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Bees provide a vital ecosystem service to agriculture by contributing to the
pollination of many leading global crops. Human wellbeing depends not only
on the quantity of agricultural yields, but also on the stability and resilience
of crop production. Yet a broad understanding of how the diversity and
composition of pollinator communities may influence crop pollination service
has previously been hindered by a scarcity of standardized data. We used
outputs from Bayesian occupancy detection models to examine patterns in
the inter-annual occupancy dynamics of the bee pollinator communities of
four contrasting crops (apples, field bean, oilseed and strawberries) in Great
Britain between 1985 and 2015. We compared how the composition and
species richness of different crop pollinator communities may affect the
stability of crop pollinator occurrence. Across the four crops, we found that the
inter-annual occupancy dynamics of the associated pollinator communities
tended to be more similar in smaller communities with closely related
pollinator species. Our results indicate that crop pollinator communities
composed of a small number of closely related bee species show greater
variance in mean occupancy compared to crops with more diverse pollinator
communities. Lower variance in the occurrence of crop pollinating bee species
may lead to more stable crop pollination services. Finally, whilst our results
initially indicated some redundancy within most crop pollinator communities,
with no, or little, increase in the variance of overall mean occupancy when
species were initially removed, this was followed by a rapid acceleration
in the variance of crop pollinator occurrence as each crop'’s bee pollinator
community was increasingly depreciated. High inter-annual variations in
pollination services have negative implications for crop production and food
security. High bee diversity could ensure more stable and resilient crop
pollination services, yet current agri-environment schemes predominantly
benefit a limited suite of common species. Management may therefore benefit
from targeting a wider diversity of solitary species in order to safeguard crop
pollination service in the face of increasing environmental change.
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Introduction

Insect pollinators provide vital ecosystem services to
agriculture, including most notably pollination of crop plants
(Zhang et al., 2007). The majority of leading global crops benefit
to some degree from biotic pollination (Klein et al., 2007).
Insect pollination increases crop yields, quality and market
value (Bommarco et al., 2012; Garratt et al., 2014a; Klatt et al,,
2014). Animal-pollinated crops are also disproportionately more
important from an economic and nutritional perspective than
pollinator-independent staple crops (Vanbergen et al., 2014;
Ollerton, 2017). Demand for major insect-pollinated crops has
continued to rise in recent decades, leading to global agriculture
becoming increasingly dependent upon insect pollinators (Aizen
et al., 2019). Documented declines in wild bees (Potts et al,,
2010; Powney et al, 2019; Zattara and Aizen, 2021), which
provide important pollination services to many crops (Klein
etal,, 2007), and evidence of pollinator limitation in agricultural
crops, have therefore raised concerns about future food security
(Reilly et al., 2020).

There is an urgent need to explore the relationship between
biodiversity and ecosystem function (Oliver et al, 2015a;
Sudrez-Castro et al., 2022). Prior evidence indicates that many
ecosystem functions are predominantly maintained by a small
number of species (Schwartz et al., 2000; Cardinale et al., 2006).
This may, however, reflect the small spatio-temporal scales at
which most experiments are conducted (Winfree, 2013). For
example, Kleijn et al. (2015) conducted a global review of field
studies, which reported that 80% of crop flower visits were
attributable to just 2% of bee species. However, more recently,
Winfree et al. (2018) found that the number of bee species
required to provide adequate crop pollination services on a
landscape scale is at least one order of magnitude higher than in
field experiments, due to species turnover. Calls for cost-effective
management to focus on those species that make the greatest
contribution to pollination (Kleijn et al., 2015) may not protect
crop pollination services due to a failure to encompass species
that supplement service provision during times of suboptimal
pollination by dominant species (Fijen et al., 2018).

Human wellbeing depends not only on the amount, but
also the stability, of agricultural crop production (Garibaldi
et al, 2011). Wild bee populations exhibit significant temporal
fluctuations (Roubik, 2001; Williams et al., 2001), and around
half of yield instability in pollinator-dependent crops is
attributable to inter-annual variation in pollination service
(Garibaldi et al., 2011). Species-rich pollinator communities
have been shown to positively influence the spatial and temporal
stability of crop pollination service delivery (Senapathi et al.,
2021). Bee crop pollinators can exhibit marked community
variation across crop fields and years (Kremen et al, 2002;
Klein, 2009; Adamson et al, 2012). Species rich pollinator
communities, and lower variability in bee richness, can increase
the spatio-temporal stability of crop yields (Martins et al,
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2018; Winfree et al., 2018; Hiinicken et al.,, 2021), because
less abundant, non-dominant pollinators can potentially replace
dominant pollinators if the latter undergo transient declines
(Fijen et al., 2018; Winfree et al., 2018).

Pollinator management also needs to consider the resilience
of crop pollination services (Senapathi et al, 2015), due to
accelerating rates of anthropogenic induced environmental
change (Oliver et al., 2015a,b). Bees with different functional
traits have been demonstrated to vary in their sensitivity to
climate and land use change (Kammerer et al, 2021), and
high bee diversity has been shown to buffer crop pollination
delivery from changes in weather conditions (Brittain et al,
2013; Rogers et al, 2014). This is in line with what has
been termed the ‘insurance hypothesis, whereby biodiversity
insures against fluctuations in ecosystem service function,
because some species continue to contribute at times when
others do not (Yachi and Loreau, 1999). Biodiverse pollinator
communities could ensure that crop pollination service is
sustained under a range of environmental conditions (Science
for Environment Policy, 2020), yet current agri-environment
schemes predominantly benefit a limited suite of common
species (Vasiliev and Greenwood, 2020).

Whilst species diversity can increase the stability of
agricultural production, differences in the traits of both bee
species and crop flowers mean that bee species vary in
their effectiveness as pollinator of different crops (Garibaldi
et al, 2015). Many crops have distinct pollinator communities
(Garratt et al., 2014b; Hutchinson et al., 2021). Therefore, the
degree to which species richness and functional diversity can
stabilize pollination service may vary among crops. However,
a broad understanding of how crop pollinator community
composition could affect crop pollination service has previously
been limited by a dearth of standardized data. Biological
records represent a burgeoning tool to address such questions
(Powney and Isaac, 2015), with a suite of statistical techniques
being developed to overcome the challenges presented by such
unstandardized data (Isaac et al.,, 2014). Employing Hierarchical
Bayesian Occupancy Models, distribution records of bee species
have been used to develop a pollinator indicator for the UK
Biodiversity Indicators that is similar to the abundance data used
for other indicator species (Outhwaite and Issac, 2015).

The aim of this study was to explore how the inter-
annual occupancy dynamics of different wild bee crop pollinator
communities differed, and the potential implications of this for
the resilience of crop pollination service. Temporal variability
in crop pollinator abundances is directly linked to crop
pollination service stability (Senapathi et al., 2021), and given
the link between year-to-year changes in the distribution and
abundance of pollinating insects (Mason et al., 2018), crop
pollination service delivery is also likely to be underpinned
by stability of crop pollinator occurrence. Great Britain was
used as a case study due to the availability of data on its bee
populations (Powney et al., 2019). Four economically important
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insect-pollinated crops—apple (Malus domestica), field bean
(Vicia faba), oilseed rape (Brassica napus) and strawberry
(Fragaria x ananassa)—were chosen as focal crops. These crops
represent the main orchard, protein, arable, and soft fruit crops,
respectively, in Great Britain (Breeze et al., 2021). Previous work
has demonstrated that these crops exhibit differences in their bee
pollinator community composition. Field bean and strawberry
are predominantly visited by bumblebees, whereas apple, and
particularly oilseed, can also be visited by a wide diversity of
solitary bees (Hutchinson et al., 2021).

Here we combine lists of crop-pollinating bee species for our
focal crops (Hutchinson et al., 2021), alongside outputs from
occupancy models based upon biological records collected by
the Bees, Wasps and Ants Recording Society (BWARS, 2020).
Occupancy models are designed to account for variations in
the detectability of species, as well as incomplete and biased
sampling. The output consists of a mean estimate for the
proportion of 1km grid squares in Great Britain occupied by
a given bee species in a particular year, and has previously
been used to determine long-term population trends amongst
wild bee species (Powney et al, 2019). Long-term temporal
trends in such occupancy models are closely related to long
term abundance trends (Oliver et al, 2015a), and year-to-
year changes in citizen-collected distribution records, have been
demonstrated to act as a reasonable surrogate for inter-annual
changes in abundance (Mason et al, 2018). We examined
patterns in the inter-annual occupancy dynamics of the bee
pollinators of these crops to address three main aims: (i)
identify groups of crop-pollinating bee species with similar and
contrasting inter-annual occupancy dynamics (ii) compare the
stability of the occupancy dynamics of different crop pollinator
communities, (iii) investigate to what extent pollinator species
richness affects the stability of crop pollinator occurrence.

Methods

Crop flower visitors

For each crop a list of bee species was compiled based upon a
previous study that used a literature review of crop field surveys,
combined with bee ecological trait data, to determine the
potential pollinators of each crop in Great Britain (Hutchinson
et al., 2021; Supplementary material S1). In this study a total of
229 bee species were initially considered, of which 32% (73) were
deemed to be potential pollinators of one or more of our four
focal crops. To reflect the fact that not all species make an equal
contribution to crop pollination, bee species in this study were
grouped into three nested categories as follows:

1. Primary Flower Visitors—Species Identified as “Dominant”
Pollinators (Attributed With a Combined Total of 80% of
Flower Visits in British Crop Field Studies) in Hutchinson
etal. (2021).
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2. Core Flower Visitors—Primary Flower Visitors and all
Other Species Classed as “Definite” Flowers Visitors (Species
Recorded Visiting Crop Flowers in British Field Studies) in
Hutchinson et al. (2021).

3. All Flower Visitors—all Above Species, and all Other Species
Classified as “Likely” Flower Visitors (Species Recorded in
Pan Traps With Crop Flower Visitation Data From Other
European Studies to Validate Their Status as Crop Flower
Visitors) in Hutchinson et al. (2021).

Further details of how bee species were categorized can be found
in Supplementary materials S1, S2.

Inter-annual changes in occupancy

Data from Bayesian occupancy detection models held by
the UK Center for Ecology and Hydrology were utilized in
all analyses. The occupancy models use occurrence records
of bees extracted from the Bees, Wasps and Ants Recording
Society (BWARS, 2020) in 1km grid cells across Great Britain.
These observations represent presence-only data, so non-
detections from records are inferred from other species within
the taxonomic group on the same grid cell and date. The
output is derived from two hierarchically coupled sub-models
that simultaneously estimate and account for variation in
the detectability of different species, while estimating species
presence for a given site (1 km grid cell) and year combination.
Detectability was included as a covariate in the detection model
to account for variation in recorder effort. Further details of the
occupancy models used can be found in Outhwaite et al. (2018).

The mean annual occupancy estimates for each bee species
that met the “core flower visitor” criteria described were initially
used, as these species represent the main known flower visitors
of our crops (Hutchinson et al., 2021). Inter-annual changes in
occupancy from 1985 to 2015 were calculated for all forty bee
species categorized as core flower visitors of one or more of the
four crops. Inter-annual changes were calculated by subtracting
the occupancy estimate for each year from the year preceding it
to establish relative change from one year to the next.

Inter-annual changes in species occupancy were then used
to characterize groups of species with comparable occupancy
dynamics (i.e., similar directional annual change in the
mean proportion of occupied 1km squares). Using Pearson’s
correlation coefficient, an occupancy dynamics correlation
matrix was created to compare the inter-annual changes
in occupancy between each pair of species. The occupancy
dynamics matrix was transformed into a distance matrix using
the base function “dist” in R (R Core Team, 2020). All values
were multiplied by —1 so that pairs of species with the most
asynchronous occupancy dynamics had positive values. One was
then added to all values because the following analysis cannot
include negative values. This resulted in pairs of species with
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the most asynchronous occupancy dynamics having the highest
scores, and species with the most synchronous occupancy
dynamics having the lowest scores.

Hierarchical cluster analysis, using Euclidean distances, was
then performed with the base function “hclust” in R (R Core
Team, 2020), following the methodology described in Greenwell
et al. (2019) to identify groups of species with the most similar
inter-annual occupancy dynamics. The “hclust” function assigns
each species to its own cluster, then proceeds iteratively, joining
the two most similar clusters at each stage, until there is just a
single cluster. The results were visualized as a dendrogram. To
prune the output and identify clusters of species with similar
occupancy dynamics, we applied the Kelley-Gardner-Sutcliffe
(KGS) penalty function (Kelley et al., 1996) in the “maptree”
package (White and Gramacy, 2012). The KGS penalty function
uses the species pairwise distance matrix to maximize differences
between clusters and similarity within clusters (Carvalho et al,
2011; Soultan et al., 2020). The minimum output value of the
KGS function corresponds to the optimal number of clusters.

Inter-annual occupancy variation

To compare the stability of pollinator occurrence over
time for each crop’s entire suite of known flower visitors
a dataset per crop containing the inter-annual changes in
occupancy from 1985 to 2015 was created following the
methodology described above, for all bee species identified
as flower visitors (Supplementary material S2). For field bean,
bees were only split into primary and core flower visitors, as
no additional likely pollinators were identified for this crop
(Hutchinson et al., 2021).

The arithmetic means of occupancy per year for all bee
species for each group of flower visitors per crop, as well as
the standard deviation, were then calculated. Using standard
deviation to assess variance, as used elsewhere (e.g., Karp et al,
2011; Morin et al.,, 2014; Hautier et al.,, 2015), rather than the
coeflicient of variation, was appropriate here because our time
series were already centered around a mean of zero. We do not
use standard error, which adjusts variance estimates by sample
size, because we are interested in absolute deviations in crop
pollinator occurrence, which have implications for potential
deficits in crop pollination service and crop yields.

Impact of removing bee species on
stability of crop pollinator occurrence

Finally, the potential impact of a progressive loss of bee
species from crop areas on the stability of crop pollinator
occurrence for each of the for focal crops was explored. First
the mean occupancy of all fifty bee species identified as crop
flower visitors between 2013 and 2015 was calculated. This was
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done in order to rank species based upon their overall occupancy
across Great Britain. The last three years of data were chosen to
ensure that recent estimates of occupancy were utilized, but also
to account for the fact that a single year of data alone may not
reflect the true occupancy of each species, given that bee species
exhibit significant inter-annual population fluctuations (Roubilk,
2001; Williams et al., 2001). The standard deviation of mean
occupancy was then calculated as described above, but this time
one bee species at a time was successively removed, to calculate
the standard deviation (SD) if one species, then two, then three,
and so forth, was removed. Species were removed based upon
their mean occupancy between 2013 and 2015, with the species
calculated as having the lowest mean occupancy figure removed
first, and so on, until only one species, that with the highest mean
occupancy, remained.

The above methodology was chosen because those species
with the lowest mean occupancy figures will almost certainly
correspond to those bee pollinators that are the least likely to
occur within each crop’s pollinator community. Geographically
restricted species are likely to be species that exhibit a
greater degree of ecological specialization compared to more
geographically widespread species, which in turn are likely
to be less abundant in farmland (Wood et al., 2016), as
well as at greater risk of population declines (Goulson et al.,
2005; Williams, 2005). As such these species are likely to be
amongst the first to disappear from crop areas. This hypothesis
is supported by increasing evidence that agri-environment
schemes developed to increase bee farmland populations
predominantly benefit a limited suite of common and generalist
bee species (Wood et al., 2015, 2017).

Occupancy uncertainty confidence limits

There is a degree of uncertainty associated with the
mean occupancy estimates of all modeled species and this is
represented by 95% confidence intervals (Powney et al., 2019).
As such all analyses described above were also run using the
lower 2.5 and upper 97.5 confidence limit occupancy estimates
to check that patterns in occupancy dynamics at the minimum
and maximum confidence limits of the occupancy estimates
matched those of the mean occupancy estimates.

All analyses were performed using RStudio version 3.4.3
(RStudio Team, 2020).

Results

Crop flower visitors
A total of fifty bee species were identified as flower visitors

of one or more of the four crops (Supplementary material 52).
Forty species were identified as core flower visitors, ten of which
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Osmia bicornis A A
Andrena minutula A A
Anthophora plumipes A A

Andrena labiata A

Andrena cineraria A A*
Andrena nitida A* A
Andrena nigroaenea A*A*

Bombus pascuorum A®A* A A
Bombus lapidarius A®*A*A*A*
Bombus terrestris A*A*A®A*
Bombus pratorum AA A A
Lasioglossum puncticolle A
Bombus jonellus A
Lasioglossum xanthopus A
Osmia bicolor A

Bombus hortorum A*A* A

Lasioglossum parvulum A
Bombus soroeensis A
Bombus muscorum A
Andrena wilkella A

Andrena labialis A
Lasioglossum pauxillum A A
Lasioglossum malachurum A
Andrena flavipes A A

Andrena dorsata A* A

Lasioglossum pauperatum A
Andrena chrysosceles A A A
Lasioglossum calceatum A A A
Bombus ruderatus A
Lasioglossum morio A
Andrena haemorrhoa A* A* A
Andrena fulva A A

Andrena subopaca A
Andrena helvola A
Andrena scotica A A*
Andrena bicolor A
Lasioglossum fulvicorne A
Colletes daviesanus A

Halictus tumulorum A
Andrena fucata A

A Apple Pollinator A Bean Pollinator A Oilseed Pollinator A Strawberry

FIGURE 1

*Species identified as a primary pollinator

Dendrogram showing the hierarchical relationships amongst five clusters of bee crop pollinators for apple (18 spp.), bean (9 spp.), oilseed (36
spp.) and strawberry (8 spp.) Individual clusters are colored for clarity. Species with more correlated occupancy dynamics join further to the
right-hand side of the dendrogram. Triangles with an asterisk to the right-hand side denotes species identified as primary pollinators of that crop.
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were also identified as primary flower visitors of one or more of species pairs (i.e., one species of Andrena and one species of
the four crops. The primary pollinators comprised six species Bombus) seventeen were negatively correlated and seven were
of Andrena and four species of Bombus (Andrena cineraria, positively correlated.

Andrena dorsata, Andrena haemorrhoa, Andrena nigroaenea, The four Bombus species identified as the sole primary
Andrena nitida, Andrena scotica, Bombus hortorum, Bombus flower visitors of bean, two of which are also the sole primary
lapidarius, Bombus pascuorum and Bombus terrestris). flower visitors of strawberry (Figure 1), were all placed in

one cluster. Of those four species the pairs with the most
synchronous occupancy dynamics were B. lapidarius and

Inter-annual cha nges in occupa ncy B. pascuorum, and B. lapidarius and B. terrestris (Figure 2A).
The same Bombus species were also identified as primary

The hierarchical clustering analysis using the mean pollinators of apple and oilseed, alongside six species of Andrena

occupancy estimates for the core flower visitors produced a (Figure 1). The primary flower visitors of apple and oilseed rape

dendrogram that was split into five clusters based upon the KGS were split across four clusters. Amongst the shared primary

penalty function (Figure 1; Supplementary material $3). Flower flower visitors to apple and oilseed rape several species pairs

visitors for each crop were distributed across the dendrogram, had asynchronous occupancy dynamics, including most notably

with both apple and oilseed rape visitors occurring in five A. nigroaenea and B. terrestris and A. haemorrhoa and B.

clusters, field bean visitors in four, and strawberry visitors terrestris (Figure 2B).
occurring in three clusters.
Amongst the ten species identified as primary pollinators,
species from the same genus generally had more synchronous Inter-annual occu pancy va riation

inter-annual occupancy dynamics than species from different

genera (Table 1). All species pairs of Andrena (i.e., all possible Across all crops, when considering only the primary flower
combinations of two species) were positively correlated, as visitors, a greater variation in mean occupancy was found
were all species pairs of Bombus. Of the 24 mixed genus compared to when the core flower visitors or all flower visitors

TABLE 1 Pearson'’s r correlation scores of inter-annual occupancy estimates for bee species pairs identified as primary pollinators of apple (A), field
beans (B), oilseed rape (O) and strawberry (S) crops (positive scores highlighted in blue and negative scores highlighted in red).

Andena Andrena  Andrena Andrena Andrena Andrena  Bombus  Bombus  Bombus  Bombus

cineraria  dorsata  haemorrhoa nigroaenea nitida scotica  hortorum lapidarius pascuorum terrestris
(0) (A) (A,0) (A,0) (A) (0) (A,B) (A,B,O0, (A,B) (A,B,O,
S) S)
Andrena 1 0.20 0.03 0.31 0.42 0.23 —0.07 —0.33 —0.05 —-0.09
cineraria
Andrena 1 0.09 0.25 0.51 0.33 0.14 —0.05 0.01 —-0.14
dorsata
Andrena 1 0.14 0.25 0.57 —0.02 —0.13 —0.07 —-0.31
haemorrhoa
Andrena 1 0.57 0.47 0.01 —0.15 —0.23 —0.36
nigroaenea
Andrena 1 0.59 0.33 —0.08 0.11 —0.18
nitida
Andrena 1 0.14 —0.13 0.03 —0.35
scotica
Bombus 1 0.41 0.37 0.20
hortorum
Bombus 1 0.57 0.53
lapidarius
Bombus 1 0.44
pascuorum
Bombus 1
terrestris
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=== Bombus lapidarius === Bombus pascuorum === Bombus terrestris === Andrena haemorrhoa ===Andrena nigroaenea ~— Bombus terrestris
A 0.10

0.05 .
0.05

0.00 0.00

Interannual Occupancy Change
Interannual Occupancy Change

-0.05 0.05

1985 1990 1995 2000 2005 2010 2015 1985 1990 1995 2000 2005 2010 2015
Year Year

FIGURE 2

Inter-annual occupancy changes for five bee species. Three Bombus species (A) have positively correlated occupancy dynamics (Bombus
lapidarius and Bombus pascuorum (r = 0.57), Bombus lapidarius and Bombus terrestris (r = 0.53), Bombus pascuorum and Bombus terrestris (r
= 0.44). Two Andrena species (B) have positively correlated occupancy dynamics (r = 0.47), but have negatively correlated occupancy dynamics
with Bombus terrestris (Andrena haemorrhoa and Bombus terrestris (r = —0.31), Andrena nigroaenea and Bombus terrestris (r = —0.36).

TABLE 2 Standard deviation of mean occupancy for primary, core and has the highest number of overall flower visitors, had a standard

all flower visitors per crop (number of species In brackets). deviation of 0.007, which was the lowest of all four crops.

Crop Primary flower Core flower All flower
visitors visitors visitors
Impact of removing bee species on
Apple 0015 o011 0.009 stability of crop pollinator occurrence
(n=238) (n=18) (n=30)
Bean 0.025 0.014 As species were removed from each crop’s pollinator
(n=4) (n=9) community, based upon their overall mean occupancy, from low
Oilseed 0.015 0.008 0.007 to high, the variation in mean occupancy initially showed no
(n=6) (n=36) (n=44) or little increase across all four crops, before beginning to show
Strawberry 0.032 0.013 0.009 a marked increase. When approximately a third of each crop’s
(n=2) (n=8) (n=14) bee pollinators were removed from the dataset set, standard

- o ) s deviation increased by around 25%, which extended to a 50%,

For bean, flower visitors were split into primary and core only, as no additional “likely ) ) )

pollinators were identified for this crop (Hutchinson et al, 2021). 100% and 200% increase when approximately half, two thirds
and three quarters of each crop’s bee pollinators were removed
(Figure 4; Supplementary material S$4).

combined were considered. For all crops as the number of

species increased across flower visitor categories there was a

corresponding decrease in variation in mean occupancy. When Occu pancy uncertainty confidence limits

only primary pollinators were included, standard deviation

ranged between 0.015 and 0.032. The inclusion of all core flower When using the lower 2.5 and upper 97.5 confidence
visitors reduced the standard deviation by between 25 and 60%, limit occupancy estimates for each species, the same analyses
compared to the primary flower visitors alone. The inclusion of described above generated slightly different numerical results,
all flower visitors combined reduced the standard deviation by but followed almost identical patterns to that of the mean
between 40 and 70% compared to the primary flower visitors occupancy estimates.
alone (Table 2; Figures 3A-D). For both sets of confidence limit occupancy estimates the
For the primary and core flower visitor groups, strawberry, hierarchical clustering analysis produced a dendrogram that was
which had the fewest bee species in these categories, had the split into five clusters based upon the KGS penalty function.
greatest standard deviation. When including all flower visitors, The number of clusters to which each crop’s flower visitors
bean, which had the fewest flower visitors overall, had a standard were assigned was identical to the mean occupancy estimate,
deviation of 0.014, the highest of the four crops. Conversely, except for the upper 97.5 strawberry data, where crop flower
when considering all flower-visiting bee species, oilseed, which visitors were split across four, rather than three, clusters. Whilst
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some species were placed into slightly different clusters, the
same broad patterns remained (Supplementary materials S5a,b).
The lower 2.5 and upper 97.5 confidence limit occupancy
estimate data again indicated that amongst the ten primary
pollinators, species from the same genus generally had more
synchronous occupancy dynamics than species from different
genera (Supplementary materials S6a,b).

For the data considering the stability of pollinator
occurrence both the lower 2.5 and upper 97.5 confidence
limit occupancy estimates, whilst generating slightly different
SD numbers, followed an identical pattern to that of the
mean occupancy estimate data (Supplementary materials S7a,b).
Additionally, as species were gradually removed the same
patterns emerged, with an initial gradual increase in standard
deviation as species were removed, followed by marked
increase as each crop’s pollinator community was reduced

(Supplementary materials S8a,b).

Discussion

Overview

This study is one of the first to explicitly test how bee
crop pollinator community composition and species richness
might affect the stability of crop pollinator occurrence, and
consider the implications of this for pollination services. We
found that bee crop pollinator communities composed of a
small number of closely related species are likely to exhibit
more synchronized inter-annual occupancy dynamics, and
show a greater variation in mean occupancy, compared to
crop pollinator communities comprised of a more diverse
set of bee species. Our results indicate that more species-rich
crop pollinator communities comprised of bees from different
genera encompass species with asynchronous occupancy
dynamics. Asynchrony between species populations is an
important mechanism of diversity-stability relationships, and
asynchronous fluctuations in pollinator communities could
increase the inter-annual stability of the crop pollination
services they provide (Senapathi et al, 2021). Our findings
support this by showing that crops composed of diverse,
species rich pollinator communities are likely to show lower
variation in mean occupancy, compared to less species-rich
communities. Whilst we focused specifically on crop pollinator
occurrence, in the form of inter-annual changes in occupancy,
based upon citizen science collected biological records,
inter-annual changes in citizen science-based distribution
records have been demonstrated to act as proxy for year-
to-year changes in species abundances in another group
of pollinating insects—butterflies (Mason et al., 2018). It
is therefore reasonable to expect that the general patterns
we found in bee species occupancy will be reflected in bee
species abundances.
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Inter-annual changes in occupancy

The first of our analyses indicate that different bee
species show variable occupancy dynamics, which may reflect
differences in the corresponding life history traits of bee
species (Williams et al., 2010), such as body size, nesting
type, phenology and reproductive strategy (Michener, 2000).
For example, the bee pollinators included in our analyses
encompass both cavity and ground-nesting species, as well
as a range of dietary breadths, flight periods and sizes.
Additionally, these results indicate that crops with dominant
pollinators from different genera are more likely to include
species with asynchronous occupancy dynamics compared to
crops whose dominant pollinators are all from the same genera.
For example, synchronous occupancy dynamics were observed
within the dominant crop pollinating Andrena species and
Bombus species, respectively, which were in contrast to the
relatively asynchronous occupancy dynamics observed between
the two genera. Previous work in other insects (Lepidoptera)
has shown that synchrony in population dynamics is linked to
phylogeny (Greenwell et al., 2019) and that traits that mediate
response to environmental conditions (cf. “response traits”) have
a phylogenetic signal (Melero et al., 2022). The four Bombus
species identified as dominant pollinators of the four crops
all have relatively similar life histories. They are large species,
found throughout Great Britain, nesting in colonies below, or
occasionally above, ground in old bird and mammal nests,
and fly from March until around October (Else and Edwards,
2018). In contrast the six Andrena species identified as dominant
pollinators are relatively less widespread, medium-sized species,
found predominantly in the southern half of Great Britain, with
single females laying eggs in self-excavated burrows in scattered,
or occasionally dense, aggregations in sparsely vegetated soil.
In most cases they are spring-flying species, active between
March and June (Else and Edwards, 2018). The asynchronous
occupancy dynamics exhibited between the two genera indicate
that crops pollinated by both Andrena and Bombus species
may have pollinator communities with, overall, more stable
occupancy dynamics, which could translate to more stable and
resilient pollination services. Future work, investigating the
phylogenetic relationships, and traits, of bee species could help
to explain why particular species exhibit similar, or contrasting,
inter-annual changes in occupancy, and inform management to
promote more stable occurrence dynamics.

Inter-annual occupancy variation

Our findings support evidence that high bee diversity
(Klein, 2009;
Senapathi et al, 2021) and that a species-rich community

may stabilize crop pollination service
of pollinators could help ensure that pollination service is

sustained under a range of conditions (Fijen et al, 2018;
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Science for Environment Policy, 2020). High inter-annual
variations in crop pollination service have negative implications
for food security and farmer livelihoods (Garibaldi et al., 2011).
Thus, whilst crop pollination is often predominantly delivered
by a small number of species (Fijen et al.,, 2018), our results
indicate that pollinator management to increase crop yield
stability may need to target a more diverse set of bee species
than at present. Currently agri-environment schemes primarily
benefit common bumblebee species (Wood et al, 2015).
However, solitary bee species are more important pollinators
of some crops (Hutchinson et al., 2021), and based upon our
findings show different occupancy dynamics to bumblebee
species, likely driven by differences in ecology that underpin
functional trait diversity (Forrest et al., 2015).

Based upon our results the degree to which species richness
can reduce variation in mean occupancy, and potentially bee
species abundances, may vary, however, among crop types in
Britain. Field bean has long tubular flowers, which generally
only long-tongued bees, such as Bombus species, can legitimately
pollinate (Cook et al., 2003). This crop may be especially
susceptible to inter-annual variation in pollination service
delivery due to the synchronous occupancy dynamics of its
primary pollinator community. Field bean had the lowest
total number of bee species identified as flower visitors across
the four crops, some of which are short-tongued Andrena
species that are unlikely to make a significant contribution to
bean pollination (Hutchinson et al., 2021). Long-tongued bees,
including bumblebees, are amongst the most severely declining
species in the UK, and across Europe (Goulson et al., 2008).
As such, management to ensure sustainable pollination service
delivery to field bean may be reliant upon encouraging more
stable populations of a relatively small core group of bumblebee
species. For example, hedgerows have been demonstrated to
stabilize bumblebee populations in agricultural fields (Gardner
et al, 2021). Additionally, at least one species of long-tongued
solitary bee—Anthophora plumipes—has been evidenced as an
effective pollinator of field bean (Bond and Kirby, 1999),
and based upon our results has less synchronous occupancy
dynamics with beans’ four primary flower visitors than between
them. However, A. plumipes prefers to nest in vertical soil
profiles (BWARS, 2021), which are currently not a common
feature of agricultural landscapes.

Strawberry, which whilst primarily visited by bumblebees,
has flowers with high nectar accessibility (Garibaldi et al,
2015) and can be effectively pollinated by a range of short-
tongued solitary species (Bansch et al, 2021). The lack of
current diversity in its known pollinators could reflect the
fact that strawberry production is often achieved through
the use of plastic-protected tunnel environments (Allen
et al, 2015), which may inhibit access by smaller solitary
species (Chagnon et al, 1993). Intensive production of
crops under plastic may benefit from making flowers
more attractive to different pollinators by opening the
sides during crop flowering and providing appropriate
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floral and nesting resources to support short-tongued
solitary species.

Oilseed rape and apple had the greatest number of bee
species across all three categories of flower visitors and the
lowest standard deviation of mean occupancy amongst our
four focal crops. Even amongst their primary pollinators,
composed of a core group of Andrena and Bombus species,
there was evidence of relatively asynchronous occupancy
dynamics, possibly related to differences in their solitary
vs. social ecology (Michener, 2000). Additionally, both crops
are known to be visited by a range of other solitary bee
genera (Hutchinson et al, 2021), which our results indicate
have variable occupancy dynamics. Stability of pollinator
occurrence, and potentially crop pollination service delivery,
for both crops could therefore be further promoted through
management targeted at a wide diversity of solitary species.
For example, current agri-environment measures are heavily
biased toward ground-nesting bee species (Image et al., 2022)
and rarely incorporate suitable nesting and floral resources
for cavity-nesting species (Gresty et al, 2018), which can
be important pollinators of both apple and oilseed crops
(Hutchinson et al., 2021).

Impact of removing bee species on
stability of crop pollinator occurrence

Whilst we found that there was no, or little, increase
in the variation of overall mean occupancy as species were
initially removed from each crop’s pollinator community, this
was followed by a rapid acceleration as each crop’s pollinator
community was increasingly depreciated. Whilst rarer crop
pollinators may not contribute significantly to increased stability
of pollinator occurrence, management recommendations aimed
at supporting a limited subset of dominant pollinating species
(Kleijn et al, 2015) could fail to protect crop pollination
services under all circumstances (Fijen et al., 2018; Winfree
et al, 2018). A diversity of non-dominant crop pollinating
species could supplement service provision when dominant
ones are performing sub-optimally; for example, after periods
of disturbance (Senapathi et al, 2015), such as extreme
weather events (Oliver et al., 2015b). Current crop pollinating
species that are not dominant now may also ultimately replace
dominant species should future environmental conditions
force current pollinators outside their climatic niches (Oliver
et al., 2015b). Bee species have been demonstrated to show
differential responses to a range of factors, including daily
weather (Brittain et al., 2013; Rogers et al., 2014) and long-
term climate warming (Bartomeus et al., 2013). Conservation
measures aimed at promoting greater species richness amongst
crop pollinator communities may therefore be vital to protect
service provision in light of accelerating rates of anthropogenic-
induced environmental changes (Oliver et al., 2015a).
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Study limitations

There are a number of caveats to consider when
interpretating our results related to the stability of pollinator
occurrence across our focal crops. Firstly, whilst the occupancy
model estimates utilized in this study have been demonstrated
to perform well at dealing with the many of the biases associated
with using unstructured biological records (Isaac et al., 2014),
there is some degree of uncertainty inherent within the output,
which varies among bee species and years (Powney et al., 2019).
Additionally, the low sample sizes of some of the categories,
i.e., the primary pollinators, could also have resulted in slightly
less accurate estimates of variance compared to the other two
larger categories of pollinators, in the analyses related to the
stability of pollinator occurrence. However, whilst we treated
all bee species, years and categories equally, we were largely
investigating relative change in mean occupancy estimates,
and not making any predictions based upon absolute values.
The patterns and observations reported should reflect the true
differences among each crop’s stability of pollinator occurrence.

Furthermore, whilst there is known to be a positive
relationship between species occupancy and abundance (Holt
et al, 2002), this may not be the case for all species and
all contexts, and may also depend on the scale at which
occupancy is considered. We also looked specifically at bee
species occupancy, but ecosystem service function depends not
only on species occurrence, but also their local abundance
(Waldock et al., 2021). We make the assumption here that
pollinator occurrence and abundance are closely related, based
upon prior evidence that inter-annual changes in citizen science
collected distribution records are a reasonable proxy for inter-
annual changes in abundance (Mason et al., 2018). However,
further work exploring this relationship is urgently required.
The positive relationship observed between occupancy and
abundance can be noisy and non-linear for some taxa (Schulz
et al., 2020). This inconsistent relationship between abundance
and occupancy is likely driven by different life histories amongst
species, and more research is needed to further understand
the relationship between the two measures (Steenweg et al,
2018). Nonetheless given the difficulties in identifying many
species, true abundance data to investigate bee trends would
be difficult to obtain and our results likely represent the best
alternative in its absence. The differing geographical coverage
of individual crops may also play an influential role and should
also be considered in future research. For example, whilst
field bean and oilseed are grown across much of lowland
Britain, apple and strawberry production is more concentrated
around areas of south-east and western England, where agri-
environment participation is generally lower (Image et al., 2022).
Consequently, these landscape differences may impact upon
the occupancy dynamics of bee species. Finally, whilst bees are
the primary pollinators of insect-pollinated crops (Potts et al.,
2010), many other insect groups are important pollinators of
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many crops (Rader et al., 2016). For example, Diptera, notably
hoverflies, are known to be abundant and effective pollinators of
a wide range of crop types (Rader et al., 2020). A comprehensive
review of the impacts of inter-annual occupancy dynamics and
community diversity on crop pollination service would also need
to consider these, and other, insect groups.

Conclusions

Bee pollinators provide a critical ecosystem service to
agriculture by pollinating the majority of leading global crops
(Klein et al, 2007). As well as improving the quantity and
quality of crop yields (Bommarco et al., 2012; Garratt et al,
2014a; Klatt et al,, 2014), increasing evidence indicates that
diverse insect pollinator communities can positively influence
pollination service stability (Klein, 2009; Garibaldi et al,
2011). Our study indicates that species rich and diverse bee
crop pollinator communities exhibit more diverse inter-annual
occupancy dynamics and show less variance in mean occupancy
than communities composed of small numbers of closely related
species. High inter-annual variations in pollination service
pose risks to both average crop yields and yield stability, and
threaten food security (Senapathi et al., 2021). Given evidence
of a positive link between species diversity and the stability
of crop pollination services (Garibaldi et al., 2015; Senapathi
et al,, 2021), which is also supported here, agri-environment
schemes aimed at conserving ecosystem-providing organisms
(Batary et al.,, 2015) may benefit from a greater consideration
of solitary bee resource provision. Solitary species are highly
speciose (Wood et al., 2016) and are important pollinators of
many crops (Woodcock et al., 2013; Martins et al., 2015; Russo
et al., 2017; Perrot et al., 2018). Given differences in pollinator
community composition, crop-specific management, aimed at
specific pollinator taxa, should also help improve future crop
pollinator service provision (Garratt et al., 2014b).
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