines exposed to heavy metals expressed HSP70 in proportion to the toxicity
level and corresponding lethal dosage (LC50) of the metals (Gibney et al., 2001). In
Drosophila melanogaster, HSP70 is upregulated under anoxia-like conditions, with
increased expression linked to impaired nervous system function and weakened
wing muscles in adult flies (Feder & Hofmann, 1999). Even at critically low

temperatures, rodents exhibit HSP70 expression as part of their stress response.

The signalling pathways that regulate HSP70 expression during stress responses
are conserved across vertebrates, invertebrates, and single-celled organisms such
as yeast (Beere, 2004; Morimoto, 1998). Conservation of these pathways extends to
honey bees, where increased HSP70 expression has been observed in response to
heat, toxic substances, bacterial infections, and parasites (Al-Ghzawi et al., 2022;
Feder & Hofmann, 1999; G. Li et al., 2018; Scharlaken et al., 2008; Shi et al., 2024).
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Recent studies have explored the role of HSP70 in honey bees, highlighting its
involvement in thermotolerance and immune responses (Abou-Shaara, 2024; Al-
Ghzawi et al., 2022; McMenamin et al., 2020). Al-Ghzawi et al. (2022) found that
increased HSP70 expression in honey bees was associated with enhanced survival
rates under heat stress conditions. Similarly, Abou-Shaara (2024) demonstrated that
HSP70 plays a role in modulating the immune response of bees to bacterial
pathogens, showing that its upregulation is an important factor in pathogen defence.
However, most research has focused on worker bees, with limited attention given to
drones, particularly regarding the role of HSP70 in their stress response and
physiology. Previous studies on drones have primarily focussed on the role of drones
in mating behaviour and sperm transfer, while the relationship between competition,
resource availability, and physiology in drones remains underexplored (McAfee et al.,
2022). Addressing this gap is critical for understanding honey bee reproductive

biology within the superorganism context.

Drones represent the colony's genetic investment in future generations, making it
crucial to understand how environmental factors, such as apiary density, affect their
physiological condition. Dense apiary settings could exacerbate competition for
resources (e.g. access to high-quality food provided by nurse bees within the hive),
possibly increasing stress levels for drones. This potential stress can be reflected in
HSP70 levels, providing a critical indicator of cellular health and stress response. By
investigating how drone physiology, specifically stress responses, is modulated by
environmental factors, we can gain valuable insights into the adaptive strategies of

honey bee colonies and the factors influencing their reproductive success.

Here, we investigate the physiological stress response of drone honey bees to
population density by quantifying HSP70 levels in drones collected from colonies
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managed in apiaries of different densities. We hypothesise that drones in colonies
experiencing higher competition will exhibit upregulated HSP70 expression. This
study is restricted in scope to the individual-level effects of apiary density on drone
physiology, as opposed to broader effects of apiary density on the physiology of the

colony level, such as overall colony productivity.

Methods

Sample Collection and Preparation

To investigate the effects of apiary density on drone stress physiology, we collected
honey bee drones from three apiary sites in the Waikato region of Aotearoa, New
Zealand, each representing a different density treatment: high (120 colonies),
medium (60-68 colonies), and low (8 colonies). These apiary sites were established
on October 19, 2023, as part of a larger experimental trial outlined in Chapter 2,
and were located in Tauwhare (low-density), Matangi (medium-density), and
Ruakura (high-density). The focal colonies within each apiary were monitored until

the final drone sampling on February 5t - 7t 2024.

For this specific analysis, we initially collected a surplus of drones from five randomly
selected colonies within each apiary between 2:00 pm and 4:00 pm on February 5t"-
7th. 2024, coinciding with peak mating flight hours to ensure the capture of sexually
mature drones. Drones were collected by hand at the entrance of each colony as
they were returning from or departing on mating flights (as described in Chapter 2).
From this larger pool of collected drones, a subset was immediately frozen at -20°C
for subsequent HSP70 analysis. This prevented desiccation and protein degradation.

However, limited drone availability during this late-season sampling period, coupled
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with the loss of some specimens from the high-density apiary due to a freezer
malfunction, resulted in a reduced and unequal final sample size between
treatments. Ultimately, 31 drones were analysed from the high-density treatment, 56
from the medium-density treatment, and 39 from the low-density treatment for the

protein assays.

Once ready for the assay to commence we placed the drones on ice. Within one
hour of collection, we carefully dissected each drone's abdomen using a sterile
scalpel. We chose the abdomen as the sample tissue because it contains a
significant portion of the drone's haemolymph and fat body, key tissues for stress
response analysis (McAfee et al., 2022). We transferred each abdomen into a
labelled 2ml Eppendorf tube, followed by 600ul of PRO-PREP™ protein extraction
solution (Intron Biotechnology, Cat. No. 17081) to facilitate protein extraction. A
sterile micro-pestle was used to homogenise the tissue within each tube thoroughly.

The tubes were then stored at -20°C for 30 minutes to further aid cell lysis.

After freezing, we centrifuged the tubes in an Eppendorf™ 5415R centrifuge at
13,000 RCF (4°C) for 5 minutes. This separated cellular debris from the protein-
containing supernatant. We carefully aspirated the supernatant using a pipette,

transferred it to new, labelled tubes and stored it at -20°C for further analysis.

Protein assay- PRO-MEASURE™ procedure

Total protein concentration was determined using the PRO-MEASURE™ Protein
Measurement Solution (Intron Biotechnology, Cat. No. 21072). We followed the
manufacturer's protocol, where we first generated a standard curve using serial
dilutions of Bovine Serum Albumin (BSA, New Zealand origin, standard grade). A

stock BSA solution was prepared according to the manufacturer's instructions. Serial

73



dilutions were then performed as outlined in the PRO-MEASURE ™ manual. Distilled
water was used as the diluent. A blank was prepared using 100uL of distilled water.
For each assay, 1000uL of PRO-MEASURE™ solution was added to each tube
containing a standard or blank. Then, 200uL of each standard, blank, and sample
was pipetted in triplicate into a 96-well microplate. The absorbance was measured at

595 nm using a FLUOstar® Omega plate reader (BMG Labtech) within one hour.

Due to a limited amount of BSA available due to budget constraints, only one
standard curve was used for all the plates. The experiments were run under the
same conditions. Several standards were run and then the standard with the highest
R? value was chosen to be the blank for all the rounds. The standards were prepared
in 5 tubes. 100uL of distilled H20 was pipetted into each tube and a serial dilution
followed with modifications as described in the PRO-MEASURETM solution manual.
Bovine Serum albumin (New Zealand Bovine Serum Albumin - Standard grade - BSA
NZ origin) was used to determine a standard curve and distilled H20O as diluent. A
blank was prepared by adding 100uL of distilled H20. 1000uL of PRO-MEASURETM
solution was added to each tube. 200uL of blanks, standards, and samples were
added to the microplate in triplicates. Absorbance was measured at OD 595 nm
using a FLUOstar® Omega plate reader (FLUOstar® Omega, BMG Labtech) within

the hour.

Measurement of HSP70 Concentration Using ELISA kit

To quantify HSP70 levels, we used a commercially available Enzyme-Linked
Immunosorbent Assay (ELISA) kit, following the manufacturer's protocol with minor
modifications. All reagents were prepared as instructed in the kit manual. Wash
buffer and assay buffer were prepared fresh for each assay, based on the number of

samples being analysed. Biotin-conjugate and Streptavidin-HRP were diluted 1:100
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with assay buffer immediately before use. The human HSP70 standard was
reconstituted with 260 uL of distilled water and allowed to stand for 30 minutes
before use. The required number of microplate strips were placed in the provided
holder. Wells were washed twice with 400 pL of wash buffer. After the final wash, the
plate was inverted and tapped on a paper towel to remove excess liquid. Reagents

were added to the wells within 15 minutes of washing.

Serial dilutions of the HSP70 standard were prepared according to the "external
standard dilution" protocol in the kit manual. For blanks, 100 pL of sample diluent
was added to designated wells. For samples, 50 uL of sample diluent was added to
each well, followed by 50 uL of the protein sample. As the number of kits was limited
and costly, biological replicates were prioritised over technical replicates. Each
sample was analysed in a single well rather than in duplicate or triplicate. The plate
was covered with an adhesive film and incubated on a microplate shaker for 2 hours

at room temperature.

After incubation, the plate contents were discarded, and the wells were washed six
times with wash buffer. Freshly prepared biotin-conjugate (100 uyL) was added to
each well. The plate was covered and incubated on a shaker for 1 hour at room
temperature. Streptavidin-HRP was prepared 15 minutes before the end of the
incubation period. After this incubation, the plate was washed six times, and 100 uL
of Streptavidin-HRP was added to each well. The plate was covered and incubated
for 30 minutes at room temperature on a shaker. Following this, the plate was

washed six times.

Subsequently, 100 pyL of TMB (3,3',5,5'-Tetramethylbenzidine) substrate solution was

added to each well. The plate was covered and incubated in the dark for 30 minutes
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at room temperature. The absorbance was monitored at 450 nm at 15-minute
intervals using the FLUOstar® Omega plate reader. Once a sufficient colour change
was observed, 100 yL of stop solution was added to each well to terminate the
reaction (Figure 3-1). The final absorbance was measured at 450 nm within one hour
of adding the stop solution. For 11 absorbance values, the model could not estimate
their concentration as the values were outside the range of the standard curve.
Therefore, the samples were removed from the dataset as their absorbance values

could not be interpolated reliably.

Figure 3-1. ELISA plate showing the detection of HSP70 in
samples, with colour development observed following the
addition of TMB substrate and termination of the reaction with
stop solution.

Statistical Analysis

We determined the concentration of HSP70 in each drone (ng/mg of total protein) by
first determining the concentration of total protein in the assay. From the standard
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curve, the protein concentration was calculated and multiplied by the dilution factor
(1:2). To standardise the HSP70 concentration to 1 mg of total protein, a scaling
factor was determined by dividing 1000 pg (equivalent to 1 mg) by the protein
concentration used resulting in a scaling factor. The HSP70 concentration obtained
from the standard curve was then multiplied by the scaling factor to yield a

concentration.

Linear mixed-effects models (LMMs) were used to analyse the effects of treatment
(apiary density: high, medium, and low) on HSP70 concentrations in drones. The
concentration of HSP70 was measured in ng/mg of total protein. The models were
fitted with the Ime4 package in R (version 4.0.0). Treatment was included as a fixed
effect, while Colony was included as a random effect within Treatment. This
accounted for the hierarchical sampling design and the non-independence of drones
within colonies. Model assumptions were assessed using diagnostic plots and the

DHARMa package.

To address the issues of non-normality and outliers identified in the initial analysis,
log transformation and square root transformation of the response variable (HSP70
concentration) were explored. The best-fitting model, based on Akaike Information
Criterion (AIC), was the log-transformed model (HSP70_log). This model exhibited
no significant deviations from homogeneity of variance or normality. These
conclusions were supported by the results of DHARMa diagnostic tests for

dispersion (p = 0.992), uniformity (p = 0.1463), and outliers (p = 0.5983).

A likelihood-ratio test was conducted to determine if Treatment significantly explained
variation in HSP70 levels. The full model, which included Treatment as a fixed effect,

was compared to a reduced model excluding Treatment.
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The statistical significance of fixed effects was assessed using Type Ill Analysis of
Variance with Satterthwaite's method. Post hoc pairwise comparisons between
treatment groups were performed using estimated marginal means (EMMs) with

Tukey's adjustment for multiple comparisons, calculated via the emmeans package.

Results

The likelihood-ratio test indicated that Treatment significantly improved model fit (x?=
16.541, df = 2, p < 0.001). The full model with Treatment also had lower AIC
(355.10), and BIC (368.78) values compared to the null model (AIC = 367.64, BIC =
375.85), further supporting the inclusion of Treatment. The linear mixed model
(LMM) with a log transformation demonstrated that apiary density was a significant

predictor of HSP70 concentration in drones (F (2, 9.96) = 8.40, p = 0.007).

Post hoc tests indicated that drones from high-density treatments had significantly
higher HSP70 concentrations than those from low-density (estimate = 1.315, SE =
0.349, p = 0.0047; Figure 3-2) and medium-density treatments (estimate = 1.437, SE
=0.325, p = 0.0022; Figure 3-2). No significant difference was observed between
low- and medium-density treatments (estimate = 0.122, SE = 0.319, p = 0.923;

Figure 3-2).

Estimated marginal means (EMMs) were back-transformed to the original scale for
interpretability. Mean HSP70 concentrations (ng/mg of total protein) were highest in
high-density treatments (2.72 ng/mg, 95% CI: 2.19-3.25), followed by low-density
(1.40 ng/mg, 95% CI: 0.88—1.92) and medium-density treatments (1.28 ng/mg, 95%

Cl: 0.80-1.76).
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Figure 3-2. Box plot of log-transformed HSP70 concentrations (ng/mg) in honey bee
drones sampled from apiaries with different apiary densities. Drones from high-
density apiaries exhibited significantly higher HSP70 levels compared to those from
both low-density (p = 0.000047) and medium-density (p = 0.0022) apiaries. No
significant difference was found between the low- and medium-density treatments (p
= 0.9225). The central line within each box represents the median HSP70
concentration in Log(ng/mg), the edges of the box indicate the interquartile range
(IQR), and the whiskers extend to 1.5 times the IQR. Outliers are displayed as
individual points beyond the whiskers.

Discussion

This study investigated the relationship between apiary density and physiological

stress in honey bee drones, using HSP70 expression as a biomarker. Our findings
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provide evidence of a direct link between apiary density and quantifiable stress
response in drones. We found that drones from high-density apiaries exhibited
significantly higher HSP70 concentrations compared to those in medium- and low-
density settings. Furthermore, it offers a novel perspective on a key member of the

honey bee superorganism: the drone.

The observed pattern of increasing HSP70 levels with increasing apiary density
aligns with our initial hypothesis and suggests a dose-response relationship between
environmental stress and physiological response in drones. This finding is consistent
with a broad body of literature demonstrating the upregulation of HSP70 in response
to various stressors across insect taxa (Bodlah et al., 2023; Farahani et al., 2020;
Martinez-Paz et al., 2014; Rix & Cutler, 2022). However, our study extends these
findings by demonstrating a direct link between apiary density, which serves as a
proxy for resource competition and environmental stress, and HSP70 expression
specifically in honey bee drones. This is important as drones have a distinct

physiological and behavioural profile compared to workers.

The observed trend linking higher apiary density to increased stress levels in honey
bees aligns with previous research on colony health and productivity (Smith et al.,
2015). Nevertheless, the lack of a significant difference in HSP70 levels between
medium- and low-density apiaries in our study warrants further consideration. One
possible explanation is that the medium-density treatment did not create sufficient
resource competition or environmental stress to elicit a significant HSP70 increase
relative to the low-density treatment. Alternatively, drones in low-density apiaries may
experience other unidentified stressors that contribute to slightly higher basal HSP70
levels. It's also possible that there is a threshold effect, where HSP70 expression is
only significantly upregulated when apiary density exceeds a certain critical level.
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The lack of a significant difference in HSP70 levels between medium- and low-
density apiaries, however, suggests a potential threshold effect. HSP70 expression
may be only significantly upregulated when apiary density exceeds a certain critical
level. This is supported by research on other social insects, where stress responses
can vary non-linearly with colony size or density (Easton-Calabria et al., 2023; Khaliq
et al., 2014; Perez & Aron, 2020). Similar results were observed in a related study by
Vispute (2022), who investigated HSP70 responses in worker honey bees across
three apiary densities (high, medium, and low). While Vispute (2022) found that
worker bees generally exhibited elevated HSP70 levels in response to transportation
stress, similar to what was observed in our study with drones, there was no
significant difference in HSP70 expression between workers from the medium- and
low-density apiaries. Although their medium-density treatment (30 hives) was smaller
than our medium-density treatment (60-68 hives), both studies suggest that a
threshold density may be required to elicit a significant HSP70 response. It is
plausible that the medium-density treatments in both studies did not create sufficient
resource competition or environmental stress to induce a measurable increase in
HSP70 levels compared to the low-density treatments. Alternatively, other
unidentified stressors could be contributing to slightly higher basal HSP70 levels in
low-density apiaries. It is also important to acknowledge that both our study and
Vispute's (2022) work faced limitations regarding the replication of apiary densities.
Nonetheless, the congruence in findings between these studies strengthens the
hypothesis of a potential threshold effect for density-dependent HSP70 responses in

honey bees.

Another factor to consider is the time of year; drone production drastically reduces

towards the end of the mating season. Our sampling for this experiment was
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conducted in February, towards the end of the known mating season for this region.
This natural decline in drone production might have influenced resource allocation
within the colonies, potentially affecting drone physiology regardless of treatment. As
shown in Chapter 2, drone brood production was notably lower in December 2023
and January 2024 compared to November 2023 across all density treatments
(Figure 2-6). This decline aligns with the expected seasonal pattern of drone
production, which typically peaks in spring and early summer. Therefore, the drones
sampled in February for HSP70 analysis may have developed under conditions of
reduced drone rearing and potentially altered resource allocation within the colony. It
is plausible that the stress experienced by drones towards the end of the mating
season, when resources might be more limited and drones are no longer a priority
for the colony, could be exacerbated in higher-density scenarios (Betti & Lee, 2020).
This could potentially contribute to the significantly higher HSP70 levels observed in
drones from the high-density apiary compared to the medium- and low-density
apiaries. In other words, while we did observe a clear treatment effect, the late-
season sampling might have amplified the differences in stress responses between
the density treatments. This is because drones in high-density apiaries may have
experienced a combination of increased competition-related stress throughout their
development and the heightened stress associated with the natural decline in drone
production at the end of the season (McNally & Schneider, 1994; Rangel & Fisher,

2019; Seeley & Mikheyev, 2003).

Our study focused solely on HSP70 as a biomarker of stress. Future research should
incorporate a wider range of physiological and biochemical indicators, such as heat
shock proteins HSP27 and HSP90, and hormone levels related to stress or

reproductive status (e.g. juvenile hormone, vitellogenin) (Xu et al., 2009).
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Conversely, markers of oxidative stress could be examined to provide a more
comprehensive assessment of drone health and stress responses (Lalouette et al.,
2011). Investigating the direct link between HSP70 levels and drone reproductive
fithness, potentially through metrics such as sperm viability, mating success, or
offspring quality, would also be a valuable avenue for future research. Research
should also prioritise investigating a wider range of apiary densities, beyond the
limited scope of low, medium, and high densities tested in this study. This is a crucial
limitation in the present study as it restricts our ability to draw definitive conclusions
about the specific relationship between apiary density and drone stress responses.
Incorporating a more continuous range of densities, along with more refined
measures of resource availability and competition, would provide a more
comprehensive understanding of how these factors interact to affect drone
physiology. It would be beneficial to examine HSP70 expression across different
seasons or different stages of drone development to provide a more nuanced
understanding of how stress responses vary throughout the drone lifecycle. By
addressing these questions, we can gain a deeper understanding of what drone
physiology reveals about the overall "stress" experienced by a colony. This could
increase appreciation for the value of drone health as an indicator of colony health
and productivity, particularly in the context of increasing apiary density. Furthermore,
this research will help us understand how colonies respond to "overstocking" in
productive scenarios and how we might assess if colonies are stocked at a density
that induces competition and stress that could negatively impact productivity.
Ultimately, this will improve our understanding of how environmental changes,
particularly those related to management practices, impact the intricate social

dynamics and physiological responses within honey bee colonies.
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CHAPTER 4

General Discussion
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In this thesis, | aimed to investigate the effects of apiary density on reproductive
strategies in honey bees (Apis mellifera), with a particular focus on how these
strategies are influenced by sperm competition and mediated through the lens of the
superorganism concept (Chapter 2). Additionally, | explored the physiological
responses of drones to varying apiary densities, using HSP70 expression as a
biomarker for stress (Chapter 3). My findings indicate that colonies in higher-density
apiaries produced significantly more drone brood and had higher total sperm counts
compared to those in low-density apiaries. However, early in the breeding season,
drones from the low-density treatment exhibited a significantly higher proportion of
viable sperm compared to medium and high-density apiaries. Later in the breeding
season, drones from the medium-density treatment had a significantly higher
proportion of viable sperm compared to those from high-density apiaries. Drones
from high-density apiaries consistently exhibited significantly higher levels of HSP70,
indicating increased physiological stress. Here, | discuss the significance of these
results for our understanding of honey bee reproductive biology, the trade-offs
involved in reproductive investment, and the potential implications for beekeeping
management. | also highlight promising avenues for future research, particularly

concerning the role of seminal fluid proteins in mediating competitive interactions.

Apiary Density Drives Reproductive Investment but with Trade-offs

My results provide strong support for the hypothesis that increased reproductive
competition in high-density apiaries prompts colonies to increase their reproductive
investment. This is evident by the significantly greater drone brood production and
higher total sperm counts observed in drones from high-density treatments. My

findings align with predictions from reproductive competition theory, which suggests
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that organisms will enhance reproductive output in response to intensified
competition for mates and fertilisation opportunities (Wedell et al., 2002). This is
further supported by studies across various taxa, including observations of increased

sperm production in humans under competitive conditions (Baker, 1995).

However, the data on sperm viability present a more nuanced picture. The
significantly higher proportion of viable sperm found in the low-density treatment in
December 2023 and in the medium-density treatment in February 2024 suggests
that lower apiary density may favour greater investment in sperm quality over
quantity. This contrasts with findings by Boomsma (2013), who, in a review of the
literature, found evidence that a higher proportion of viable sperm under competitive
conditions is a consistent pattern across a wide range of both social and non-social
organisms. Several factors could contribute to this discrepancy. Colonies in low-
density apiaries may experience less competition for resources, allowing them to
invest more heavily in the quality of each drone produced. Alternatively, high-density
environments may introduce stressors that negatively impact sperm quality, as
suggested by Tihelka (2018). Furthermore, the observed pattern could reflect a
colony-level strategic investment, where colonies in high-density environments
prioritise the production of a larger number of drones, potentially at the cost of lower
average sperm quality within individual drones. This could be a bet-hedging strategy,
increasing the chances of at least some drones succeeding in a highly competitive

mating environment, even if the average sperm viability per drone is lower.
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Physiological Stress Increases with Apiary Density

The significantly higher HSP70 concentrations observed in drones from high-density
apiaries provide compelling evidence of a direct link between apiary density and
physiological stress. This finding is consistent with the broader literature
demonstrating the upregulation of HSP70 in response to various stressors across
insect taxa (Bodlah et al., 2023; Farahani et al., 2020; Martinez-Paz et al., 2014; Rix
& Cutler, 2022). However, my study extends these findings by demonstrating a direct
link between apiary density, which serves as a proxy for resource competition and

environmental stress, and HSP70 expression specifically in honey bee drones.

The observed trend linking higher apiary density to increased stress levels in honey
bees aligns with previous research on colony health and productivity (Smith et al.,
2015). The lack of a significant difference in HSP70 levels between medium- and
low-density apiaries, however, suggests a potential threshold effect. HSP70
expression may only be significantly upregulated when apiary density exceeds a
certain critical level. This is supported by research on other social insects, where
stress responses can vary non-linearly with colony size or density (Easton-Calabria
et al., 2023; Khaliq et al., 2014; Perez & Aron, 2020). Similarly, Vispute (2022) found
no difference in HSP70 expression in worker honey bees between low and medium-
density apiaries but observed significantly higher levels in high-density apiaries.
These findings, combined with our results, suggest that a similar threshold effect

may be operating in honey bee responses to apiary density.
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Future Research Directions

While my thesis provides valuable insights into the effects of apiary density on honey
bee reproductive strategies and drone physiology, several limitations should be
addressed in future studies. My findings, particularly the differences in sperm viability
between density treatments, raise intriguing questions about the potential role of
seminal fluid proteins (SNPs) in mediating competitive interactions. It is plausible that
variations in apiary density could influence the composition or activity of SNPs in
drones, potentially contributing to the observed differences in sperm viability and
overall reproductive success. Seminal fluid proteins are specialised molecules found
in the seminal fluid of male insects, including honey bee drones (Dosselli et al.,
2019). These proteins can play crucial roles in modulating female reproductive
physiology and behaviour after mating. They are known to influence processes such
as sperm storage, immune responses and hormonal regulation in females. Extensive
studies in Drosophila and an increasing amount of evidence in other insects
including ants and crickets have illustrated the effects of SNPs on female fertility and
behaviour (Avila et al., 2011; den Boer et al., 2010; Jasper et al., 2020; Wagner et
al., 2001; Wolfner, 2002). In Drosophila, SNPs alone can trigger post-mating
changes, including increased egg-laying and decreased receptiveness to further
mating (Ram & Wolfner, 2007). These findings highlight the potential for a similar
mechanism to operate in honey bees, although much remains unknown about the

specific roles of SNPs in honey bee queens.

Emerging evidence suggests that SNPs influence honey bee queen physiology in
several ways. Research by Jasper et al. (2020) and Liberti et al. (2019) has
established a connection between SNPs and decreased sexual receptivity, as well

as changes in queen vision. For instance, queens inseminated with seminal fluid
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exhibited upregulation of vision-related genes, such as those coding for
phospholipase C (PLC), a critical enzyme for light perception in retinal cells (Liberti
et al., 2019). This genetic alteration correlates with phenotypic changes, including
reduced visual responsiveness to light stimulation in both compound eyes and ocelli
cells (Liberti et al., 2019). Such impairments in visual performance may reduce a
queen’s ability to navigate during mating flights and prematurely return to their hives
during mating flights, potentially incurring survival costs cells (Liberti et al., 2019).
However, further research is needed to understand whether these effects are solely
due to disrupted visual perception or whether other physiological mechanisms

induced by seminal fluid are also involved.

Building on the observed effects on vision and receptivity, additional insights into
SNPs’ roles have come from studies examining the upregulation of specific proteins
in queens following insemination. For example, the proteases serine protease snake
(a Drosophila-derived protein involved in proteolytic cascades), and
Antitrypsin/Serpin 4 have been identified as upregulated in the fat bodies of
inseminated queens (Jasper et al., 2020). Serine protease snake, observed in male
ant sperm, is implicated in sperm competition and rival sperm degradation, with
subsequent neutralisation by queen spermathecal secretions (Dosselli et al., 2019).
Similarly, Antitrypsin/Serpin 4, involved in immunity, may also play a role in sperm
competition (Brutscher et al., 2015). Both proteases are upregulated in Drosophila
females after mating and are enriched in the spermathecal proteome, suggesting
potential roles in regulating proteolytic pathways within the honey bee reproductive
system (LaFlamme & Wolfner, 2013). These findings underscore the need for further
investigation into the molecular targets and receptors within queens that interact with

SFPs to drive post-mating changes.
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Collectively, this body of evidence supports the hypothesis that seminal fluid may
mediate sexual conflict between queens and drones. By impairing queen vision,
seminal fluid might reduce the likelihood of additional mating flights, thereby aligning
with the reproductive interests of male bees by minimising sperm competition. This
highlights the role of seminal fluid proteins in manipulating the female to favour the
male's own sperm by strategically limiting further mating opportunities and is a

testament to the ongoing evolutionary arms race between males and females.

Another step forward would be to incorporate direct measures of resource
availability. Quantifying parameters such as pollen and nectar stores within the hive,
as well as assessing foraging activity and success rates, would significantly enhance
our understanding of how colonies manage the trade-offs between resource
competition and reproductive investment. This would allow for a more
comprehensive picture of colony resource dynamics and how they influence
reproductive decisions under different density conditions. For example, studies have
shown that resource availability can significantly impact both colony growth and
reproductive output in honey bees (Seeley, 1989a). Limited resources can lead to
reduced brood rearing, decreased drone production, and even colony failure (Seeley,
2016). Furthermore, increased foraging effort in resource-poor environments can
come at a cost to individual forager lifespan and colony productivity (Seeley, 2016).
Therefore, directly measuring resource availability in future studies would provide
crucial context for interpreting the observed physiological and reproductive

responses to varying apiary densities.

Future studies should also include regular monitoring of varroa mite infestation
levels. Specifically, the quantity of varroa mite loads should be measured in both
adults and brood throughout the study period. This would involve established
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methods such as alcohol washes or sugar shakes to determine mite prevalence in
adult honey bees and detailed brood inspections to assess infestation rates within
brood cells (Dietemann et al., 2013; Pietropaoli et al., 2021). Given that varroa mites
are known to impact drone production, sperm quality, and stress responses,
assessing mite loads alongside measurements of drone production (e.g., area of
drone brood), sperm parameters (e.g., total sperm count, proportion of viable
sperm), and HSP70 expression would help to separate the effects of competition
from those of parasite load on these observed patterns (Rangel & Fisher, 2019).
Additionally, Tlak Gajger & Mutinelli (2024) found a positive correlation between
colony density and varroa mite infestation levels. This is likely attributed to several
factors, including increased drifting of bees between colonies, which facilitates mite
transfer, and potentially reduced hygienic behaviour in densely populated apiaries
where detection and removal of infested brood may be less efficient. Therefore,
measuring mite loads concurrently with the other parameters would help to separate
the effects of competition, driven by resource availability and influenced by apiary
density, from those of parasite-induced stress on the observed patterns of drone
production, sperm quality, and HSP70 expression. This is essential for accurately
interpreting the relationship between apiary density and reproductive outcomes and
determining the specific mechanisms through which apiary density exerts its effects,
whether it be primarily through resource limitation, increased parasite load, or a

combination of both.

Incorporating genetic analyses is a crucial next step for future research in this area.
Investigating potential genetic differences between colonies, particularly in traits
related to drone reproductive success, could elucidate the complex interplay

between genetic factors and the environmental pressures imposed by varying
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population densities. For instance, variations in genes involved in spermatogenesis,
sperm motility, or the synthesis of seminal fluid components could lead to differences
in sperm competitiveness between drones from different colonies. Certain alleles
might confer advantages in sperm longevity, swimming speed, or the ability to
penetrate the egg, ultimately affecting a drone's fertilisation success and,
consequently, the colony's reproductive output. Such analyses could involve
examining the genetic relatedness and diversity of drones and queens within and
across apiaries, potentially using microsatellite markers or whole-genome
sequencing. Furthermore, exploring potential heritable variations in these
reproductive traits across different subspecies of A. mellifera, known to exhibit
diverse mating strategies, could provide valuable insights into the evolutionary forces
shaping honey bee reproductive biology (Jaffé et al., 2010). This line of research will
be essential to determine the extent to which genetic factors, in concert with
environmental pressures like population density, influence both colony-level

reproductive strategies and individual drone reproductive success.

Expanding the range of physiological and biochemical indicators examined would
also be beneficial. While this study focused on HSP70 as a biomarker of stress,
relying on a single indicator might provide an incomplete picture of the complex
stress response. Including a suite of other heat shock proteins (HSPs) such as
HSP27 and HSP90 would offer a more comprehensive understanding of the specific
stressors experienced by drones. Different HSPs have distinct roles and respond to
different types and intensities of stress; HSP27 is involved in cytoskeletal
stabilisation and apoptosis prevention, whilst HSP90 is associated with hormone
receptor signalling and protein degradation (Feder & Hofmann, 1999; Mizrahi et al.,

2010; Tanguay & Hightower, 2015). Studies have shown that different stressors can
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elicit distinct HSP profiles. For example, increased resource competition in high-
density apiaries may induce a strong HSP70 response, while increased pathogen
load might alternatively upregulate HSP27 or HSP90 (Chen et al., 2018; King &
MacRae, 2015; Sarensen, 2010; Sgrensen et al., 2003). Therefore, measuring a
range of HSPs could provide a more detailed understanding of the specific stressors

experienced by drones in high-density apiaries.

Furthermore, examining hormone levels, such as juvenile hormone (JH) and
vitellogenin, would offer valuable insights into the drones' physiological and
reproductive status. JH is a key regulator of insect development and reproduction,
and its levels are known to be affected by stress (Bloch & Grozinger, 2011).
Vitellogenin, a yolk protein precursor, is involved in immunity and oxidative stress
resistance in addition to its reproductive function (Seehuus et al., 2006). In honey
bees, vitellogenin has been shown to be involved in the regulation of worker
behaviour and longevity, and it may also have similar roles in drones (Page Jr. &
Amdam, 2007; Seehuus et al., 2006). Fluctuations in JH and vitellogenin levels could
indicate hormonal imbalances and altered reproductive investment in response to
apiary density. Additionally, incorporating markers of oxidative stress, such as
malondialdehyde (MDA) or superoxide dismutase (SOD) activity, is important for
assessing cellular damage and the overall physiological toll of environmental
stressors on drones. Oxidative stress occurs when there's an imbalance between the
production of reactive oxygen species (ROS) and the ability of the organism to
detoxify them (Zhang et al., 2022). It's often associated with various stressors,
including pathogen infection, resource competition, and increased activity levels, all
of which could be exacerbated in high-density apiaries (Della Noce et al., 2019;

Diaz-Albiter et al., 2011; Kunat-Budzynska et al., 2025). This imbalance can lead to
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cellular damage, lipid peroxidation, and impaired physiological function (Della Noce
et al., 2019; Diaz-Albiter et al., 2011; Kunat-Budzynska et al., 2025; Moreira &
Hermes-Lima, 2024; Sun et al., 2023). Turnell et al. (2021) demonstrated that in
Drosophila melanogaster, manipulating ROS production and scavenging through
genetic modification affected sperm ageing and male reproductive fitness.
Specifically, males with reduced ROS production had sperm that maintained their
fertilising ability longer, supporting the idea that oxidative stress contributes to sperm
senescence. Therefore, measuring oxidative stress markers alongside HSPs and
hormone levels would provide a more comprehensive assessment of drone health
and help determine whether the observed increase in HSP70 in high-density apiaries
is associated with oxidative damage, potentially contributing to reduced sperm

viability.

Future research should also aim to establish a direct link between HSP70 levels,
sperm characteristics, and drone reproductive fithess. Measuring metrics such as
sperm viability, mating success, or offspring quality would help to determine the
functional consequences of the observed physiological responses to apiary density.
This would provide a more complete picture of how environmental pressures

ultimately impact reproductive success.

A wider range of apiary densities should be tested and incorporated with more
refined measures of resource availability and competition to further enhance our
understanding of density-dependent effects. This could involve establishing
experimental apiaries with a wider range of colony densities and manipulating
resource availability to examine how these factors interact to shape reproductive
strategies. Importantly, more levels of density manipulation would reveal where a
threshold may lie more precisely. It should also be noted that there was only one
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replicate for each density treatment in this study. Therefore, we can't say for sure if
the differences we saw were due to density or some other environmental factors due
to where the hives were. Although efforts were made to minimise confounding
factors by selecting apiaries in relatively similar environments and relocating focal
colonies to a neutral site before the experiment to allow a new cohort of bees to
develop under controlled conditions. Additional research should aim for multiple,
independent replicates of each density treatment to ensure the robustness of the
findings. This is a crucial step in establishing a clear cause-and-effect relationship
between apiary density and the various reproductive and physiological parameters
investigated. Addressing this limitation would require significant logistical effort and
resources, highlighting the challenges inherent in conducting large-scale ecological

experiments with honey bees.

Implications for Beekeeping Management

The findings of this thesis carry significant implications for beekeeping management
practices, particularly in the context of optimising reproductive output and
maintaining colony health. The observation that adjusting apiary density can
influence drone production suggests a potential tool for beekeepers, especially those
involved in breeding programs where increasing the availability of drones is a key
objective. By strategically manipulating density, it may be possible to enhance drone

production to meet specific breeding goals.

However, the double-edged nature of high apiary density cannot be ignored,
particularly concerning the trade-off with worker production. Our study found that

high-density colonies produced significantly less worker comb on blank frames
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(Chapter 2). This suggests that colonies in densely populated apiaries may be
diverting resources towards drone production at the expense of worker production
and potentially honey production. This is a crucial consideration for beekeepers who
are not primarily focused on drone rearing but rather on maintaining strong,
productive colonies for pollination services or honey yield. The increased
physiological stress observed in drones from high-density apiaries, as evidenced by
elevated HSP70 levels, further raises concerns about the potential long-term
consequences for overall colony health. If colonies are pushed to sustain increased
reproductive investment without adequate resources or in the face of excessive
competition and increased parasite loads, their overall health, productivity, and ability
to perform essential tasks like foraging and brood rearing could be compromised.
This underscores the critical importance of striking a delicate balance: optimising
density to achieve desired reproductive outcomes while simultaneously safeguarding
colony well-being and maintaining a robust worker population. Beekeepers must be
mindful of the potential trade-offs involved and consider factors such as resource
availability, disease prevalence, desired balance between drone and worker
production, and overall colony health when determining optimal apiary densities.
Regular monitoring of both drone and worker populations, as well as indicators of
colony health like brood patterns and honey stores, is essential for managing
apiaries effectively under different density conditions. Further research into the long-
term effects of varying apiary densities on colony productivity and resilience is

warranted to inform best management practices.
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Final Remarks

In conclusion, | found evidence that apiary density significantly influences
reproductive strategies and physiological stress responses in honey bees. The
findings support the application of the superorganism concept and reproductive
competition theory to understanding honey bee biology, while also highlighting the
complex trade-offs involved in reproductive investment. The observed patterns of
drone production, sperm characteristics, and HSP70 expression underscore the
intricate interplay between environmental pressures, colony-level responses, and
individual drone physiology. By addressing the limitations identified and pursuing the
suggested avenues for future research, particularly the investigation of seminal fluid
proteins, we can further refine our understanding of these dynamics and develop
more effective strategies for managing and conserving honey bee populations. The
insights gained from this research contribute to a deeper understanding of social
insect biology and provide a foundation for sustainable beekeeping practices that

support both ecological and practical objectives.
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