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Citizen science monitoring reveals 
links between honeybee health, 
pesticide exposure and seasonal 
availability of floral resources
Ben A. Woodcock1*, Anna E. Oliver1, Lindsay K. Newbold1, H. Soon Gweon2, Daniel S. Read1, 
Ujala Sayed1, Joanna Savage1, Jim Bacon3, Emily Upcott1, Katherine Howell1, 
Katharine Turvey1, David B. Roy1, M. Gloria Pereira3, Darren Sleep3, Arran Greenop1 & 
Richard F. Pywell1

We use a national citizen science monitoring scheme to quantify how agricultural intensification 
affects honeybee diet breadth (number of plant species). To do this we used DNA metabarcoding 
to identify the plants present in 527 honey samples collected in 2019 across Great Britain. The 
species richness of forage plants was negatively correlated with arable cropping area, although this 
was only found early in the year when the abundance of flowering plants was more limited. Within 
intensively farmed areas, honeybee diets were dominated by Brassica crops (including oilseed rape). 
We demonstrate how the structure and complexity of honeybee foraging relationships with plants is 
negatively affected by the area of arable crops surrounding hives. Using information collected from 
the beekeepers on the incidence of an economically damaging bee disease (Deformed Wing Virus) 
we found that the occurrence of this disease increased where bees foraged in agricultural land where 
there was a high use of foliar insecticides. Understanding impacts of land use on resource availability 
is fundamental to assessing long-term viability of pollinator populations. These findings highlight 
the importance of supporting temporally timed resources as mitigation strategies to support wider 
pollinator population viability.

Insect pollinators are currently undergoing population declines linked to a number of factors including land use, 
agricultural intensification (including agrochemical usage), invasive species, diseases and climate  change1–5. In 
the case of land use change, understanding its impact on resource utilisation by honeybee could provide insights 
into the long-term viability of pollinator populations. This would also provide an evidence base for developing 
mitigation strategies that can help address resource deficits for this key group delivering pollination services 
to crops and wild  plants1,4. However, it has proved challenging to assess foraging plant resource utilisation by 
honeybees at these large scales limiting our understanding of how this could impacts upon population level 
processes (e.g. across a region the size of Great Britain).

For insect pollinators, in particular bees, the availability of foraging resources at landscape scales has a sig-
nificant impact on population  viability6–9. There are core calorific and nutritional requirements supported by 
pollen (to provide principally protein) and nectar (to provide carbohydrates) foraged upon by  bees10. Limitations 
on either being likely to lead to population  declines11,12. However, individual plants can vary considerably in 
nectar availability, as well as protein content and amino acid  profiles10,13,14. This variability has the potential to 
affect key fitness metrics affecting pollinator  survival9,14,15. Perhaps the most significant is how diet quality affects 
susceptibility to economically important parasites and diseases. In honeybees, diverse diets can increase their 
ability to resist diseases (i.e. immunocompetence)8, whilst the availability of high protein pollens originating 
from single plant species can improve tolerance to parasitic and viral  infections9,15. The negative impact of poor 
diet on disease susceptibility is unlikely to act in isolation, being directly or indirectly impacted upon by a range 
of other environmental stressors. Of these, exposure to insecticides may pose a major risk in many agricultural 
systems where sub-lethal doses of pesticides weaken the immune system of honeybees increasing the likelihood 
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of them becoming susceptible to  diseases16. The negative effect of insecticides on bees can also be direct, with 
exposure resulting in immediate and long term toxicity  effects17,18. However, while insecticides may be expected 
to have negative effects on bees other widely used agrochemicals considered to have low toxicity to  honeybees19, 
such as fungicides and herbicides, may also have negative  effects20,21. For example, while the very widely used 
herbicide glyphosate is considered to have low toxicity to bees from a regulatory perspective, a recent meta-
analysis identifies its use with increased mortality of  bees21. Similarly, the ubiquitously used azole fungicides (e.g. 
triazoles) can have unexpected synergistic interactions with other pesticides impacting negatively on  bees20,22. 
Quantifying the extent to which these environmental drivers will impact on honeybees at national scales in 
real world agricultural systems has important implications for how we will manage these systems in the future.

Whilst diet quality may be of fundamental importance to bee health, land use affected by human activity is 
known to have negatively affected the availability of foraging resources on which they can  feed23. This includes 
the loss of floristically rich semi-natural habitats from agricultural landscapes, as well as the role of herbicides 
and crop seed cleaning reducing the prevalence of flowering arable  weeds23–26. This loss of general floral diversity 
may be compensated to some extent by the prevalence of mass flowering crops, including oilseed rape, that act 
as a highly abundant monofloral resource for many generalist pollinator  species3,27. However, diets dominated 
by a few species of crop where landscape scale saturation occurs, may potentially lead to a dramatically simpli-
fied diet that have negative impacts on  health9,15,28. Independent of this, the prevalence of agricultural land use 
has been linked with a reduction in the diversity of pollen foraged upon by  honeybees29, as well as an associated 
reduction in the protein content of stored hive products vital to support larval  development30. A characteristic 
of many semi-natural and agricultural landscapes are strong seasonal shifts in flower resource availability, lead-
ing to boom and bust periods for  pollinators31–34. While pollinators forage dynamically across varying scales to 
compensate for such temporal resources variability, ultimately landscape diversity and quality places an upper 
limit on what can be extracted to support population  growth31. In the case of honeybees, there is a greater require-
ment for pollen to support colony growth in the spring, while nectar becomes more important later in the year 
for maintaining colony size and for storage as  honey35. As such, temporal variability in flowering resources may 
interact with key periods of specific nutritional requirements to have unexpected negative effects.

The quantification of bee diet through the assessment of pollen types returned to nests is a direct approach 
to understand patterns of resource availability and their impacts on population viability of insect pollinators. 
Until recently, applying such assessments at large scales has been impractical due to time and expertise limita-
tions associated with microscopy based pollen taxonomy. With the advent of molecular approaches, large-scale 
quantification of pollen types returned to hives is now viable e.g.36–40. However, to apply this in a systematic way 
there is a need for model systems. Honeybees (Apis mellifera) are a practical model system, having an existing 
evidence base for their dependence on pollen diversity and  quality15,41, being characterised by foraging ranges as 
large or larger than other bee  species32,42,43, while also being a prominent model system in  ecotoxicology44. Also, 
there exists a network of amateur and professional beekeepers who are willing to provide national scale, spatially 
and temporally referenced samples of honey from which pollen can be extracted and  classified39.

In this study, we utilise 527 honey samples collected across Great Britain as part of the National Honey 
Monitoring Scheme (https:// honey- monit oring. ac. uk/) (Fig. 1). This represents citizen science programs where 
members of the general public (specifically bee keepers) are vital to the collection of samples that underpin sci-
entific research that would otherwise be impractical or too costly to achieve without their support. This science 
scheme represents one of many citizen science programs around the world that have engaged with bee keeper 
communities that often have a vested interest in understanding the ecology and threats posed to the hives and 
bees they  manage45–48. A subset of the samples provided by these citizen scientist bee keepers were provided 
with meta-data that included information on prevalence of pests and disease, including Varroa mite infections 
within the hive. Environmental DNA (eDNA) from pollen suspended within the honey samples was identified 
using metabarcoding to quantify what the honeybees had foraged upon. Environmental DNA is collected without 
isolating a specific organism from an environmental sample, i.e. pollen suspended in honey assessed in aggregate 
rather than by separate  species49,50. The environmental context of hive locations was assessed through spatial data 
on land use, cropping patterns and agrochemical applications. Using this data set we asked the following ques-
tions: (1) Does the prevalence of agricultural land use and its associated simplification of the floral community 
impact on the availability of forage plant species for honeybees and the complexity of their foraging patterns? (2) 
Does the prevalence of highly attractive sown forage crops, in particular Brassica’s, such as oilseed rape, correlate 
with lower honeybee diet breath? (3) Does a reduction in resource breath (i.e. the variety of forage plants) and 
agrochemical use correlate with colony susceptibility to the widespread and economically damaging infestations 
of the Varroa mite and Deformed Wing Virus. Here we use disease susceptibility as a metric for colony health.

Results
Foraging preferences of the honeybees. The majority of samples were from England (N = 467), with a 
relatively small number from Wales (N = 31) and Scotland (N = 34). Brassica crops (Brassicaceae), in particular 
oilseed rape (B. napus), turnip (B. rapa) and cabbage (B. oleraceae), have a close genomic relationship and their 
separation is  unreliable51. Considered as an aggregate, the Brassica group was the dominant forage plants across 
the 527 samples (85.7%), followed closely by the common hedgerow species aggregate Rubus spp (Rosaceae; 
80.2% of samples) as well as Trifolium repens (70.6%) which is ubiquitous in improved and other GB grass-
lands. The non-native flowering shrub/tree Ligustrum ovalifolium (Oleaceae), which is widely grown in gardens, 
was the next most dominant forage plant found in 57.3% of honey samples. While these species were also the 
dominant forage plants in England, this was not true of Scotland and Wales where native species like Filipendula 
ulmaria (Rosaceae) and Chamaenerion angustifolium (Onagraceae; Scotland only) were more commonly foraged 
upon than L. ovalifolium. For both Scotland and Wales the aggressively invasive species Impatiens glandulifera 

https://honey-monitoring.ac.uk/
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(Balsaminaceae) was also within the top 5 most commonly foraged upon plants, found in respectively 58.8 and 
67.7% of samples.

Diet breath of the honeybees. The species richness of plants foraged upon by honeybees from unique hives 
was significantly affected by an interaction between surrounding arable crop cover and the season in which 
hives were collected  (F1,520 = 4.28, p = 0.04). The breadth of plants foraged upon to produce honey during the 
early season (≤ June) was typically lower than that seen latter on in the year (≤ July) (Fig. 2a and b). There was 
also far more variability between hives during the late season. However, even with this lower species richness, 
the breadth of the diet of honeybees during the early season negatively correlated with overall arable cover 
surrounding hives (Fig. 2a). For late season honey, the strength of this correlation was close to zero (Fig. 2b). 
The arable cropping rotations within a 2 km radius of hives  (F1,520 = 7.17, p = 0.001), defined using a PCA axis 
of non-insect attractive crops, was negatively correlated with the diet breadth of honeybees. This pattern sug-
gested that crop rotations domination by winter wheat were associated with the lowest diet breadth of foraging 
plants (Fig. S2a; supplementary information Table S1). There was evidence for a contraction in diet breadth 
where honeybee diets became increasingly dominated by Brassica crops (including oilseed rape). Here there 
was a strong negative correlation with the species richness of other forage plants within the diet of the bees and 
the summed DNA read counts of these crops derived from analysis of the honey samples  (F1,520 = 41.4, p < 0.001; 
Fig. 2c). Finally, there was a negative correlation with flowering habitat and land use (PCA axis 2)  (F1,520 = 21.8, 
p < 0.001; Fig. S2b). This relationship was based on PCA axis scores that suggested that landscapes dominated 
by improved grasslands were more likely to be characterised by a reduced species richness of foraging plants 
compared to those dominated by urban land use (supplementary information Table S2). There were no other sig-
nificant interactions, nor was there evidence of spatial autocorrelation in model residuals (Morran’s I = − 0.053, 
Exp. = − 0.002, Var. = 0.003, p > 0.05).

Between hive complexity of trophic interactions. Following the derivation of bipartite foraging relationships 
between hives and flowering plant species, we found that connectance  (F1,12 = 40.9, p < 0.001, Figs. 3a and 4), 
nestedness  (F1,12 = 24.3, p < 0.001, Figs. 3b and 4), niche overlap  (F1,12 = 15.9, p = 0.002, Figs.3c and 4), and gener-
ality  (F1,12 = 8.11, p = 0.01, Figs. 3d and 4) all responded to an interaction between arable crop cover and season. 
For connectance, nestedness and niche overlap this relationship was characterised by strongly positive correla-
tions early in the season, while the later season was, in all cases, characterised by a correlation close to zero 

Figure 1.  Location of the 527 early (collected in June and before: N = 119) and late (July and after:N = 408) 
honey samples collected and analysed to determine diet breath of honeybees in Great Britain. Map created in R: 
Version 3.6.3. (URL hhtp://cran.r-project.org).
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(or slightly negative in the case of niche overlap). In contrast, the generality of the hives feeding relationships 
declined with increasing arable crop cover early in the season, but again was close to zero in the late season.

Disease infection rates. The probability of hives having Varroa infestations at the time of honey harvesting was 
not found to respond to diet quality in terms of the species richness of plants foraged upon, nor was it affected by 
the strength of agrochemical exposure (p > 0.05). Agrochemical exposure was defined by the direct effect foliar 
insecticide (foliar insecticide index), as well as the average application rates within 2 km of hives of the poten-
tially synergistic Triazole fungicides or the herbicide glyphosate (p > 0.05). No interaction terms were found to be 
significant. The probability of symptomatic expression of the DWV was significantly correlated with an interac-
tion between the foliar insecticide index and season  (F1,373 = 3.73, = 0.05; Fig. 5), but not diet breadth. For hives 
where honey was collected early in the year, there was an increased probability of the symptomatic expression of 
the virus where the foliar insecticide index of the surrounding landscape increased. This relationship was absent 
in the latter season. There were no other significant single or interactions effects found to significantly affect the 
expression of this virus, including those for predicted average Triazole and glyphosate applications. There was no 
spatial autocorrelation in the model (Morran’s I = 0.049, Exp. = − 0.003, Var. = 0.001, p > 0.05).

a) Early season response to arable crop cover b) Late season response to arable crop cover

c) Prevalence of Brassica crops in the diet

Figure 2.  Effect of surrounding land use on the diet breadth (species richness of forage plants) of honeybees 
in Great Britain. Response of diet breadth to arable and horticultural crop cover are shown for the (a) early 
(June and before) and (b) late (July and after) parts of the year, as well as (c) to the prevalence of Brassica crops 
(including Oilseed rape) found in honeybee diets.
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Discussion
In this study, we have demonstrated how beekeeper citizen scientists combined with lab based metabarcod-
ing analysis of pollen DNA can provide insights into the factors affecting the viability of honeybees and their 
associated crop pollination service. While honeybees may potentially compete with wild  pollinators52–54, they 
have sufficient fundamental similarities to act as a model system for inferring general impacts of land use inten-
sification on pollinators. Ultimately, they provide access to systematically collected large-scale foraging data at 
a scale normally outside of the scope of most research programs. We have shown how agricultural land use and 
management are factors affecting honeybee diets, the resilience of their inter-hive feeding relationships and even 
impacting susceptibility to disease.

Agricultural land use impacts on forage plant utilisation. In agreement with Alburaki et al.29, the 
extent of arable agricultural land use surrounding hives had a negative impact on the diet breath of the honey-
bees in terms of the range of plant species they fed upon during the early part of the year. This effect was slightly 
more pronounced where cropping rotations were dominated by winter wheat, one of the most widely grown and 
intensively managed of the arable crops. This negative effect of arable cropping land use was seen in terms of it 
being not only a predictor of the total number of forage plants, but also as a determinant of complex characteris-
tics of resource overlap and utilisation between competing hives. As the cover of arable cropping increased, hives 
typically foraged on a greater proportion of the plants utilised by better-connected hives (Nestedness), while the 
mean effective number of plants foraged upon by individual hives simultaneously decreased (Generality). The 
similarity of interaction patterns with the types of plants on which different hives foraged also increased with 
arable cover (niche overlap). These effects are characteristic of a general simplification of resource choices within 
arable dominated landscapes. This effect has been reported in the US where there is increased patterns of forag-
ing overlap for the most abundant plants within the diet of  honeybees55. A likely effect of this is that hives may 
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Figure 3.  We derived bipartite food webs that describe the foraging associations between individual hives and 
plants as determined from DNA barcoding of pollen found in honey. These webs were derived depending on 
the time honey was harvested (early ≤ June or late ≥ July) and the extent to which the landscape was dominated 
by arable and horticultural land cover. We used these bipartite foraging webs to derive metrics describing 
the structure of these feeding relationships. These metrics were weighted connectance (realised proportion 
of possible links between hives and plants), weighted NODF nestedness (the tendency for hives to forage on 
subsets of plants utilised by better-connected hives, where larger values indicate increased nestedness), niche 
overlap (mean similarity of interaction patterns for hives with plants) and generality (mean effective number of 
plants foraged upon per hive). These graphs show how these metrics change in response to the cover of arable 
and horticultural land in the landscape.
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have been more likely to utilise what limited plant species were present as arable cropping came to dominate 
landscapes. This impact of arable agriculture on both foraging opportunities with increased arable cover reflects 
the historic loss from these production systems of flowering  plants14,24. It is likely that this has affected not just 
diet breath by limiting the available number of species to forage upon, but also resource quality in terms of nectar 
availability and protein  content14,30.

While the impact of arable crop cover was pronounced, its effects were only found during the early part of 
the season, during June or before. This strong seasonal variation in resource utilisation by honeybees has pre-
viously been  identified31,56. As the season progresses, the availability of plants in flower generally increased in 
North Western European landscapes and any negative effect of arable land use on measures of hive diet breath 
or the complexity of foraging relationships may tend to disappear. Although hedgerow plants and some trees 
are important foraging resources early on in the year, early season arable systems are limited in their availability 
of flowering plants in  general14,33. In contrast, plants flowering in July and August provide some 60% of nectar 
production available for bees to forage upon in British  landscapes14. One driver of this low availability of flower-
ing plants in arable dominated landscapes has been the impact of intensive farm management practices on the 
persistence of annual weed  species14,23,25,26. Such weed species in arable ecosystems are potentially important 
foraging resources, especially when mass flowering crops are not in  flower34. The loss of these often-early flower-
ing species has led to important ‘drought’ periods of floral resource deficiency in these systems. Such early season 
deficits in resource availability may be a particular threat to honeybees, and potentially other eusocial species, 
by limiting resource availability as a point in the season where colony growth should be  maximised35. Of these 
other land uses, there was some suggestion that urban environments may be likely to provide a greater diversity 
of potential plant species to forage upon, something reported in several other  studies29,57.

a) 0 – 10 % arable agriculture surrounding hives 

b) 70-90% arable agriculture surrounding hives

Figure 4.  We derived bipartite food webs determined from DNA barcoding of pollen from honey. This allowed 
us to establish foraging associations between hives and plants in landscapes with different extents of arable and 
horticultural land. Here we show an examples of these webs of foraging relationships for five randomly picked 
hives (top rectangles) and forage plant (bottom rectangles) located in landscapes of either low (0–10% ) or high 
(70–90%) arable and horticultural cover. Both webs are determined from honey samples collected early in the 
season (June or before). We have standardised these webs to show only five randomly chosen hives as different 
landscapes had different numbers of hives which would make comparing an overall interaction web hard to 
interpret. Only plant names representing important feeding relationships are included, where: B. = Brassica, 
H. = Helianthus, M. = Myosotis, V. = Vicia, F. = Frazinus, R. = Rhododendron, P. = Plantago.
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Contraction in diet breath and mass flowering crops. Mass flowering crops, in particular oilseed 
rape, represents an important foraging resource for many insect pollinators within GB agricultural  landscapes3,27. 
In the case of honeybees, oilseed rape pollen may be particularly rich in essential amino acids compared to other 
mass flowering crops like field beans, including leucine, valine, and  isoleucine13. This nutritional profile of both 
nectar and amino acids has been seen to drive preferential selection by  honeybees13. At least for honeybees, the 
loss of oilseed rape can reduce survival. Di Pasquale et al.58 suggests that pollen diversity is less important than 
the loss of such species that individually have a high nutritional value as well as being extremely abundant. We 
found that as Brassica crops become a more significant part of the diet of honeybees their overall diet range in 
terms of what other plants they forage upon contracted. It therefore seems likely that in the presence of mass 
flowering crops, such as oilseed rape, may cause bees to neglect other foraging resources. Such preferential selec-
tion by pollinators could reduce diet breath and may have indirect and unexpected impact on bee health. Diets 
lacking pollens from a range of different plants may have synergistic effects on bee health to such an extent that 
their loss may destabilize these  communities8,15,59. In addition, this may have consequences for populations of 
wild flowering plants by reducing opportunities for pollination events as bees are drawn to high resource value 
fields of such mass flowering  crops60.

Resource breadth, agrochemicals use and the incidence of pests and disease. There is a sig-
nificant evidence to suggest polyfloral diets play an important role in supporting bee  health8,15,59. However, we 
found no evidence that diet breadth affected either Varroa mite infestation rates or the symptomatic expression 
of DWV, the commonest virus reported across the data set. It is likely that there is complexity underlying the role 
of polyfloral diets, with only a sub-set of plants making a significant contribution to maintaining bee health. This 
may be through either their improved nutrient profiles or because of direct disease inhibiting  effects15,61. How-
ever, at least in the latter case, toxic chemical defences of plants may be as likely to have negative consequences 
for plant-honeybee  interactions62. Although hives with broad diets would (through a sampling effect) be more 
likely to include beneficial  species63, it is probable that the relative contribution to the diet of these species is an 
important determinant of their  value61.

We also assessed the impact of agrochemical stressors on symptomatic expression of these two diseases, 
focusing not only on direct effects associated with foliar  insecticides16, but synergistic consequences of exposure 
to other agrochemical  classes21,64,65. While beekeepers do apply acaricides as a means of control rather than 
complete eradication of Varroa mite infestations (e.g. pyrethroids like flumethrin), the widespread resistance of 
Varroa to these products has meant a shift towards control using acids (e.g. oxalic or formic acid) and natural 
 oils66. We found no evidence that Varroa infestation rates were affected by exposure risk to any of the considered 
agrochemicals. However, the symptomatic expression of DWV was positively correlated with the foliar insecticide 
index during the early part of the year. The identification of this effect in June and before is likely linked to this 
being the main period of insecticide use on crops, as well as when hives may by more vulnerable to pesticide 
exposure following the over wintering period. The asymptomatic presence of DWV is thought to be present in 
many hives, although its symptomatic expression may be considerably increased though synergistic interactions 
with Varroa  infestations16,67. There was no evidence of synergistic interactions between the insecticide use index 
and the Triazole fungicides or glyphosate herbicide use. The absence of such effects runs counter to a recent 
meta-analysis of synergisms between  agrochemicals65 as well as focused work on these plant protection prod-
ucts in  particular21,64. It is possible that our use of proxies to define agrochemical exposure based on application 

Figure 5.  In this figure we show how foliar applied insecticide use surrounding hives is correlated with 
the occurrence of the deformed wing virus. For honey collected early in the year (June and before—black 
circles) there is a positive correlation with the foliar insecticide index. This corresponds to the period where 
agrochemicals are most widely used on crops. However, this pattern disappears for late season honey samples 
(collected July and after—blue circles) collected when agrochemical use is relatively low. The trend lines showing 
these correlations include uncertainty in the prediction (confidence intervals) as a grey area.
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rates surrounding  hives68 may lack the sensitivity to identify such synergisms. Indeed, future work focusing on 
the direct testing of residues from stored hive products may provide a more effective approach to quantifying 
agrochemical exposure  risk69.

Conclusions
 Honeybees represent a useful model species to indicate the stressors impacting on insect pollinators more 
widely, in particular central place foragers such as bumblebees and solitary bees. Indeed, given the typically 
large foraging ranges of honeybees compared to wild species, it is likely that the observed trends here may well 
be extrapolated for smaller solitary bees which more typically forage less than 1 km from  nests32,70. This study 
has highlighted that there may be a restriction in the availability of floral resources available to honeybees in 
the early season, and by extension pollinators in general, in landscapes dominated by arable agriculture. This 
effect was not found in the later part of the year. The early season encompasses a period during which perennial 
species, often established though agri-environmental schemes to provide foraging resources for bees, are yet to 
reach their peak  flowering24,33. The impact of limited resource availability within intensively farmed landscapes 
may also be counteracted by the occurrence of large blocks of early mass flowering crops, such as oilseed rape. 
While often considered an important resource for bees in agricultural  systems3,27, their prevalence in diets may 
act to further contract diet breadths for species already foraging in a resource-limited landscape. A risk associated 
with oilseed rape is that while it may be an important source of pollen and nectar in the early season, it is one 
of the most intensively managed of the GB crops in terms of pesticide use and so may representing a potential 
exposure risk to  bees71. While there was no direct evidence that diet breadth affected bee health, other work 
has highlighted its  importance8,15,59. This study emphasises the need for more careful consideration of manage-
ment practices to mitigate the impacts of arable crop management on pollinators. In particular, there is a need 
to identify where temporal mismatch in resource availability occurs and develop new agri-environmental seed 
mixes that can overcome these deficits. While early flowering annuals may be harder to manage for any famers, 
needing annual re-establishment, this may be a vital part of this solution for maintaining pollinator populations.

Methods
In 2019 beekeepers across Great Britain provided 527 honey samples (Fig. 1) as part of a citizen science initiative, 
the National Honey Monitoring Scheme (https:// honey- monit oring. ac. uk/). Samples were collected by directly 
scraping honey from recently filled storage cells on the edges of recently filled combs within hives. These honey 
samples were then returned to the scheme with associated spatial and temporal meta-data. A smaller subset of 
these honey samples (N = 377) included additional meta-data on the colony health, such as the presence of Varroa 
mite infestation (Fig. S1). While Varroa is found in most colonies, the symptomatic expression of viral infections 
is far more variable making it a useful indicator for understanding disease susceptibility in response to variation 
in environmental drivers. Although symptomatic expression for a range of viruses was recoded, only Deformed 
Wing Virus (DWV) was reported with sufficient frequency to be considered in subsequent analyses (52 of 377 
samples). Honey samples were split into two temporal batches: early season (Up to June; N = 119) and late season 
(from July onwards; N = 408). This broadly corresponds with the two main harvests of honey typically produced 
by apiaries and relates to the seasonal variation in resource availability common to GB agricultural  systems24,33. 
In particular there can be a lack of flowering plants early in the year, although this gap may be filled by oilseed 
rape production in some agricultural  landscapes34.

Forage plant identification by DNA barcoding of pollen in honey. Although honey is derived from 
nectar, each sample is contaminated with pollen grains derived from the plants that bees foraged upon, as well 
as trace quantities of other environmental DNA from plant nectar, bacteria and fungi. The pollen grains were 
extracted allowing subsequent DNA metabarcoding and identification of plant species using an established 
informatics pipeline described in detail in Oliver et al.39. In summary, pollen was concentrated from honey using 
a vacuum filtration system (Nalgene) utilising 47 mm mixed cellulose esters membranes (pore size 1.2 µm). 
Total DNA was extracted using the DNeasy PowerPlant Pro Kit (Qiagen, Hilden, Germany), with an additional 
proteinase K step alongside homogenisation to aid complete lysis. Resultant DNA was quantified using a Nan-
odrop One spectrophotometer (Thermo Scientific, Waltham, MA, USA) and ~ 10–20 ng template used in a PCR 
reaction to amplify the Internal transcribed spacer region 2 (ITS2) of plant nuclear ribosomal DNA. Finally, nor-
malisation and sequencing of amplicons was undertaken through the Illumina MiSeq platform with the MiSeq 
Reagent Kit v3 (Illumina Inc., San Diego, CA, USA). Raw sequence data were processed using the HONEYPI 
bioinformatics pipeline as described in Oliver et al.39. Taxonomically comparable amplicon unit sequence vari-
ants (ASVs) were phylotyped following species level rarefaction within the phyloseq package within R 3.6.372. 
From this a data matrix describing honey sample by abundance of DNA reads for each plant species was pro-
duced. The summed DNA reads of Brassica crops, a category which included oilseed rape as the main UK mass 
flowering crop, was derived as a covariate for subsequent analyses.

Landscape structure. Honeybees forage over potentially large distances, although on average feed within 
2 km of  hives32,42,43. To provide an indication of foraging resource surrounding each hives to this distance, we 
derived a range of measures of surrounding land use. We used the 2019 UKCEH Land cover map at a 20 m raster 
pixel resolution combined with the UKCEH Land Cover plus Crops  map73 to derive three metrics of land use. 
The first was arable and horticultural percentage cover (hereafter called arable cover). This represents a funda-
mental descriptor of land use in the UK. The second was a principal components analysis describing the first 
two axis of variation determined from the cover of non-insect attractive crops, specifically maize, wheat (winter 
and spring separately), barley (winter and spring separately), sugar beet, potatoes and other crops (a summed 

https://honey-monitoring.ac.uk/
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category of crops not defined by the previous). Note this excluded the flowering crops of oilseed rape and field 
beans. This explains variation beyond simply total arable crop cover, while acknowledging underlying correla-
tions between these cropping patterns that make their use as individual covariates in subsequent models imprac-
tical. Thirdly, we derived the first two axis of variation of a principal components analysis based on the land use 
cover of habitats likely to be important for foraging  bees14. These were the cover of mass flowering crops (oilseed 
rape and field beans), woodlands, flower rich habitats (including heather, heather-grass as well as unimproved 
calcareous and neutral grassland), improved grassland (receiving inorganic fertiliser) and (sub-) urban land use. 
Based on an assessment of variable inflation factors in subsequent analyses, the first two axis of variation of both 
of these PCAs (crop and land use) were characterised by strong multi-colinearity with arable cover VIF > 8.0;74 
and so were excluded from subsequent analyses.

Agrochemical exposure risk. The intensity of agrochemical use was defined using the UKCEH Land 
Cover plus: Pesticides 2012–2017  map68. The mean active ingredient weight per hectare of foliar spray insecti-
cides (alphacypermethrin, deltamethrin, chlorpyrifos, cypermethrin, dimethoate, esfenvalerate, lambdacyhalo-
thrin, pirimicarb, taufluvalinate, zetacypermethrin, fosthiazate, oxamyl, pymetrozine) were determined. This 
map is based on average applications over a 5-year rotation period and was defined within a 2 km radius of each 
hive. While ideally pesticide exposure for the 527 honey samples would have been directly assessed by residue 
analysis this was prohibitively expensive, however a sub-set of 100 samples was assessed for agrochemical resi-
dues from 2019. While this represents a limited sub-set of active-ingredients, the probability of detecting these 
in honey was largely predicted by the application rates around hives based on the UKCEH Land Cover plus: 
Pesticides 2012–2017 map (Supporting Information Table S7).

UKCEH Land Cover plus: Pesticides 2012–2017 map we derived a Foliar Insecticide Impact index (FII) that 
represents a composite estimate of the impact of foliar sprayed non-systemic insecticides based on the Environ-
mental Impact Quotient (EIQ)75. This index has previously been used to assess the impacts of insecticides on 
 bees3,17. The FII was defined as:

where: Following Kovach et al.75 Zai is the toxicity of the active ingredient (ai) to bees where each active ingre-
dient is scored as high (score of 5 where oral  LD50 < 1 µg  bee−1), medium (score of 3 where 100 µg  bee−1 > oral 
 LD50 > 1 µg  bee−1) or low (score of 1 where oral  LD50 > 100 ug  bee−1). This ratio of 5:3:1 is part of the EIQ. Pai is 
the active ingredient plant surface half-life estimated to be a quarter of the soil deterioration half-life  (DT50)76. All 
values used were derived from the Pesticide Properties Data  Base19. Mai, R is the mass of active ingredient applied 
with the 2 km radius surrounding hives (region R), and AR is the area within that same 2 km radius. Note, while 
neonicotinoid seed treatments are widely thought to have a negative impact on bee populations they were not 
in use in arable cropping systems in the UK in  20193.

Although insecticide use represents the immediate risk to honeybees, other agrochemicals of relatively low 
toxicity may have unexpected interactions that can alter the sensitivity of bees to  insecticides65. To account for 
this we have focused on compounds that have been identified in the literature as being associated with either 
synergistic negative impacts azole fungicides—e.g.20,77,78 or unexpectedly high real world toxicity to bees not 
predicted in the regulatory process e.g. glyphosate—21). These two groups of non-insecticide pesticides are 
ubiquitously used in the UK farming environment, with glyphosate being the dominate herbicide used on the 
principal mass flowering crop oilseed rape grown in the UK (63.2% respectively by weight of active ingredi-
ent), while azole fungicides comprise 82.3% by weight of the fungicides used on this same crop. Both are also 
widely used on wheat crops, although as non-flowering crops this are not as attractive to bees and so exposure 
risk is likely  lower79. To account for this we also derived the mean application rates of the widely used herbicide 
glyphosate, as well as the combined application rate of triazole fungicides, both of which have been identified 
as having interactive effects. Both of these have been linked to potential negative effects on honeybees as part of 
interactions with  insecticides21,64.

The complexity of foraging associations. We derived bipartite food webs based on the foraging asso-
ciations between individual hives and plants based on the DNA barcoding of pollen from honey. These were 
derived for randomised sub-sets of hives picked from 14 sub-groups of the overall dataset of 527 hives. These 
sub-groups were based on hives where honey was collected early (≤ June) or late (≥ July) season within the fol-
lowing band classes of 0–10%, 10–20%, 20–30%, 30–40%, 40–50%, 50–60%, 60–70% and 70–90% arable cover. 
Again, we focus on arable cover as the major axis of land use variation within GB. The number of hives in each 
of these 14 sub-groups varied (Supporting Information Table S3). To account for this we undertook 100 random 
selections of five hives from each of these sub-groups to produce bipartite foraging webs. Using the Bipartite 
package in R 6.380, we then derived average values of a sub-set of metrics describing bipartite web structure and 
averaged these across these 100 random picks. These metrics were weighted connectance (realised proportion 
of possible links between hives and plants), weighted NODF nestedness (the tendency for hives to forage on 
subsets of plants utilised by better-connected hives, where larger values indicate increased nestedness), niche 
overlap (mean similarity of interaction patterns for hives with plants) and generality (mean effective number of 
plants foraged upon per hive) (Supplementary Information Table S5). In all cases, they provide key insights into 
resource utilisation and specialisation. Metrics were weighted by the number of DNA read counts.

(1)FII =

ai
∑

i=1

(Zai × Pai)×

(

Mai,R

AR

)
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Statistics. We assessed the response of the diet breath (species richness of plants foraged upon by the hon-
eybees determined by DNA barcoding) using generalised least squares regression in response to the covariates: 
season (categorical early or late), summed arable cover, cropping land use (PCA axis 2), habitat land use (PCA 
axis 2), Brassica pollen in diet and the foliar insecticide index (FII) (Supporting Information Table S4). All pair-
wise interactions, as well as triplicate interactions of the latter covariates with season were included. The model 
was fitted within the nlme package in R 3.6.3 with a spatial correlation structure defined with the ‘corSpatial’ 
function using X and Y spatial coordinates of hive  locations81,82.We accounted for within-group heteroscedas-
ticity with a weighting of 1|Season. A Box-Cox transformation of species richness was used to normalise the 
response. All models were simplified using deletion of least significant effects and standard model checks to 
ensure model assumptions were not violated. This included a formal test for spatial autocorrelation of residuals 
using Morran’s I as well as inspection of a correlelogram.

The probability of hives suffering Varroa infestation and DWV infection (both as separate binomial responses) 
were assessed in response to: (i) season (early or late); (ii) diet quality, defined by the richness of plants foraged 
upon (Ln N + 1); (iii) the foliar insecticide index based on a 2 km radius surrounding the hives; (iv) the summed 
application of Triazole fungicides; (v) summed application of glyphosate (supporting information Table S5). As 
before, all pairwise interactions were assessed, as well as triplicate interactions with season. This analysis was 
performed using a general linear model with binomial error and logit link. Model simplification and model 
checks were as before. As no evidence of spatial auto-correlation was detected, no further correction was required 
in the model specification to account for this.

Finally, each of the four metrics of bipartite web structure (connectance, NODF nestedness, niche overlap 
and generality) were tested using a linear model against the covariates of season and arable cover, as well as their 
pairwise interaction (supporting Information Table S6). Arable cover was defined as the mid-point of the land 
use categories from which the random bipartite web picks had been drawn (5, 15, 25, 35, 45, 55, 65 and 80%). 
As each response was an average of multiple randomisations from hives drawn across the country accounting 
for spatial autocorrelation was not used. In all analyses we weighted the response based on the number of hives 
in each land use category for the early or late season from which the original randomised hive draws came from. 
Model simplification and checks followed the same approaches as above.

Data availability
All data used in the analyses are included within the supporting information tables S4, S5 and S6. A summary 
of the DNA metabarcoding species information is given at https:// doi. org/ 10. 5285/ e9ec6 3be- 3f2b- 4d1b- b9bf- 
77ca2 b96c7 f5.

Received: 21 January 2022; Accepted: 17 August 2022

References
 1. The Insect Pollinators Initiative & Vanbergen, A. J. Threats to an ecosystem service: Pressures on pollinators. Front. Ecol. Environ. 

11, 251–259 (2013).
 2. Powney, G. D. et al. Widespread losses of pollinating insects in Britain. Nat. Commun. 10, 1018. https:// doi. org/ 10. 1038/ s41467- 

019- 08974-9 (2019).
 3. Woodcock, B. A. et al. Impacts of neonicotinoid use on long-term population changes in wild bees in England. Nat. Commun. 7, 

12459. https:// doi. org/ 10. 1038/ ncomm s12459 (2016).
 4. Potts, S. G. et al. Global pollinator declines: Trends, impacts and drivers. TREE 25, 345–353 (2010).
 5. Becher, M. A., Osborne, J. L., Thorbek, P., Kennedy, P. J. & Grimm, V. REVIEW: Towards a systems approach for understanding 

honeybee decline: A stocktaking and synthesis of existing models. J. Appl. Ecol. 50, 868–880 (2013).
 6. Becher, M. A. et al. BEEHAVE: A systems model of honeybee colony dynamics and foraging to explore multifactorial causes of 

colony failure. J. Appl. Ecol. 51, 470–482 (2014).
 7. Carvell, C. et al. Bumblebee family lineage survival is enhanced in high-quality landscapes. Nature 543, 547–549. https:// doi. org/ 

10. 1038/ natur e21709 (2017).
 8. Alaux, C., Ducloz, F., Crauser, D. & Le Conte, Y. Diet effects on honeybee immunocompetence. Biol. Lett. 6, 562–565 (2010).
 9. Dolezal, A. G. et al. Interacting stressors matter: Diet quality and virus infection in honeybee health. R. Soc. Open Sci. https:// doi. 

org/ 10. 1098/ rsos. 181803 (2019).
 10. Conti, I. et al. Sugar and protein content in different monofloral pollens - Building a database. Bull. Insectol. 69, 318–320 (2016).
 11. Rodney, S. & Kramer, V. J. Probabilistic assessment of nectar requirements for nectar-foraging honey bees. Apidologie 51, 180–200 

(2020).
 12. Cartar, R. V. Colony energy-reuirements affect response to predation risk in foraging bumble bees. Ethology 87, 90–96 (1991).
 13. Cook, S. M., Awmack, C. S., Murray, D. A. & Williams, I. H. Are honey bees’ foraging preferences affected by pollen amino acid 

composition?. Ecol. Entomol. 28, 622–627 (2003).
 14. Baude, M. et al. Historical nectar assessment reveals the fall and rise of floral resources in Britain. Nature 530, 85–88. https:// doi. 

org/ 10. 1038/ natur e16532 (2016).
 15. Di Pasquale, G. et al. Influence of pollen nutrition on honey bee health: Do Pollen quality and diversity matter?. PLoS ONE https:// 

doi. org/ 10. 1371/ journ al. pone. 00720 16 (2013).
 16. Sanchez-Bayo, F. et al. Are bee diseases linked to pesticides?—A brief review. Environ. Int. 89–90, 7–11. https:// doi. org/ 10. 1016/j. 

envint. 2016. 01. 009 (2016).
 17. Park, M. G., Blitzer, E. J., Gibbs, J., Losey, J. E. & Danforth, B. N. Negative effects of pesticides on wild bee communities can be 

buffered by landscape context. Proc. R. Soc. Lond. B Biol. Sci. 282, 20150299. https:// doi. org/ 10. 1098/ rspb. 2015. 0299 (2015).
 18. Woodcock, B. A. et al. Country-specific effects of neonicotinoid pesticides on honeybees and wild bees. Science 356, 1393–1395. 

https:// doi. org/ 10. 1126/ scien ce. aaa11 90 (2017).
 19. PPDB. The pesticide properties DataBase (PPDB) (Agriculture & Environment Research Unit (AERU), University of Hertfordshire, 

2013).
 20. Belden, J. B. The acute toxicity of pesticide mixtures to honeybees. Integr. Environ. Assess. Manag. https:// doi. org/ 10. 1002/ ieam. 

4595 (2022).

https://doi.org/10.5285/e9ec63be-3f2b-4d1b-b9bf-77ca2b96c7f5
https://doi.org/10.5285/e9ec63be-3f2b-4d1b-b9bf-77ca2b96c7f5
https://doi.org/10.1038/s41467-019-08974-9
https://doi.org/10.1038/s41467-019-08974-9
https://doi.org/10.1038/ncomms12459
https://doi.org/10.1038/nature21709
https://doi.org/10.1038/nature21709
https://doi.org/10.1098/rsos.181803
https://doi.org/10.1098/rsos.181803
https://doi.org/10.1038/nature16532
https://doi.org/10.1038/nature16532
https://doi.org/10.1371/journal.pone.0072016
https://doi.org/10.1371/journal.pone.0072016
https://doi.org/10.1016/j.envint.2016.01.009
https://doi.org/10.1016/j.envint.2016.01.009
https://doi.org/10.1098/rspb.2015.0299
https://doi.org/10.1126/science.aaa1190
https://doi.org/10.1002/ieam.4595
https://doi.org/10.1002/ieam.4595


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:14331  | https://doi.org/10.1038/s41598-022-18672-0

www.nature.com/scientificreports/

 21. Battisti, L. et al. Is glyphosate toxic to bees? A meta-analytical review. Sci. Tot. Environ. 767, 145397. https:// doi. org/ 10. 1016/j. scito 
tenv. 2021. 145397 (2021).

 22. Siviter, H. et al. Agrochemicals interact synergistically to increase bee mortality. Nature 596, 389–392. https:// doi. org/ 10. 1038/ 
s41586- 021- 03787-7 (2021).

 23. Robinson, R. A. & Sutherland, W. J. Post-war changes in arable farming and biodiversity in Great Britain. J. Appl. Ecol. 39, 157–176 
(2002).

 24. Carvell, C. et al. Declines in forage availability for bumblebees at a national scale. Biol. Conserv. 132, 481–489 (2006).
 25. Carmona, C. P. et al. Agriculture intensification reduces plant taxonomic and functional diversity across European arable systems. 

Funct. Ecol. 34, 1448–1460 (2020).
 26. Storkey, J. & Westbury, D. B. Managing arable weeds for biodiversity. Pest Manag. Sci. 63, 517–523 (2007).
 27. Hutchinson, L. A. et al. Using ecological and field survey data to establish a national list of the wild bee pollinators of crops. Agric. 

Ecosyst. Environ. 315, 107447. https:// doi. org/ 10. 1016/j. agee. 2021. 107447 (2021).
 28. Requier, F., Odoux, J. F., Henry, M. & Bretagnolle, V. The carry-over effects of pollen shortage decrease the survival of honeybee 

colonies in farmlands. J. Appl. Ecol. 54, 1161–1170 (2017).
 29. Alburaki, M., Gregorc, A., Adamczyk, J. & Stewart, S. D. Insights on pollen diversity of honey bee (Apis mellifera L.) colonies 

Located in various agricultural landscapes. Southwest. Nat. 63, 49–58 (2018).
 30. Donkersley, P., Rhodes, G., Pickup, R. W., Jones, K. C. & Wilson, K. Honeybee nutrition is linked to landscape composition. Ecol. 

Evol. 4, 4195–4206 (2014).
 31. Cole, L. J., Brocklehurst, S., Robertson, D., Harrison, W. & McCracken, D. I. Exploring the interactions between resource availability 

and the utilisation of semi-natural habitats by insect pollinators in an intensive agricultural landscape. Agric. Ecosyst. Environ. 246, 
157–167 (2017).

 32. Steffan-Dewenter, I. & Kuhn, A. Honeybee foraging in differentially structured landscapes. Proc. R. Soc. Lond. B Biol. Sci. 270, 
569–575 (2003).

 33. Woodcock, B. A. et al. Enhancing floral resources for pollinators in productive agricultural grasslands. Biol. Conserv. 171, 44–51 
(2014).

 34. Requier, F. et al. Honey bee diet in intensive farmland habitats reveals an unexpectedly high flower richness and a major role of 
weeds. Ecol. App. 25, 881–890 (2015).

 35. Ausseil, A. G. E., Dymond, J. R. & Newstrom, L. Mapping floral resources for honey bees in New Zealand at the catchment scale. 
Ecol. Appl. 28, 1182–1196. https:// doi. org/ 10. 1002/ eap. 1717 (2018).

 36. Kamo, T. et al. A DNA barcoding method for identifying and quantifying the composition of pollen species collected by European 
honeybees, Apis mellifera (Hymenoptera: Apidae). Appl. Entomol. Zool. 53, 353–361 (2018).

 37. Nurnberger, F., Keller, A., Hartel, S. & Steffan-Dewenter, I. Honey bee waggle dance communication increases diversity of pollen 
diets in intensively managed agricultural landscapes. Mol. Ecol. 28, 3602–3611 (2019).

 38. Richardson, R. T. et al. Applications of ITS2 metabarcoding to determine the provenance of pollen collected by honey bees in an 
agroecosystem. Appl. Plant Sci. https:// doi. org/ 10. 3732/ apps. 14000 66 (2015).

 39. Oliver, A. E. et al. Integration of DNA extraction, metabarcoding and an informatics pipeline to underpin a national citizen science 
honey monitoring scheme. MethodsX 8, 101303. https:// doi. org/ 10. 1016/j. mex. 2021. 101303 (2021).

 40. Jones, L. et al. Shifts in honeybee foraging reveal historical changes in floral resources. Commun. Biol. 4, 37. https:// doi. org/ 10. 
1038/ s42003- 020- 01562-4 (2021).

 41. Barroso-Arevalo, S., Vicente-Rubiano, M., Ruiz, J. A., Bentabol, A. & Sanchez-Vizcaino, J. M. Does pollen diversity influence honey 
bee colony health?. Sp. J. Agric. Res. https:// doi. org/ 10. 5424/ sjar/ 20191 73- 13991 (2019).

 42. Bansch, S., Tscharntke, T., Ratnieks, F. L. W., Hartel, S. & Westphal, C. Foraging of honey bees in agricultural landscapes with 
changing patterns of flower resources. Agric. Ecosyst. Environ. https:// doi. org/ 10. 1016/j. agee. 2019. 106792 (2020).

 43. Danner, N., Molitor, A. M., Schiele, S., Hartel, S. & Steffan-Dewenter, I. Season and landscape composition affect pollen foraging 
distances and habitat use of honey bees. Ecol. Appl. 26, 1920–1929 (2016).

 44. EFSA. EFSA Guidance Document on the risk assessment of plant protection products on bees (Apis mellifera, Bombus spp. and 
solitary bees). EFSA J. 11, 3295 (2014).

 45. Hatjina, F. et al. Citizen scientist initiative for measuring varroa damage thresholds: Common efforts for data collection—CSI 
varroa. Bee World 98, 132–135 (2021).

 46. Gratzer, K. & Brodschneider, R. How and why beekeepers participate in the INSIGNIA citizen science honey bee environmental 
monitoring project. Environ. Sci. Pollut. Res. 28, 37995–38006 (2021).

 47. Brodschneider, R. et al. CSI pollen: Diversity of honey bee collected pollen studied by citizen scientists. Insects 12, 987. https:// 
doi. org/ 10. 3390/ insec ts121 10987 (2021).

 48. Brodschneider, R. et al. A citizen science supported study on seasonal diversity and monoflorality of pollen collected by honey 
bees in Austria. Sci. Rep. https:// doi. org/ 10. 1038/ s41598- 019- 53016-5 (2019).

 49. Taberlet, P., Coissac, E., Hajibabaei, M. & Rieseberg, L. H. Environmental DNA. Mol. Ecol. 21, 1789–1793 (2012).
 50. Deiner, K. et al. Environmental DNA metabarcoding: Transforming how we survey animal and plant communities. Mol. Ecol. 26, 

5872–5895. https:// doi. org/ 10. 1111/ mec. 14350 (2017).
 51. Nagaharu, U. Genome analysis in brassica with special reference to the experimental formation of B. Napus and peculiar mode of 

fertilization. Jpn. J. Bot. 7, 389–452 (1935).
 52. Herbertsson, L., Lindstrom, S. A. M., Rundlof, M., Bornmarco, R. & Smith, H. G. Competition between managed honeybees and 

wild bumblebees depends on landscape context. Basic Appl. Ecol. 17, 609–616 (2016).
 53. Magrach, A., Gonzalez-Varo, J. P., Boiffier, M., Vila, M. & Bartomeus, I. Honeybee spillover reshuffles pollinator diets and affects 

plant reproductive success. Nat. Ecol. Evol. 1, 1299–1307 (2017).
 54. Adams-Groom, B., Martin, P. & Banon, A. Pollen characterization of English honey from Worcestershire, West Midlands (UK). 

Bee World https:// doi. org/ 10. 1080/ 00057 72X. 2019. 16981 05 (2019).
 55. Smart, M. D. et al. A comparison of honey bee-collected pollen from working agricultural lands using light microscopy and ITS 

metabarcoding. Environ. Entomol. 46, 38–49 (2017).
 56. Danner, N., Keller, A., Hartel, S. & Steffan-Dewenter, I. Honey bee foraging ecology: Season but not landscape diversity shapes 

the amount and diversity of collected pollen. PLoS ONE https:// doi. org/ 10. 1371/ journ al. pone. 01837 16 (2017).
 57. Piroux, M. et al. Correlating the pollens gathered by Apis mellifera with the landscape features in Western France. Appl. Ecol. 

Environ. Res. 12, 423–439 (2014).
 58. Di Pasquale, G. et al. Variations in the availability of pollen resources affect honey bee health. PLoS ONE https:// doi. org/ 10. 1371/ 

journ al. pone. 01628 18 (2016).
 59. Donkersley, P. et al. Nutritional composition of honey bee food stores vary with floral composition. Oecologia 185, 749–761 (2017).
 60. Shaw, R. F. et al. Mass-flowering crops have a greater impact than semi-natural habitat on crop pollinators and pollen deposition. 

Landsc. Ecol. 35, 513–527 (2020).
 61. LoCascio, G. M., Aguirre, L., Irwin, R. E. & Adler, L. S. Pollen from multiple sunflower cultivars and species reduces a common 

bumblebee gut pathogen. R. Soc. Open Sci. https:// doi. org/ 10. 1098/ rsos. 190279 (2019).
 62. Egan, P. A. et al. Plant toxin levels in nectar vary spatially across native and introduced populations. J. Ecol. 104, 1106–1115 (2016).

https://doi.org/10.1016/j.scitotenv.2021.145397
https://doi.org/10.1016/j.scitotenv.2021.145397
https://doi.org/10.1038/s41586-021-03787-7
https://doi.org/10.1038/s41586-021-03787-7
https://doi.org/10.1016/j.agee.2021.107447
https://doi.org/10.1002/eap.1717
https://doi.org/10.3732/apps.1400066
https://doi.org/10.1016/j.mex.2021.101303
https://doi.org/10.1038/s42003-020-01562-4
https://doi.org/10.1038/s42003-020-01562-4
https://doi.org/10.5424/sjar/2019173-13991
https://doi.org/10.1016/j.agee.2019.106792
https://doi.org/10.3390/insects12110987
https://doi.org/10.3390/insects12110987
https://doi.org/10.1038/s41598-019-53016-5
https://doi.org/10.1111/mec.14350
https://doi.org/10.1080/0005772X.2019.1698105
https://doi.org/10.1371/journal.pone.0183716
https://doi.org/10.1371/journal.pone.0162818
https://doi.org/10.1371/journal.pone.0162818
https://doi.org/10.1098/rsos.190279


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:14331  | https://doi.org/10.1038/s41598-022-18672-0

www.nature.com/scientificreports/

 63. Flombaum, P., Sala, O. E. & Rastetter, E. B. Interactions among resource partitioning, sampling effect, and facilitation on the 
biodiversity effect: A modeling approach. Oecologia 174, 559–566 (2014).

 64. Cullen, M. G., Thompson, L. J., Carolan, J. C., Stout, J. C. & Stanley, D. A. Fungicides, herbicides and bees: A systematic review of 
existing research and methods. PLoS ONE https:// doi. org/ 10. 1371/ journ al. pone. 02257 43 (2019).

 65. Siviter, H. et al. Agrochemicals interact synergistically to increase bee mortality. Nature https:// doi. org/ 10. 1038/ s41586- 021- 03787-7 
(2021).

 66. Haber, A. I., Steinhauer, N. A. & van Engelsdorp, D. Use of chemical and nonchemical methods for the control of Varroa destructor 
(Acari: Varroidae) and associated winter colony losses in U.S. beekeeping operations. J. Econ. Entomol. 112, 1509–1525 (2019).

 67. Martin, S. J. et al. Global honey bee viral landscape altered by a parasitic mite. Science 336, 1304. https:// doi. org/ 10. 1126/ scien ce. 
12209 41 (2012).

 68. Jarvis, S. G. et al. CEH land cover plus: Pesticides 2012-2017 (England, Scotland and Wales). NERC Environmental Information 
Data Centre. https:// doi. org/ 10. 5285/ 99a2d 3a8- 1c7d- 421e- ac9f- 87a2c 37bda 62 (2020).

 69. Simon-Delso, N. et al. Honeybee colony disorder in crop areas: The role of pesticides and viruses. PLoS ONE https:// doi. org/ 10. 
1371/ journ al. pone. 01030 73 (2014).

 70. Greenleaf, S. G., Williams, N. M., Winfree, R. & Kremen, C. Bee foraging ranges and their relationship to body size. Oecologia 
153, 589–596 (2007).

 71. FERA. PUS STAT: Pesticide usage surveys. https:// secure. fera. defra. gov. uk/ pusst ats/ myind ex. cfm (2015).
 72. McMurdie, P. J. & Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census 

data. PLoS ONE 8, e61217. https:// doi. org/ 10. 1371/ journ al. pone. 00612 17 (2013).
 73. UKCEH. Land cover plus: Crops © NERC (CEH) 2019. (Remote Sensing Applications Consultants Ltd., 2019).
 74. Zuur, A. F., Ieno, E. N. & Elphick, C. S. A protocol for data exploration to avoid common statistical problems. Methods Ecol. Evol. 

1, 3–14 (2010).
 75. Kovach, J., Petzoldt, C., Degni, J. & Tette, J. A method to measure the environmental impact of pesticides, Vol. 139 1–8 (New York 

Food and Life Sciences Bulletin, 1992).
 76. Juraske, R., Antón, A. & Castells, F. Estimating half-lives of pesticides in/on vegetation for use in multimedia fate and exposure 

models. Chemosphere 70, 1748–1755 (2008).
 77. Thompson, H. M., Fryday, S. L., Harkin, S. & Milner, S. Potential impacts of synergism in honeybees (Apis mellifera) of exposure 

to neonicotinoids and sprayed fungicides in crops. Apidologie 45, 545–553. https:// doi. org/ 10. 1007/ s13592- 014- 0273-6 (2014).
 78. Biddinger, D. J. et al. Comparative toxicities and synergism of apple orchard pesticides to Apis mellifera (L.) and Osmia cornifrons 

(Radoszkowski). PLoS ONE https:// doi. org/ 10. 1371/ journ al. pone. 00725 87 (2013).
 79. Ridley, L. et al. Pesticide usage survey report 295. Arable crops in the United Kingdom 2020 (Food & Environment Research Agency, 

2020).
 80. Dormann, C. F., Gruber, B. & Fründ, J. Introducing the bipartite package: analysing ecological networks. R News 8, 8–11 (2008).
 81. R Core Development Team. R: Version 3.6.3. A language and environment for statistical computing. R Foundation for Statistical 

Computing, Bristol, UK. http:// cran.r- proje ct. org (2021).
 82. Pinheiro, J. C., Bates, D. & DebRoy, S. The R core team nlme: Linear and nonlinear mixed effects models. R Package nlme Version 

3, 1–83 (2007).

Acknowledgements
Thanks to all beekeepers who provided honey and to the British Bee Keepers Association, Scottish Bee Keepers 
Association and affiliated local groups. This research was funded by the Natural Environment Research Council 
(NERC) and the Biotechnology and Biological Sciences Research Council (BBSRC) joint research programs 
NE/N018125/1 LTS-M ASSIST—Achieving Sustainable Agricultural Systems (www. assist. ceh. ac. uk) and NE/
W005050/1 AgZero+: Towards sustainable, climate-neutral farming. BW is also supported by the NERC research 
programs CHEMPOP NE/S000100/2 and Chemical Mixtures NE/S000224/2. Residue work presented in the 
supplementary material was funded by the Department for the Environment, Food and Rural Affairs.

Author contributions
B.A.W. wrote and analysed the paper, with contributions from R.F.P., A.G., D.S.R., J.S., D.B.R., A.E.O. A.E.O. 
overseas the Honey Monitoring Scheme, with support from J.S., K.T., U.S., K.H., R.F.P. Metabarcoding was 
undertaken by A.E.O. with N.L.K., D.S.R. and J.S. Agrochemical residue data in supporting material was pro-
duced by G.P. and D.S. The scheme website portal and supporting database was developed and supported by J.B., 
J.V.B., D.B.R. Earth observation work was undertaken by E.U. The monitoring scheme was conceived by R.F.P.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 18672-0.

Correspondence and requests for materials should be addressed to B.A.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1371/journal.pone.0225743
https://doi.org/10.1038/s41586-021-03787-7
https://doi.org/10.1126/science.1220941
https://doi.org/10.1126/science.1220941
https://doi.org/10.5285/99a2d3a8-1c7d-421e-ac9f-87a2c37bda62
https://doi.org/10.1371/journal.pone.0103073
https://doi.org/10.1371/journal.pone.0103073
https://secure.fera.defra.gov.uk/pusstats/myindex.cfm
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1007/s13592-014-0273-6
https://doi.org/10.1371/journal.pone.0072587
http://cran.r-project.org
http://www.assist.ceh.ac.uk
https://doi.org/10.1038/s41598-022-18672-0
https://doi.org/10.1038/s41598-022-18672-0
www.nature.com/reprints


13

Vol.:(0123456789)

Scientific Reports |        (2022) 12:14331  | https://doi.org/10.1038/s41598-022-18672-0

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Citizen science monitoring reveals links between honeybee health, pesticide exposure and seasonal availability of floral resources
	Results
	Foraging preferences of the honeybees. 
	Diet breath of the honeybees. 
	Between hive complexity of trophic interactions. 
	Disease infection rates. 


	Discussion
	Agricultural land use impacts on forage plant utilisation. 
	Contraction in diet breath and mass flowering crops. 
	Resource breadth, agrochemicals use and the incidence of pests and disease. 

	Conclusions
	Methods
	Forage plant identification by DNA barcoding of pollen in honey. 
	Landscape structure. 
	Agrochemical exposure risk. 
	The complexity of foraging associations. 
	Statistics. 

	References
	Acknowledgements


