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Abstract
Eusocial bees are likely to be ecologically important competitors for floral resources, although competitive effects can be difficult
to quantify in wild pollinator communities. To investigate this, we excluded honeybees (HBE treatment), bumblebees (BBE) or
both (HB&BBE) fromwild-growing patches of bramble,Rubus fruticosus L. agg., flowers in two eight-day field trials at separate
locations, with complementary mapping of per-site local floral resource availability. Exclusions increased per-flower volume of
nectar and visitation rates of non-excluded bees, compared to control patches with no bee exclusions (CON). There was a large
increase in average nectar standing crop volume both at Site 1 (+ 172%) and Site 2 (+ 137%) in HB&BBE patch flowers, and no
significant change in HBE or BBE, compared to CON patches. Foraging bee responses to exclusion treatments were more
pronounced at Site 2, which may be due to lower local floral resource availability, since this is likely to increase the degree of
exploitative competition present. Notably, at Site 2, there was a 447% increase in larger-bodied solitary (non-Apis/Bombus) bees
visiting HB&BBE patches, suggesting ecological release from competition. Hoverflies showed no response to bee removals.
Numbers of other non-bee insect groups were very small and also showed no clear response to exclusions. Our findings reveal
patterns of competitive exclusion between pollinator groups, mediated by resource depletion by eusocial bees. Possible long-term
implications of displacement from preferred flowers, particularly where alternative forage is reduced, are discussed.

Significance statement
Understanding patterns of exploitative competition and displacement is necessary for pollinator conservation, particularly for
vulnerable or threatened species. In this research, experimental methods reveal underlying patterns of resource competition
exerted by eusocial bees in a wild pollinator community. We show that honeybees and bumblebees competitively displace each
other and particularly solitary (non-Apis/Bombus) bees from bramble, an important native nectar and pollen source. Effects were
stronger where local floral resource availability was identified to be limited. Notably, following experimental exclusion of both
honey- and bumblebees from flowers, visitation by solitary bees increased by up to 447%, strongly suggesting ecological release
from competition. These results highlight the need for informed landscape management for pollinator wellbeing, including
appropriate honeybee stocking densities and improved floral resource availability.
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Introduction

Flower-visiting insects gather pollen and nectar for their ener-
getic needs and to feed their larvae. Because these resources
are shared and can also be limiting, this sets the stage for
exploitative competition both among individuals and species
of flower-visitors. Depletion of floral resources by dominant
foragers can cause others to move to alternative sources of
forage, in both spatial and temporal partitioning of resources
(Wilms and Wiechers 1997; Walther-Hellwig et al. 2006;
Dupont et al. 2004). This can mitigate the negative effects of
competition, allowing coexistence (Amarasekare 2003).
However, and particularly where resources are limited, there
may be fitness costs for non-dominant species following re-
duced overall resource acquisition and a decrease in reproduc-
tive output (Zurbuchen et al. 2010a; Hudewenz and Klein
2015; Thomson 2016).

Honeybees (Apis mellifera L.) and bumblebees (Bombus
spp.) are relatively abundant in many flower-visiting insect
communities (e.g. Nielsen et al. 2012; Garbuzov and
Ratnieks 2014; Balfour et al. 2015a). Both have large colony
requirements for nectar and pollen (Seeley 1995; Cane and
Tepedino 2016; Rotheray et al. 2017), which foragers extract
from flowers more rapidly than many other insects, including
solitary bee species (Couvillon et al. 2015). They have large
foraging ranges allowing them to maximise resource use over
a wide area (Seeley 1995; Walther-Hellwig and Frankl 2000),
and honeybees are able to actively recruit nestmates to profit-
able resources via the waggle dance (Seeley 1995).
Additionally, Bombus and particularly Apis are often commer-
cially managed for pollination or (Apis) honey production,
which can create artificially high densities particularly of hon-
eybees. Overall, they are likely to deplete floral resources
where they are present (Torné-Noguera et al. 2016), thereby
exerting competitive pressure on other flower-visiting insects.
This has received continuing research interest (for example,
see recent reviews: Mallinger et al. 2017 and Wojcik et al.
2018).

Resource depletion by honey- and bumblebees can have
negative effects between these groups (Goulson and
Sparrow 2009; Thomson 2016; Sáez et al. 2017). It can also
affect the many species of non-Apis/Bombus bees (e.g.
Hudewenz and Klein 2015), most of which have a solitary
lifecycle and are hereafter termed ‘solitary bees’ (following
Baldock et al. 2015, Balfour et al. 2015a, Baldock et al.
2019). Female solitary bees build a central nest to rear their
offspring, provisioning each cell with pollen and nectar. They
tend to have much smaller foraging distances than honey- and
bumblebee workers (Gathmann and Tscharntke 2002;
Zurbuchen et al. 2010b), meaning that they may be more
affected by local changes in resource availability. In one
study, experimentally increasing the distance from two spe-
cies of solitary bee (Hoplitis adunca Panzer and Chelostoma

rapunculi Lepeletier) nests to preferred flowers increased the
duration of foraging bouts for the same quantity of resources.
The authors used an indirect method to show that increased
foraging duration caused a decrease in reproductive output
(Zurbuchen et al. 2010a). Solitary bees may therefore be par-
ticularly vulnerable to the effects of exploitative competition,
particularly when resources are scarce. However, this is not
well understood (seeMallinger et al. 2017), despite the impor-
tance of these bees for the pollination of many crop and wild
plants (Williams and Kremen 2007; Garratt et al. 2014;
Garibaldi et al. 2014; Mallinger and Gratton 2015).

Apis/Bombus-mediated depletion of nectar and pollen may
also affect other flower-visiting insects such as hoverflies,
non-syrphid dipteran flies, butterflies, moths and wasps.
Excepting wasps, these groups are not central-place foragers,
i.e. they do not have a central nest to provision. Their foraging
strategies and requirements are therefore different to bees,
since they do not collect resources to feed offspring, having
only individual energetic needs, and can also more flexibly
move away from areas where resources are depleted. As such,
it is possible that their foraging behaviour may be less affected
by immediate local resource depletion. Previous research
found that an increase in honeybee abundance caused spatial
displacement of bumblebees, solitary bees and non-bee flying
insects in oilseed crop fields (Lindström et al. 2016).
However, there is little research investigating the effects of
exploitative competition on non-bee insects.

The effects of resource competition are often studied where
managed pollinators are introduced to areas where they are not
native or are uncommon, thereby creating an increase in the
abundance of a potential competitor (reviewed in Stout and
Morales 2009). However, patterns of competition in natural
flower-visiting communities can be difficult to detect (Forup
and Memmott 2005). Spatial and temporal niche partitioning
behaviours in response to fluctuating competitive pressure
facilitate coexistence among insect groups with dietary over-
lap, meaning that resource competition is often likely to be a
key, but masked, factor in observed flower choice and forag-
ing behaviour (Balfour et al. 2015b). Exclusion experiments
in which dominant competitors are removed from flowers are
a valuable way to reveal these underlying patterns of compe-
tition between insect groups (Balfour et al. 2015b). These can
help to improve our understanding of the role of competition
in existing pollinator communities, which can in turn help to
inform conservation practice for bees and other flower visiting
insects, for example by improving provision of floral re-
sources in areas or seasons when they are most needed
(Garibaldi et al. 2014; Couvillon et al. 2014; Wignall et al.
2020).

In this study, we used established exclusion methods to
investigate whether honeybees and bumblebees compete with
each other and with other flower-visiting insects for a com-
mon and abundant wildflower, bramble (Rubus fruticosus L.
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agg.), which produces large quantities of nectar and pollen and
is a major food source for many insects (Taylor 2005; Falk
and Lewington 2015; Wignall et al. 2020b). We chose to
study R. fruticosus as it is common throughout the UK, it
has a long flowering season and its flowers are visited by a
wide range of insects. Collectively, these factors mean that
bramble was a useful and ecologically important species with
which to investigate competition among flower visiting spe-
cies, and that our findings would be of broad relevance.

We established four bee-exclusion treatments: no bees ex-
cluded (Control), honeybees excluded (HBE), bumblebees
excluded (BBE) and both honey- and bumblebees excluded
(HB&BBE) on patches of wild-growing R. fruticosus in two
field trials in Sussex, southeast England.We investigated how
exclusions affected nectar availability in the bramble flowers,
and flower visitation by non-excluded Apis or Bombus bees,
solitary bees, hoverflies and other foraging insects. We incor-
porated landscape-level context by measuring local floral re-
source availability within a 500 m radius of each study site.

Methods

Study sites

Two eight-day bee-exclusion trials were carried out on the
outskirts of Brighton, a city in southeast England, UK. The
first trial (20.06.2019–02.07.2019) studied bramble growing
in a semi-rural location, in a field of unimproved grassland
occasionally used for sheep grazing in the South Downs, 1 km
southeast of the University of Sussex campus (hereafter Site 1;
50° 854374‵ N, −0° 09413480‵ W). The second trial
(04.07.2019–13.07.2019) was carried out in an area of urban
greenfield with bramble growing in hedges, next to residential
housing 200 m north of BrightonMarina (hereafter Site 2; 50°
815178‵ N, −0° 102075‵ W). In each location, bramble plants
were abundant and in full bloom in hedges and stand-alone
patches from c. 0.5 to 4 m above ground level. Although there
were no records of the number of managed or feral colonies in
the study region, it was assumed that honeybee numbers
would be relatively consistent between the sites since there
are many active beekeepers in East Sussex and density of
honeybees is high in the region (Wignall et al. 2020b).
Additionally, the study sites were just over 4 km apart mean-
ing that the number of colonies between the two sites would
not vary too greatly. The number of honeybees visiting control
patches was similar between sites which supports this assump-
tion (Results).

Exclusions and experimental design

In each eight-day trial, four patches of bramble were designat-
ed and rotated through four bee-exclusion treatments: CON:

control, no bees excluded; HBE: honeybees excluded; BBE:
bumblebees excluded; HB&BBE: both honeybees and bum-
blebees excluded. This allowed us to investigate the effects of
competition exerted by Apis and Bombus separately and in
tandem. Using established methods, bees were continually
excluded by tapping them gently with a bamboo cane. This
method is very effective in reducing the excluded bee type to
close to zero (Balfour et al. 2015b;Wignall et al. 2020); in this
study, numbers of excluded bee types recorded foraging on
HBE, BBE and HB&BBE were between 1.4–13.1% of the
total insects per treatment at Site 1 and 0.5–4.4% at Site 2
(Online Resources 1 and 2). Due to this experimental design,
it was not possible to record data blind to the patch treatment.

We chose patches of bramble in full bloom, as similar in
flower density, patch size and exposure to sun and wind as pos-
sible. Each was approximately 2 × 4mwide and was trimmed as
necessary to consistent sizes and numbers of flowers. Patches
were always between 10 and 200 m apart to ensure they were
distinct. Treatments were allocated randomly to the four patches
and rotated after two days of data collection, so that each patch
was used for each of the four exclusion treatments, to control for
any possible differences between patches, including microcli-
mate effects or presence of bee or wasp nests in the close vicinity.
Each two-day rotation was on two consecutive days so that the
effect of exclusions on day onewould directly influence day two.
The distance between patches meant that excluded honey- and
bumblebees, which both commonly forage to distances greater
than 200 m (Seeley 1995; Walther-Hellwig and Frankl 2000),
would feasibly be able to move to nearby treatment patches from
which they had not been removed (CON or BBE/HBE).
However, the likelihood that the number of bees on other treat-
ment patches could be inflated by excluded individuals is mini-
mal since flowering bramble plants were abundant at both sites,
with treatment patches estimated to comprise < 5% of the total
bramble within a 50 m radius. Bramble was also common in the
wider area (Online Resource 3).

Data were collected only on days with good insect foraging
conditions: > 16 °C, low wind, and no rain. Bees were exclud-
ed from 09:00 to 18:00, and counts of all insects foraging on
the bramble flowers on each treatment patch were made every
half hour from 10:00 to 17:00, the most active foraging hours
(Garbuzov and Ratnieks 2014). This allowed treatments to be
established for one hour in the morning before data collection
started and continued for an hour after the counts ended in
order to maintain the exclusion treatments. Counts were ended
at 17:00 as by this time insect numbers generally had dropped
significantly and some patches were in shade. Since the dura-
tion of time spent foraging in one patch of flowers is rarely
longer than a few minutes (except for beetles which were not
included in this study), 30 min was considered ample time to
prevent counting the same insect twice. If an individual
revisited the patches after 30min and was counted again, this
was considered to be an independent foraging decision,
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showing a genuine preference rather than an individual simply
persisting in the same patch in a single visit (following
Garbuzov and Ratnieks 2014).

Insects were grouped to taxa as follows: honeybees (Apis
mellifera), bumblebees (Bombus spp.), solitary bees (non-
Apis/Bombus bees), hoverflies, non-syrphid dipteran flies, but-
terflies and moths and wasps. Where possible, bees, hoverflies,
butterflies, moths and wasps were also recorded to species on
the wing as they were counted. Bombus terrestris (L.) and the
B. lucorum complex comprising the cryptic species B. lucorum
(L.), B. magnus Vogt and B. cryptarum (Fabricius)
(McKendrick et al. 2017), could not be reliably separated, so
were grouped and recorded as Bombus terrestris/lucorum agg.
(Fussell and Corbet 1992). Any insects that could not
be identified on the wing were caught for closer examination
in the field. Where it was not possible to identify insects in the
field, specimens were taken to the lab to be identified using a
microscope. For Lasioglossum bees, which were numerous at
the second site and for the most part have microscopic identi-
fying features, a representative sample was taken as specimens
to minimise destructive sampling. We did not attempt to iden-
tify non-syrphid Diptera since these would need an expert
dipterologist for accurate identification. These were not numer-
ous, only 0.0–2.8% of control patch insects (see Results) and
were recorded in four body size categories determined by eye
(very small, small, medium, large).

Any territorial hoverfly behaviour was noted, and in some
instances, we removed patrolling male Eristalis tenax L.
hoverflies since these were actively preventing bees, butter-
flies and other insects from foraging (Wellington and
Fitzpatrick 1981) and were therefore interfering with the ex-
clusion treatments.

Nectar standing crop volume (μl) and sugar content

To quantify nectar availability to foraging insects, we mea-
sured the standing crop volume and sugar concentration of
nectar in ten bramble flowers per treatment on each trial day.
We extracted nectar from each flower’s central nectar disc
using glass microcapillary tubes (Drummond Microcap 1 μl,
64 mm, 1–000–0010-64 or 0.25 μl, 32 mm, 1–000-00025).
The length of nectar drawn into the tube was measured and
used to calculate the per-flower nectar volume in microlitres
as a proportion of the overall volume of the tube (Corbet
2003). Nectar sugar concentration (% Brix) was measured
for each sample with sufficient volume using a handheld re-
fractometer (Bellingham and Stanley™, 0–50% Brix). Any
samples with sugar concentration below 10% were assumed
to be mostly rain or dew and discarded, and a sample taken
from a new flower. Nectar measurements were made between
12:00 and 14:00 each day to reduce time-dependent variation.

Per-flower nectar sugar content (mg/ml) was calculated
using nectar concentration and standing crop volume.

Concentration values (% Brix) were converted to sucrose con-
tent (mg) for each sample using Table 79 in the CRC hand-
book of chemistry and physics (1971–1972; Weast 1971).
Sucrose (mg) was multiplied by standing crop volume (ml)
to give the total sugar content per flower in milligrams per
millilitre (Bolten et al. 1979).

Measurement of nectar concentration was subject to sampling
biases. First, concentration values are bound at 50% Brix due to
the 0–50% refractometer used. Actual concentration may have
been higher than 50% where this was recorded, meaning that
calculated averages for per-flower sugar content may be conser-
vative. Second, concentration could not be measured for nectar
samples with small volumes (Site 1: mean standing crop volume
of unmeasurable samples = 0.0531 μl, n = 84 of 320 samples;
Site 2: mean = 0.0586 μl, n = 186 of 310) due to refractometer
sensitivity. Nectar concentration increases at smaller droplet vol-
umes due to a greater rate of evaporation (Corbet 2003) possibly
leading to biased exclusion of samples with higher concentra-
tions. Although any effect of this will be minimised to a degree
by the very low volume of excluded samples, reported average
per-flower nectar sugar content per treatment may be conserva-
tive where many samples were excluded, which disproportion-
ately affects those with lower average standing crop volume
(Results). Together, these factors limit the accuracy of nectar
sugar content data and these should be interpreted with caution.

Local land-use and wildflower diversity

We mapped the local habitat types and wildflower diversity
within a 500 m radius of the centre of each site to add resource
availability context to our study. Most solitary bees have a
maximum foraging range of < 500 m from their nests
(Gathmann and Tscharntke 2002), while average foraging
ranges tend to be far smaller than the maximum (Zurbuchen
et al. 2010b). Bumblebees also often forage within 500 m of
their nest, although they are capable of longer flights
(Walther-Hellwig and Frankl 2000). Honeybees are able to
forage much longer distances from the hive, up to c. 10–
12 km, but normally forage at much lower distances (Seeley
1995; Couvillon et al. 2014). This distance, therefore, gives a
meaningful measure of the local resource availability for bees,
particularly solitary bees and bumblebees.

We used QGIS 3 (version 3.0.3 Girona) to manually cate-
gorise each land-use type within the 500 m radius and to
quantify the total area of each. Using this, we then determined
two approximate measures of the local resource availability
for flower-visiting insects per site. First, the total ‘flowers
possible’ surface area, which included any greenspace or hab-
itat where flowers could grow, was compared to the area of
impermeable surfaces and water. Within the ‘flowers possi-
ble’ area, we then determined the ‘flowers available’ area per
site, after removing arable fields, golf courses and sports
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pitches following site visits to verify that flowers were absent
or at extremely low densities in these sub-areas.

Within the ‘flowers available’ area, we calculated the pro-
portion of each land-use type that could be surveyed, exclud-
ing areas such as cliff face and residential gardens that we
were unable to access. We then used 200 m2 belt transects to
measure the presence, abundance and diversity of wildflowers
in bloom within each surveyable type (Balfour et al. 2015a).
For each site, we used the same number of transects in each
type rather than stratifying by land-use area, so that linear
habitats such as field margins were sampled with an equal
effort since these can be important resources for pollinators
(Balfour et al. 2015a) despite being a smaller total area respec-
tively. We completed eight transects per surveyable habitat
type at Site 1 and four at Site 2, since the surveyable ‘flowers
available’ area at the first site (549,542 m2) was much greater
than that of the second site (62,993 m2).

To measure species richness per habitat type, we recorded
the presence of any wildflower species found within 1 m on
either side of a 100 m transect. At field margins and road
verges, transects were 200 m and flowers recorded within
1 m on a single side, so that transects were always 200 m2 in
total. To quantify floral abundance (petal area) and diversity,
we placed five 1 × 1 m quadrats to alternate sides of the tran-
sect at 20 m intervals (or 40 m intervals in the 200 m tran-
sects). We recorded the number of floral ‘units’ (flowers,
capituli or umbels) of each wildflower species within the
quadrat, and later standardised these using wildflower guides
(Streeter et al. 2009; Rose 1981) to give a measure of petal
area for each unit, a relevant measure of floral abundance for
foraging insects (Balfour et al. 2015a). All surveys for each
site were completed within one week of trial completion to
ensure a relevant measure of current flower availability in the
area.

Statistical analysis

Data from each site were analyzed separately to explore the
effects of bee exclusion treatments on insect visitation and
nectar characteristics, since the large difference in number of
insects between sites (Results) masked the effects of treatment
when site was included as a predictor variable. Data presented
and analysed include both exclusion days of each rotation to
maximise statistical power, meaning reported effects will be
conservative since insect response to exclusion takes approx-
imately one day to reach its full effect (Balfour et al. 2015b),
which also affects nectar volume. All statistics were calculated
using R (version 4.0.0). Significance was taken as P < 0.05.

Insect count data included half-hourly counts between
10:00 and 17:00 on each exclusion day (n = 15 counts per
day per treatment, 8 days per trial). For each site, the effects
of exclusion treatments on counts of each insect group were
analyzed using zero-inflated generalised linear mixed models

(GLMM) with glmmTMB to account for an excess of zeros in
the count data (Brooks et al. 2017). Fixed effects were treat-
ment (CON, HBE, BBE and HB&BBE) and insect group
(honeybees, bumblebees, solitary bees, hoverflies and other
insects (comprising butterflies/moths, non-syrphid dipteran
flies and wasps, grouped as ‘other insects’ due to small sample
sizes, see Results)), with an interaction term between these
variables. Rotation and patch were included as crossed ran-
dom effects. Estimated marginal means and post hoc pairwise
comparisons for the effect of treatment within each insect
group were calculated using emmeans (Lenth 2019).

At the first site, there were very low numbers of solitary
bees (between 0.13 and 0.31 bees per count per treatment
on average, 0 bees in 81.1% of counts; Online Resource 1);
therefore, this group was included as ‘solitary bees’ with-
out subsetting for optimal model stability and reliability of
results. At the second site, there were larger numbers of
solitary bees (between 1.12 and 3.22 bees per count per
treatment on average; Online Resource 2). Therefore, to
explore whether solitary bee foraging response to bee ex-
clusion treatment varied with body size, solitary bees were
included as two separate insect groups: larger-bodied sol-
itary bees (forewing > 5.5 mm (Falk and Lewington 2015);
Genera: Andrena, Anthophora, Megachile, Osmia) which
are similar in size to honey- and bumblebees and are likely
to be affected by any changes in floral reward caused by
the removal of these bees (Henry and Rodet 2018), and
smaller-bodied solitary bees (forewing < 5.5 mm (Falk
and Lewington 2015); Genera: Halictus , Hylaeus ,
Lasioglossum) that have far smaller nectar and pollen re-
quirements (Müller et al. 2006) and are likely to be less
affected by any changes in floral reward. Final models
were compared to null models using likelihood ratio tests.
Scaled residuals were plotted and visually approved for
both final models using R package DHARMa (Hartig
2020), with further targeted goodness-of-fit tests for over-
and underdispersion between the observed vs simulated
residuals.

At the first site, solitary bee diversity was not compared
between treatments due to very low numbers of foraging bees
meaning that any differences were highly likely to be due to
chance (see above and Online Resource 1). At the second site,
a standard measure of diversity, the Shannon-Wiener H’ di-
versity index, was used to compare solitary bee species diver-
sity between treatments:

H 0 ¼ − ∑
R

i¼1
pi lnpi

where p (= n/N) is the proportion of the total sample (N)
represented by species i (n). Pielou’s measure of species even-
ness (J’) was also calculated for each treatment by dividing the
Shannon-Wiener H’ index by the natural logarithm of species
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richness (J’ =H′/lnS).
For each site, one-way analysis of variance (ANOVA) was

used to investigate the effect of treatment on (i) nectar stand-
ing crop volume (μl) and (ii) sugar content per flower
(mg/ml), with Patch and Rotation included as crossed
blocking factors. Tukey’s HSD post hoc tests were performed
for pairwise comparisons between treatments.

Wildflower diversity and species evenness were calculated
for each habitat type using quadrat data and the Shannon-
Wiener H’ diversity index and Pielou’s J’ measure of even-
ness, as described for solitary bees. Individual transects were
combined to calculate H’ for each habitat type.

Results

Bee responses to exclusions

Site 1

At Site 1, in the more rural location, numbers of insects ob-
served foraging on the bramble patches were lower (total in-
sects counted = 2070, n = 471 counts) than at Site 2 (total in-
sects counted = 2910, n = 476 counts), despite many insects
seen foraging on other flower species in the area. The most
numerous insects on CON patches were honeybees (52.8%)
and bumblebees (20.1%; 6 species across all treatments).
There were very few solitary bees (2.4%; 13 species).
Among these were two cuckoo species of solitary bee,
Nomada ruficornis L. and Sphecodes monilicornis Kirby,
which were only 3% of recorded solitary bee individuals.
Hoverflies were the most abundant non-bee insects (18.4%;
17 species). Other insects were not numerous: other non-
syrphid dipteran flies, 2.8%; wasps, 2.1% (4 species) and
Lepidoptera, 1.3% (7 species; 6 butterfly, 1 moth,
Macroglossum stellatarum L.; Online Resource 1).

The effect of bee exclusion treatment on insect foraging
response varied between insect groups, with a significant in-
teraction between these predictor variables (treatment x insect
group, χ2

(12) = 509.541, P < 0.001). Bumblebees were signif-
icantly affected by the exclusion of honeybees, with an 89%
increase in the estimated marginal mean (EMM) count of
bumblebees on HBE (EMM ± 1SE, 2.36 ± 0.25) vs CON
(1.25 ± 0.14; P < 0.001 in post hoc pairwise comparisons be-
tween treatments).WithinBombus, there were increases in 5/6
species (between 36 and 583% increase in raw count data per
species; raw data in Online Resource 1). Conversely, bumble-
bee exclusion did not affect honeybee numbers (P = 1.000).
The EMM count of honeybees on BBE treatment patches
(2.85 ± 0.25) was 4% lower than CON (2.97 ± 0.25; Table 1;
Fig. 1).

Solitary bees, hoverflies and other insects (comprising but-
terflies/moths, non-syrphid dipteran flies and wasps) showed

no response to bee exclusion, with all post hoc pairwise com-
parison between treatments non-significant (P > 0.05; Table 1;
Fig. 1).

Site 2

At Site 2, in the more urban location, insect numbers were
40.6% higher overall than at Site 1 (total insects counted =
2910, n = 476 counts). The most numerous insects on CON
patches were honeybees (38.3%), followed by bumblebees
(36.3%; 5 species across all treatments) and solitary bees
(16.4%; 16 species). Within the solitary bees, larger-bodied
bees made up 6.7% of the total insects on CON, and smaller-
bodied 9.8%. Hoverflies were the most abundant non-bee in-
sects (8.0%; 14 species), followed by wasps, 0.7% (2 species)
and Lepidoptera (butterflies only; 4 species), 0.2%. Zero non-
syrphid dipteran flies were counted on CON patches
(Online Resource 2).

The effect of bee exclusion treatment on insect foraging
response varied between insect groups, with a significant in-
teraction between these predictor variables (treatment x insect
group, χ2

(15) = 578.560, P < 0.001). Honeybees and bumble-
bees were significantly affected by the exclusion of the ‘op-
posite’ bee, with a 46% increase in the estimated marginal
mean (EMM) count of honeybees on BBE (EMM ± 1SE,
3.75 ± 0.38) vs CON (2.57 ± 0.27), and 47% increase in bum-
blebees on HBE (3.56 ± 0.36) vs CON (2.43 ± 0.26; P < 0.001
in post hoc pairwise comparisons; Table 2, Fig. 2).

Larger-bodied solitary bees increased significantly on each
exclusion treatment (HBE, BBE and HB&BBE; P < 0.001)
relative to CON (0.45 ± 0.07 bees), with the largest number
of bees on HB&BBE (2.46 ± 0.28), an increase of 447%.
Smaller-bodied solitary bees and hoverflies showed no re-
sponse to bee exclusion, with all post hoc pairwise compari-
son between treatments non-significant (P > 0.05; Table 2,
Fig. 2). At the species level, nine out of 12 larger-bodied
solitary bee species were more numerous on all three exclu-
sion treatment patches compared to CON (raw data in
Online Resource 2).

The number of other insects (comprising butterflies/moths,
non-syrphid dipteran flies and wasps) was very small on all
exclusion treatments. There was a slight increase in EMM on
each treatment relative to CON, with the largest on HB&BBE,
0.35 ± 0.07 insects, which was significantly higher than CON
(0.07 ± 0.02, P < 0.05). All other post hoc pairwise tests were
non-significant. Hoverflies were also not numerous and num-
bers were similar across treatments (between 0.51 ± 0.08
(HBE) and 0.70 ± 0.11 (HB&BBE); P > 0.05; Table 2, Fig. 2).

There were slight differences in solitary bee species diver-
sity between treatments at Site 2. Shannon Wiener H’ diver-
sity index and species richness (S) were similar on BBE (H’ =
1.99; S = 15), HB&BBE (H’ = 1.96; S = 13) and HBE (H’ =
1.91; S = 14), and lowest on CON (H’ = 1.70; S = 10). Species
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evenness (J’) was similar between treatments (J’: CON, 0.74;
HBE, 0.72; BBE, 0.74; HB&BBE, 0.76).

Nectar standing crop volume (μl) and per-flower sug-
ar content (mg/ml)

Treatment significantly affected nectar standing crop volume
at Site 1 (F(3) = 11.225, P < 0.001). Standing crop volume was
significantly higher in HB&BBE patch flowers (mean ± SD,
1.76 ± 1.88 μl) compared to all other treatments (CON 0.647
± 0.871 μl, + 172%; HBE 0.876 ± 1.30 μl, + 101%; BBE
0.792 ± 1.21 μl, + 122%; n = 80 flowers per treatment;
P < 0.001). Standing crop volume was not significantly differ-
ent between any other treatments (P > 0.05; Fig. 3a). At Site 2,
mean nectar standing crop volumes were between 80 and 87%
lower in each treatment than at Site 1, although the trends were
similar (Fig. 3). Treatment also significantly affected nectar
standing crop volume at Site 2 (F(3) = 17.679, P < 0.001).
Nectar volume was significantly higher in HB&BBE patch
flowers (0.303 ± 0.258 μl, n = 70 flowers) compared to all
other treatments (CON 0.128 ± 0.166 μl (n = 80), + 137%;
HBE 0.135 ± 0.176 μl (n = 80), + 124%; BBE 0.101 ±
0.134 μl (n = 80), + 200%; P < 0.001). Standing crop volume
was not different between other treatments (P > 0.05; Fig. 3b).

Nectar concentration was recorded as 50% (Brix) for nine
standing crop samples at Site 1 (CON 1 sample, HBE 1,
BBE 3, HB&BBE 4) and 56 samples at Site 2 (CON 9,
HBE 5, BBE 10, HB&BBE 32). Actual concentration may
have been > 50% for these samples, meaning that calculated
per-flower nectar content values may be conservative (see the
“Nectar standing crop volume (μl) and sugar content”
section).

Per-flower sugar content could be calculated for 73.75% of
extracted nectar samples at Site 1; 84 of 320 samples had
standing crop volumes that were too low (mean = 0.053 μl)
to measure concentration (CON 22 samples, HBE 25, BBE
28, HB&BBE 8).

Nectar sugar content (calculated using available concentra-
tion data) was highest in HB&BBE patch flowers (0.835 ±
0.834 mg/ml, n = 72). This was significantly higher than CON
(0.266 ± 0.231 mg/ml, + 214%, n = 58; P < 0.001), BBE
(0.371 ± 0.469 mg/ml, + 125%, n = 52; P < 0.001) and HBE
(0.487 ± 0.588 mg/ml, + 72%, n = 61; P = 0.005). Sugar con-
tent per flower was not significantly different between any
other treatment pairs (P > 0.05).

At Site 2, per-flower nectar sugar content could be calcu-
lated for only 40% of samples; 186 of 310 sample volumes
were too low (mean = 0.0586 μl) to measure concentration

Table 1 Estimated marginal means (EMM), standard errors and 95%
confidence intervals for the effect of treatment on counts of each insect
group at Site 1, estimated by a zero-inflated generalised linear mixed
model. The results of significant post hoc pairwise comparisons between

treatments, calculated with Bonferroni adjustment, are shown; all other
pairwise comparisons were non-significant (P > 0.05). Raw count data for
Site 1 are presented in Online Resource 1

Group Treatment EMM± 1SE 2.5% 97.5% Pairwise comparison Post hoc test

Honeybee CON 2.97 ± 0.25 2.31 3.83

HBE 0.18 ± 0.04 0.09 0.36

BBE 2.85 ± 0.25 2.20 3.71

HB&BBE 0.37 ± 0.06 0.22 0.61

Bumblebee CON 1.25 ± 0.14 0.89 1.76 HBE >CON P < 0.001

HBE 2.36 ± 0.25 1.72 3.24

BBE 0.08 ± 0.03 0.03 0.24

HB&BBE 0.12 ± 0.04 0.05 0.30

Solitary bee CON 0.14 ± 0.05 0.05 0.44

HBE 0.15 ± 0.57 0.05 0.47

BBE 0.32 ± 0.11 0.12 0.89

HB&BBE 0.28 ± 0.09 0.10 0.76

Hoverfly CON 1.13 ± 0.14 0.78 1.62

HBE 1.67 ± 0.17 1.22 2.27

BBE 1.19 ± 0.14 0.84 1.69

HB&BBE 1.53 ± 0.17 1.09 2.15

Other insects (non-syrphid dipteran fly, butterfly/moth, wasp) CON 0.41 ± 0.08 0.22 0.75

HBE 0.65 ± 0.11 0.39 1.09

BBE 0.52 ± 0.10 0.29 0.93

HB&BBE 0.75 ± 0.13 0.44 1.29
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(CON 51 samples, HBE 56, BBE 57, HB&BBE 22). Nectar
sugar content (calculated using available concentration data)
was highest in HB&BBE patch flowers (0.240 ± 0.164mg/ml,
n = 58); this was significantly higher than CON (0.143 ±
0.101 mg/ml, + 68%, n = 29; P = 0.009) and BBE (0.140 ±
0.079 mg/ml, + 71%, n = 23; P = 0.013), and non-significant-
ly, 40%, higher than HBE (0.171 ± 0.103 mg/ml, n = 24; P =
0.141). Sugar content per flower was not significantly differ-
ent between any other treatment pairs (P > 0.05; see
Methods: Nectar standing crop volume (μl) and sugar content
regarding caution in interpreting nectar sugar content data).

Local land-use and wildflower diversity

A high proportion of the 500 m radius area (= total area
785,398 m2) was successfully categorised into land-use types
in each site (Site 1: 783711 m2, 99.7%; Site 2: 768107.5 m2,
97.8%). Within these areas, Site 1 had a much greater propor-
tion of ‘flowers possible’ area, comprising arable fields,

broad-leaved woodland, field margins, residential gardens,
sports pitches and unimproved grassland (87.2%) versus
12.8% impermeable surfaces. Site 2 had a much smaller pro-
portion of ‘flowers possible’ area, including broad-leaved
woodland, cliff face, cliff top verges, field margins, golf
course, nature reserve land, residential gardens, sports pitches,
urban greenfield areas and other urban greenspace (38.1%)
versus 61.9% impermeable surfaces or water.

The ‘flowers available’ area per site, including land-use
types verified to have flowers present, also comprised a much
higher proportion of the overall habitat at Site 1 (74.7%;
585,216/783711 m2) compared to Site 2 (22.9%; 176,143.5/
768107.5 m2; Fig. 4). Detailed information of petal area, a
measure of floral abundance, and diversity indices from tran-
sect and quadrat data for each surveyed ‘flowers available’
habitat type is in Online Resource 3.

Discussion

Our results show that visitation to wild-growing bramble
flowers by honeybees and bumblebees decreases per-flower
nectar volume and can reduce visits by other foragers, sug-
gesting that Apis and Bombus displace other insects through
exploitative competition. Our study is the first, to our knowl-
edge, to demonstrate reciprocal competition between Apis and
Bombus on one flower species. Another notable finding was
the strong displacement of non-Apis/Bombus bees (referred to
here as ‘solitary bees’) in one of two study sites, where local
flower availability was somewhat limited and competition for
nectar and pollen was likely to be high. The observed effects
on hoverflies and other insects (butterflies, wasps and non-
syrphid dipteran flies) were inconclusive.

Reciprocal competition between Apis and Bombus

The separate removal of Apis or Bombus from bramble
patches revealed reciprocal competition. Bumblebee numbers
increased following honeybee removal both at Site 2 (47%)
and at Site 1 (89%) compared to control patches, showing
clear ecological release from competition. This was consistent
for each (n = 5/5) bumblebee species at Site 2, and all apart
from B. vestalis Geoffroy (n = 5/6) at Site 1. Honeybee num-
bers increased following bumblebee exclusion at Site 2 (46%),
but did not show any release from competition at Site 1 (− 4%;
Figs. 1 and 2).

Honey- and bumblebees are often the most abundant for-
agers on R. fruticosus and both rapidly extract nectar from the
open-structured Rosaceae-type flowers (Couvillon et al. 2015;
Wignall et al. 2020). The removal of either group should,
therefore, cause an increase in nectar availability, as well as
pollen. Since both honeybees (Duffield et al. 1993; Balfour
et al. 2015b) and bumblebees (Heinrich 1976) choose flowers
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Fig. 1 Numbers of insects foraging on patches of bramble with four bee
exclusion treatments (no bees excluded (CON), honeybees excluded
(HBE), bumblebees excluded (BBE) and both honey and bumblebees
excluded (HB&BBE)) at Site 1. Estimated marginal means with 95%
confidence interval from a zero-inflated generalised linear mixed model
are plotted in black. Grey points show the raw count data, jittered hori-
zontally and vertically for clearer visualisation
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with a higher reward, this is likely to explain the increase in
the number of Apis and Bombus on patches where the ‘oppo-
site’ bee had been removed (Fig. 1). Although we did not
record an increase in per-flower nectar standing crop volume
or sugar content in HBE or BBE patches compared to controls
at either site, this is likely to be due to the quick depletion of
any nectar by the ‘other’ (non-excluded) bee to levels similar
to control patches (Fig. 3).

The anomalous result at Site 1, where honeybee num-
bers did not increase on BBE treatment patches com-
pared to control patches, may be due to the low propor-
tion of bumblebees visiting the bramble flowers (20% of
all insects on control patches, compared to 53% honey-
bees). At this site, removing bumblebees would have had
only a small effect on nectar availability for honeybees,
which may explain why honeybee numbers did not in-
crease although absolute numbers remained high
(Online Resource 1). In contrast, the significant increase
in bumblebee numbers on HBE patches at this site
showed that bumblebees were released from competitive
pressure exerted by honeybees.

These patterns are in line with the ideal free distribution
model, in which the number of foragers exploiting a resource
is proportional to the rate of reward production in the patch,
such that reward gain per forager is equal across resource
patches (Fretwell and Lucas 1970).

Solitary bees

Solitary bee response to Apis and Bombus exclusion varied
between sites. At Site 2, a substantial and significant increase
in the number of larger-bodied solitary bee visits to bramble
flowers following removal of honeybees or bumblebees, and
especially both, is strong evidence for ecological release from
competition (Fig. 2). In comparison, at Site 1, there was no
evidence of competition exerted by eusocial bees, with no
measurable response likely due to the very low abundance
of solitary bees on all treatment patches (Fig. 1). This
between-site difference may be due to local flower availabil-
ity, which, as discussed in the Results, was substantially lower
at Site 2 (Fig. 4).

Table 2 Estimated marginal means (EMM), standard errors and 95%
confidence intervals for the effect of treatment on counts of each insect
group at Site 2, estimated by a zero-inflated generalised linear mixed
model. The results of significant post hoc pairwise comparisons between

treatments, calculated with Bonferroni adjustment, are shown; all other
pairwise comparisons were non-significant (P > 0.05). Raw count data for
Site 2 are presented in Online Resource 2

Group Treatment EMM± 1SE 2.5% 97.5% Comparison Post hoc test

Honeybee CON 2.57 ± 0.27 1.97 3.35 BBE >CON P < 0.001

HBE 0.07 ± 0.03 0.03 0.18

BBE 3.75 ± 0.38 2.92 4.83

HB&BBE 0.20 ± 0.05 0.11 0.38

Bumblebee CON 2.43 ± 0.26 1.87 3.18 HBE>CON P < 0.001

HBE 3.56 ± 0.36 2.75 4.58

BBE 0.03 ± 0.02 0.01 0.12

HB&BBE 0.06 ± 0.03 0.02 0.18

Solitary bee: larger-bodied CON 0.45 ± 0.07 0.30 0.67 HBE>CON P < 0.001

HBE 1.36 ± 0.17 1.00 1.85 BBE >CON P < 0.001

BBE 1.74 ± 0.20 1.31 2.31 HB&BBE>CON P < 0.001

HB&BBE 2.46 ± 0.28 1.86 3.26 HB&BBE>HBE P < 0.001

Solitary bee: smaller-bodied CON 0.65 ± 0.09 0.46 0.94

HBE 0.82 ± 0.11 0.58 1.17

BBE 0.80 ± 0.11 0.56 1.11

HB&BBE 0.88 ± 0.14 0.60 1.29

Hoverfly CON 0.54 ± 0.08 0.37 0.79

HBE 0.57 ± 0.09 0.39 0.84

BBE 0.51 ± 0.08 0.35 0.76

HB&BBE 0.70 ± 0.11 0.47 1.05

Other insects CON 0.07 ± 0.02 0.03 0.16 HB&BBE>CON P = 0.0068

HBE 0.12 ± 0.03 0.06 0.25

BBE 0.23 ± 0.05 0.14 0.39

HB&BBE 0.35 ± 0.07 0.21 0.57
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At Site 2, when both honey- and bumblebees were exclud-
ed (HB&BBE), there was a very large, 447%, and significant
increase in larger-bodied solitary bee visits to bramble flowers
compared to control patches (Fig. 2). This may be partly ex-
plained by the corresponding 137% rise in nectar availability
in HB&BBE patch flowers (Fig. 3b), and 68% measured in-
crease in per-flower sugar content (although reported sugar
content data may be conservative, seeMethods). Like eusocial
bees, solitary bees are sensitive to changes in nectar reward
which is a key factor in flower choice and foraging patterns
(Howell and Alarcón 2007; Mallinger and Prasifka 2017).
However, other factors may also have contributed, including,
importantly, pollen availability since this is also a major factor
driving solitary bee foraging behaviour (Tepedino and Parker
1982; Williams and Tepedino 2003) as females must provi-
sion nest cells with large quantities of pollen to rear

developing larvae (Müller et al. 2006). The physical presence
of honey- and bumblebees is another possible factor. It would
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Fig. 3 Standing crop volumes (μl) of nectar across the four bee exclusion
treatments (no bees excluded (CON), honeybees excluded (HBE), bum-
blebees excluded (BBE) and both honey and bumblebees excluded
(HB&BBE)) at Site 1 (a) and Site 2 (b). The plots show the volume of
nectar collected from ten flowers per patch treatment per day over the
eight-day trial (CON, HBE, BBE: n = 80 flowers in total per treatment;
HB&BBE, n = 70). Horizontal lines show the median, boxplot limits are
the 25th and 75th percentiles, whiskers are 1.5 times the interquartile
range and points outside whiskers represent outliers. Crosses within plots
represent the mean nectar volume per treatment (μl). Different superscript
letters above boxes (A, B) denote significant difference between treat-
ments at P < 0.05 according to ANOVA with Tukey’s post hoc pairwise
comparisons
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Fig. 2 Numbers of insects foraging on patches of bramble with four bee
exclusion treatments (no bees excluded (CON), honeybees excluded
(HBE), bumblebees excluded (BBE) and both honey and bumblebees
excluded (HB&BBE)) at Site 2. Estimated marginal means with 95%
confidence interval from a zero-inflated generalised linear mixed model
are plotted in black. Grey points show the raw count data, jittered hori-
zontally and vertically to reduce overlap for clearer visualisation
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be interesting to investigate these in further studies, for exam-
ple by measuring pollen availability in each treatment patch,
or by decoupling bee exclusions from changes in nectar and
pollen reward by experimentally adjusting these to determine
if the solitary bees respond to competitors directly or via their
effect on resource amounts.

Our results also suggest that body size may affect the extent
to which exploitative competition affects solitary bees, which
is consistent with previous findings (Torné-Noguera et al.
2016; Henry and Rodet 2018). At Site 2, the increase in sol-
itary bee visits to HB&BBE compared to control patches was
substantial, 447%, and significant for larger-bodied solitary
bees (forewing > 5.5 mm; Genera: Andrena, Anthophora,
Megachile, Osmia). In contrast, the number of smaller-
bodied bees (forewing < 5.5 mm (Falk and Lewington
2015); Genera:Hylaeus,Halictus, Lasioglossum), was similar
between treatment patches; a 35% increase on HB&BBE
patches compared to control patches was not significant
(Table 2, Fig. 2). Smaller bees have correspondingly smaller
requirements for nectar and pollen (Müller et al. 2006) and
may therefore be less affected by the depletion of these re-
sources by honey- and bumblebees. The effect of body size
may particularly relate to pollen availability, which is likely to
be affected by pollen removal by honey- and bumblebees,

since larger-bodied bees require large quantities to rear larvae
(Müller et al. 2006). It is also possible that the very small
foraging ranges of the smaller-bodied genera, particularly
Lasioglossum species (Wright et al. 2015), may have
prevented them from discovering the patches where bees were
excluded.

Separate exclusion of honeybees or bumblebees (HBE and
BBE treatments) at Site 2 also caused an increase in the num-
ber of larger-bodied solitary bee foragers (Fig. 2). This re-
sponse was smaller than when both groups were removed
(HB&BBE), which is likely to be due to the increase in
Bombus or Apis visitation to HBE and BBE patches in re-
sponse to the exclusion of the ‘opposite’ bee group (Fig.
1b), which, as well as possible un-measured factors such as
pollen depletion or physical presence, depleted per-flower
nectar volume to levels similar to control patches (Fig. 3b).
Nevertheless, this shows that the removal of either group sin-
gly can reduce competitive pressure to a degree that allows
solitary bees to forage on flowers from which they had previ-
ously been displaced. Possible longer-term effects of compet-
itive displacement are discussed in the “Possible fitness effects
of competitive displacement” section.

In contrast to Site 2, at Site 1, there were consistently very
few solitary bees visiting bramble flowers in all treatment

Impermeable surface
and/or flowers absent

Flowers available

74.7% 22.9%

a. Site 1 b. Site 2

100m 100m

Fig. 4 Maps showing the habitat
surrounding Site 1 (a) and Site 2
(b). Black circles define the
500 m radius area surrounding the
site centre, which is shown as a
yellow square. White scale bars
on the bottom left of maps show
100 m. Corresponding pie charts
show the proportion of habitat
within the 500 m radius area that
was found to have ‘flowers
available’ (green; Site 1 = 74.7%,
Site 2 = 22.9%), compared to the
proportion of area made up of
impermeable surface and/or with
flowers absent (grey; Site 1 =
25.3%, Site 2 = 77.1%). Maps
were created using QGIS with
ESRI “Satellite” base map
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patches (< 0.35 per count per treatment on average, only 2.4%
of all insects on control patches). This was despite substantial
nectar standing crop volume and sugar content in the flowers
in each patch, a 172% increase in per-flower nectar volume in
HB&BBE patches compared to CON (Fig. 3a), and observa-
tions of many solitary bees foraging on other nearby flowers.
There were small increases in solitary bee visitation to exclu-
sion treatments compared to controls but no significant differ-
ences between treatments. Overall, exploitative competition
between bees for bramble flowers was much lower or non-
existent in this location, which may be a result of high local
flower availability (see Local floral resource availability) al-
though this inference is limited due to the two-site comparison
in this study (see Limitations and further research).

Hoverflies and other non-bee insects (butterflies,
wasps and non-syrphid dipteran flies)

Previous research has found that experimentally enhanced
honeybee densities spatially displaced wild non-bee insects
including hoverflies and non-syrphid flies in fields of
flowering oilseed rape (Lindström et al. 2016). However, very
little research has so far investigated the effect of resource
depletion by Apis and Bombus on non-bee insects.

In this study, the numbers of Lepidoptera, wasps and non-
syrphid dipteran flies at both sites were small and there was no
clear response to bee exclusion. Hoverflies were more numer-
ous, but showed a mixed response to bee removals, also with
no clear effect of exclusions. It is also not clear from our data
whether hoverfly flower visitation was linked to nectar re-
ward. At Site 1, average hoverfly numbers were lowest on
the two patch treatments with the lowest per-flower nectar
standing crop volume and sugar content (CON and BBE).
However, hoverflies were most numerous on HBE patches
where per-flower nectar volume and sugar content were al-
most half that of HB&BBE patches on average. At Site 2, the
number of hoverflies visiting each treatment patch was highly
similar between treatments, meaning that patch visitation also
cannot be meaningfully linked to nectar reward.

Overall, this inconclusive result may be due to hoverflies’
different life history strategy since, unlike bees, they do not
rear young in a central nest. As such, theymust onlymeet their
individual energy requirements and do not have to provision a
nest or feed larvae, with broader requirements including suit-
able oviposition sites and larval food material. This is also the
case for Lepidoptera and non-syrphid dipteran flies. While
foraging behaviour in these groups is therefore very different
to bees, with requirements other than maximizing efficient
nectar and pollen collection, it is not clear how they are affect-
ed by immediate local resource depletion, or whether they
may be more resilient to Apis/Bombus-mediated exploitative
competition.

Local floral resource availability

Local availability of floral resources was markedly greater at
Site 1 than at Site 2 (Fig. 4). At Site 1, 75% of the land within
500 mwas verified to have wildflowers growing and in bloom
(‘flowers available’). Almost 60% of this was unimproved
grassland immediately adjacent to the study field, which was
the most flower-abundant of the surveyed habitat types at this
site (Online Resource 3).

In contrast, only 23% of the land area surrounding Site 2
was found to have ‘flowers available’. Flower-rich habitat was
patchily distributed at this location (Fig. 4), and 62% of the
land within a 500 m radius was made up of buildings, roads,
other impermeable surfaces and seawater. A further 15% was
amenity grassland verified to have very few or zero flowers
present. Overall, local availability of flowers for foraging in-
sects was limited, particularly for those with small foraging
ranges such as solitary bees which rarely fly further than
500 m from their nests (Gathmann and Tscharntke 2002).

This substantial difference in surrounding land use within
500 m of the study site may explain the inconsistent solitary
bee response to Apis/Bombus exclusion between Sites 1 (no
competition evident) and 2 (evidence of strong competition),
since lower flower availability is likely to increase the strength
of competition among flower-visiting insects, and vice versa.
For example, a study by Thomson (2016) found that compe-
tition between bees was stronger in drought years when the
availability of preferred flower species was reduced. Previous
research has also suggested that exploitative competition be-
tween bees is weak when local per-insect nectar availability is
high, compared to strong competition when nectar availability
is low (Wignall et al. 2020). However, further research would
be needed to confirm whether the degree of exploitative com-
petition between bees on bramble flowers can be explained by
local flower availability.

Possible fitness effects of competitive displacement

We were not able to measure population-level effects of com-
petitive exclusion from bramble flowers in this study.
However, it is possible that in landscapes where floral re-
sources are limited or bramble provides a major source of
nectar and pollen, long-term displacement of bees from this
abundant resource may negatively affect their reproductive
output.

Competitive displacement from preferred flowers causes
honeybee (Walther-Hellwig et al. 2006), bumblebee
(Walther-Hellwig et al. 2006; Thomson 2016) and solitary
bee (Hudewenz and Klein 2015; Villanueva-Gutiérrez et al.
2015) species to move to alternative sources of forage, which
may be of lower quality, lower quantity, and/or further away
causing longer foraging distances to find nectar and pollen.
This can have a fitness cost, including reduced offspring
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production. For example, foraging over longer distances has
been shown to reduce the number of brood cells provisioned
per unit of time in two species of solitary bee (Zurbuchen et al.
2010a).

Solitary bee species, many of which have undergone de-
clines in abundance and distribution in recent decades (Falk
and Lewington 2015), may be particularly vulnerable to the
effects of competitive displacement as they have smaller for-
aging distances often of < 500 m from their nests (Gathmann
and Tscharntke 2002; Zurbuchen et al. 2010b) compared to
the larger foraging ranges of honeybees (Couvillon et al.
2014) and many bumblebee species (Walther-Hellwig and
Frankl 2000). As a result, they have a comparatively reduced
capacity to find alternative sources of forage, especially where
these are limited. This is potentially concerning since solitary
bees may simultaneously be particularly susceptible to the
process of competitive displacement by eusocial bees, as
shown in our results.

Limitations and further research

In this study, we completed field trials in two locations.
However, it would be beneficial to carry out trials using
patches of bramble in more locations on a gradient of local
floral abundance, in order to support our findings as well as to
confirm whether the strength of Apis/Bombus-mediated ex-
ploitative competition is affected by floral resource availabil-
ity (and to what extent). Further research is also needed to
understand the extent of this phenomenon in flower-visiting
insect communities on other wildflower and crop species, to
extend the breadth of the findings and since pollinator abun-
dance and diversity is often vital for effective pollination
(Garibaldi et al. 2013).The interacting effects of landscape-
scale resource availability and the abundance of managed pol-
linators (currently mostly honeybees) on other pollinator spe-
cies deserves further attention particularly as large-scale an-
thropogenic changes continue to reduce net floral availability
for pollinators, including agricultural intensification (Ollerton
et al. 2014; Senapathi et al. 2017) and urbanisation
(McKinney 2006). Lastly, in this study, we were not able to
measure population-level effects of competitive displacement
by Apis and Bombus on each other and other insect groups,
which is an important next step.

Conclusions

Overall, our findings reveal multiple underlying competitive
interactions shaping a wild pollinator community.
Exploitative competition exerted by bumblebees and particu-
larly honeybees may be widespread in pollinator communi-
ties, with particularly strong effects where floral resources are
limited. Per-insect resource availability is critical for their

survival, health and reproductive success (Balfour et al.
2018), including through buffering against other stressors
such as pathogens (Brown et al. 2000; Goulson et al. 2015).
Therefore, understanding patterns of competition and dis-
placement is necessary for pollinator conservation, particular-
ly for vulnerable or threatened species. This should be taken
into account in landscape management, both to inform hon-
eybee stocking densities and, importantly, to maximise provi-
sion of floral resources when and where they are most needed.
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