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bees through a male-bias sex
ratio, brood mortality and
reduced reproduction
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Introduction: In Australia, as well as many other regions of the world, European

honey bees Apis mellifera are an introduced species and may harm native bee

fauna by competing with them for food resources. Field studies have revealed

negative associations between honey bee and native bee abundance, but

whether this translates to fitness costs for native bees is unclear.

Methods: Using drilled wooden-block trap nests, we evaluated whether honey

bee abundance is associated with fitness parameters (number of nests,

provisioned cells per nest, offspring number, mortality rate, sex ratio, and body

size) of cavity-nesting native bees over 2 years. We also conducted palynological

analyses to measure pollen resource overlap and evaluate whether this impacts

native bee fitness.

Results and discussion: Greater honey bee abundance was associated with a

male-biased sex ratio in the native bee progeny across years and an increased

mortality rate of native bee progeny in the first year. Most non-significant

associations were also in the directions predicted from honey bees adversely

impacting native bee fitness. In the first year, greater pollen morphospecies

overlap was associated with fewer provisioned cells. In conclusion, we

demonstrated that honey bees have the potential to have harmful

consequences for native bee fitness.
KEYWORDS

bee hotels, competition, fitness, introduced species, native bees, pollen, resource
overlap, trap-nests
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1 Introduction

Native bees are important pollinators of flowering plants

(Ollerton, 2021), which in turn provide numerous ecosystem

services to ecosystems and society (Potts et al., 2016). However,

there is evidence that native bees are declining globally, and this

could have important consequences for pollination services (Kevan

and Phillips, 2001; Biesmeijer et al., 2006; Potts et al., 2010; Pauw

and Hawkins, 2011; Goulson and Nicholls, 2016; Potts et al., 2016).

This global decline in pollinators and pollination services is also

playing out in Australia (Pyke et al., 2023). One factor suspected to

be implicated in this decline is competitive pressure for floral

resources from introduced species, in particular the European

honey bee Apis mellifera (Beaurepaire et al., 2025; Paini, 2004;

Goulson and Sparrow, 2009; Shavit et al., 2009; Herbertsson et al.,

2016; Lindström et al., 2016; Geslin et al., 2017; Layek et al., 2021).

In contrast to many native bees, the European honey bee is not of

global conservation concern (Herrera, 2020; Wood et al., 2020),

despite media coverage to the contrary (Colla, 2022). This is

especially so in Australia, where honey bees have largely avoided

many diseases currently causing colony losses in Europe and the

USA (Le Conte et al., 2010) and where this introduced species often

dominates pollinator communities (Prendergast et al., 2021a,

Prendergast et al., 2021b; Prendergast and Ollerton, 2022a; see

also Prendergast et al., 2022a; and references within). The European

honey bee is a eusocial species forming perennial colonies with tens

of thousands of workers with high pollen and nectar requirements

(Cane and Tepedino, 2016). As super-generalists, they are able to

exploit a wide range of floral resources, and their communication

systems make them extremely effective at foraging (Geslin et al.,

2017). In contrast, most Australian native bees are solitary, and a

substantial proportion are relatively specialised having co-evolved

with the local flora for millions of years in isolation from other

biotic influences from other continents (Batley and Hogendoorn,

2009). As such, they may be highly vulnerable to competition from

honey bees (Prendergast et al., 2022a), introduced approximately

200 years ago and now spread through much of the continent as

both managed and feral colonies (NSW Threatened Species

Scientific Committee, 2011).

Addressing competition in observational studies requires

demonstrating three criteria: 1) there is overlap in the resources

used by honey bees and native bees, 2) there are negative impacts on

native bee fitness where they spatially and temporally co-occur,

and 3) such fitness impacts are not driven by other factors such as

environmental or anthropogenic disturbances. Carefully designed

trap-nesting studies can be insightful, as they allow addressing these

criteria for investigating competition. Trap nests (known as “bee

blocks” or “bee hotels” in popular literature) are artificial nesting

resources for native bees that nest in pre-made cavities (hereafter

referred to as cavity-nesting bees) (Krombein, 1967; Macivor, 2016).

Constructed from drilled wooden blocks or bundles of hollow stems

(Macivor, 2016; Dorey et al., 2021), they can facilitate studies of the

reproductive fitness of the occupying species (e.g. Sexton et al.,

2021; Knauer et al., 2022). Key fitness measures such as the number

of provisioned brood cells, the number of reared offspring, and the
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sex ratio and body size of emerged adults can be easily quantified

(Pitts-Singer and James, 2005; Peterson and Roitberg, 2006;

Radmacher and Strohm, 2010). The consequences of reduced

resources and/or nutrition may not be detected until the next

generation, rather than in the parental generation (e.g.

Gustafsson, 1987). The next generation, however, is critical when

considering fitness effects, given that the currency of fitness is

passing on genes. This represents a major advantage of trap-

nesting studies when investigating the impacts of competition, for

trap nests also enable detecting how interspecific competition may

impact reproductive output and offspring parameters that

contribute to future survival and reproduction such as body size.

Previous studies examining the impact of honey bees on trap-

nesting bee fitness have generated mixed results. Importantly,

experimental cage studies in Europe and the USA have found

evidence that honey bees can reduce native bee fitness by reducing

the number of nest cells completed (Hudewenz and Klein, 2015) and

rates of brood cell construction (Goodell, 2000). These studies

demonstrated that, in principle, competition can occur with fitness

consequences for native bees. However, it remains unknown whether

such findings from controlled environments can be reliably translated

to real-world community effects in natural ecosystems. Two single-

species studies conducted in a nature reserve in southwest Western

Australia have produced conflicting results: no negative effects were

observed for a generalist Megachilidae during the hottest months

(Paini et al., 2005), whereas negative impacts were observed for a

specialist Hylaeinae during cooler months (Paini and Roberts, 2005).

Such contrasting findings for different species highlight the

importance of larger-scale simultaneous multi-species studies in

determining the community-wide effects of competition between

honey bees and native bees.

Landscape context, such as urbanisation, is known to influence

competition dynamics (Herbertsson et al., 2016; Pape Møller and

Dıáz, 2018). Urban areas are becoming increasingly important for

the conservation of native pollinators (Prendergast et al., 2022b).

However, no trap-nesting studies have examined honey bee

competitive effects on native bee nesting success in urban

environments, meaning that a potentially important factor

contributing to the response of native bees to urbanisation

remains unquantified (Macivor, 2015; Macivor and Packer, 2016;

Makinson et al., 2016; Prendergast et al., 2022b). As many cities

generally offer a greater diversity of flora than surrounding areas

(Mckinney, 2008), it may be that honey bees can forage on a greater

range of flora, thus reducing resource overlap with native bees

(Carvalho et al., 2014). Alternatively, reduced native floral resources

in cities (Mckinney, 2006) for native bees and the fragmented

nature of resource patches may intensify competition (Aizen and

Feinsinger, 1994; Prendergast et al., 2021a, Prendergast et al.,

2022c). To reconcile such potentially divergent urban influences

on competition, more high-quality observational studies of

competitive effects in urban environments are needed, in

particular those measuring a range of relevant fitness responses in

addition to population changes.

Urban landscapes are furthermore highly heterogeneous and

have different habitat types, which differ in their ability to support
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different pollinators (Dylewski et al., 2019, Dylewski et al., 2020;

Zaninotto et al., 2023). In particular, within the urban matrix, there

are different types of greenspaces, ranging from remnant native

wildland habitat patches to managed gardens. It is known that these

two habitat types differ in their ability to support native bee

biodiversity, have different floristic composition, and, at least

based on observations between honey bee densities and native bee

densities foraging on flowers, can alter the competitive impact of

honey bees (Prendergast and Ollerton, 2021; Prendergast et al.,

2021a; Prendergast and Ollerton, 2022a; Prendergast et al., 2022c;

Prendergast, 2023b; a). Further research is required, however, to

determine if this translates into differences in fitness outcomes.

Research to date suggests that native bee taxa that have a high

overlap with honey bees in the flowering plant species they forage

on have reduced abundances (Paini and Roberts, 2005; Prendergast

et al., 2021a). Furthermore, many native bees in Australia are highly

specialised (oligolectic) such as the diverse and endemic

Euryglossinae (Michener, 2007), whereas honey bees are

supergeneralists and can forage in a huge diversity of flowers

(Michener, 2007), including those that oligoleges rely upon

(Prendergast, 2023b); this places native bees at risk of exploitative

competition. However, to what extent honey bees are impacting

Australian native bees remains a point of unresolved controversy

(Pyke, 1990, Pyke, 1999). In Australia, results remain equivocal with

positive, negative, and no associations being reported (Prendergast

et al., 2021a, Prendergast et al., 2022a). The majority of these studies

have examined changes in the abundance of native bees in relation

to honey bees, which, due to potentially unmeasured underlying

factors driving population dynamics in one or both groups (e.g.

changing resource availability) (Prendergast et al., 2022a), cannot be

conclusive in demonstrating competition effects.

If honey bees are outcompeting native bees via resource

competition, it can be predicted that resource limitation will lead to

fewer cells being produced and high mortality (Goodell, 2003). It can

also be predicted that under resource limitation, female native bees

will have fewer resources to provision nest cells, leading to smaller

offspring (Goodell, 2003). This, in turn, can have fitness implications

for these smaller-bodied progeny, as smaller-bodied bees can have

lower foraging activity, wintering survival, nest provisioning rates,

fecundity, and mating success (Sugiura, 1991; Alcock and Houston,

1996; Kim, 1997; Kapustjanskij et al., 2007; Bosch, 2008; O’neill et al.,

2014). Reduced resource availability or quality experienced by native

bees when faced with resource competition may also lead to a biased

sex ratio towards the “less expensive sex” (Hoogland, 1981). In the

majority of bee species, females are the larger sex, and so variation in

the distribution of resources can be predicted to impact the sex ratio

(Frank, 1995). Indeed, this has been previously demonstrated for a

solitary cavity-nesting bee species with larger females than males,

which, therefore, requires less investment to produce a viable son

compared with a daughter. Faced with resource challenges, females of

these species produced a greater proportion of sons (Peterson et al.,

2006). Ongoing male-biased sex ratios can compound loss of

reproductive potential, and in bees, having haplodiploid sex

determination, populations suffering from small population size

and inbreeding depression, can result in detrimental diploid male
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production instead of female offspring, leading to population declines

(Zayed and Packer, 2005). Due to honeybees depleting resources

through exploitative competition, females may also have to forage for

longer durations per foraging trip to find enough resources, leading to

increased nest parasitism (Goodell, 2003). This is because for solitary

female bees, the longer a female spends away from the nest, the

greater the risk that a parasitoid will attack the nest.

The aim of this study was to assess how honey bee density in

urban areas influenced the fitness of cavity-nesting bees, as measured

in terms of nest occupancy, number of provisioned cells in each nest,

number of offspring to emerge as adults, mortality rate, sex ratio,

body size of emerged adults for each sex, and parasitism. We also

investigated the contemporaneous overlap in pollen use between

honey bees and cavity-nesting native bees and determined if resource

overlap influenced native bees’ fitness. We hypothesised that greater

honey bee densities at a site would result in fewer native bee nests,

fewer provisioned brood cells and offspring, a male-biased sex ratio,

smaller offspring, and increased mortality rates and parasitism

(Figure 1). We also hypothesised that greater resource overlap in

pollen use between native bees and honey bees would increase the

likelihood of observing these negative impacts (Figure 1).
2 Methods

2.1 Study system and site selection

We sampled bees across 14 sites in the Perthmetropolitan region,

Western Australia. Within this urbanised region, we surveyed two

urban greenspace habitat types: seven bushland remnants and seven

residential gardens (Figure 2). For further information about the

study sites and site selection, refer to Prendergast et al. (2020). The

study sites are located in the Southwest Floristic Region, an

internationally recognised biodiversity hotspot (Hopper and Gioia,

2004). This region hosts a high biodiversity of native bees (at least 153

species), with 70 of these species being above-ground nesters—a

relatively high proportion compared with global averages

(Prendergast et al., 2022c). Bushland remnant sites were selected on

the basis of being dispersed throughout the metropolitan region,

whilst residential garden sites were selected on the basis of being

interspersed with the selected bushland remnants (appropriate

permission was obtained to sample all sites). Study sites

encompassed a representative range of variation in habitat

characteristics for each site type regarding flower abundance,

diversity, proportion of native flora, built space, and habitat size

(Prendergast et al., 2022c).
2.2 Trap-nest sampling

Eight trap nests, consisting of 150 × 100 × 100 mm wooden

Jarrah (Eucalyptus marginata Donn ex Sm.) blocks (Figure 3a),

were used to sample cavity-nesting native bees at all 14 sites (with a

total of 1,690 nesting blocks in total). Fifteen holes were drilled to a

depth of 120 mm in each block, with five each of the following hole
frontiersin.org
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diameters: 4, 7, and 10 mm. Cardboard bee tubes (Custom Paper

Tubes, Cleveland, OH, USA) were then inserted into the holes.

These three sizes were chosen to cover a range of cavity-nesting bee

body sizes.

Trap nests were installed within a 100 m × 100 m area at each

site on trees, or fences when there were insufficient trees at

residential sites at approximately 1.4-m height, with one trap nest

installed per location. Where possible, the trap nests were relatively

evenly placed across the 100 m × 100 m area. They were installed in

November 2016 and checked monthly until February 2017, and

again installed in September 2017 and checked monthly until

March 2019 (Supplementary Material S1). During each survey,

trap nests were checked, and any “capped” bee tubes (i.e.

completed nests) were removed and replaced. Completed nests

were individually placed in labelled plastic containers in the field

and returned to the lab for rearing at room temperature (23°C)

(Figure 3b). Containers were ventilated with five tiny holes (<1 mm)

to prevent the build-up of excessive humidity levels whilst

preventing insect escape.

Nests were checked twice weekly for adult emergence (Figure 3c).

The emergence date, species, sex, and body size of the adults were

measured (see Supplementary Material S2). Body size was measured

using electronic Vernier callipers, measured as intertegular span to a

resolution of 0.01 mm. Species were identified by KSP, who is

experienced in native bee identification and taxonomy, using keys

in the literature and collections at the Western Australian Museum.
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Species that did not match a described species were given a unique

morphospecies code. All specimens have been deposited in the WA

Museum’s Entomology Collection.

Instances and details of parasitism of the nests were also recorded

(Figure 3c) in terms of presence/absence, taxon of emerged parasitoid

(Bombyliidae, Meloidae, Gasteruptiidae, and Melittobia australica),

number and sex of individuals (for all parasitoid species except M.

australica, owing to their gregarious reproduction, with hundreds of

tiny individuals emerging), date of emergence, and number of cells

parasitised. Emerged nests were carefully opened to count the total

number of cells, provisioned cells, and offspring that failed to develop.

For nests that did not rear any adults prior to winter (June) each year,

the number of cells and provisioned cells were quantified using X-

rays (Faxitron Specimen Radiography System MX-20Cabinet)

(Figure 3d). The mortality rate was calculated as the number of

dead bees as a proportion of provisioned cells. Mortality was assessed

where dead bees were identified as larvae that failed to develop either

from opening tubes that adults had emerged from or via X-ray. Both

of these procedures do not cause any additional mortality from that

which occurred naturally.
2.3 Honey bee density observations

Honey bee abundance at each of the 14 sites was recorded during

3-hour (during peak bee activity between 10:45 am and 1:45 pm)
FIGURE 1

Hypothesised relationships for how pollen resource overlap between honey bees and native bees (interspecific resource competition) impacts
cavity-nesting bee fitness parameters. Photographs by Dr Kit Prendergast, with the exception of the honey bee image (Karunakar Rayker on Flickr:
https://www.flickr.com/photos/krayker/4312985916). The red and blue lines represent the pollen niche breadth of Apis mellifera vs. a native solitary
cavity-nesting bee, respectively, and the area of overlap represents resource overlap. The fitness parameters in red and bold are those where, at least in
some contexts, the hypothesised effects from honey bee competition were supported by the results of the present study.
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monthly surveys that took place on the same day when trap nests

were being checked at a given site. Within the 100 m × 100 m area at

each site where the trap nests were installed, a single observer (KSP)

slowly traversed the site without any preordained path, recording the

numbers of honey bees observed. When a flowering patch was

encountered, this was observed for 5 min before moving to another

patch within the 100 m × 100 m survey area. All surveys were

conducted under weather conditions conducive to bee activity. One

site was sampled per day, and the order of sites visited

was randomised.

Further information including details on bee sampling, floral

resources, and trap nest occupancy can be found in Prendergast

et al. (2020, 2021a) and Prendergast (2023a).
2.4 Pollen collection and analysis

Resource overlap was analysed using the pollen provisions of

honey bees and trap-nesting native bees. Pollen from honey bee

hives was collected monthly at four of the trap-nesting sites

(Figure 2) (Bibra Lake, Nedlands, Shenton Park, and Wilson; see

Supplementary Material S3) using pollen traps (under hive pollen

trap, Apico WA). The pollen traps were deployed for 1 week each

month at the same time the trap nests were deployed. The collected

pollen was placed in sterile containers and stored in a freezer to
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prevent contamination from other pollen sources and prevent

mould. Native bee pollen from these same four sites was collected

using nest provision residues (remains of pollen and bee faeces—see

also Paini and Roberts, 2005). As each collected native bee tube

represented the pollen provisions collected by the female in the

month leading up to completing the nest, and the honey bee pollen,

collected monthly, was sampled on the same day as when the nests

were collected each month, this allowed an estimation of pollen

overlap over each month. The selection of sites for honey bee pollen

samples was based on the availability of beekeepers with established

hives that permitted hive sampling. Consequently, only one

(Shenton Park) of the four sites was a bushland remnant site that

could be analysed for pollen overlap. Two of the sites had a honey

bee colony (approx. 500 m away from the trap nests for Shenton

Park and approximately 200 m away from the trap nests for Bibra

Lake). The other sites had the colonies located approximately 1 km

away from the location of the trap nests. These are all within the

local foraging range of a honey bee colony (Garbuzov et al., 2015;

Van Der Steen, 2015). Approximately 20 mL of pollen (as measured

in a sterile specimen container) was collected from each pollen trap.

Pollen was mixed using mortar and pestle to reduce clumping of

one pollen type prior to analysis. At Bibra Lake, Nedlands, Shenton

Park, andWilson, within the 100 m × 100 m survey area, pollen was

collected from each plant species flowering to create a pollen

reference library. Reference pollen was acetolysed (Erdtman,
FIGURE 2

Map of study sites (triangles) and locations of honey bee pollen traps (circles) all located within the urbanised region (Perth) of the Southwest–
Western Australian biodiversity hotspot.
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1960) to remove the outer sticky coating (pollenkitt) and inner

protoplasm, enabling the morphological features of each species

to be clearly seen and recorded. Pollen was examined and

photographed using an OLYMPUS-BX51 transmitted light

biological microscope and an OLYMPUS P71 digital

camera attachment.

In season 1 (2016/17), pollen samples collected from the honey

bee hives and the native bee nest provision residues were acetolysed.

Two slides per sample were scanned until 200 grains were counted

and identified. In season 2 (2017/18), a scanning electron

microscope (SEM) (Jeol 35CF scanning electron microscope at

Curtin University’s Centre for Crop and Disease Management)

was used to count and identify pollen types. Five separate fields of

view at ×400 magnification were counted. The number of pollen

grains was thus dependent upon how many were in the field of view

for the SEM analysis.
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2.5 Calculation of resource use overlap

We calculated resource overlap in terms of the extent to which

pollen from the honey bees overlapped with the pollen resources that

each native bee used to provision its nest. This was calculated on the

basis of the number of pollen grains of a given species/

morphospecies. We used the MacArthur and Levins (1967) equation:

ROhn = (opin � pih)=(op2in)

where RO is resource overlap, pin is the proportion that each

resource used (i) is of the total resources used by a native bee species

(n), and pih is the proportion that each resource used (i) is of the

total resources used by the European honey bee (h). RO was

calculated at both the pollen species and family levels, given the

difficulties in distinguishing pollen to species level for some plant
FIGURE 3

Trap-nest and rearing set-up. (a) Trap nests used in the present study consisted of wooden jarrah blocks with 15 holes of 4-, 7-, and 10-mm
diameters into which cardboard nesting tubes were inserted. Here, a Megachile erythropyga female is provisioning one of the 7-mm-diameter tubes.
Another 7-mm-diameter tube and two 4-mm-diameter tubes have been completed, as evidenced by the capped nests. (b) Completed bee tubes
(nests) were placed in labelled take-away containers and stored in the lab. (c) M. erythropyga male and female that emerged in the lab and
Gasteruptiidae parasitoids that emerged. (d) X-rayed bee tube (120 mm long, 7 mm diameter) showing number of occupied cells. Photos,
Kit Prendergast.
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taxa (Bruni et al., 2015; Bell et al., 2017) [especially the dominant

Australian family, Myrtaceae (Thornhill and Crisp, 2012)] and also

because most oligolectic bees are specialists at the family level

(Michener, 2007).

For overlap comparisons, native bee samples were compared

with honey bee samples taken only from the same site and

collection month. As such, this provides a more realistic measure

of resource competition, given that honey bees and a native bee

species can both use a particular flowering plant but would not

come into competition if they forage in different locations or

months (i.e. avoiding competition by partitioning resources in

space and time).
2.6 Calculation of native bee reproductive
fitness measures

The effects of honey bee abundance were tested on the following

reproductive fitness measures in native trap-nesting bees at all sites:

number of nest tubes completed, number of provisioned cells in

each nest, number of offspring to emerge as adults, mortality rate,

sex ratio, body size of emerged adults for each sex, and parasitism.

Note that the total number of nest tubes used in the calculations

of provisioned cell numbers is less than the total number of tubes

collected. This is because a number of bee tubes were found to

contain no provisions, i.e. were entirely empty with no signs of cell

construction or provisioning despite being capped. In year 1, 12.2%

had no provisions, and of the tubes collected in year 2, 7.7% had

no provisions.
2.7 Statistical analysis

All analyses were performed in RStudio v2021.09.0 + 351 (R Core

Team, 2014) (see also Supplementary Material S5). The effects of

honey bee abundance on native bee reproductive fitness parameters

(response variables) were analysed using generalised linear mixed-

effect models (package “lme4”), with honey bee abundance specified

as the independent variable. The level of replication was at the nesting

tube level. As 14 sites were visited each month, site was included as a

random factor. Samples across months and years were not pooled

due to phenological variation in trap nest occupancy (Prendergast,

2023a) and in flowering periods (Prendergast and Ollerton, 2022a; b).

Initially, generalised linear mixed-effect models were used, but when

there were convergence issues and warnings to rescale variables,

honey bee abundance was ln+1 transformed for analyses, and a linear

mixed model was used. Models were tested for overdispersion with

the package “DHARMa”. The Poisson error distribution was

specified for all models involving count responses (number of nests

completed, number of cells completed, and number of offspring to

emerge). The binomial distribution was used for binomial proportion

data (mortality rate and sex ratio), with the sample size of each data

point accounted for using a “weights” argument. Continuous

response variables (i.e. body size) were analysed using a Gaussian

error distribution. Overdispersion of residuals was accounted for by
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specifying an observation-level random effect (Tube ID), which was

the same as an observation-level random effect (equivalent numbers

of observations) (Harrison, 2014). Honey bee abundance was ln+1

transformed due to scaling warnings. Due to singularity, the site was

removed as a random effect after comparing the Akaike Information

Criterion (AICcs) with and without this random effect whilst

retaining Tube ID, as this encompassed the site as well as the

month, i.e. spatial and temporal variations, given that Tube ID was

unique to each site and month (Frohlich and Tepedino, 1986), whilst

allowing us to still deal with overdispersion. Tube ID was also

retained because each nest, being produced by a different female at

a site, was an independent unit of replication. The significance of

honey bee density on the response parameters was assessed by

performing an ANOVA between models [anova() function] with

and without honey bee abundance (log-likelihood approach), where

significance was determined by a chi-squared test statistic

corresponding to p < 0.05. When the difference between models

was <0.1, this was interpreted as below statistical significance but

warrants attention, as it may indicate a biologically meaningful

association (EFSA Scientific Committee, 2011) between honey bee

abundance and the response variable of interest, given that the p-

value is influenced by statistical power. We also report the effect size

(estimate and standard error from a summary of the model, using

restricted maximum likelihood) of honey bee abundance on native

bee response variables to quantify the magnitude of how much a

change in native bee fitness can be attributed to a change in honey

bee abundance.

The relationship between resource overlap and native bee

reproductive fitness (all measures above except body size) was

analysed using generalised linear mixed-effect models with a

Poisson distribution, with the site as a random effect. A log-

likelihood approach was used to provide an estimate and

associated SE and p-value on the relation between overlap and

fitness parameters. Whether overlap varied between native bee

species was analysed using resource overlap as the response

variable and bee taxon as the explanatory variable. This model

was then compared with a null model, using the method described

above involving performing an ANOVA between models.

We also investigated interaction effects, where the effect of

honey bee density on native bee response variables interacted

with, i.e. were modulated by, variation in other factors. The

fol lowing factors were invest igated for honey bee ×

factor interactions:
• Year: with two levels, year 1 (data collected in the first field

season, Nov–Feb 2016/17) and year 2 (data collected in the

second field season, Oct–March 2017/18) (Prendergast

et al., 2022c).

• Cohort: there were two main periods of emergence each

year: pre-winter, and post-winter, the latter being larvae

that overwintered and emerged the following season, for

both the first year and second year, representing four levels

(Prendergast, 2023a).

• Habitat type: bee hotels were installed in two habitat types

(two levels), bushland remnant vs. residential gardens
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(Prendergast and Ollerton, 2021; Prendergast et al., 2021a;

Prendergast and Ollerton, 2022a; Prendergast et al., 2022c).

• Native bee subfamily: with two levels, Megachilinae

(comprising, in this study, Megachile and Rozenapis) and

Hylaeinae (compris ing , in this study, Hylaeus

and Meroglossa).
The significance of interaction effects was tested using a log-

likelihood approach, where an anova (anova() function) was

performed between models with and without an interaction effect,

i.e. response~honeybees × response~factor vs. honeybees + factor.

If an interaction effect was significant (p < 0.05), analyses were also

performed with models using a subset of data separated by each

level of the factor (see Supplementary Material S5 for an example).

Year interaction effects were performed given that activity

seasons are not continuous and represent independent

environmental conditions and a unique assemblage each year. As

the study was conducted over 2 years of bee activity seasons, this

also investigated interannual differences, given that differences in

weather parameters, flowering of plants and their nutritional

quality, and native bee population pools may vary between years

(Prendergast et al., 2022c). Each cohort of the first and second year’s

offspring that emerged prior to winter (no diapause) and after

winter (diapausing) represent independent emergence events

(Prendergast, 2023a). Investigation of the emergence data for a

cohort interaction was conducted because factors other than honey

bee abundance may impact the emergence parameters of larvae that

diapause over winter vs. those that do not. This is especially

apparent in the data from the second year, where the majority of

overwintering nests were infested to varying degrees by parasitoid

wasps M. australica (Eulophidae). These likely originated from one

or a few nests and escaped through the tiny punctures or crevices

under the lids of the containers in which each nesting tube was

placed and spread throughout nests in the lab. A habitat type

interaction was investigated because bushland remnants vs.

residential gardens differ in plant composition (resource

conditions in terms of floral type and amount), urbanisation

(Prendergast and Ollerton, 2021; Prendergast et al., 2022c), and

potential for competition (Prendergast et al., 2021a; Prendergast

and Ollerton, 2022a).

A native bee subfamily (Megachilinae: Megachile and

Rozenapis) vs. Hylaeinae: Hylaeus and Meroglossa) interaction

effect was investigated for emergence data, mortality rate, and

pollen overlap, given that phylogeny, i.e. bees from different

families, can influence sensitivity to competition due to

differences in life-history traits that could influence competition

(body size, tongue length, and pollen preferences).

Due to variation in sample size between species, and for many,

insufficient sample size, models could not be performed for each

native bee species to test how that particular species was associated

with honey bee density. We also did not include species as a random

effect (or fixed effect, if we were particularly interested in these

particular species) because of, as above, big differences in sample

size, and this would result in overfitting our models and singularity.

To still be able to account for potential taxon differences, we did
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look at a potential interaction between subfamilies (Megachilinae

and Hylaeinae), and due to phylogenetic inertia (i.e. bee species and

their traits are phylogenetically non-independent), species within a

subfamily are more similar in life-history traits than species in

another subfamily (Webb et al., 2002; Wiens et al., 2010).
3 Results

3.1 Impact of honey bees on nesting and
reproductive success of cavity-nesting
bees

3.1.1 Bee tube occupancy
A total of 1,029 nests were completed (413 in year 1 and 616 in

year 2). There was no association between honey bee abundance

and number of completed nests (est = −6.2^−5, se = 1.6^−5, X^2 =

1.6, p = 0.662). There was no interaction effect with year (p > 0.05).

There was an interaction effect with habitat type (X^2 = 704.5, p <

0.001). However, the relationship remained non-significant in both

bushland remnants and residential gardens, with the difference

being the valence of the association (bushland remnants: est = −7.0^

−4, se = 1.0^−4, X^2 = 0.25, p = 0.617 vs. residential gardens: est =

0.001, se = 0.001, X^2 = 1.48, p = 0.225).

3.1.2 Nesting success: provisioned cells, offspring
emergence, and mortality rate

A total of 6,287 cells were created, of which 4,069 were

provisioned (the difference comprising empty “intercalary” or

“vestibular” spaces). In year 1, a total of 1,603 cells were

provisioned, and 2,466 cells were provisioned in year 2.

For the number of provisioned cells per nest, honey bee

abundance had a negative but non-significant association (est =

−0.03, se = 0.02, X^2 = 1.64, p = 0.193). There was no significant

interaction effect by year (X^2 = 0.42, p = 0.516), habitat (X^2 =

0.28, p = 0.595), or cohort (X^2 = 0.92, p = 0.820).

For the number of offspring to successfully emerge (i.e.

eclose), there was again a negative but non-significant

association with honey bee abundance (est = −0.04, se = 0.03,

X^2 = 2.34, p = 0.126). There was no interaction effect by year

(X^2 = 2.65, p = 0.103), habitat (X^2 = 1.48, p = 0.223), or cohort

(X^2 = 2.35, p = 0.503).

There was no association between mortality rate and honey bee

abundance (est = 0.013, se = 0.09, X^2 = 0.02, p = 0.890). There was

no interaction effect by habitat (X^2 = 1.68, p = 0.195). However,

there was a significant interaction effect with year (X^2 = 22.68, p <

0.001) and cohort (X^2 = 9.07, p = 0.030). In year 1, there was a

significant positive association between mortality rate and honey

bee abundance (est = 1.04, se = 0.23, X^2 = 4.58, p < 0.001), whereas

there was no association in year 2 (est = −1.34, se = 0.11, X^2 = 1.45,

p = 0.23) (Figure 4a). When analysed by cohort, there was a

significant positive association between honey bee abundance and

mortality rate in the cohort to emerge prior to winter in the first

year (est = 1.12, se = 0.45, X^2 = 6.89, p = 0.009), but the association

was non-significant for the cohort to emerge after winter in the first
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year (est = 0.19, se = 0.21, X^2 = 0.83, p = 0.363). There was no

association for mortality of the pre-winter cohort in year 2 (est =

−0.10, se = 0.15, X^2 = 0.02, p = 0.894) or the post-winter cohort in

year 2 (est = −0.09, se = 0.09, X^2 = 1.16, p = 0.282).

Species to emerge from the nests were from two subfamilies,

Megachilinae (family Megachilidae, primarily in the genus

Megachile, along with one species of Rozenapis) and Hylaeinae

(family Colletidae, primarily in the genus Hylaeus, along with one

species of Meroglossa). A total of 565 nests were made by

Megachilinae, comprising 18 species, whilst 72 nests were made

by Hylaeinae, comprising seven species (Table 1, see also

Supplementary Material S2). The two subfamilies, Megachilinae

and Hylaeinae, did not differ in the association of honey bees with

provisioned cells (X^2 = 0.727, p = 0.394), number of offspring

emerged (X^2 = 0.002, p = 0.967), or mortality (X^2 = 2.95,

p = 0.086).
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3.1.3 Sex ratio
There was a significant negative relationship between sex ratio

(proportion of females) and honey bee abundance (est = −0.16, se =

0.06, X^2 = 6.36, p = 0.012). There was no interaction with habitat

type (X^2 = 2.22, p = 0.137), year (X^2 = 1.88, p = 0.170), or cohort

(X^2 = 1.88, p = 0.170).

3.1.4 Body size
There was no effect of honey bee abundance on female body size

(est = 0.02, se = 0.03, X^2 = 0.76, p = 0.413) and male body size (est

= 0.02, se = 0.03, X^2 = 0.25, p = 0.601). For both sexes, there was

no interaction effect with habitat type, year, or cohort (all p > 0.05),

except for male body size, which interacted with cohort (X^2 = 12.1,

p = 0.006). There was no association in the pre-winter year 2 cohort

(est = 0.04, se = 0.04, X^2 = 1.26, p = 0.261) and post-winter year 1

cohort (est = −0.04, se = 0.15, X^2 = 0.09, p = 0.754).
FIGURE 4

Relationship between honey bee abundance (ln+1 transformed) and (a) mortality rate (number of bees that failed to emerge as a proportion of the
total number of provisioned cells per nest) by year and (b) sex ratio (proportion of females).
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Associations did not reach statistical significance for the pre-winter

year 1 cohort (est = 0.22, se = 0.12, X^2 = 3.48, p = 0.06) and post-

winter year 2 cohort (est = −0.02, se = 0.05, X^2 = 3.19, p = 0.07).
3.1.5 Parasitism
There was no effect of honey bee abundance on parasitism

rates (est = 0.02, se = 0.09, X^2 = 0.05, p = 0.829). There was no

significant interaction effect with the year (p > 0.05). However,

there was a significant interaction effect with habitat (X^2 = 4.23,

p = 0.040). There was no association in bushland remnants (est =

−0.05, se = 0.13, X^2 = 0.14, p = 0.710), whereas there was a

trend towards a significant association, with a much greater

estimated coefficient between honey bee abundance and

parasitism rates in residential gardens (est = 0.20, se = 0.12,

X^2 = 2.81, p = 0.093).
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3.1.6 Summary of associations between honey
bee abundance and native bee fitness

The majority of associations between honey bee abundance and

the parameters measured from the trap-nesting native bees in terms

of nesting and fitness were statistically non-significant. There were,

however, more associations (12:9) in the direction predicted under

the hypothesis of honey bee competition occurring and adversely

impacting native bees (Table 2).
3.2 Relationship between pollen overlap
and reproductive success

3.2.1 Acetolysed sample analyses (year 1)
Nineteen bee tubes, created by seven species and collected

across the four pollen overlap sites, had progeny that emerged

prior to winter in the first season (i.e. cohort one) [note that one of

these bee tubes was parasitised by Anthrax incomptus (Diptera:

Bombyliidae) and no offspring emerged]. Microscopic analysis of

acetolysed pollen from these bee tubes and honey bee pollen traps

revealed that honey bees collected pollen from over twice as many

species as native bees (mean no. species for native bees: 4.26 ± 0.556

vs. mean no. species for honey bees: 10.3 ± 1.01). The average

overlap was 0.18 ± 0.06 at the pollen morphospecies level and 0.43 ±

0.08 at the family level (Supplementary Material S3).

There was a significant negative relationship between the niche

overlap of pollen morphospecies and the number of provisioned

cells that were filled (est = −1.16, se = 0.47, X^2 = 6.95, p = 0.008).

This relationship did not occur when analysed at the family level of

pollen (est = 0.06, se = 0.28, X^2 = 0.05, p = 0.832). There was no

association with mortality at the pollen morphospecies level (est =

−1.01, se = 1.51, X^2 = 0.47, p = 0.492) or the family level (est =

−1.57, se = 0.92, X^2 = 2.98, p = 0.089), and there was no

association with the sex ratio at the pollen morphospecies level

(est = 0.22, se = 1.06, X^2 = 0.04, p = 0.835) or the family level (est =

0.19, se = 0.83, X^2 = 0.05, p = 0.825).

3.2.2 SEM analyses (year 2)
Twenty-four tubes from six species had offspring that emerged

from the second year of collections that were paired with honey bee

pollen collection sites. Using scanning electron microscopy to

identify pollen species in samples, honey bees again collected over

twice as many pollen types as native bees. Native bees collected on

average 2.79 ± 0.29 pollen species, whereas honey bees were more

generalised at 8.13 ± 0.06. The average overlap was 0.48 ± 0.07 at the

pollen morphospecies level and 0.62 ± 0.06 at the family level

(Supplementary Material S3).

There was no relationship between the number of provisioned

cells and overlap at the pollen morphospecies level (est = −0.19, se =

0.35, X^2 = 0.30, p = 0.58) or family level (est = 0.02, se = 0.36, X^2

= 0.001, p = 0.97), nor was mortality related to overlap at the species

level (est = −1.70, se = 1.10, X^2 = 1.2, p = 0.24), the family level (est

= −0.11, se = 1.15, X^2 = 0.01, p = 0.92), or sex ratio

(morphospecies: est = 0.09, se = 0.63, X^2 = 0.02, p = 0.87,

family: est = −0.19, se = 0.70, X^2 = 0.07, p = 0.79).
TABLE 1 Summary of the cavity-nesting bee species using bee hotels.

Subfamily Species N nests

Hylaeinae Hylaeus euxanthus 3

Hylaeus violaceus 33

Hylaeus ruficeps kalamundae 5

Hylaeus amiculus 1

Hylaeus nubilosus 15

Meroglossa rubricata 15

Megachilidae Megachile speluncarum 2

Megachile tosticauda 20

Megachile “houstoni” 8

Megachile “sp. 21” 2

Megachile canifrons 65

Megachile fultoni 1

Megachile (Hackeriapis) “sp. 27” 4

Megachile “sp. 28” 1

Megachile aurifrons 31

Megachile oblonga 1

M. oblonga 66

Megachile fabricator 61

Megachile (Austrochile) resinfera 1

Megachile (Hackeriapis) “parimaculae” 4

Megachile “sp. 57” 1

Megachile erythopyga 208

Megachile obtusa 3

Rozenapis ignita 58

Megachile * 40
*refers to nests where mortality was 100%, and thus as no offspring emerged; the species using
the nesting tube could not be determined, but based on the diagnostic nest cap, these nests
were able to be assigned as being made by Megachilinae.
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3.3 Pollen species used by honey bees and
native bees

Forty-one pollen species were found in the nests of native bee species

samples that were acetolysed in the first year, and 24 species from

samples were analysed with SEM in the second year (Supplementary

Material S4). A total of 58 pollen species were used by A. mellifera in the

first year, and 41 pollen species were used by A. mellifera in the second

year (Supplementary Material S4). The average number of pollen

morphospecies collected across native bee nests in year 1 was 4.3 ±

0.6 species and 10.2 ± 1.4 morphospecies from A. mellifera hives

(Supplementary Material S4). In year 2, the average number of pollen

morphospecies collected across native bee nests was 2.8 ± 0.3, and an

average of 6.4 ± 1.1 pollen morphospecies were collected from A.

mellifera colonies (Supplementary Material S4). Therefore, A. mellifera

collected a greater total number (1.4× more in year 1 and 1.7× more in

year 2) and an average number of pollen morphospecies (2.4× more in
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year 1 and 2.3× more in year 2), despite these results being from just one

species rather than a multi-species guild of native bee. The top five

species used by native bees in the first wereMelaleuca sp., E. marginata,

Corymbia calophylla, Jacksonia sternbergiana, and Eucalyptus

erythrocorys for abundance and Melaleuca sp., E. marginata, C.

calophylla, J. sternbergiana, and “NFI 29” for frequency

(Supplementary Material S4). The top five species used by A. mellifera

from the year 1 samples were C. calophylla, E. erythrocorys, Casuarina

sp., Lagerstroemia indica × Lagerstroemia fauriei, and “NFI 5” for both

abundance and frequency (Supplementary Material S4).

In the second year, using SEM to identify the pollen, the top five

species used by native bees were E. marginata, C. calophylla,

Melaleuca sp., Myrtaceae sp., and

Melaleuca huegelii for abundance and E. marginata, Melaleuca

viminalis, C. calophylla, Melaleuca sp., and Myrtaceae sp. for

frequency (Supplementary Material S4). The top five species used

by A. mellifera were E. marginata, C. calophylla, “NFI ‘Big-lips’”,
TABLE 2 Summary of native cavity-nesting bee response variables in relation to honey bee competition.

Response variable Year Habitat Cohort Sex Predicted effect
under competition

H0 H1 Significance

Completed nests −v x >0.1

Bush −v x >0.1

Res −v x >0.1

N provisioned cells −v x >0.1

N emerged offspring −v x >0.1

Mortality +v >0.1

One +v x <0.001

Two +v x >0.1

Prewinter1 +v x <0.01

Postwinter1 +v x >0.1

Prewinter2 +v x >0.1

Postwinter2 +v x >0.1

Sex ratio −v x <0.05

Body size Male −v x >0.1

Female −v x >0.1

Prewinter1 Male −v x >0.1

Postwinter1 Male −v x <0.1

Prewinter2 Male −v x >0.1

Postwinter2 Male −v x <0.1

Parasitism +v x >0.1

Bush +v x >0.1

Res +v x <0.1
When interaction effects were significant, responses under each level of this factor were presented. Predicted effect under competition refers to the association [positive (+v) or negative (−v)] of
the response variable in relation to honey bee abundance (refer to Figure 1). H0 refers to the null hypothesis, i.e. no competition, and H1 refers to the hypothesis of honey bee competition. An ‘x’
indicates which direction of association was supported. Significance refers to the p-value associated with the estimate.
Bush, bushland remnant habitat; res, residential garden habitat.
Bold refers to statisically significant (p<0.05).
Italics refers to where the p value was >0.05 p <0.1.
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Myrtaceae “sp. large”, and “NFI ‘AsteraceaeBibraLake’” for both

abundance and frequency (Supplementary Material S4).
4 Discussion

In the face of an under-researched pollination crisis in Australia

(Pyke et al., 2023) and concerns over introduced bees having

harmful impacts on native bees (Pyke, 1990, Pyke, 1999; Iwasaki

and Hogendoorn, 2021), it is important to quantify the fitness

consequences of the introduced honey bee on native bee

populations (Prendergast et al., 2022a). Here, we highlight the

utility of using trap nests to quantify resource competition from

honey bees upon cavity-nesting native bee assemblages in urban

areas, filling an urgent knowledge gap with regard to assessing

conservation-relevant parameters about the effects of this

introduced species on wild bee populations (Beaurepaire et al.,

2025). In our present study, increasing honey bee density did not

have significant associations with completed nests, the number of

provisioned cells, or the number of offspring. However, under

certain contexts, greater honey bee density resulted in a

significant increase in the mortality rate of native cavity-nesting

bee progeny, a greater male-biased sex ratio, and smaller-bodied

male offspring; in general, greater honey bee densities had effects on

native bee fitness components consistent with those predicted under

the hypothesis of resource competition (Table 2, Figure 1). The

clearest association was the increasing male-biased sex ratio under

higher honey bee densities. The association between honey density

and mortality varied by cohort and year, with a significant increase

in native bee offspring mortality in year 1, particularly the pre-

winter cohort. Male body size was reduced under honey bee

competition in both post-winter cohorts, but this association

failed to reach statistical significance (0.5 > p < 0.1). Similarly,

parasitism was higher in residential gardens under higher honey bee

densities but failed to reach statistical significance (0.5 > p < 0.1).

Further investigations with a larger sample size are required to

determine if with greater power significant effects are detected,

given that theory and previous research have supported such

associations (as cited in the Introduction of this article). We

acknowledge that the majority of analyses, however, did not reach

statistical significance—which is not uncommon in ecological

studies of honey bee competition (Prendergast et al., 2022a). This

may be due to honey bees having no effect on these fitness

parameters in this system, but we also cannot be confident in

asserting this; given that estimated effects were in the direction

predicted under the hypothesis of honey bee competition in the

majority of analyses, the precautionary principle should be adopted

(Pyke, 1999). We also acknowledge that our sample size may have

been too low to have the power to detect statistically significant

associations, and we also acknowledge that other interacting factors

(such as diffuse competition), intraspecific competition, and

differences in vulnerability between species to honey bee

competition may mask an overall effect of interspecific resource

competition from honey bees on native bee fitness (Barabás et al.,

2016; Kelly and Bowler, 2005; Pianka, 1974).
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4.1 Associations between honey bee
abundance and cavity-nesting bee fitness

There were few significant associations between cavity-nesting

bee fitness parameters and honey bee abundance. However, whilst

non-significant, increasing honey bee abundance during a survey

was associated with fewer nests being completed. This negative

impact was more severe in residential gardens than bushland

remnants. A reduced number of nests due to pollen resource

competition could occur where each female completes fewer nests

and/or fewer females complete nests. We also found that, although

non-significant, the direction of association between the number of

provisioned cells and the number of offspring to emerge was in the

direction predicted under competition.

The impacts of honey bee abundance also appeared at times to

be context-dependent. As noted above, whilst non-significant, there

was a greater negative association between honey bee density and

the number of nests completed in residential gardens compared

with urban bushland remnants, and likewise, for parasitism rates,

there was a trend towards a significant association between honey

bee abundance and parasitism rates in residential gardens. That the

suggested competitive effects were more severe in residential

gardens is concordant with other research on overall honey bee-

native bee interactions, where resource overlap and proxies for the

competition were more severe in residential gardens (Prendergast

et al., 2021a; Prendergast and Ollerton, 2022a). This relates to the

reduced proportion of preferred native flora in more anthropogenic

urban greenspaces where exotic plants comprise a greater

proportion of the flora (Pys ̌ek, 1998; Ward and Amatangelo,

2018; Prendergast et al., 2022c). Native bees may also have to

spend longer away from the nest searching for their host plants in

these more resource-poor habitat types, which, compounded with

resource competition from honey bees, means a greater risk of nest

parasitism. Context-dependent effects also were observed in terms

of interannual differences. Whilst increasing honey bee abundance

did not significantly impact the mortality rate in the second year, it

was significantly associated with the increased mortality rate in the

first year. This is not unexpected, as other studies have found that

the intensity of competition can vary between years due to, for

example, differences in environmental conditions like drought,

which impacts resource levels (Roubik et al., 1986; Roubik and

Wolda, 2001; Thomson, 2016). The incidence of Melittobia

infection in year 2 cohort nests and resultant mortality—which

was, therefore, for many nests, a lab artefact—may also have

obscured the influence of honey bee competition.

Previous studies have found that the impact of honey bees

depends on the taxa of native bees. For example, honey bees were

found to adversely impact the reproductive output of a Hylaeus

species (Paini and Roberts, 2005), but not aMegachile species (Paini

et al., 2005), and Hylainae have been found to exhibit higher

potential for apparent competition with honey bees than

Megachilidae, which in turn was associated with reduced

abundances observed foraging in the field (Prendergast et al.,

2021a). In the present study, however, there was no significant

difference between Hylaeinae and Megachilinae. This may be due to
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the unequal sample sizes between the two taxa whereby there was a

greater number of Megachilinae nests than Hylaeinae. It may also

be that the particular species using the trap nests were equally

vulnerable to the impact of honey bees on fitness. Greater sample

sizes per species would enable discerning if there were species-

specific differences in resource overlap with honey bees and any

fitness parameters.

One clear finding on a potentially negative impact of honey bees

on native bee fitness was the negative relationship between honey

bee abundance and the relative proportion of native bee female

offspring. In many native bees, and indeed the taxa collected here,

females have larger body sizes than males (see Prendergast, 2023a),

and offspring destined to be female will require more resources.

Mother bees can “control” whether they lay a fertilised female egg or

an unfertilised male egg (Werren, 1987; Heimpel and De Boer,

2008), and thus, sex allocation is an important life-history property

(Wittmann et al., 2023). If competition is reducing access to

sufficient resources, then this can lead to reduced numbers of

female offspring (Torchio and Tepedino, 1980; Peterson et al.,

2006). Other studies have likewise found that low provisioning

performance leads to a bias towards producing more sons (the

smaller sex) (Kim, 1999; Seidelmann et al., 2010). The observed

male-biased sex ratios under increasing honey bee densities may

have harmful impacts on population stability. Other studies have

found male-biased sex ratios in solitary bees resulting from

environmental challenges (Sandrock et al., 2014; Fitch et al.,

2019), which, if sustained, could have impacts on effective

population size (Zayed, 2009).

Our study suggests that high honey bee densities have the

potential to impact aspects of native bee fitness. We provided

data on honey bee densities foraging at our sites but were unable

to access data on honey bee colony density. In the region, there is no

requirement for beekeepers to register hives in some councils, and

even for those where there is, backyard beekeepers often do not

(Prendergast, personal observation). There are also feral colonies,

and in this region, feral colonies can be relatively high at 18.57

colonies per km2 (Mcveigh, 2024). Such densities exceed those in

studies conducted in urban France, where colony densities of 6.5

colonies per km2 adversely influenced visitation rates of wild

pollinators (Ropars et al., 2019). As such, we suggest that to

ameliorate the potential for negative fitness impacts on native

bees observed here, as well as in previous studies (Ropars et al.,

2019; Prendergast et al., 2021a), feral colonies should be removed

where possible in places where honey bees are an introduced

species, and backyard beekeeper densities should be regulated.

Another important mitigation strategy, especially when the

aforementioned regulation of honey bee densities is impractical, is

to increase the carrying capacity of the environment for native bees

by increasing foraging resources that native bees specifically forage

on, which reduces the potential for fitness impacts from apparent

competition (Prendergast et al., 2021a; Prendergast, 2023b). The

present study, by identifying the key pollen resources used by native

bees, provides an indication of how to improve the pollen resource

landscape for cavity-nesting bees in this context.
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4.2 Pollen overlap

Consistent with the foraging ecology of honey bees compared with

native Western Australian megachilids and hylaeine bees (Houston,

2000), DNA barcoding studies of pollen loads of honey bees and native

bees in Queensland (Elliott et al., 2021), and foraging observations in

this system (Prendergast and Ollerton, 2022a), honey bees collected a

greater number of pollenmorphotypes than native bees. This canmean

that native bees may have limited flexibility to avoid competition by

switching to alternative resources if the resources they utilise become

unavailable (Potts et al., 2010).

To complement our analyses relating honey bee density to

cavity-nesting bee fitness at a particular site, the pollen analysis

resource overlap calculations were able to directly relate pollen

overlap from a local honey bee colony with that of a particular nest

and how this influenced native bee fitness parameters from that

nest. There was evidence that in the first year, a greater overlap at

the morphospecies level was associated with a reduced number of

provisioned cells. The lack of an association at the family level may

be due to how even specialists can forage on alternative resources in

the same family, enabling niche partitioning at finer species levels.

The negative association suggests that for native bee species that

have the same pollen preferences as honey bees, their fitness may be

negatively impacted, whereby competition for limited resources

means they are unable to provision as many cells, and, therefore,

their reproductive output is reduced.

Native Myrtaceae species were clearly important pollen sources

for native bees. All were trees or shrubs, emphasising the need to

retain and plant native woody trees in urbanised areas (Tyrväinen

et al., 2005; Hausmann et al., 2015; Somme et al., 2016).

Concerningly, the most used pollen species by native bees were

also those used by A. mellifera. That native bees and honey bees

both prefer the same species does raise the risk of exploitation

competition, especially if due to factors such as land clearing for

urban development or poor flowering due to climate change, and

these resources thus becoming depleted. These data on pollen

overlap can pave the way for planting strategies to enhance the

carrying capacity of the environment as a tool to reduce the

intensity of potential competitive impacts (Beaurepaire et al., 2025).

The pollen analyses also revealed that, unlike native bees, A.

mellifera used a large proportion of exotic plants, which is in

accordance with previous studies that observed their visits to

flowers (Prendergast and Ollerton, 2022a; Prendergast, 2023b). This

may give A. mellifera a competitive advantage in residential gardens,

as they can exploit these resources (Prendergast and Ollerton, 2022a;

Prendergast, 2023b), and also raises concerns, as they may be vectors

to assist with the spread of exotic invasive garden plants (Goulson

and Derwent, 2004; Invasive Species Council, 2009).
4.3 Further research considerations

We acknowledge that our study is correlational. This has been a

limitation of most studies tackling the issue of honey bee competition
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to date (Prendergast et al., 2022a). This is due to some very real

constraints in manipulative experiments. Given that there is

accumulating evidence and concerns for adverse impacts on native

bees (as well as other fauna and potentially flora) in Australian

ecosystems, increasing hive numbers poses ethical questions, as it

risks harming wildlife (Pyke, 1990; Gross, 2001; Goulson and

Derwent, 2004; Paini and Roberts, 2005; Goulson and Sparrow,

2009; Prendergast et al., 2022a; Prendergast and Ollerton, 2022a).

Decreasing hives is also challenging, as not many beekeepers in

urbanised areas would be happy to relocate their hives. The

eradication of feral colonies is costly and challenging. Furthermore,

even with experimental manipulation, given the large flight distances

of honey bees (up to 10 km; Visscher and Seeley, 1982) and that they

do not forage very close to their nests, it is unclear how increasing or

decreasing honey bee hive densities experimentally would be a valid

way to experimentally test competition.

Adverse impacts from a competitor also involve being able to

rule out such impacts that are not driven by other factors such as

environmental or anthropogenic disturbances. This is more difficult

for mensurative studies as opposed to experimental studies.

However, we included site as a random factor to control for site-

specific environmental or anthropogenic disturbances and also

included habitat type (bushland remnant vs. residential garden)

in our models, which is associated with differences in urban

disturbance variables including the percentage of impervious

surfaces, number of woody trees, and exotic vs. native flower

composition (Prendergast et al., 2022c).

Pollen analyses offer a number of advantages over using

foraging observations: it enables quantifications of the different

resources used, it enables looking at pollen resources per bee over

longer durations (approx. weeks) rather than a single day, and it is

the main limiting currency for oligolectic bees (Cane and Sipes,

2006; Bogusch et al., 2020). However, there are some drawbacks:

our ability to assign a pollen type to a species is dependent upon our

reference library. Bees can forage distances much greater than the

100-m radius in which we collected reference samples, and this is

especially the case for honey bees. This factor will not pose

constraints in homogenous landscapes; however, in urbanised

landscapes that have a high alpha diversity of flora, often exotics

(in each garden) and high beta diversity between gardens, in

addition to pollen from native bushland remnants, verges, and

media strips, and parks, this means sampling reference pollen is a

challenge. For example, a larger number (50) of pollen types could

not be formally identified based on the reference collection. This,

however, does not limit the ability to calculate resource overlap.

It would be of interest in future research to compare acetolysis,

SEM, and DNA barcoding techniques. Each has advantages and

disadvantages in terms of the ability to resolve pollen to species

level, costs, equipment, and expertise required. Genetic techniques

are becoming increasingly common but remain costly and have

difficulty quantifying relative pollen species amounts (Bell et al.,

2019). All methods rely on a representative pollen reference library.

We also note the potential for there to be not a perfect temporal

overlap between the pollen from the trap nests and the pollen from

the honey bee pollen traps. Each was collected once a month,
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ensuring that they were collected during the same monthly period.

However, the honey bee pollen was collected from pollen traps over

a week, potentially missing part of the monthly flowering

phenology. The trap nests may or may not have perfectly

coincided, depending on how long it took a female to provision

her nest and when she completed it.

We also note that this study was primarily focussed on pollen,

which is a key factor influencing reproduction (Franzén and

Larsson, 2007; Cane, 2016). Pollen also is the main resource that

is considered when investigating the specialisation, i.e. lecty of bees

(Michener, 2007). However, nectar is also important for bee fitness

(Burkle and Irwin, 2009) and can be rapidly depleted by honey bees.

Competition for nectar may be occurring (e.g. Page and Williams,

2023) but was outside the scope of the present study.

Whilst it was a potential constraint using the two different pollen

identification methods (SEM and acetolysis), meaning the sample size

per method was smaller, it enabled us to compare and contrast the two

methods. The drawbacks of the SEM were that we did not first remove

the pollenkitt, and nectar remained around the pollen, causing

clumping and potentially obscuring some morphological features.

However, despite this, with the SEM, the sculpturing on pollen was

more apparent and distinctive, provided it was not covered with

pollenkitt. The data were from two different years, so it would be

useful to explicitly compare both techniques with the same dataset.

We also recommend that future studies consider a greater number

of sites to sample pollen overlap. In our current study, we were limited

to four sites, based on the availability of beekeepers permitting us to

sample honey bee pollen within a suitable radius around our study sites

pre-selected to allow us to compare bee assemblages across bushland

remnant and residential garden habitats. Having a greater number of

beekeepers permitting us to install pollen traps and sample their pollen

and then installing trap nests around these sites would be a fruitful

avenue to investigate this topic further.

In the present study system, the number of nest sites did not appear

to be limiting, given that during each monthly survey at each site, there

always remained nesting holes or even entire bee hotels that were not

occupied, with 13.3% and 6.34% of available tubes occupied in the first

and second survey years, respectively (see results in Prendergast,

2023a). This suggests that competition for food resources was more

influential than competition for nests. There have been mixed results

on the relative importance of food vs. nesting resources in limiting

native bee populations (Roulston and Goodell, 2011). However, in

systems where nesting opportunities are the primary limiting factor,

honey bee competition for floral resources may be a less influential

factor in limiting populations (Hudewenz and Klein, 2013).
5 Conclusion

This research has revealed that greater honey bee density can be

negatively associated with components of native bee fitness

(Figure 1). Whilst not all measures of fitness were significantly

negatively impacted, the precautionary principle suggests that there

is potential for high honey bee densities to have adverse consequences

on native bee populations. We advise against further increasing the
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density of urban beekeepers and recommend, where practical, that

feral honey bee colonies should be eliminated or removed, especially

from conservation lands, including state and national parks. We have

also revealed key pollen resources for cavity-nesting bees in this

urbanised region. The species utilised by native bees exclusively

should be planted to provide a “refuge” from the competition,

whilst those used extensively by both honey bees and native bees

should be targeted at being increased in abundance so that shared

resources do not become limiting.
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