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Abstract

1. The globally distributed western honey bee (Apis mellifera) can reach high local

abundances in both its native and introduced ranges. For instance, previous studies
documented that honey bees outnumber the sum of all other floral visitors to

native vegetation in Southern California.

. To quantify potential resource competition exerted by honey bees, we used plant-

pollinator network data to estimate the abundance and biomass of honey bees and
native bees, and pollen removal experiments to estimate the amount of pollen

removed by honey bees.

. Honey bee biomass constituted 98% of total bee biomass across our study sites.

Just two visits by honey bees resulted in the removal of more than 60% of available
pollen produced by three common native plants (Salvia mellifera, S. apiana and
Phacelia distans), and 80% of pollen was removed by the end of one day for each of

the three species.

. Based on documented relationships between pollen provision mass and bee body

mass, we estimated that pollen removed by honey bees from these three plant spe-
cies could produce many dozens to thousands of native bees of average size per

hectare per day.

. Our findings illustrate the potential for strong exploitative competition between

honey bees and native bees, and underscore that resource consumption by honey
bees should receive greater attention as a potential factor contributing to pollinator

declines.

KEYWORDS
Apoidea, exploitative competition, floral visitation, intertegular distance, invasive species, plant-
pollinator network, pollinator

INTRODUCTION

The western honey bee (Apis mellifera L.) is one of the world’s most
widespread species (Horn, 2006). In many regions, agricultural produc-
tion depends on the management and transport of honey bees, a
multi-million-dollar industry in the USA alone (Cilia, 2019; Costanza

et al., 1997). Honey bee populations consist of managed colonies and,

in many locations, wild or feral populations. As super-generalist for-
agers, honey bees visit more plant species than any other species of
pollinator (Crane, 1990; Hung et al., 2018), including many plant spe-
cies in non-managed systems. A global study of pollination networks,
for example, found that the western honey bee is the most common
floral visitor to plants in non-managed habitats worldwide, accounting
for 13% of all floral visitors (Hung et al., 2018).
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Despite the status of honey bees as a widespread and abundant
introduced species (Hung et al., 2018; Russo, 2016), the ecological
effects of honey bee introductions on native species remain unre-
solved (Beaurepaire et al., 2024; Iwasaki & Hogendoorn, 2022;
Travis & Kohn, 2023). Public concern for honey bees often fails to
consider their potential negative effects on native pollinators
(Geldmann & Gonzalez-Varo, 2018). Further, while managed honey
bee colonies in some regions face increasing threats from diseases,
pesticides and other anthropogenic environmental changes that
reduce colony survival, numbers of managed honey bee colonies are
nevertheless increasing worldwide (Halvorson et al., 2021; Osterman
et al., 2021; Phiri et al., 2022). Meanwhile, at least some species of
native bees are declining (Goulson et al., 2015; Sanchez-Bayo &
Wyckhuys, 2019; Severns & Moldenke, 2010), although more data
are needed globally to assess the spatial and taxonomic scopes of
these declines (Chesshire et al., 2023).

Honey bees readily exploit high-quality resource patches (Hung,
Kingston, et al., 2019) because of their large colonies and ability to
recruit nestmates by communicating distance, direction and quality of
floral resources (von Frisch, 1993). Cane and Tepedino (2017) demon-
strated that across three summer months (June-August), a single man-
aged honey bee colony can collect upwards of 10 kg of pollen, or
enough to rear the progeny of 100,000 native bees the size of Mega-
chile rotundata Fabricius, a solitary leafcutter bee whose mass, at
about half that of the honey bee, is approximately average among
native North American bee species (Bullock, 1999; Stubblefield
et al., 1993). Using these metrics, a 40-hive apiary placed in a natural
habitat could remove enough pollen each summer to provision four
million M. rotundata offspring (Cane & Tepedino, 2017). Where honey
bees reach high densities, pollen and nectar removal by honey bees
seem likely to impact populations of other bees. Torné-Noguera et al.
(2016), for example, showed that honey bees removed most of the
pollen and nectar from two abundant scrubland plants in Garraf
National Park (Spain). In addition, after accounting for variation in
flower abundance, wild bee abundance declined in areas close to api-
aries (Torné-Noguera et al., 2016). Experimentally elevated abun-
dances of honey bees can reduce reproduction by native bees
(Thomson, 2004), as well as reduce the abundance and alter the
assemblage composition of bees visiting native plants in natural habi-
tats (Magrach et al., 2017; Valido et al., 2019). Given that honey bees
tend to focus their foraging on the most abundant floral resources
(Hung, Kingston, et al., 2019), they may remove a large amount of the
pollen and nectar that could otherwise be harvested by other bee spe-
cies (Carneiro & Martins, 2012). While Cane and Tepedino (2017)
used managed apiaries to calculate pollen consumption per hive and
estimate the potential impact of honey bees on native bee popula-
tions, unmanaged feral honey bees may pose a more pervasive eco-
logical challenge wherever they have become numerically dominant in
natural and semi-natural landscapes, as has been documented in many
areas around the world (e.g.,, Abe et al, 2011; Aguiar, 2003;
Cunningham et al., 2022; Kato & Kawakita, 2004; Zarate et al., 2022).
Unlike many managed apiaries, feral populations are present and

active year-round, self-sustaining, and are extremely difficult to
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remove once established (Oldroyd, 1998). Currently, resource con-
sumption rates of feral honey bees in unmanaged systems represent a
major knowledge gap in efforts to quantify the degree of exploitative
competition between honey bees and native pollinators.

The present study leverages and builds upon a dataset of plant-
pollinator interactions from unmanaged scrub ecosystems in San
Diego County, California, USA, where honey bees made up 75% of all
floral visitors observed visiting assemblages of predominantly native,
blooming plant species (Hung et al., 2018). In this system, honey bees
appear to be primarily feral (Kono & Kohn, 2015; Zarate et al., 2022)
and have approximately 40% ancestry from the East African lowland
honey bee subspecies (A. mellifera scutellata Lepeletier; Zarate
et al., 2022). Conversely, the diverse native bee assemblages in this
region are largely made up of solitary species (Moldenke &
Neff, 1974), with females provisioning nest cells with pollen and nec-
tar only for their own offspring. We ask two related questions:
(i) what proportion of total bee biomass is currently represented by
honey bees? And (ii) how much pollen do honey bees remove, and
how many native bees might be produced by this quantity of pollen?
We address the first question by combining published data on plant-
pollinator interactions, measures of local-scale floral abundances and
estimates of assemblage-level bee biomass derived from species-
specific morphometric data. We address the second question by mea-
suring daily pollen production of three locally abundant plant species
and estimating the proportion of this pollen removed by honey bees.
Pollen and microbes that feed on the pollen provision are essential
resources for bee larval development (Keller et al., 2005; Steffan
et al, 2019). The degrees to which factors such as food, weather,
nesting sites, predators and pathogens limit native bee reproduction
and population growth are poorly understood, but food limitation is
believed to be generally important (Roulston & Goodell, 2011; Torné-
Noguera et al., 2014). Combining empirical estimates of the relative
biomass attained by free-living, feral honey bees with their contribu-
tion to pollen depletion in an unmanaged ecosystem is a key step in
understanding the degree to which feral honey bees may be prolifer-
ating at the expense of native bees.

MATERIALS AND METHODS

Estimating relative abundance and biomass of honey
bees and native pollinators

To estimate the relative biomass of honey bees and native pollinating
insects, we used data from Hung, Kingston, et al. (2019), in which we
recorded the identities and frequencies of insect floral visitors to all
blooming plant species across 11, 1-ha plots of natural vegetation
found in both large scrub reserves (five plots, internal area > 500 ha)
and small scrub fragments (six plots, internal area < 40 ha) in western
San Diego County in the spring and summer of 2016. In each 1-ha
plot, we conducted six pollinator surveys, once every 2-4 weeks on
average, across the blooming season. Each survey consisted of 1-min

observations of each blooming plant species during which time the
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identity of every insect with body length > 2 mm that contacted
flowers within each of 15 monitored patches was documented (see
Supporting Information S1.1 for details). These surveys documented a
total of 13,785 floral visitors: 10,012 honey bees and 3773 non-
honey bee insects (pollinator identities are reported in Hung, Cen,
et al,, 2019). However, because monitoring effort was equal across all
blooming plant species, these observations reflect rates of visitation
by each pollinator taxon to the observed patches of each flowering
plant species and do not account for interspecific variation in flower
abundance. To correct for this, we used data on the number of open
flowers of each plant species within each 1-ha plot (Hung, Kingston,
et al., 2019). We multiplied per-patch counts of pollinator individuals
by the ratio of plot-level and patch-level flower abundances for each
plant species to obtain estimates of the scaled, plot-level abundance
of each pollinator taxon (see Supporting Information S1.1 for details).
We summed estimates of pollinator abundances across survey rounds
within each 1-ha plot and then averaged these abundances across the
11 study plots to obtain overall estimates of the relative abundance of
each pollinator taxon, with differences among plots providing an error
estimate for the overall means.

We used plot-level measures of pollinator abundances to esti-
mate (i) the biomass of honey bees relative to all native bees com-
bined and (ii) the mass of an average native bee in our system. We
focus on bees because they made up > 90% of all floral visitors (see
Results) and were the only major pollinator group in our surveys that
consumed pollen as a main larval food resource (see Supporting
Information S1.2). We measured the intertegular distance (‘ITD’; that
is, the distance between the right and left tegulae on the thorax) of
every bee species or morphospecies (hereafter collectively ‘species’)
we collected in Hung, Cen, et al. (2019), as ITD strongly correlates
with bee mass (Bullock, 1999; Cane, 1987; Hagen & Dupont, 2013).
Measurements were made on three haphazardly selected females of
each non-eusocial species or four haphazardly selected workers
of each eusocial species, when possible, using a Nikon SMZ645 micro-
scope with an eyepiece reticle. Individuals that could not be identified
to species or morphospecies were assigned species-level averages for
their respective genera (18 individuals) or for all native bees (two indi-
viduals). We used the pollimetry package (Kendall et al., 2019) in pro-
gramme R version 4.3.2 (R Core Team, 2023) to estimate the dry mass
of each bee species based on its ITD, continent of origin (all from
North America except honey bees), sex (males were used for 2/114
species) and taxonomic family. For each plot, we multiplied the dry
mass estimate for each bee species by its estimated plot-level abun-
dance across all surveys and then summed these products across spe-
cies to derive a total bee biomass estimate. We subtracted honey bee
biomass from this total to derive the biomass of native bees on each
plot and then divided the latter estimate by the estimated number of
native bee individuals to determine the dry mass of the average native
bee within each plot. Lastly, we averaged across the 11 plots to obtain
mean and error estimates of (i) the proportion of bee biomass made
up of honey bees and (ii) the dry mass of the average native bee in
our system. Abundance distributions across mass categories are visua-

lised using R package ggplot2 (Wickham, 2016).
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Honey bee visitation to and pollen removal from focal
native plants

To document the amount of pollen removed by honey bees, we mea-
sured floral visitation, flower production, pollen production and pollen
removal for three common native plant species: two species of peren-
nial shrubs, Salvia mellifera Greene and S. apiana Jepson (Lamiaceae),
and the annual herb, Phacelia distans Benth. (Boraginaceae). These
plants produce large floral displays of several dozen to hundreds of
protandrous, hermaphroditic flowers, which are attractive to both
honey bees and native insects. In early spring of 2021, we established
1-ha study plots in scrub habitat at seven sites in western San Diego
County with four plots for each Salvia species and two plots for
P. distans (see Supporting Information $1.3). At each plot, the focal
plant species was the most abundantly blooming plant at the time of
surveys. For each focal plant species, we spent one day at each plot
estimating the proportion of visitors represented by honey bees. Each
hour from 7:30 to 19:00 on a survey day, we haphazardly selected 3-
6 focal plant individuals for floral visitor observation (i.e., 12 rounds of
observations per plant species per plot). Observations lasted 1 min for
each plant individual, during which time we recorded the numbers
and identities of all visitors that contacted a flower, as well as the
number of flowers in bloom. We pooled observations across plants
observed during the same hour and then averaged the proportion of
observed floral visitors represented by honey bees across the
12 rounds of observations for each plant species at each plot.

We quantified daily pollen removal in 1-ha plots by haphazardly
selecting 20 individual plants (30 for P. distans) and covering five inflo-
rescences on each plant with fine chiffon bags to prevent pollinator vis-
itation. On the day prior to pollen collection, we used acrylic paint to
mark the calyces of bagged flowers that would be newly open the fol-
lowing day. The next morning, we returned before insect visitation
began (7:00-7:30), unbagged flowers and exposed unvisited male-
phase flowers to one of the following five experimental treatments:
(i) Fresh anthers from unvisited flowers to determine the starting quan-
tity of pollen (‘fresh’ treatment)—these anthers were collected at the
time we unbagged the flowers, prior to their dehiscence, to ensure that
no pollen grains were lost. (ii) Anthers from flowers exposed to a full
day'’s visitation by pollinators and collected at ca. 17:00-18:00 (‘open’
treatment). (iii) Anthers from flowers that were left bagged and not
exposed to pollinators for the entire day to determine how much pollen
is lost via air movement (‘excluded’ treatment). (iv) Anthers from
flowers that were exposed to one visit by a pollen-foraging honey bee,
here defined as when a honey bee stopped its locomotion and made
physical contact with the centre of the flower. (v) Anthers from flowers
that were exposed to two consecutive visits by pollen-foraging honey
bees. All anthers from each treatment flower were placed into a 1.5-mL
centrifuge tube and brought back to the lab. To determine the number
of pollen grains remaining in flowers from each treatment, we followed
a protocol modified from Delesalle and Mazer (2009). We dried the col-
lected anthers, sonicated them in an ethanol and detergent solution to
dislodge and suspend the pollen, stained pollen with fuchsin to aid visu-

alisation and then counted four subsamples of pollen grains using a
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dissecting microscope with the aid of a haemocytometer (see Support-
ing Information S1.4 for additional details).

To assess differences in the number of pollen grains present across
experimental groups, we constructed linear mixed-effects models for
each plant species in programme R, using package plyr (Wickham, 2011)
for data organisation and package Ime4 (Bates et al., 2015) for model fit-
ting. In these models, the fixed effect was pollination treatment and ran-
dom effects included individual plant and study plot identity. In the case
of Salvia apiana, where the random effect of plant identity caused the
model to fail to converge (ﬁ =0 as assessed by likelihood ratio test), it
was removed from the model. To improve model assumptions of nor-
mality and homoscedasticity, we used a square root transformation
for S. mellifera pollen grains, and a 2/3 power transformation for
P. distans pollen grains. No transformation was necessary for
S. apiana. Significance tests on the outputs of the linear mixed-effects
models were performed using packages ImerTest (Kuznetsova
et al., 2017), multcomp (Hothorn et al., 2008) and Ismeans
(Lenth, 2016). When experimental groups differed from one another,
we employed least squares means tests with éidék-adjusted signifi-
cance levels (Sidak, 1967) for five experimental groups (a = 0.05).

To assess the mass of pollen removed from each focal plant spe-
cies, we first estimated the number of pollen grains removed by all flo-
ral visitors from a single flower by subtracting the mean number of
grains remaining in the ‘open’ treatment from that in the ‘excluded’
treatment on the same plant. We then used a modified protocol from
Roulston et al. (2000) to estimate the dry mass of single pollen grains.
Briefly, we suspended clean, dry pollen samples of known mass (seven
samples for P. distans, six samples for each Salvia species) in 2 mL of
30% ethanol solution, used a haemocytometer to count the number
of pollen grains in 10 replicate subsamples of the solution and then
divided the mass of each sample by the estimated number of grains
calculated using the average of the 10 subsamples (see Supporting
Information S1.5 for additional details).

Lastly, we estimated the abundance of male-phase flowers per
hectare by first counting the number of open male-phase flowers on
50 inflorescences, each from a different plant, and then the number of
inflorescences per individual for another 50 plants. We also counted
the total number of plants with floral displays in our plots. The product
of these values estimated the total number of open male-phase flowers
per day in each 1-ha plot when each species is blooming abundantly.

We applied Equation (1) to the empirical estimates described
above to approximate the mass of pollen removed by honey bees, per
hectare of each focal plant species each day:

mg of pollen removed by honey bees per hectare per day

_ #of flowers _ #of pollen grains removed by pollinators 1mg
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This method assumes that a honey bee and the average
non-honey bee pollinator remove pollen at the same rate. This is con-
servative given that (i) honey bees were much larger than the average
native bee (see Results) and (i) all observed honey bees were workers
capable of collecting pollen, whereas non-honey bee visitors included
non-bee insects and male native bees, neither of which collect pollen.
However, since honey bee workers made up the vast majority of all
visitors to these three plant species (see Results), this assumption is
unlikely to alter our main conclusions.

To estimate the error associated with the product of Equation (1),
we used a bootstrap resampling approach after Reynolds and Fenster
(2008) and Rodriguez-Rodriguez et al. (2013). Briefly, we randomly
sampled (with replacement) values from each component
(or subcomponent) of Equation (1), with sample sizes equal to the
number of empirical measures for each component; then calculated
the mean of sampled values within each component; and lastly calcu-
lated the product of the means. Finally, we obtained the mean, stan-
dard deviation, and 95% confidence intervals of 10,000 resampling

events (see Supporting Information 5$1.6 for details).

Converting pollen collected by honey bees into
native bees

To estimate the number of native bees that could be produced with
pollen removed by honey bees, we first estimated the mass of pollen
contained in a community-weighted average single nest provision in
our system. The mass of nest provisions increases with the mass of
adult bees, but this relationship differs among bee families (Bosch &
Vicens, 2002; Johnson, 1988; Klostermeyer et al., 1973; Neff, 2008).
To account for these differences, we used conversion ratios (i.e., ratio
of adult dry mass to provision dry mass) reported by Neff (2008). For
species belonging to genera with conversion ratios reported by Neff
(2008), we assigned the averaged conversion ratio across all reported
members of their respective genus. For species belonging to genera
with no reported conversion ratio, we assigned the average across all
reported members of their respective taxonomic family. For the Colle-
tidae (eight species in two genera in our dataset), no conversion ratio
was available for any member of this family; we thus used the average
of all conversion ratios reported by Neff (2008). We removed clepto-
parasites from this analysis as they do not collect pollen provisions,
but rather usurp those of their bee hosts. For each bee species, we
multiplied its assigned conversion ratio by its dry mass to estimate the

x proportion of visitors that were honey bees.

X
hectare flower

#of grains

1
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dry mass of its nest provision, which consists of both pollen and nec-
tar sugar.

The proportion of a bee’s nest provision consisting of pollen var-
ies within and among species (Westrich, 1989), and limited data exist
on the composition of provisions. In light of this data gap, we follow
Cane and Tepedino (2017) in using M. rotundata as a stand-in for the
‘average’ native bee. Megachile rotundata nest provisions consist of
47% (+11%) nectar sugar, 33% (+5%) pollen and 20% (+3%) nectar
water by mass (Cane et al, 2011; Cane & Tepedino, 2017;
Klostermeyer et al., 1973), corresponding to 41% pollen in the dry
mass of provisions (i.e., with water removed). Thus, we multiplied the
dry mass estimates of nest provisions by 41% to determine the dry
mass of pollen in the nest provision of each species. Finally, we scaled
pollen provision dry mass estimates for each species to their esti-
mated proportional abundance in each plot (see Honey bee visitation
to and pollen removal from focal native plants) and then averaged
these values across the 11 plots to approximate the dry mass of pollen
in a nest provision of our community-weighted average native bee.

We calculated the number of community-weighted average native

bee nest provisions that could be generated using Equation (2), below:

8B Broewen 1113
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random sample (with replacement) of 11 plot-level estimates of aver-
age nest provision pollen dry mass and calculated means, standard
deviations and 95% confidence intervals as described for Equation (1)

(see Supporting Information S1.6 for details).

RESULTS

Abundance and biomass of honey bees relative to
native bees

When we converted the abundances we observed (Hung, Kingston,
et al., 2019) from equal-timed observations of each plant species to
estimated 1-ha plot-level abundances using the abundance of each
plant species in each plot (see Supporting Information S1.1), 83.8%
(SE = 1.8%) of all floral visitors were honey bees. Native bees repre-
sented 9.8% (SE = 1.5%) of all visitors, or 58.2% (SE = 4.5%) of all
non-honey bee visitors (Supporting Information S1.2). Among only
bees, honey bees made up 89.5% (SE = 1.6%) of all bees, with native

bees making up the remaining 10.5%. Bee dry mass estimates were as

dry mass(mg) of pollen removed by honey bees per hectare per day(from Equation 1)

#of native bees of average size produced per hectare per day =

To estimate the error associated with the estimate from
Equation (2), we use the same bootstrap resampling approach
described for Equation (1), above. For each of the 10,000 resampling

events, we divided the product of Equation (1) by the mean of a
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bee = 7.40 mg (SE = 1.43 mg). Estimated individual honey bee dry
mass exceeded that of 96 of the 110 native bee species and 97.5% of

all bee individuals across all surveys at all study plots (Figure 1). The
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FIGURE 1 Frequency distributions of dry mass of native bees recorded in 2016. (a) Species; colours indicate taxonomic families.
(b) Individuals, with estimated abundances summed across all surveys at all study plots. The dry mass of honey bees is indicated by the black

dotted line on each panel.
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14 species with individual dry mass exceeding that of honey bees
include four bumble bee (Bombus) species, one carpenter bee (Xylo-
copa) species, seven digger bee (genera Anthophora, Diadasia, Eucera,
Habropoda and Xenoglossa (‘Tetraloniella’)) species/species complexes
and two leafcutter bee (Megachile) species. Due to their numerical
dominance and relatively large body size, honey bees accounted for
97.8% (SE = 0.37%) of all bee biomass, with native bees accounting

for the remaining 2.2%.

Honey bee visitation to and pollen removal from focal
native plants

Honey bees were overwhelmingly the most common floral visitor to
the three focal plant species (Table 1, Figure 2). Honey bees were
especially abundant visitors to Salvia, comprising on average 93.2%
(SE = 1.15%) of all visitors to S. apiana and 92.4% (SE = 3.80%) to S.
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mellifera. Honey bees were less numerically dominant on P. distans but
still made up, on average, 78.7% (SE = 1.59%) of all visitors. These
high values of honey bee numerical dominance are consistent with
previous pollinator surveys on these same Salvia species in other years
(mean proportional representation by honey bees = 99% for S. apiana
and 94% for S. mellifera across 2013, 2015, 2016; see Supporting
Information S1.7).

Floral visitors removed the majority of pollen from the three focal
species: comparing ‘excluded’ and ‘open’ pollination treatments, 77.8%
(SE=1.7%, S. apiana), 77.3% (SE = 1.5%, S. mellifera) and 81.2%
(SE = 1.9%. P. distans) of pollen produced by male-phase flowers was
removed by the end of one day (Figure 3). Relative to the amount of
pollen found in the ‘excluded’ treatment, honey bees removed 25.6%
(SE = 1.6%) of pollen from S. apiana flowers during the first visit, and
59.6% (SE = 1.5%) of pollen after two visits (Figure 3). Similarly, honey
bees removed 28.9% (SE = 1.9%) of pollen from S. mellifera flowers
during the first visit, and 67.3% (SE = 4.8%) of pollen after two visits. In

TABLE 1 Bootstrapped mean values for numbers of plants per hectare, male flowers per hectare, starting mass of pollen per flower, mass of
pollen removed by honey bees—per flower, per plant and per hectare each day—and the number of average-sized native bees that could be

produced with the pollen removed by honey bees per hectare each day.

Starting Mass of pollen Mass of pollen Mass of pollen No. average-sized native
No. mass (mg)  (mg) removed (g) removed by (g) removed by  bees that can be produced
plants/ No. male of pollen/ by honey bees/  honey bees/ honey bees/ with pollen removed by
Plant species ha flowers/ha flower flower plant/day ha/ day honey bees/ha/day
Salvia apiana 105 (11) 34,133 (3,70) 0.37(0.06)  0.24 (0.009) 76.87 (4.57) 8.08 (0.98) 530 (135)
Salvia mellifera 208 (29) 387,568 (59,578) 0.28 (0.04) 0.19 (0.009) 380.16 (24.81) 73.96 (12.05) 4869 (1356)
Phacelia distans 500 (17) 6873 (575) 0.30(0.07) 0.17(0.007) 2.33(0.20) 1.16 (0.11) 76 (18)
Note: Values are bootstrapped means for each plant species; standard deviations in parentheses.
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FIGURE 2 Floral visitation rates to three focal plant species in 2021. Bars for each hour of monitoring represent the mean number of
foraging honey bees and native insects across all sites for each plant species.
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FIGURE 3 The number of pollen grains remaining within each male-phase flower following pollination treatments. Boxplots: Horizontal lines
show medians; red squares show means; boxes and the whiskers represent interquartile ranges; dots represent the mean number of pollen grains
per subsample for one plant. Letters indicate statistically significant differences (@ = 0.05) between treatments. Treatment groups: Fresh—
beginning of the day, no visitation. Excluded—end of the day, no visitation. 1st HB Visit—remaining pollen after 1 honey bee visit. 2nd HB Visit—
remaining pollen after 2 honey bee visits. Open—end of the day, after visitation.

both cases, two visits by honey bees removed significantly less pollen
than the amount removed in the ‘open’ treatment. Honey bees visiting
P. distans flowers removed 53.3% (SE = 0.6%) of pollen during the first
visit and 76.3% (SE = 0.25%) after two visits; the latter value was not
significantly different from the amount of pollen removed in the ‘open’
treatment. Pollinator exclusion treatments were effective: for both
S. mellifera and P. distans, the average amount of pollen remaining in
the ‘excluded’ treatment at the end of the day was not significantly dif-
ferent from that in the ‘fresh’ treatment collected at the beginning of
the day. For S. apiana, there was a small but significant decrease
(11.5%, SE = 2.4%), presumably because its long stamens, which pro-
trude well outside of the corolla, caused pollen to rub onto the pollina-
tor exclusion bags.

Estimated amounts of pollen removed per hectare per day by
honey bees were 8.08 g for S. apiana (SD = 0.98 g, 95% Cl = 6.14-
10.00 g); 73.96 g for S. mellifera (SD = 12.05g, 95% Cl = 48.56-
95.64 g); and 1.16 g for P. distans (SD =0.11g, 95% Cl=0.96-
1.39 g) (Table 1).

Converting pollen collected by honey bees into
native bees

The dry mass of pollen in a single nest provision of the community-
weighted average native bee across our 1-ha study plots was
15.91 mg (SE = 3.44 mg). Using our estimates of the dry mass of pol-
len in nest provisions, the pollen removed by honey bees from 1-ha
plots containing S. apiana, S. mellifera and P. distans, based on
observed plant densities on our plots, could provision approximately
530 (SD =135, 95% Cl=2323-846), 4869 (SD = 1356, 95%

Cl = 2709-7946), and 76 (SD = 18, 95% Cl = 48-120) native bee
progeny respectively, each day when these plant species are blooming
abundantly (Table 1).

DISCUSSION

We estimate that western honey bees constitute an astonishing 90%
of the abundance and 98% of the biomass of bees visiting flowers in
native scrub habitats of San Diego County, a global bee diversity hot-
spot (Moldenke & Neff, 1974). Since all bees in our system require
pollen and nectar for reproduction, one might extrapolate a nearly
50-fold increase in native bee biomass, and therefore abundance, if
floral resources used to make non-native honey bees were instead
used by native bees for reproduction. Our observation of consistently
high honey bee abundances across multiple study years (Supporting
Information S1.7) motivated us to estimate the amount of pollen
honey bees remove from high-reward resource plants. The combina-
tion of high visitation frequency (Figure 2) and high efficiency at
removing pollen (Figure 3) results in the majority of pollen from our
three focal plant species being removed by honey bees. We calculate
that many dozens to thousands of native bees of average size could
be produced per hectare each day during the period when these
plants are blooming at the densities observed at our study sites. In our
experience, abundant blooming of our focal species lasts ca. 30 days
in a typical year. Thus, in areas with large populations of S. apiana,
S. mellifera and P. distans, we would expect that the pollen removed
by honey bees from these species could rear approximately 15,914,
145,785 and 2290 native bee progeny per hectare, respectively, over
the period of abundant bloom. Thus, the relative biomass of honey
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bees and the pollen removal estimates both point to potentially large
negative impacts of honey bees on native bee populations.

Although our study system experiences one of the highest abun-
dances of honey bees in unmanaged ecosystems reported in a recent
global meta-analysis (Hung et al., 2018), this situation is hardly unique.
Feral honey bee colonies are thought to outnumber managed colonies
globally (Visick & Ratnieks, 2023), and numerical domination of floral
resources by feral honey bees is known from a diverse set of ecosys-
tems worldwide (e.g., Abe et al, 2011; Aguiar, 2003; Kato &
Kawakita, 2004). Alarmingly, feral honey bees may in fact be increas-
ing in abundance in some parts of the world. In the southwestern
United States, for example, recent resurvey studies suggest that feral
Apis mellifera scutellata-hybrid honey bees have been replacing native
bees at flowers of both widespread, abundant plants
(Cumberland, 2019) and rare, patchily distributed ones (Portman
et al.,, 2018).

As far as we are aware, this study is the first to estimate the bio-
mass of honey bees (managed or feral) relative to other bees in any
system of plants and their pollinators. The relative biomass of honey
bees, rather than their relative abundance, might better predict
honey bee impact on native bees because honey bees exceed the
majority of bee species in mass and would thus be expected to require
more floral resources per individual. In our system, the mass of a
honey bee is > 4 times that of the average native bee when the latter
is calculated based on the mass and relative frequency of each spe-
cies. We note that Cane and Tepedino (2017) did not take relative
abundances into consideration when designating M. rotundata as their
average native bee. One reason for the large discrepancy in average
body size is that the ca. 13% of bee species with body sizes larger
than honey bees were quite rare in our system, accounting for only
2.5% of the total bee abundance (Figure 1). For example, bumble bees,
which are widespread and numerically important floral visitors in
many other temperate ecosystems (Hung et al., 2018), made up only
0.1% of all floral visitors in our 1-ha plots.

The observed rarity of large-bodied native bees may in part be
driven by exploitative competition from honey bees. Thomson (2004,
2016, 2021) demonstrated that when honey bee hives were placed in
close proximity to bumble bee colonies, bumble bees produced smal-
ler workers and fewer reproductive individuals. In the U.K., honey
bees and bumble bees also appear to compete (Elbgami et al., 2014;
Goulson & Sparrow, 2009). If resource depletion by honey bees dis-
proportionately affects larger bees (see also Torné-Noguera
et al., 2016), there may be downstream impacts on pollination ren-
dered by the floral visitor community, as larger-bodied species, in gen-
eral, deposit more pollen per visit on stigmas (Féldesi et al., 2021). In
our system, large native bees are considered the best pollinators for
S. mellifera (Grant & Grant, 1964). The unusual flowers of S. apiana,
with long filaments (> 2 cm) protruding well outside of corollas, appear
adapted for pollination by large carpenter bees (Xylocopa spp.) and
perhaps bumble bees (Grant & Grant, 1964; Ott et al., 2016). Another
effect of honey bees in this system is that, while honey bees are
responsible for the vast majority of visitation to the three species

studied here, their visits result in plant offspring with low fitness
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compared to those produced by native insect pollination (Travis &
Kohn, 2023). This fitness reduction appears to result from honey bees’
penchant to visit more flowers on the same plant before moving to
another, resulting in higher rates of self-fertilisation and inbreeding
depression.

The relatively large body size of honey bees may in part contribute
to the proficiency with which they remove pollen. In just two visits,
honey bees remove the majority of the pollen from flowers of our three
focal plant species—in particular, for P. distans, no significant further
removal of pollen occurred after two honey bee visits. Approximately
20% of pollen remained in anthers at the end of the day for all three
focal species; this level of pollen removal is about average compared to
the 32 species reviewed by Johnson and Harder (2023) that distribute
their pollen as individual grains. Bees may forgo collecting the remaining
pollen grains if these grains prove difficult or unprofitable to extract,
since the extended time necessary to collect these pollen grains might
result in reduced time for nest defence (Goodell, 2003) and increased
exposure to predators (Romero et al, 2011) and pathogens (Adler
et al., 2018; Pritchard et al., 2021). At our study plots, honey bees and
other larger-bodied bees seldom foraged for pollen from our focal plant
species beyond the morning, instead seeming to almost exclusively
extract nectar (authors’ personal observation). This shift in foraging
behaviour appears to support the notion that the leftover pollen is not
profitable from the perspective of these bees.

Although our findings suggest strong resource competition
exerted on native bees by honey bees, we lack several pieces of evi-
dence that would bolster such a conclusion. First, there are no base-
line data from our study area on native pollinator abundances prior to
either the introduction of honey bees to California in 1853
(Watkins, 1969) or the arrival of Apis mellifera scutellata-hybrid feral
bees into San Diego County in 1994 (Visscher et al., 1997). Second,
we have no data on pollen removal by native bees in the absence of
honey bees. Finally, we lack data directly demonstrating that there
would be more native pollinators in the absence of honey bees. Nev-
ertheless, it is difficult to imagine a scenario in which the population
sizes of native species that rely on pollen for reproduction remain
unaffected when 80% of this essential resource is removed by a non-
native species that attains 98% of the assemblage’s biomass.

Pollen is regarded as the primary resource that limits bee popula-
tions (Roulston & Goodell, 2011). Pollen requirements for many bee
species are high (Mililler et al., 2006; Neff, 2008), and the availability
of floral resources predicts variation in bee abundances better than
does nest site availability (Torné-Noguera et al., 2014). In areas with-
out honey bees, pollinators often remove the majority of available pol-
len each day, typically within a few hours (Carvalho &
Schlindwein, 2011; Larsson & Franzén, 2007; Miiller et al., 2006).
Therefore, it seems likely that, in the absence of honey bees in our
area, the majority of pollen produced by native plants would be
removed by native bees. Lastly, several studies have shown that
native bees cease foraging on their preferred (and usually most abun-
dant) pollen resource when honey bee numbers increase (Dupont
et al., 2004; Magrach et al., 2017; Page & Williams, 2023a), and con-
versely, at least one study demonstrated an increase in native bee
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visitation to a native plant species when introduced honey bees were
experimentally prevented from accessing pollen for just a few hours
(Carneiro & Martins, 2012).

Non-native honey bees are increasingly scrutinised for the types
of negative impacts often associated with either invasive species or
domesticated livestock (Cane, 2024; Carneiro & Martins, 2012;
Page & Williams, 2023a, 2023b; Portman et al., 2018; Quinlan
et al., 2024; Thomson, 2004, 2016, 2021). Our estimates of the rela-
tive biomass of feral honey bees, together with the estimates both
here and those in Cane and Tepedino (2017) on the potential impact
of pollen collection by honey bees on native bee populations, should
motivate continued research into competitive interactions between
honey bees and native pollinators, especially as mounting evidence
suggests downstream impacts on pollination (Dupont et al., 2004;
Page & Williams, 2023a; Travis & Kohn, 2023; Wang et al., 2024).
Although large-scale eradication of feral honey bees may be economi-
cally and logistically challenging (Oldroyd, 1998) and possibly contro-
versial (Beaurepaire et al., 2024), managers of sensitive habitats
harbouring threatened plant-pollinator interactions (e.g., Portman
et al., 2018) may increasingly need to consider methods to control
feral honey bee populations as they now do for other invasive species.
Our findings also contribute to ongoing discussions by policymakers
and land managers regarding the appropriateness of using public land
as forage for managed honey bee colonies—indeed, a recent synthesis
has identified resource availability and resource requirement parame-
ters as key data gaps in efforts to reconcile the needs of managed ver-
sus wild bees (Beaurepaire et al., 2024). In parts of the world where
native pollinators are in decline, unchecked introductions of honey
bees may work, in concert with other threats, to further jeopardise
native bees and the crucial functions they provide.
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