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Heathland pollinator communities are more strongly
influenced by land management than by honeybee competition
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populations are also affected by land management such as grazing, but how this

studies are short term, lack appropriate controls, or do not consider the impacts of
Correspondence hives on the interactions of whole plant-pollinator communities.
Maisie F. Brett 2. Our objective was to assess the effects of apiaries and two land management strat-
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egies (grazed/burned vs. regenerating) on wild plant and pollinator populations in
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Handling Editor: Elisa Fuentes-Montemayor controls. From May to September, we recorded at each site: (a) habitat structure
and nectar phenology, (b) plant-pollinator network structure and (c) mass and pro-
tein: lipid ratio of pollen collected by bumblebees (which have high dietary overlap
with honeybees).

3. We found that nectar phenology and pollinator community composition were
strongly driven by land management. For example, grazed sites had 63% less nec-
tar available to bumblebees in spring due to sheep browsing of Vaccinium, but
supported more abundant and diverse fly communities in the summer, associated
with increased grass cover and habitat heterogeneity. Whilst plant-pollinator net-
work metrics were unaffected by apiary introductions, nestedness and pollinator
robustness were lower at regenerating sites. The mass and protein:lipid ratio of
bumblebee-collected pollen were consistent across treatments.

4. Synthesis and applications. Apiaries had modest impacts on heathland plant-polli-
nator communities, likely buffered by the abundance of Calluna vulgaris which pro-
vides 91% of landscape nectar during hive introductions. We recommend avoiding
hive introductions outside of peak flowering periods and managing grazing in the
spring to ensure nectar resources for emerging pollinators. Heathland manage-
ment strategies that encourage habitat heterogeneity, such as conservation graz-
ing, could support abundant and diverse pollinator communities that are more
robust to disturbance such as hive introductions.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2026 The Author(s). Journal of Applied Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society.

J Appl Ecol. 2026;63:€70569. wileyonlinelibrary.com/journal/jpe 10f 15
https://doi.org/10.1111/1365-2664.70569


https://doi.org/10.1111/1365-2664.70569
www.wileyonlinelibrary.com/journal/jpe
mailto:
https://orcid.org/0000-0001-7680-1718
https://orcid.org/0009-0003-8114-2093
https://orcid.org/0000-0002-7263-3822
https://orcid.org/0000-0002-2113-2577
http://creativecommons.org/licenses/by/4.0/
mailto:maisiefbrett@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1365-2664.70569&domain=pdf&date_stamp=2026-09-21

BRETT €T AL.

20of15

KEYWORDS

beekeeping, competition, habitat management, plant-pollinator networks, pollination

1 | INTRODUCTION

Interspecific competition between species is a natural phenomenon,
and an important driver of speciation and niche separation (Adams,
2010; Beans, 2014; Schluter, 1994). One of the most specious guilds
on Earth are pollinating insects, which together with the flowering
plants they visit, make up a third of eukaryotic life on Earth (Sponsler
et al., 2023). Pollinator species richness and abundance is key to
maintaining plant communities and habitats worldwide (Kral-O'Brien
et al., 2021; Potts et al., 2016). At the same time, an increasingly
recognised threat to wild pollinators is the potential for competition
with managed honey bees, which can increase competitive dynamics
beyond natural levels. Research has largely focused on competition
over floral resources via altered foraging behaviour, particularly re-
garding floral abundance or nectar supply (Cane & Tepedino, 2017;
Henry & Rodet, 2018; Magrach et al., 2017; Valido et al., 2019). A key
issue highlighted in reviews on this topic is the lack of landscape scale,
community-wide studies that introduce hives to study sites and have
adequate controls (Goulson, 2003; Iwasaki & Hogendoorn, 2022;
Magrach et al., 2017; Mallinger et al., 2017; Paini, 2004). Studies that
examine hive density and proximity, or whether pollinator behav-
ioural changes translate into negative fitness impacts, are also limited
(but see Henry & Rodet, 2018; Pasquali et al., 2025). In short, the
mechanisms of honey bee-pollinator competition, and ‘thresholds
of competition’ for hive density, are not well understood (Iwasaki &
Hogendoorn, 2022).

A second key factor impacting on pollinator populations is habi-
tat change. For example, management practices such as grazing can
impact on floral resource availability by changing the assemblage and
distribution of flowering plant species. Competitive impacts of man-
aged honey bees are rarely assessed alongside other stressors such
as habitat change (but see Herbertsson et al., 2016), despite evidence
that stressors to pollinators rarely act in isolation and may interact
synergistically (Lau et al., 2023; Vanbergen and The Insect Pollinators
Initiative, 2013). Land management practices such as grazing or con-
trolled burns can change the availability of microhabitats and floral re-
sources for pollinators, however, how pollinator competition interacts
with land management remains a recognised research need (Sponsler
et al,, 2023).

Upland heathlands, which cover 26% of Scotland's area (Office for
National Statistics, 2023), are important for both wild pollinators and
beekeeping, and are subject to diverse land management practices,
with succession to woodland typically prevented in these habitats by
burning and grazing. Heathlands are important for bumblebees, and a
number of UK pollinator species are associated exclusively with Calluna
vulgaris (Haysom & Coulson, 1998; Peters et al., 2008). Other pollina-
tors in these habitats include Diptera, including many syrphids, some
solitary bees, and Lepidoptera (Devoto et al., 2012). Managed honey

bees in Scotland commonly depend on mass-flowering crops such as
oilseed rape and orchards (Gray et al., 2019; NatureScot, 2017), but
when these are not in bloom, hives are relocated to heathlands during
the flowering of ling heather (Calluna vulgaris) to ensure summer for-
age. This seasonal practice offers an opportunity to study how hive
introductions and land management affect plant-pollinator commu-
nity richness, abundance and foraging success at the landscape scale.

To date, no studies have assessed whether land management
mediates pollinator competition via changes in nectar resources.
Here, we assessed the combined effects of introduced apiaries and
land management practices on wild pollinators, using a before-after
control-impact design across a landscape. Sites were sampled from
May-September, introducing apiaries to sites subject to two land
management approaches (‘grazed and burned’ or ‘regenerating’) and
compared with unmanipulated controls.

First, we quantified landscape habitat structure and nectar sugar
provision at the sites. Habitat structure can strongly influence floral
and insect communities (Jerrentrup et al., 2014; Vandvik et al., 2005),
but the role of floral resources as a link between altered habitat struc-
ture and pollinator communities is not well explored (but see Gillespie
et al., 2022, 2024). In brief, we predicted that land management type
would explain variation in habitat structure and nectar sugar provision
at sites, due to the effects of grazing on flowering plant assemblages
(Lazaro et al., 2016; Wang & Hou, 2024).

Second, to assess changes in pollinator foraging behaviour in
response to land management and apiary introductions, we com-
pared plant-pollinator interactions among the sites. Honey bees
can cause wild pollinators to forage on other plants due to resource
competition (Henry & Rodet, 2018; Valido et al., 2019); therefore,
we predicted that pollinators at sites with apiaries would shift or
increase the breadth of their diets to include plants they previously
did not interact with. In theory, this would result in measurable net-
work changes such as broadly, an increase in the number of flower
species visited by wild pollinators (increased links per species), a
reduced separation between interaction groups in a network (mod-
ularity) or a greater overlap in the resources use between specialists
and generalists (higher nestedness) (Valido et al., 2019). Third, we
compared the mass, protein and lipid content of the pollen baskets
(corbiculae) collected from bumblebees and honey bees, providing
a more direct measure of the impacts of land management and api-
aries on pollinator foraging success. The protein: lipid ratio of pollen
is known to be important to pollinators, with Bombus species se-
lecting for a higher lipid content and lower protein than Apis when
foraging, due to their different life history traits (Vaudo et al., 2016,
2020). As bumblebees are known to maintain specific protein:
lipid ratios in their pollen foraging across habitats and seasons
(Timberlake et al., 2024; Vaudo et al., 2016, 2018), we predicted
that macronutrient ratios would be maintained across treatments,
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but that less pollen would be collected at apiary sites due to re-

source competition.

2 | MATERIALS AND METHODS
2.1 | Field site selection

The field experiment took place in upland heathlands in east Scotland
(Figure 1a). Fieldwork was conducted at 20 independent field sites
over an area of approximately 576,000 ha, and at each field site two
1-ha plots, 100m apart, were surveyed. After consultation with col-
laborating landowners and beekeepers, 10 ‘apiary-free’ sites were
selected that had no known apiaries for 4km in any direction, and
no recorded history of beekeeping. The 10 ‘apiary’ sites were used
for seasonal commercial beekeeping, with at least 15 hives (mean
33.8+16.7) placed on them during the heather bloom from mid-July
until early September 2022. Sites were grouped into three distinct
blocks based on geography and elevation (see Figure 1a), and within
these blocks, the numbers of apiary-free and apiary sites were equal.
Sites were an average of 393.5m in elevation, and all within 221 (+72)

metres of each other.

(a) Sites and treatments
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The field sites were a minimum of two kilometres apart, a distance
beyond the foraging range of most small-bodied bees and hoverflies
(Greenleaf et al., 2007; Rotheray et al., 2014), maximising statistical
independence of the data. Our data collection period spa nned the
‘pre-apiary’ season from May to July and the ‘during-apiary’ sea-
son from July to September. The frequency of foraging honey bees
is often found to increase with distance from the hive (Beekman &
Ratnieks, 2000), with fewer honeybees foraging immediately next
to the hive (Mallinger et al., 2017). However, previous studies have
also found that competitive effects are stronger closer (<800m) to
the hive (Elbgami et al., 2014; Thomson, 2004, 2006). Therefore, at
apiary sites, the two 1-ha sampling plots were located between 100
and 300m from the apiary itself, to maximise the foraging pressure
the plot would experience by honey bees. The study design made use
of existing migratory beekeeping practices, and ethics approval was
not required.

Ten field sites were subject to grazing by sheep and/or deer,
and were part of a landscape managed using ‘muirburn’ (Gill &
Groves, 1981), where patches of heather are burned every 15years or
so to provide habitat for driven grouse shooting. These were classed
as ‘grazed/burned’ sites. The other 10 sites were located on land that

was not subject to burns and had little to no grazing pressure due to

(b) Pollinator-plant
interaction networks
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FIGURE 1 A map of 20 field sites in Scotland (a), and the three kinds of data collected (b,c,d): (a) The types and locations of the 20 field
sites. Treatment is shown by the shape of each point, and land management by the colour. (b) Example plant-pollinator interaction data for
one site. Each network contains data from four surveys, the left network before apiary introductions, and the right network during apiary
introductions. Yellow links show plant visits made by honey bees. (c) A conceptual plot of seasonal nectar sugar production between two
sites. (d) A conceptual comparison of the protein: lipid ratio of pollen collected by bumblebees between two treatments.
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fencing or deer culling. These were classed as ‘regenerating’ sites. The
resulting four combinations of apiary treatment and land management
types were replicated with five sites each, leading to 20 plots over-
all, split into three blocks (see Figure 1a). According to landowner re-
cords, the time since the last burn at the 10 ‘grazed/burned’ sites was
3-10years, and at ‘regenerating’ sites was 10-20years. Regarding
grazing pressure, all ‘grazed/burned’ sites were exposed to sheep
year-round; ‘regenerating’ sites had no sheep, but two sites had low
densities of roe deer. Whilst both grazing and burning pressures were
continua, on average, the ‘grazed/burned’ sites were disturbed more
frequently than the ‘regenerating’ sites.

It was important to account for habitat variation in the landscape
surrounding each field site, first to account for any unexpected vari-
ation within treatments, and second to assess how land manage-
ment affected habitat structure and heterogeneity - factors which
can strongly influence floral and insect communities (Jerrentrup
et al., 2014; Vandvik et al., 2005). To do this, landscape classification
models were created based on the Red-Green-Blue (RGB) pixel val-
ues and run on the most recently available aerial imagery for a 500m
area around each site (EDINA Aerial imagery, 2022). A 500m area
was used as most small insects forage within this dispersal range
(Greenleaf et al., 2007; Rotheray et al., 2014). RGB pixel values are
commonly used to develop landscape classifications for spatial analy-
sis from aerial imagery, for example, Mattupalli et al. (2018) and Baek
et al. (2024). Details of the landscape classification models and hab-
itat composition of the sites are provided in Supporting Information,
Figures S1 and S2.

The percentage cover of the different land classes (e.g. heather,
grass, water) and metrics of ‘connectance’ and ‘interspersion juxtapo-
sition’ were then produced for each site area using the ‘landscapemet-
rics’ package in RStudio v.3.2.2. (R Core Team, 2019). These metrics
are considered robust indices for measuring, respectively, the con-
nectivity and patchiness of a landscape, compared with other metrics
(Wang et al., 2014). The connectance index measures the number of
connected patches of each habitat type relative to the total number
of patches in a landscape, whilst interspersion juxtaposition measures
the extent to which different landcover types are intermingled across

a landscape, that is, the fragmentation (Wang et al., 2014).

2.2 | Habitat structure and nectar production

To compare the provision of nectar sugar for pollinators between
the two land management types, and to ensure nectar provision was
comparable between the apiary and apiary-free sites, we recorded the
flowering phenology at the sites from May-September (Figure 1c). At
each site, a floral survey of both 1-ha plots was conducted an average
of once per fortnight from May 4th to September 20th. Four 50m
transects were surveyed in each plot, 20m apart. Every 10m along
each transect, the number and species of individual inflorescences in
a 1 x 1 m quadrat were recorded. Inflorescences of grasses (Poaceae)
were excluded from the surveys as they do not produce nectar.
Individual flowers were either counted using a tally-counter, or flower

frequency was calculated by multiplying inflorescences by the mean
number of flowers per inflorescence. Floral data from the 20 quadrats
(4 transectsx 5 quadrats) from the two plots at each field site were
pooled, covering 40 m? each site each survey.

By combining the mean nectar sugar production per 24 h for each
plant species with floral abundance data, the amount of nectar avail-
able at each site from May to September could be calculated, as pre-
viously done by Baude et al. (2016), Tew et al. (2022), and Timberlake
et al. (2019). The nectar production data came from published data-
bases (Baude et al., 2016) and the nectar production of four additional
flowering species not included in the published databases was col-
lected following Baude et al.'s (2016) protocol. These species were
Pinguicula vulgaris, Polygala vulgaris, Genista anglica and Pedicularis syl-
vatica; nectar measurements provided in Table S1. For these species,
standing nectar per inflorescence was measured using microcapillary
tubes after flowers had been bagged for 24 h, and the values used in
the analyses were the mean amount of sugar (ug/24h) produced per
species. Using the mean value per species to model landscape nectar
is the same approach as used in other nectar quantification studies
such as (Baude et al., 2016; Timberlake et al., 2021; Tew et al., 2023).

2.3 | Plant-pollinator interaction networks

To compare pollinator foraging behaviour across the treatments, we
collected plant-pollinator visitation data during fortnightly surveys.
During each survey, a 30 min timed walk was carried out through each
1-ha plot, totalling 60 min per site. During the surveys plant-pollinator
interactions were recorded, defined as an insect making contact with
the reproductive plants of a flower, as per (Dicks et al., 2002). For
each interaction, the plant and insect species were recorded, and the
individual was caught and pinned for later identification by a taxono-
mist. Clocks were stopped during insect handling, ensuring sampling
time was consistent across surveys. Surveys were carried out on dry
days above 12°C and with wind speed below 10 m/s, between 09:00
and 18:00. Repeated surveys for all plots were carried out at a differ-
ent time of day (between 09:00-12:00, 12:00-15:00 or 15:00-18:00)
to account for temporal variation in pollinator behaviour and provision
of pollen and nectar, as per (Gibson et al., 2011).

Plant-pollinator interaction data for each site were pooled into
two periods: ‘pre-apiary’ and ‘during-apiary’ (Figure 1b). When com-
paring the structure of the plant-pollinator networks, honey bee
interactions were removed from the data, thus we are comparing
changes in the behaviour of just wild pollinators at the sites rather
than including the foraging behaviour of honeybees in our networks.
We used this approach because including honey bee interactions
substantially affects network metrics, but may reflect the treatment
intensity, rather than changes in wild pollinator behaviour. Honey bee
records in our networks were separately used to assess their dietary
overlap with wild pollinators and the success of our apiary-free con-
trol treatment.

The following six network indices were measured for each site and
period:
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1. Plant and Insect richness: The number of species of flowering
plants and pollinators present in the network. A decline in rich-
ness would suggest that honey bee introductions reduce the
diversity of wild pollinators, for example through competitive
exclusion, displacement from flowers or reduced fitness leading
to population declines.

2. Links per species: The mean number of interactions made by each
species in the network. If wild pollinators experience resource
competition with honey bees, they may broaden their diets to in-
clude additional plants. This behavioural shift would appear as an
increase in links per species.

3. Connectance: The proportion of possible interactions realised in
the network. An increase in connectance indicates that species be-
have in a more generalised way, for example, if wild pollinators are
displaced from preferred plants and begin visiting a wider array of
floral species.

4. Shannon diversity of interactions: A measure of the diversity of
plant-pollinator interactions in the network, taking into account
the proportion represented by each type of interaction. An increase
in Shannon diversity at sites with honey bees would indicate that
wild pollinators diversify their foraging, resulting in novel or more
evenly distributed interactions across plant species.

5. Nestedness: A measure of the structure of species interactions
within the network, where in a fully nested network, specialist spe-
cies interact with subsets of the flowers used by the most general-
ist species. If honey bees dominate key floral resources, specialist
pollinators may be forced onto other plants, potentially reducing
nestedness.

6. Robustness: The mean likelihood of a species extinction given the
random removal of links from the network, that is the ability of the
network's functionality to withstand species loss. Competition from
honeybees may reduce the redundancy of interactions if wild polli-
nators lose access to key plants, so a reduction in robustness would

indicate that the community is more vulnerable to disturbance.

2.4 | Mass and macronutrients of pollen collected
by bumblebees

Whilst we can infer pollinator competition through behavioural
changes observed in plant-pollinator networks, changes in the mass
or nutrients of collected pollen provide a more direct measure of the
impact of apiaries on bumblebee fitness. During each survey, bum-
blebees and honey bees with pollen baskets (corbiculae) had both
baskets removed, air-dried and frozen. These samples were then
weighed, with one corbicula from each individual used to measure
protein content, and the other used to measure lipid content, based
on the protocol of Vaudo et al. (2020) and adjusted for use with 1 mg
pollen samples. The intertegular distance (ITD) of each individual bee
was also measured to account for the effect of body size on forag-
ing effort. For each sample, the mean protein and lipid concentration
values from three subsamples were used to calculate the protein to
lipid ratio (P:L ratio).

50f15

2.5 | Statistical analysis

To compare the availability of nectar across treatments over the field
season, generalised additive mixed models (GAMMs) were used, with
day modelled using a thin-plate spline with degree of smoothing se-
lected via generalised cross-validation, with land management type in-
cluded as a fixed effect and site as a random effect. The starting model
also included an interaction between day and land management type,
leading to separate smoothed relationships in each management type.
Candidate models were created through starting with the full model
including the treatment and interaction term, removing the terms se-
quentially, and then compared using values generated by Akaike's in-
formation criterion, with the model with the lowest AIC value selected
for each site type. All models with the best fit used a gamma error
family and log link function. All modelling, analysis and plotting was
done using RStudio v.3.2.2. (R Core Team, 2019), using ggplot2 and
mgvc (Wood, 2011) packages.

To test whether sampling effort reflected true species richness at
sites, Chaol estimates of floral and insect species richness were gen-
erated for each site for the whole season and compared with observed
species richness (Table S2). The assemblages of flowering plants at the
20 sites were compared using non-metric multidimensional scaling
(NMDS) based on the Bray-Curtis dissimilarities to assess underlying
variability in floral abundance and richness across sites and periods
(‘pre-apiary’ and ‘during-apiary’) (Figure S3). GAMMs were used to
model the observed floral abundance and insect visits per survey from
May to September for all 20 sites, with land management as a fixed
effect and site as a random effect. The SE around the means was fitted
using thin-plate smoothing splines for plotting.

Plant-pollinator network metrics were compared among apiary
and land management treatments, using generalised linear models
(GLMs) and generalised linear mixed models (GLMMs) in the Ime4
package in R (Bates et al.,, 2015). The difference between the pre-
apiary and during-apiary periods was calculated for each metric and
site, and this change was used as the dependent variable. Fixed ef-
fects were apiary treatment, land management type, and, where it
improved the predictive power of the model, their interaction. To as-
sess the impact specifically of habitat structure on network metrics,
models were made with either percentage grass cover, habitat con-
nectance, or interspersion juxtaposition as fixed variables alongside
beetype. These habitat structure metrics were not included within the
same model as land management type, due to non-independence, as
grazing/burning is likely to impact on habitat structure. The three site
‘Blocks’ were considered as a random effect but only included in mod-
els where this explained additional variance to the fixed effects. All
candidate models including interactions terms were compared using
values generated by Akaike's information criterion, and the model
with the lowest AIC value selected.

Finally, to compare the mass and macronutrient composition of
pollen collected by bumblebees across treatments, we ran GLMMs
using the Ime4 package in R, including apiary treatment and land man-
agement type as fixed effects and site as a random effect. Dependent
variables were pollen basket (corbicular) mass and pollen protein:lipid
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FIGURE 2 Landscape nectar sugar phenology from May to September 2022; surveys for grazed/burned sites are shown in purple, and
regenerating sites are shown in green. A spline curve is applied to the data using a GAMM model for the two land management types, with
shaded regions representing standard error. The phenologies of the three plant species which contributed 80% of annual landscape nectar
are shown below the graph, with log floral abundance shown using a heatmap.

ratio. To account for the impact on foraging effort due to body size
variation across castes and species, pollen mass was weighted by the
intertegular distance (ITD/mm) of each bee.

3 | RESULTS
3.1 | Habitat structure and nectar production

From May to September 2022, a total of 1280 transects were
walked at the 20 sites, and 1,629,659 individual floral units were
recorded from 54 plant species. Over the whole season, there was
no significant difference in total nectar sugar production between
the land management types (GAMM, t=-0.251, p=0.802), however,
GAMMs run using data collected during the Vaccinium flowering
period showed that regenerating sites had significantly more
Vaccinium flowers (GAMM, t=2.209, p=0.048), and subsequently
produced significantly more nectar (on average 16+4.2g/ha/day)
than grazed/burned sites during this time (GAMM, t=3.79, p=0.001).
Nectar phenology was significantly non-linear (GAMM, F7,7=39'09’
p=<0.001), with peaks in nectar corresponding with the flowering
of nectar-rich Vaccinium species early in May, and Calluna vulgaris in
August (Figure 2). Over the whole season, the two land management
types were not significantly different in floral abundance (GAMM,
t=-0.245, p=0.807), nor floral species richness (GAMM, t=-1.393,
p=0.166), see Figure S4. Instead, the clearest difference in habitat

cover between land management types was percentage grass cover,
with grazed/burned sites on average having 18.24% (+8.0) more grass
cover than regenerating sites (LMM, t=-2.279, p=0.035, Figure 3).
Habitat connectance was significantly higher at regenerating sites
(LMM, t=-2.276, p=0.044), whilst interspersion juxtaposition was
lower (LMM, t=2.577, p=0.019, Figure 3). Details of the landscape
classification models can be found in Supporting Information,
Figures S1 and S2.

3.2 | Plant-pollinator interaction networks

A total of 5115 plant-pollinator interactions were recorded at
the 20 field sites among 58 plant species (four more plant species
than recorded in the floral surveys) and 405 pollinator species
(Figure 4b). Of these interactions, 713 were made by honey bees,
comprising 38.1% of all visits to flowers at sites with apiaries. The
percentage of visits at apiary-free sites made by honey bees was
0.003%, comprising six records at one site. Honey bees showed
dietary overlap with 98% of co-occurring wild insect taxa, or 162
species. Chaol estimates of sampling completeness showed that
55.9% of insect species and 96.1% of plant species present in
the landscape were observed in the networks (for full results
see Table S2). Just six plant species received 85.1% of all insect
visits (Figure 4a). These were Calluna vulgaris (43% of visits),
Potentilla erecta (16.1%), Erica cinera (11.8%), Galium saxatile
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network showing proportional contributions to all species interactions by different plant and insect taxa.

(5.6%), Vaccinium myrtilis (4.5%) and Ranunculus acris (4.1%). The
remaining 14.9% of visits were made to 52 other plant species.
Notably, 30% of insect visits were made to plant species that
together contribute 2% of annual landscape nectar (Figure 4a).
The nine most common insect taxa in the networks made up 41%
of visits. These were Apis mellifera (13.9%), Bombus lucorum/

terrestris (7.5%), Bombus monticola (7.3%), Bombus jonellus
(4.1%), the hoverflies Melanostoma scalare (3.1%) and Episyrphus
balteatus (2.4%), and the ant Formica lemani (2.8%). The two most
common insect orders were Diptera (51.4%) and Hymenoptera
(45%). Lepidoptera and Coleoptera together contributed just
3.6% of the visits. Lists of the most abundant plant and insect
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species in the interaction networks are provided in Supporting
Information (Table S3).

Grazed/burned sites were significantly higher in insect spe-

cies richness (GAMM, t=-2.2, p=0.038) and abundance (GAMM,

=-3.04, p=0.002) compared with regenerating sites (Figure 5).
However, no difference in insect abundance or richness was found
between apiary and apiary-free treatments (abundance: GAMM,
t=1.103, p=0.272, richness: GAMM, t=2.57, p=0.10).

When hives were present at apiary sites, honey bees contrib-
uted an average of 32.1% (+6.9%) of interactions in the networks.
However, the presence of honeybees at sites did not result in sig-
nificant changes in species abundance, richness, links per species,
connectance, Shannon diversity of interactions, number of plant
species visited, nor network robustness (see Table S4). However,
nestedness was lower at apiary sites compared with apiary-free
sites (GLMM, e=-0.12, p=0.04), with the strongest effect at regen-
erating sites with apiaries (GLMM, e =-0.43, p=0.04). Including the
interaction between interspersion juxtaposition and apiaries was
also found to improve model fit for nestedness (GLMM, e=-1.04,
p=0.05); interspersion juxtaposition also improved model fit for
pollinator robustness (GLM, e=-0.006, p=0.008). Overall, 42.2
(+26.2)% of mean total variance was explained by the models; and
of this variance, 18.6 (+17.5)% could be accounted for by apiaries

alone, and 20.7 (+34.6)% by land management type alone.

3.3 | Mass and macronutrients of pollen collected
by bumblebees

A total of 205 bumblebee corbiculae (pollen baskets) were collected
for macronutrient analysis, 111 from apiary sites and 94 from apiary-
free sites; 101 from grazed/burned sites and 104 from regenerating
sites. The mean protein: lipid ratio in samples was 1.44 (+0.17), and

mean pollen mass (ITD/mg) was 6.51(+0.72). Pollen protein: lipid ratio
was not affected by apiary treatment (GLMM, t=1.51, p=0.13), nor
by land management type (GLMM, t=1.30, p=0.19); rather, as ex-
pected, bumblebees maintained consistent protein: lipid ratios across
all treatments and periods (Figure 6éb). No difference in Bombus body
size was found across all treatments and periods (GLM, t=-0.53,
p=0.59). The relative mass of Bombus corbiculae compared with bee
body length was not significantly different between apiary treatments
(GLMM, t=-1.84, p=0.06), nor land management types (GLMM,
t=-0.84, p=0.39). Figure 6a.

In addition, 108 corbiculae from honey bees were analysed.
Pollen mass per individual was significantly higher than for Bombus
spp. (Wilcoxon rank-sum test, W=4771.5, p=<0.0001), and pollen
protein: lipid ratio was significantly lower (Wilcoxon rank-sum test,
W=7747, p=0.00013), Figure S5.

4 | DISCUSSION

Our findings suggest that, within this heathland system of migratory
beekeeping, land management plays a greater role in shaping wild
pollinator communities than resource competition from managed
honey bees. Whilst apiaries had moderate impacts on plant-pol-
linator networks, these effects were modest and did not result in
changes in the mass or macronutrient content of pollen collected
by bumblebees. In contrast, land management influenced multiple
aspects of the ecosystem, including habitat structure, spring nectar
provision, and insect abundance and richness. Notably, the moder-
ate impact of apiaries on pollinator networks occurred at regenerat-
ing sites, indicating that impacts of hives may depend on underlying
habitat structure and floral phenology. In what follows, we explore
these findings and their implications for landscape management for
wild pollinator conservation.
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4.1 | Habitat structure and nectar production

We found that nectar phenology was strongly affected by land man-
agement, with 63% less nectar on average produced at grazed/burned
sites in spring. This is likely due to the impact of sheep at these sites,
which browse on Vaccinium new growth including flowers. This has
potentially acute implications for queen bumblebees emerging from
hibernation, which in heathlands rely almost entirely upon Vaccinium
for nectar at this time of year (Moquet et al., 2015). During May sur-
veys, over 98% of available nectar was produced by Vaccinium species
(see Figure 4), and 93% of flower visits by Bombus were to Vaccinium.
The loss of this floral resource due to spring grazing is therefore im-
portant to consider when managing livestock in heathlands.

Whilst both land management types hosted similar plant commu-
nities, our habitat classification models showed that grazed/burned
sites had significantly more grass, and had less connected, more in-
terspersed land cover than the regenerating sites. In other words,
these sites were more heterogenous in their vegetation cover than
regenerating sites. We found that Diptera abundance and diversity
was higher at grazed/burned sites, and to a smaller extent increased
habitat fragmentation also explained this. Such habitat heterogeneity
has been linked to more abundant and diverse pollinator populations,
where a diversity of vegetation structures provides a wider variety of
niches and resources for insects (Sinclair et al., 2024). Other factors
potentially driving Diptera assemblage at burned/grazed sites are that
grass flowers are important sources of pollen for many Diptera groups
(e.g. Orford et al., 2016), and the increased abundance of livestock in
these sites is likely to offer niches for animal and dung-associated spe-
cies. Whilst regenerating field sites generally supported smaller and

less diverse pollinator communities later in the season, it is important
to note that these heathlands are transition habitats, where burning
and grazing practices have only ceased in the last 10-20years. Thus,
the heterogeneity and plant communities will continue to change as
these habitats succeed towards woodland.

4.2 | Plant-pollinator interaction networks
Many studies assessing pollinator competition using plant-pollinator
networks retain honeybee records in network analyses (e.g. Dattilo
et al., 2022; Pasquali et al., 2025; Valido et al., 2019), which is ap-
propriate when honey bee density is unknown or when dietary over-
lap and interaction patterns are the primary focus. However, when
assessing behavioural responses of wild pollinators to hive introduc-
tions, removing honey bee records allows network changes driven by
wild pollinators to be isolated, rather than simply reflecting treatment
intensity of hive introductions. Because including or excluding hon-
eybees can substantially alter network metrics analyses (explored in
Worthy et al., 2024), it is crucial that decisions should be justified.
Contrary to our hypothesis, with the exception of nestedness,
the plant-pollinator network metrics at the field sites were not sig-
nificantly affected by the introduction of honey bees, despite their
accounting for a third of plant-pollinator visits to sites on average.
This is in line with Worthy et al. (2024), who found that shifts in net-
work structure were only detectable when honeybees themselves
were included in the analysis. In addition to having lower insect
richness and abundance, we found that when apiaries were present,
regenerating sites and lower habitat ‘fragmentation’ (interspersion
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juxtaposition) were associated with lower nestedness and pollinator
robustness. Interspersion is comparable to fragmentation or mixing
of habitat types, which leads to increased density of habitat edges.
This has been linked to robustness in plant-pollinator networks due
to the increase in available microclimates that edges in mixed hab-
itats provide (Grass et al., 2018; Ren et al., 2023). High nestedness
in networks is associated with stability and resilience (Bascompte
et al., 2003; Thébault & Fontaine, 2010), therefore, the slight reduc-
tion in nestedness of plant-pollinator interactions found at regen-
erating sites with apiaries suggests that these sites were perturbed,
resulting in a less cohesive, more partitioned network with poten-
tially a lower redundancy of interactions. A reduction in nestedness
and robustness could make plant-pollinator communities more sus-
ceptible to other forms of disturbance, such as extreme weather
events, land use change and invasive species (Grass et al., 2018;
Ramos-Jiliberto et al., 2018; Wang et al., 2023; Weiner et al., 2014).

4.2.1 | Mass and macronutrients of pollen collected
by bumblebees

The protein:lipid ratio of collected pollen was significantly lower for
bumblebees than for honeybees, a finding reflecting the differing
life histories of the two genera and widely reported in the literature
(Vaudo et al., 2016, 2018, 2024). However, no significant differences
in mass or protein: lipid ratios of pollen collected by bumblebees
were found across treatments or periods, suggesting limited resource
competition between honey bees and bumblebees in these habitats.
Whilst our plant-pollinator network methods cannot directly meas-
ure competition because they assess behaviour rather than fitness,
pollen nutrition provides more direct evidence of fitness impacts as
it provisions bumblebee offspring and influences colony success. For
instance, reduced protein can lower larval survival, and nutritional
stress increases susceptibility to disease (Roger et al., 2017; Roulston
& Cane, 2002).

Because this landscape offers few alternative floral resources,
competitive effects may not appear as network re-wiring due to
there being no alternative plants for pollinators to switch to. If this
were the case, we would also expect to see reduced pollen collec-
tion from Bombus species, but this was not detected. Although re-
views (Thomson & Page, 2020) and recent work (Page et al., 2024)
suggest that introduced honey bees can alter wild pollinator nu-
trition in resource-poor habitats, we did not detect similar effects.
Bumblebees may serve as sensitive indicators of competition, as
large-bodied species are particularly vulnerable due to their high
energetic demands (Henry & Rodet, 2018) and have strong floral
overlap with honeybees (lwasaki & Hogendoorn, 2022). Therefore,
the absence of detectable changes in pollen mass or nutritional qual-
ity suggests that floral resources were not limiting these habitats.

Bumblebees are known to regulate their protein: lipid intake across
habitats and seasons, in line with our findings (Vaudo et al., 2016,

2018). Although some studies report smaller bumblebees near apiaries

and others report the opposite (Burns et al., 2025), we did not observe

bumblebee body size differences between apiary treatments.

4.3 | Limitations and future directions

It is important to note that whilst we detected negligible changes
in the foraging behaviour of wild pollinators, even at a proximity to
hives that maximises honey bee foraging pressure, we cannot say
how ‘robust’ wild pollinator populations are to apiary introductions
in these landscapes. For example, whether competition would occur
given more limited resource availability (e.g. during a drought year),
at higher hive densities, or whether disease transmission is an issue,
remains unexplored. Nevertheless, by monitoring realistic densities
under normal conditions, our results offer evidence of the normal im-
pact of honey bees on wild pollinators in these habitats.

A perennial challenge in pollinator competition research is that
whilst shifts in foraging behaviour can signal competitive pressure
on pollinators, they are not direct measures of competition because
they do not capture impacts on wild pollinator fitness. Collecting
true fitness data is challenging, and the lack of such data is a rec-
ognised limitation in the field (Ilwasaki & Hogendoorn, 2022; Sponsler
et al., 2023). Future work should therefore prioritise capturing pol-
linator fitness indicators, for example through multigenerational
population monitoring, or physiological measurements of managed
‘wild’ pollinator species such as introduced bumblebee colonies. The
breadth of data offered by plant-pollinator networks could then be
used alongside fitness data to offer insights into how fitness may be
impacted via changes in foraging behaviour.

Whilst the protein: lipid ratio of pollen is a useful measure of nu-
trition that has been shown to drive decisions in bee foraging, pol-
len is a highly complex substance, containing a variety of compounds
beneficial or detrimental to different aspects of bee development
(Furse et al., 2023; Roger et al., 2017; Vanderplanck et al., 2014).
Analysis of micronutrients, rather than simply protein and lipid con-
tent, could therefore reveal other changes in nutrition as a result of
apiary introductions.

For consistency with other landscape-scale nectar models, we
used the mean nectar value per species in our analyses. However,
this ignores the natural variation in nectar provision among individ-
ual plants, which can vary with temperature, water availability, age
and time of day (e.g. Bertazzini & Forlani, 2016; Herrera et al., 2006).
Looking forward, Bayesian modelling approaches (which can retain
and propagate variation in models, rather than requiring single-point
estimates) offer an option for integrating the variability of nectar pro-
vision into landscape-scale models (Kéry & Royle, 2016).

We used 500m as a buffer distance for habitat analysis as most
small flying insects disperse within a few 100 m (Greenleaf et al., 2007;
Rotheray et al., 2014), however, it would be useful to see how other
distances might explain our data. Lastly, here we only considered the
effects of apiaries on day-flying insects, and so assessing impacts on

nocturnal pollinators such as moths remains a pressing research gap.
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4.4 | Policy and management implications

An important management finding was that grazed/burned sites had
greatly reduced spring nectar availability, due to sheep grazing on
Vaccinium species. This resource is particularly important for emerg-
ing Bombus species in April and May. We therefore recommend limit-
ing early-season grazing in heathlands to conserve this nectar source;
avoiding spring grazing could increase Vaccinium nectar availability to
bumblebees by an average of 63%.

Commercial hives in European heathlands are typically introduced
during the Calluna vulgaris flowering period, when floral resources are
most abundant. Our results suggest that this practice likely reduces
the potential for competition with wild pollinators, as 91.45% of an-
nual landscape nectar production occurred during this bloom period.
We recommend that introducing apiaries outside the Calluna flow-
ering season should be avoided, as the likelihood of resource com-
petition is likely to increase when floral resources are less abundant,
particularly in early spring. Together, these findings highlight how
floral phenology can influence resource limitation, and subsequently
competition between pollinators.

The higher pollinator abundance and diversity observed at grazed/
burned sites were driven primarily by Diptera species, and previ-
ous research has shown that habitats created by grazing can benefit
Diptera families associated with open and disturbed areas (Jerrentrup
et al., 2014). However, excessive grazing can reduce habitat heteroge-
neity, floral resources and insect diversity, as illustrated by the decline in
spring Vaccinium nectar observed here. Our findings therefore support
the Intermediate Disturbance Hypothesis, suggesting that moderate
disturbance can benefit pollinator communities whilst excessive distur-
bance may be detrimental in grazed landscapes (Lazaro et al., 2016; Ma
et al., 2017; Sinclair et al., 2024; Wang & Hou, 2024). We therefore
recommend management approaches that maintain habitat heteroge-
neity, such as targeted conservation grazing, as strategies to balance
pollinator conservation with wider heathland restoration objectives.

We found pollinator abundance, diversity, robustness and net-
work nestedness are positively associated with grazing/burning and
habitat interspersion, highlighting the importance of landscape het-
erogeneity. These findings are particularly relevant given the recent
implementation of the Scottish Wildlife Management and Muirburn
Act (2024), which restricts burning on heathland without a licence
(Scottish Parliment, 2024). Although muirburn has traditionally been
used to maintain patchy landscapes of young Vaccinium for grouse and
to improve grazing for livestock, intensive burning and grazing have
also been linked to biodiversity loss, soil erosion and increased wild-
fire risk (Lilly et al., 2009; Pakeman et al., 2019; Shewring et al., 2024).
Hence, the bill has important implications for habitat heterogeneity
and its effects on heathland plant and pollinator populations.

Heathlands are important forage habitats for commercial hon-
eybees across Europe (Henry & Rodet, 2018; Jensen et al., 2005;
Olmeda et al., 2020) and in other heathland-type habitats such as in
Australia (Benecke, 2003; Keith et al., 2014), South African Fynbos
(Hepburn, 1991) and Chilean mattoral (Lobos et al., 2022). At the
same time, these habitats support diverse wild pollinator communities
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(Descamps et al., 2015; European Environment Agency, 2025; Medel
et al.,, 2018; Melin et al., 2014; Wawrzyczek et al., 2024). Whilst con-
cerns about hive overstocking are recognised in the 2020 EU Habitat
Action Plan (Olmeda et al., 2020), the potential impacts of managed
honeybees on wild pollinators are not mentioned in the 2017-2027
Pollinator Strategy for Scotland (NatureScot, 2017). Our study there-
fore helps to address an important evidence gap to help to inform hive

management for pollinator conservation in these landscapes.

5 | CONCLUSION

Overall, we find that honey bees have limited effects on the flower
visitation behaviour and pollen foraging of wild pollinators in upland
heathlands, whereas land management is a strong driver of habitat
structure, floral resource availability, and pollinator communities. Our
results suggest that the extent of pollinator competition is strongly
influenced by habitat management and floral phenology, highlighting
the importance of considering honeybee impacts within a broader
landscape context. By integrating pollinator networks, pollen nutri-
tion, and landscape-scale nectar modelling, we provide a compre-
hensive assessment of floral resource competition in heathlands and
identify practical mitigation measures, including avoiding grazing and
apiary introductions during spring. To the best of our knowledge, this
is the first study to use landscape-scale nectar modelling to assess

competition between managed honeybees and wild pollinators.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Note S1. Methodology for landscape classification models.

Figure S1. An example of a ‘Grazed/Burned’ 500m site area, with
predicted land cover classifications.

Figure S2. The relative contributions of the six land cover classes to
each 500 m site area, (a) between the two land management types, and
(b) per site. The largest land cover type, grass, covered a significantly

greater area at grazed/burned sites.
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Figure S3. Two non-metric multidimensional scaling (NMDS) plots
showing (a) insect assemblages and (b) floral assemblages per site,
for different periods, land management types and apiary treatments.
We used permutational analyses of variance to assess differences in
assemblage among treatments, based on Bray-Curtis dissimilarities.
Floral assemblages did not significantly differ from one another
(PERMANOVA: F=1.447, R*=0.015, p=0.185), however, insect
assemblages differed between land management types in the ‘during’
period (PERMANOVA: F=1.572, R*=0.033, p=0.036), marked with
an asterisk.

Figure S4. (a) Floral abundance and (b) Floral spp. richness per survey
from May to September. Grazed/burned sites are shown in purple,
and regenerating sites are shown in green. Splines generated by the
generalised additive mixed models + SE are shown for both site types.
Figure S5. Plots comparing metrics for Apis and Bombus individuals
showing the (a) relative weight and (b) protein: Lipid ratio of pollen
collected per bee.

Table S1. Nectar sugar measurements for 4 additional plant species.
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Table S2. Floral and Insect species accumulation curves and Chaol
values.

Table S3. Insect and Plant Species lists.

Table S4. Results of GLMMs looking at changes in network metrics
between apiary treatments, land management types and habitat
structure metrics. The model family is gaussian in all cases; ‘interaction
evenness’' and ‘nestedness’ use a log link. Site block is included as a
random effect where this improved the model predictive power, see

formulas for details.
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