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Abstract
1. Pollinators experience large spatiotemporal fluctuations in resource availability
when mass-flowering crops are rotated with resource-poor cereal crops. Yet, few
studies have considered the effect this has on pollinator population stability, nor
how this might be mitigated to maintain consistent crop pollination services.
2. We assess the potential of boundary features (standard narrow 1 m grassy margins, hedgerows and wide 4 m agri-environment margins) to support and stabilise
pollinator populations and pollination service in agricultural landscapes under crop
rotation. Assuming a 6-year rotation, we use a process-based pollinator model to
predict yearly pollinator population size and in-crop visitation rates to oilseed rape
and field bean across 117 study landscapes in England with varying amounts of
boundary features. We model both ground-nesting bumblebees and solitary bees
and compare the predictions including and excluding boundary features from the
landscapes.
3. Ground-nesting bumblebee populations, whose longer-lifetime colonies benefit
from continuity of resources, were larger and more stable (relative to the no-
features scenario) in landscapes with more boundary features. Ground-nesting
solitary bee populations were also larger but not significantly more stable, except
with the introduction of wide permanent agri-environment margins, due to their
shorter lifetimes and shorter foraging/dispersal ranges.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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4. Crop visitation by ground-nesting bumblebees was greater and more stable in
landscapes with more boundary features, partly due to increased colony growth
prior to crop flowering. Time averaged crop visitation by ground-nesting solitary bees was slightly lower, due to females dividing their foraging time between
boundary features and the crop. However, despite this, the minimum pollination
service delivered was higher, due to the more stable delivery.
5. Synthesis and applications. Field boundary features have an important role in stabilising pollinator populations and pollination service in rotational systems, although
maintenance of larger semi-natural habitat patches may be more effective for stabilising less mobile solitary bee populations. We recommend using combinations
of boundary features, accounting for pollinator range when spacing features/rotating crops, and synchronising boundary feature management with crop rotation
to maximise their stabilising benefits.
KEYWORDS

agroecology, crop rotation, field margins, hedgerows, pollinators and pollination service,
resilience, stability, variability

1 | I NTRO D U C TI O N

pest build up and replenish soil nutrients) adds an extra degree of
spatiotemporality to these mass-flowering resources, as they are

Pollination is a key ecosystem service to global agriculture, enhanc-

predominantly rotated with cereal crops that offer no resources for

ing production in ~75% of global crop species (Klein et al., 2007;

local pollinators (Hass et al., 2019; Marja et al., 2018). When mass-

IPBES et al., 2016). Demand for pollinator-dependent crops has con-

flowering crops are absent, local pollinators must therefore endure

tinued to rise (Aizen et al., 2019) and there is growing international

(often multiple) intervening years of ‘resource drought’. Again,

concern over the impact of pollinator losses on food production

individual species' responses to this will be influenced by life his-

(IPBES et al., 2016). Within the UK, pollinator populations declined in

tory and mobility, with mobile, long-lived pollinators (such as the

occupancy by ~25% between 1980 and 2013 (Powney et al., 2019),

colony-building Bombus sp.) better able to travel and find disparate

driven particularly by reduced occurrence of rare species. Declining

resources, while more sedentary pollinators (e.g. solitary bees such

pollinator populations have been linked with disruptions to plant-

as Andrenidae) will respond more closely to in-situ resource fluctua-

pollinator networks (Redhead et al., 2018) and crop pollination defi-

tions (Riedinger et al., 2015).

cits have already been recorded (Garratt, Breeze, et al., 2014).

Fluctuations in pollinator abundance and changes in community

Since the 1930s, the UK’s agricultural landscapes have moved

composition will have knock-on effects for crop pollination service,

from diverse mosaics of mixed farming and semi-natural habitats

which relies on both pollinator abundance and diversity (Garibaldi

towards large-
scale crop monocultures (Senapathi et al., 2015).

et al., 2020). Spatial variation in pollinator abundance, due to vari-

These lower complexity landscapes reduce floral resources for

able semi-natural habitat provision for pollinators, may cause corre-

pollinators (Baude et al., 2016), resulting in lower pollinator abun-

sponding variation in the level of pollination service mass-flowering

dance and diversity (Shaw et al., 2020), smaller bumblebee colony

crops receive when rotated between fields, which can, in turn,

size (Bukovinszky et al., 2017) and reduced crop pollinator richness

generate variability in crop yields (Bartomeus et al., 2015; Perrot

(Fijen et al., 2019). The growth of mass-flowering crops, such as field

et al., 2018).

beans Vicia faba and oilseed rape Brassica napus (hereafter OSR) can

To combat such biodiversity and corresponding ecosystem

benefit pollinators, by providing highly abundant resources for those

service declines, agri-e nvironment schemes support growers to

physically able to access them (Holzschuh et al., 2013; Westphal

increase landscape complexity by either taking land out of produc-

et al., 2003). However, their short flowering season rarely covers the

tion or adding semi-natural habitat along field boundaries (Batáry

entire active period of local pollinators, so life history (whether long-

et al., 2015). Of the boundary measures most commonly sup-

lived and colony building, or solitary and short-lived) affects whether

ported across Europe, flower-r ich field margins and hedgerows are

or not corresponding reproductive gains are realised (Riedinger

thought to provide the most beneficial resources for pollinators

et al., 2015; Westphal et al., 2009).

(Cole et al., 2020; Garratt et al., 2017). Both measures can provide

Furthermore, the practice of crop rotation (whereby arable

floral resources when mass-flowering crops are either absent or

fields are sown with different crops each year to prevent disease/

not in bloom and for pollinators that cannot utilise mass-f lowering
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crops (Garratt et al., 2017; Grab et al., 2018; Marja et al., 2018).
They can also provide important nesting/overwintering sites
within arable systems, where much of the land is frequently dis-
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2 | M ATE R I A L S A N D M E TH O DS
2.1 | Model description

turbed and unsuitable (Ullmann et al., 2016), and longer-
term
studies suggest these measures can genuinely be effective at in-

Poll4pop (Gardner et al., 2020a; developed via Häussler et al., 2017;

creasing pollinator populations and pollination services if estab-

Lonsdorf et al., 2009; Olsson et al., 2015) is a process-based model

lished for several successive years (Grab et al., 2018; Morandin

that predicts spatially explicit abundance and flower visitation rates

et al., 2016).

by central-place-foraging pollinators (i.e. bees) in a given landscape,

While several studies have demonstrated the benefits of

based on bee nesting and foraging habitat preferences and typical

boundary features for pollinator abundance and diversity (e.g.

foraging distances. It can simulate both solitary and social bees (ac-

Albrecht et al., 2020; Scheper et al., 2013), less is known about

counting for colony growth over time), allows different ranges for

their influence on temporal stability of pollinator abundance and

foraging and dispersal, includes preferential use of more rewarding

pollination services, partly because field monitoring over long time-

floral and nesting resources, can replicate both floral resource and

scales is challenging. Since consistency of yield is crucial to farmers,

nest site limitation, and can incorporate fine-scale boundary fea-

increasing attention is being paid to the role of landscape struc-

tures in the landscape. By operating on rasterised landscapes, the

ture in functional stability and crop yield resilience (e.g. Redhead

model can simulate the uneven delivery of pollination service across

et al., 2020). Floral margins can serve as refuges for pollinators in

fields generated by proximity to other habitats.

years of successive cereal crops (Marja et al., 2018) and help sus-

The model accounts for seasonal differences in the floral cover

tain pollinators after local crop bloom (Sheffield et al., 2008). Thus,

offered by each habitat and outputs visitation rate per pixel per sea-

boundary features could stabilise pollinator populations when re-

son, based on the amount of time bees from all nests spend foraging

sources vary temporally across multiple time-scales. This includes

in each pixel. Solitary bees are assumed to be active only during one

resource time-scales shorter than the lifetime of individual polli-

(user-selected) season, reflecting the short flight periods of the ma-

nators (e.g. weekly, where mass-flowering occurs briefly each year

jority of solitary species (Falk, 2015). Social bees (e.g. bumblebees)

in the same location) and multi-year time-scales longer than the

are assumed to be active across three seasons. The model simulates

lifetime of individual pollinators (e.g. where resource-rich mass-

their colony-building behaviour by assuming queens forage during

flowering crops only occur in a given field once in a set number

season 1 to produce workers, which forage during season 2 to pro-

of years). The latter is relevant to the large-scale spatiotemporal

duce additional workers. The total resources gathered by all workers

dynamics of crop-rotated landscapes.

during season 3 then determine the number of new queens produced

In this study, we use a validated process-based model to inves-

by the nest at the end of the active period. In contrast, the number

tigate the impacts of boundary features on ground-nesting bee

of new females produced by a solitary bee nest is solely dependent

populations under a typical low-diversity rotation cycle and the

on the resources gathered by the original nest-founding female. The

corresponding level and stability of the pollination service these

model can be run for multiple years using the dispersed reproduc-

bees provide for rotated OSR and field bean crops. OSR and field

tives from the previous year as the starting population for the next

beans are typically included in UK crop rotations in alternating

and as such can reproduce source/sink population dynamics.

third years following two successive years of cereal production

For a detailed description of the model, see Häussler et al. (2017)

and both can benefit from pollination services (Garratt, Coston,

and for validation of the model in Great Britain (including sensitivity

et al., 2014; Lindström et al., 2016; Perrot et al., 2018; but see

analysis) see Gardner et al. (2020c), henceforth G2020.

Bishop et al., 2020). By using computer simulations, we can isolate
the influence of crop rotation and estimate impacts over much longer time-scales and larger areas than would ever be feasible with

2.2 | Model parameterisation

an empirical study. We use a sample of 117 10 × 10 km2 study landscapes distributed across England, UK, to represent realistic land-

We run the model for ground-nesting bumblebees (e.g. Bombus ter-

scape and boundary feature configurations, and simulate 20 years

restris) and ground-nesting solitary bees (e.g. Andrenidae). These are

of crop rotation. Focusing on standard narrow grassy field mar-

the two largest wild bee guilds in the UK (Falk, 2015) and include

gins, hedgerows and wide agri-environment margins, we examine

many of the key pollinators of OSR and field beans (Hutchinson

how the amount of boundary features in the landscapes affects

et al., 2021). We take model parameters for these guilds from

ground-nesting bee population size and stability (i.e. inter-annual

G2020. These consist of estimates of nest density and foraging/dis-

variation in population size). We compare the predicted effects on

persal distances derived from the literature (Greenleaf et al., 2007;

both mobile, long-lived bumblebees and on sedentary, short-lived

Gathmann & Tscharntke, 2002; Franzén & Nilsson, 2010 as used in

solitary bee populations. We then examine how this impacts the

Dicks et al., 2015; Häussler et al., 2017), plus estimates of floral cover,

level and reliability of crop pollination service, and suggest man-

foraging attractiveness and nesting attractiveness derived from an

agement approaches for maximising the stabilising effect of field

expert opinion questionnaire, where experts scored habitats based

boundary features.

on their experience (maximum n = 10 UK pollinator experts; see
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G2020 for details). We adopt the expert opinion estimates from the
Study landscapes

G2020 study, rather than the calibrated values, due to the ecological

England

unfeasibility of some of the calibrated values. G2020 showed this
model parameterisation incorporating expert opinion estimates produces model predictions that significantly agree with the observed
abundances from transect surveys at 239 sites distributed across
Great Britain.
To capture the short duration of crop mass-flowering, we adjust
the seasonal definitions used in G2020 so that the three seasons for
social bees instead represent early spring (roughly March–mid-April;
model assumes queens foraging), late spring (mid-April–May; workers foraging) and summer (June–August; workers foraging), where
early and late spring each represent half the duration of the final
summer season. To reflect this, the original spring floral cover scores
for suburban and semi-natural habitats from G2020 are halved and
apportioned equally to the new early and late spring seasons (since
floral cover within the model represents floral abundance multiplied
by duration). Based on the most typical flowering seasons for UK crop
types, the original spring floral cover scores for the mass-flowering
crops field bean and OSR (and also linseed/flax, peas, strawberries,
raspberries and other berries) are assigned to late spring, with zero
cover assumed during early spring. The opposite approach is applied

F I G U R E 1 Locations of study landscapes within England, UK
[Colour figure can be viewed at wileyonlinelibrary.com]

to orchards, with their floral cover assigned to early spring. We confirmed that this new seasonal prescription for social bees maintained

properties, significantly (≳25%) overlapping landscapes are omit-

significant agreement with observed abundances by rerunning the

ted. Generation of the study landscapes is described fully in the

model validation procedure described in G2020 for all 239 sites for

Supporting Information of G2020. Briefly, the landscapes are based

bumblebees (see Supporting Information).

on the CEH Landcover Map 2015 (LCM2015), with Ordnance Survey

For solitary bees, we retained the original spring and summer

orchard polygons overlaid on top and crop location information for

seasonal definitions used in G2020 (i.e. not subdividing spring into

the year 2016 derived from rural payments agency databases. The

early and late), since solitary bees do not produce workers, typically

10 × 10 km2 study landscapes are rasterised with 10 × 10 m pixel

have shorter flight periods and different species show different

size.

emergence times. We run the model twice for solitary bees: once to
simulate spring-flying solitary species and once to simulate summer-
flying solitary species, where these are assumed independent of the

2.3.1 | Boundary feature maps

number of spring-flying solitaries, that is, representing different species with later flight periods.

Each landscape is accompanied by three boundary feature maps.

Tables S3 and S4 in the Supporting Information detail the expert-

The first of these represents hedgerow locations (‘hedges’) de-

derived floral cover, floral attractiveness and nesting attractiveness

rived from the CEH Woody Linear Features Database (Scholefield

parameters used to run the model, representing the resource provi-

et al., 2016), which has been shown to predict abundance of insect

sion assumed for each landcover class and boundary feature.

species in agricultural landscapes (Sullivan et al., 2017). Since the
database does not capture 100% of hedgerows, this is augmented

2.3 | Study landscapes

by adding hedgerows around the perimeter of any land parcel claiming for agri-environment hedgerow options through the Countryside
Stewardship Scheme in 2016. We assume all hedgerows are 2 m

We use a sample of 117 10 × 10 km2 study landscapes (Figure 1),

wide (width corresponding to ‘favourable condition’; Defra, 2007).

showing wide variation in cereal crop area (interpreted as a proxy

The second boundary feature map represents agri-environment

for intensity of arable production; Figure 2). These are a subset

margins (‘agri-env.’) and incorporates all grassy buffer strips, fallow

of the validation landscapes used in G2020, where we now select

margins, flower-rich margins and ditches whose presence or manage-

only those landscapes located within England that contain OSR and

ment was subsidised during 2016 by the Countryside Stewardship

field bean fields and that do not significantly overlap with another

Scheme (see G2020 for a detailed list of the relevant scheme op-

10 × 10 km2 study landscape. Overlapping was permitted in G2020

tions). A 4 m width is assumed for all these features (since 4–6 m is

since the landscapes represented buffers around central survey sites

recommended for buffer strips; e.g. Defra, 2020) and, due to lack

of interest. However, since this study compares landscape-
level

of information on the features' exact locations, the features were

Journal of Applied Ecology

GARDNER et al.

|

2291

70

fields in the original landscape configurations may be in stages 1,
2, 4 or 5. Their progression is not uniquely predetermined by their

60

current state. Therefore, we randomly select a current rotation
stage for each cereal field. Since this may influence the results (e.g.
simulate 10 alternative realities, where the cereal fields receive an

40

independent random rotation stage allocation in each reality. This
allows us to quantify the uncertainty introduced through rotation

30

stage allocation by calculating the mean and standard error across
the simulation results from all 10 realities.

20

No. of landscapes

50

if several adjacent fields are randomly assigned the same stage), we

0

10

2.5 | Boundary feature simulations
0

10

20

30

40

50

60

Area covered by cereal (%)

F I G U R E 2 Variation in cereal crop area across the 117 10 × 10
km2 study landscapes

We run the model for 20 consecutive years, feeding the number
of surviving females from the previous year into the following year
and using the crop rotated landscapes described in Section 2.4. This
enables us to model three complete cycles of the 6-year rotation
sequence, discarding the first year.
We test five scenarios:

mapped around the entire perimeter of the land parcel associated
with the claim. This approximation allows us to identify fields in the
landscape with more generous margins, as well as those with fallow
areas or enhanced floral resources. The agri-environment margin
map is therefore the combination of these wide grassy, fallow and
flower-rich margins around specific fields.
The final boundary feature map (‘narrow’) represents the standard narrow margins around all other fields defined as ‘Arable and
Horticulture’ in LCM2015. These are assumed to be grassy margins
1 m wide.

1. Base

landcover

with

no

boundary

features

present

(‘no-boundary-features’)
2. Base landcover plus the standard narrow (1 m) grassy margin
maps only (‘narrow’).
3. Base landcover plus the mapped hedges only (‘hedges’).
4. Base landcover plus the mapped 4 m-wide agri-environment margins only (‘agri-env.’).
5. Base landcover with all boundary features included (‘all features’;
see Figure S1 for an indication of the relative areas covered by

Each study landscape therefore consists of a base landcover map

each boundary feature). Where multiple boundary features occur

plus three boundary feature maps (‘narrow’, ‘hedges’ and ‘agri-env.’),

within a single pixel, the model sums their contributions to the

which approximate real-life boundary feature configurations during

habitat quality accounting for the area that is covered by each

2016 and can be added and removed at will. Figure S1 shows how

boundary feature within the pixel. This scenario represents the

the area of each boundary feature type varies across the 117 study

real-life boundary feature composition of the landscapes.

landscapes.
For each of the five scenarios, the model is run 10 times for each

2.4 | Crop rotation sequence

study landscape—one simulation for each of the 10 random rotation
state allocations.
For each simulation, we calculate the total landscape-level visita-

The landcover maps described in §2.3 represent a snapshot of the

tion rate (i.e. the visitation rate to all pixels within the landscape) in

study landscapes in the year 2016. We impose a 6-year crop rotation

each season in each year, which reflects the total bee population size.

sequence of cereal-cereal-OSR-cereal-cereal-field bean and gener-

We also calculate the total visitation rate to all field bean pixels and

ate crop rotated landscapes for the five subsequent years of this

the total visitation rate to all OSR pixels in each season in each year.

rotation. We note that many of the study landscapes likely undergo
a much longer rotation in reality (e.g. with many more consecutive
years of cereal), while organic and low input systems often have

2.6 | Data analysis

more variable/diverse rotations. However, we choose a 6-year rotation to facilitate simulation within a reasonable computation time

All analyses were conducted using R version 3.5.1 (R Core

and because shorter rotations are recommended to more sustain-

Team, 2018). For each study landscape, i, for each simulation, j, for

ably manage soil health/fertility.

each scenario, k, we calculate the time-averaged mean visitation rate

Within each landscape, OSR and field bean fields are constrained
to be in stages 3 and 6 of the rotation, respectively. However, cereal

(meani,j,k) across the 20-year period and the root mean square variability about this mean (rmsi,j,k), using:
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√
√ t = 20
√ ∑
=√
(v

a smaller area of rotatable crops will have less variable bee populations
2
i,j,k (t) − meani,j,k ) ,

(1)

t=2

in our prescription where crop rotation is the only source of variability.
The contribution of each Δmean,i,k and Δrms,i,k to the fit is weighted by the
inverse of its standard error.

where vi,j,k (t) is the specified seasonal visitation rate in each year t.

The magnitude and significance of the fitted coefficient 𝛽 there-

For each study landscape, for each simulation, we then calculate

fore allow us to compare how the fractional change in time-averaged

the fractional change in visitation rate (𝛿 i,j,k) between each boundary

mean visitation rate (or rms variability in visitation rate) relative to

feature scenario (k = narrow, hedges, agri-env., all) and the scenario

the no-boundary features value depends on the area within the

with no boundary features present (k = none) using:

landscape covered by that boundary feature.

𝛿 mean,i,j,k =

(meani,j,k − meani,j,none )

𝛿 rms,i,j,k =

meani,j,none
(rmsi,j,k − rmsi,j,none )
rmsi,j,none

,

.

(2)

(3)

3 | R E S U LT S
3.1 | Ground-nesting bumblebees
When boundary features were included in the simulations, the

We then average to get the mean fractional change (Δi,k) over all

landscapes typically showed higher bumblebee visitation rates (at

N = 10 simulations for each boundary feature scenario in each land-

landscape-level and in-crop) that were more stable over time (i.e.

scape and its standard error (𝛼 Δi,k) using:

higher mean and lower rms variability). Across all landscapes, the

Δmean,i,k =

∑ j = 10
j=1

median increase in time-averaged mean visitation and reduction in
𝛿 mean,i,j,k

N

,

(4)

variability when all boundary feature types were included was between ~3% and 5%, but was as large as 20%–25% in some of the
most arable landscapes (Figure 3). Including the standard narrow

𝛼 Δmean,i,k

�
� ∑ j = 10
�
(𝛿 mean,i,j,k − Δmean,i,k )2
�
j=1
=
,
N(N − 1)

Δrms,i,k =

∑ j = 10
j=1

(5)

margins or hedges generally produced a larger change than including
the agri-environment margins, suggesting the former made the largest contribution to the total effect in these landscapes. This reflects
the fact that, although the agri-environment margins were wider

𝛿 rms,i,j,k

N

,

(6)

than the other boundary features, only a small number of fields
within the landscapes contained them so that the total area of these
features in the study landscapes was typically small (Figure S1).

𝛼 Δrms,i,k

�
� ∑ j = 10
�
(𝛿 rms,i,j,k − Δrms,i,k )2
�
j=1
=
.
N(N − 1)

(7)

The wide range in Δmean,i,k and Δrms,i,k values shown in Figure 3
reflects the fact that both boundary-feature area and rotating-crop
area varied across the landscapes. Fitting Equations 8 and 9 allowed

For each boundary feature scenario (k = narrow, hedges, agri-

us to separate these effects and isolate the relative effect per unit

env., all), we assess how the fractional change in time-averaged

area of each type of boundary feature. This demonstrated that

mean visitation rate and the fractional change in rms variability de-

landscapes with a greater area of boundary features showed higher

pend on boundary-feature area within the landscape (Ai,k; units = m2)

time-averaged mean landscape-level bumblebee visitation rates (i.e.

by fitting the linear models:

larger bumblebee populations) relative to the no-boundary-features

Δmean,i,k = 𝛽Ai,k + 𝛾(meani,none ) + 𝜂(rmsi,none ) + 𝜅Acereal + 𝜀i,k ,

(8)

Δrms,i,k = 𝛽Ai,k + 𝛾(meani,none ) + 𝜂(rmsi,none ) + 𝜅Acereal + 𝜀i,k ,

(9)

scenario (Figure 4, left-hand plots, green bars). This was true for all
seasons. The agri-environment margins produced the greatest fractional change in mean visitation rate per unit area, likely due to these
features providing a combination of nesting and floral resources
often clustered together in nearby fields collectively managed by a

where 𝛽, 𝛾, 𝜂 and 𝜅 are fitted coefficients; 𝜀i,k is a Gaussian-distributed

single participating farm. In the all-boundary-features scenario, the

error term; meani,none and rmsi,none are the simulation-averaged, time-

fractional change in mean visitation rate per unit area was intermedi-

averaged mean visitation rate and visitation rate rms for the landscape

ate between the standard narrow margins and hedge only scenarios,

with no boundary features present; and Acereal is the area of cereal

despite including all boundary features. This is due to these more

within the landscape. Acereal controls for the fact that landscapes with

common boundary features covering a far greater area within the

F I G U R E 3 Change in ground-nesting bumblebee landscape-level, field bean and OSR visitation rates for each boundary feature
scenario, relative to the no-boundary-features scenario, for the 117 study landscapes. Left-hand panels show percentage change in the
mean visitation rate across the 20-year simulation (100 × Δmean). Right-hand panels show percentage change in visitation rate variability
over time (100 × Δrms). Panels from top to bottom show early-spring (no field bean/OSR flowering), late-spring and summer visitation rates,
respectively [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 4 Dependence of fractional change in ground-nesting bumblebee visitation rate on boundary-feature area, where the fractional
change is calculated relative to the no-boundary-features scenario and bar heights represent area coefficients for landscape-level (green),
field bean (blue) and OSR (orange) visitation rates, respectively. Left-hand panels correspond to fractional change in mean visitation rate
across the 20-year simulation. Right-hand panels correspond to fractional change in visitation rate variability over time (rms). Panels from
top to bottom show early-spring (no field bean/OSR flowering), late-spring and summer visitation rates, respectively. Solid bars indicate area
coefficients that are statistically significantly different from zero; hatched bars indicate no statistically significant difference from zero. Error
bars show standard error [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 5 Change in ground-nesting solitary bee landscape-level, field bean and OSR visitation rates for each boundary feature scenario,
relative to the no-boundary-features scenario, for the 117 study landscapes. Left-hand panels show percentage change in the mean
visitation rate across the 20-year simulation (100 × Δmean). Right-hand panels show percentage change in visitation rate variability over time
(100 × Δrms). Top and bottom panels show spring and summer visitation rates, respectively [Colour figure can be viewed at wileyonlinelibrary.
com]

study landscapes than the agri-environment margins (Figure S1) and

in landscapes with a greater area of boundary features (Figure 4,

so dominating the overall landscape response.

right-hand plots, green bars). In early spring, hedgerows provided

The seasonal landscape-level bumblebee visitation rates were

the strongest stabilising effect, that is, most negative Δrms,i,k coeffi-

also more stable relative to the no-
boundary-
features scenario

cient, indicating a ~7% reduction in rms variability per unit increase

|
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F I G U R E 6 Dependence of fractional change in ground-nesting solitary bee visitation rate on boundary-feature area, where the fractional
change is calculated relative to the no-boundary-features scenario and bar heights represent area coefficients for landscape-level (green),
field bean (blue) and OSR (orange) visitation rates, respectively. Left-hand panels correspond to fractional change in mean visitation rate
across the 20 year simulation. Right-hand panels correspond to fractional change in visitation rate variability over time (rms). Top and bottom
panels show spring and summer visitation rates, respectively. Solid bars indicate area coefficients that are statistically significantly different
from zero; hatched bars indicate no statistically significant difference from zero. Error bars show standard error [Colour figure can be viewed
at wileyonlinelibrary.com]

in hedgerow area. In late spring, during mass crop flowering, agri-

significantly higher time-
averaged field bean and OSR visitation

environment margins provided no statistically significant stabilising

rates (>10% higher per unit area of hedges or agri-environment mar-

effect on bumblebee landscape-level visitation (likely due to their

gins during peak late-spring flowering) and significantly more stable

small total area within each study landscape with respect to the

field bean and OSR visitation rates (~8% more stable per unit area

flowering crops) but they did provide the largest (and a statistically

for the same boundary features and season) with respect to the no-

significant) stabilising effect in summer (~12% rms variability reduc-

boundary-features scenario. In many cases, the effect per unit area

tion per unit area).

of boundary feature was stronger for in-crop bumblebee visitation

The in-
crop bumblebee visitation rate showed similar trends

rates than at landscape-level, due to the in-crop visitation including

to the landscape-level visitation (Figure 4; blue and orange bars).

less dilution from stable sub-populations based in non-crop landcov-

Landscapes with a greater area of boundary features showed

ers remote from agricultural boundary features.
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F I G U R E 7 Predicted ground-nesting solitary bee landscape-level population (left) and OSR visitation rate (right) trends with increasing
boundary-feature area for a highly arable study landscapes (cereal fraction = 54.4%). Trends are calculated using Equations 8 and 9, the
fitted coefficients from Figure 6 and dependent variable values specific to the study site. The maximum boundary-feature area shown
corresponds to the maximum arable boundary area of the study site with its current field sizes. Black, red and blue lines show the predicted
trends for standard narrow margins, hedges and wide agri-environment margins, respectively. Solid lines show the time-averaged mean level,
dashed lines show mean-rms and dot-dashed lines show mean + rms. Shading between these indicates a significant reduction in predicted
rms variability around this mean with increasing boundary-feature area [Colour figure can be viewed at wileyonlinelibrary.com]

3.2 | Ground-nesting solitary bees

predicted strength of this stabilising effect on the landscape-level
solitary bee population in one of the highly arable study landscapes,

For solitary bees, when boundary features were included in the

illustrating the predicted increase in time-averaged mean and de-

simulations, the landscapes typically showed higher landscape-

crease in variability amplitude as a function of agri-environment

level visitation rates that were more stable over time. Although

margin cover within the landscape.

the increase in mean landscape-level visitation was generally small

The fits also confirmed that landscapes with a greater area of

(<1%), the reduction in landscape-level variability when all bound-

boundary features are predicted by the model to show a lower time-

ary features were included was as large 80% in some landscapes,

averaged mean solitary bee visitation rate to field bean and OSR

with median reductions of ~20% and ~5% during spring and sum-

compared to the no-boundary-features scenario (Figure 6; blue and

mer, respectively (Figure 5, green boxes). The in-crop field bean and

orange bars). Although the standard narrow margins scenario does

OSR solitary bee visitation rates were also typically more stable

not show any significant decrease in Δrms,i,k with increasing area,

over time (median values of ~5%–10% across all landscapes for the

the other boundary feature scenarios do (with the exception of the

‘all features’ scenario), but the time-averaged mean visitation rates

spring all-
boundary-
features scenario), confirming an increase in

to these crops were generally lower, with median values indicating

boundary-feature area significantly decreases solitary bee in-crop

1%–2% reductions for the ‘all features’ scenario (Figure 5, blue and

visitation rate rms variability in these cases (Figure 6, right-hand

orange boxes).

plots, blue and orange bars). Figure 7 (right-hand panel) illustrates

Fitting Equation 8 confirmed that landscapes with a greater area

how this decrease in variability amplitude can compensate for the

of boundary features showed significantly higher time-
averaged

small reduction in time-averaged mean visitation rate such that the

landscape-level solitary bee visitation rates (i.e. larger solitary bee

expected minimum yearly crop visitation rate (mean-rms) is none-

populations) relative to the no-boundary-features scenario (Figure 6,

theless higher in the scenario with boundary features present than

left-hand plots, green bars). This was true in both spring and summer.

without.

However, there was no significant trend in landscape-level solitary
bee visitation rate rms variability with increasing boundary-feature
area, despite solitary bee populations on average being more stable

4 | D I S CU S S I O N

when boundary features were present in the landscapes as opposed
to absent (compare Figures 6 and 5, right-hand plots, green bars/

This study used a validated process-based model and 117 study

boxes). An exception was the agri-environment margins scenario

landscapes in England to explore the impacts of boundary features

in spring, which did show a landscape-level stabilising effect that

(hedgerows and field margins) on the stability of ground-nesting

significantly increased with increasing area of agri-
environment

bee populations and their associated pollination service under com-

margins; this indicated a potential ~900% reduction in landscape-

mon UK crop rotations. The use of simulations enabled us to as-

level rms variability per unit area of agri-environment margins, for

sess potential impacts without interference from other sources of

our particular model assumptions. Figure 7 (left panel) shows the

variability (e.g. weather) and across longer times-scales and more
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landscapes than would ever be feasible with an empirical study. Our

mass-flowering crops like the more mobile bumblebees. Thus, while

findings demonstrate the stabilising effect these features can have

boundary features can boost the solitary bee population, larger

upon populations and pollination services by buffering them against

permanent semi-natural habitat patches within agricultural settings

the spatially and temporally variable resources generated by low-

will be more effective for maintaining landscape-level solitary bee

diversity crop rotations.

population stability, providing these patches contain good nesting
resources and sufficient phenologically concurrent floral resources

4.1 | Impacts of boundary features on bee
population stability

to self-sustain the solitary bee population within the habitat patch,
without resorting to resources beyond it.
Many studies suggest that interventions are most effective in
low–moderate complexity landscapes, where the ecological contrast

According to the simulations, ground-
nesting bumblebees show

is greatest (Grab et al., 2017; Tscharntke et al., 2005). Our compar-

larger and more stable populations when boundary features are pre-

isons of bumblebees and solitary bees indicate that these concepts

sent and this effect increases with increasing boundary-feature area

of complexity and effectiveness are dependent on the spatial scale

within the landscape. The relative importance of different boundary

at which the species operates and how this relates to the size of and

features for stabilising bumblebee populations varies seasonally ac-

spacing between interventions, especially when population stability

cording to their nesting and floral resources. During spring, hedge-

is considered in addition to population size. We note our simulations

rows provide the largest stabilising effect due to their high nesting

assumed fixed locations for the agri-environment features. If the

attractiveness and high spring floral cover scores, which represent

features are rotated between years (e.g. Defra, 2020), their pre-

the early floral resources provided by blackthorn Prunus spinosa and

dicted stabilising effect could be diminished if overwintering sites

later hawthorn Crataegus monogyna. In summer, agri-environment

are destroyed in the process, or potentially enhanced if deliberately

margins are predicted to be the most stabilising, due to the later flow-

placed to counter mass-flowering crop availability.

ering period of many common flower-rich mixes (Byrne & delBarco-

Although the median predicted changes in population abun-

Trillo, 2019; Cole et al., 2020; but see Timberlake et al., 2019). The

dance and stability are generally small across our simulated land-

seasonal importance of different boundary features for promoting

scapes (<10%), we stress these are the net changes measured at the

stability reflects the bumblebees' requirement for sustained floral

10 × 10 km2 landscape scale and incorporate dilution by stable pop-

resources throughout the prolonged lifetime of the colony and em-

ulations in unchanging habitats distant from both rotating crops and

phasises the importance of multiple boundary features if a single

boundary features. Our model's foraging prescription replicates the

feature cannot provide continuous resources (which most do not;

diminishing impact of boundary features on pollinator abundance

Cole et al., 2020), providing at least one feature also provides nest-

with distance observed in the field (MacInnis et al., 2020; Morandin

ing resources.

& Kremen, 2013), implying that more extreme changes would have

For ground-
nesting solitary bees, the simulations show that

been recorded had we chosen to measure over smaller spatial scales

boundary features likewise increase populations, but only wide agri-

and that increasing the landscape-level effect would require increas-

environment interventions provide any significant stabilising effect

ing boundary feature cover beyond current levels.

and only during spring. This is due to their shorter lifetimes, lack of

Boundary features can provide additional benefits to bumblebee

colony building behaviour and shorter foraging/dispersal distances.

and solitary bee population size and stability beyond those captured

In most species, a solitary bee female provisions her own nest and

by our simulations. First, primitively eusocial/bivoltine solitary bee

the offspring emerge the following year. Other more complex/bi-

species, which were not modelled, may benefit from the longer-term

voltine life histories exist for some species (e.g. Andrena trimmer-

resource availability provided by boundary features in a similar man-

ana; Falk, 2015), but these are not simulated by the model, which

ner to bumblebees, potentially experiencing a greater stabilising ef-

assumes independent spring-flying and summer-flying solitary bee

fect than demonstrated by our simulations for single-brood solitary

populations. Consequently, the simulated solitary bee populations

bees. Second, we have used general floral attractiveness scores for

increase with the nesting opportunities the boundary features offer,

bumblebees and solitary bees that assume both guilds are able to

but their productivity is still strongly influenced by immediate flo-

make some use of mass-flowering crop resources. Species within

ral resources during their short foraging window, which includes

these guilds not physically able to access these resources (e.g. due to

the variable resources from nearby rotated crops. As such, for sol-

flower morphology) will potentially experience even greater bene-

itary bees, boundary features do not generate the more extensive

fits from increasing alternative habitat via boundary features. Third,

stabilising influence experienced by the longer-
lifetime bumble-

although sophisticated and capable of reproducing observed bee

bees. Furthermore, the shorter foraging/dispersal distances of sol-

abundances (G2020), our model does not include the movement of

itary bees (~100–200 m vs. 500–1,000 m for bumblebees; Carvell

males or the explicit movement paths and mortality of dispersing

et al., 2012; Gathmann & Tscharntke, 2002) increase their reliance

females beyond their inability to find a suitable nest site. Instead,

upon permanently concurrent patches of good floral and nesting

a standard dispersal distance is assumed independent of landscape

resources and they cannot take advantage of boundary features to

context. This may be a reasonable assumption for strongly philopatric

effectively shift their population centre in pursuit of the rotating

solitary bees, but may not be for bumblebees with longer-dispersal
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distances (Redhead et al., 2016). If males and dispersing queens are

bean yield with 8% of cropland dedicated to wildlife habitat suggests

less likely to successfully cross open post-harvest fields, semi-natural

greater benefits may be realised than predicted by our study.

boundary features may provide bumblebees with crucial pathways

Again, we note boundary features are likely to produce addi-

for genetic exchange, as well as resources to sustain dispersing fe-

tional crop pollination service benefits beyond those captured by

males. Understanding these core aspects of species' ecology and

our simulations. Primitively eusocial/bivoltine solitary bee species,

incorporating explicit sub-models of this movement process (e.g.

which were not modelled, may show increases in crop visitation

similar to those developed for butterflies; Evans et al., 2019) would

more similar to bumblebees than the single-brood solitary bees. Our

allow improved estimates of the importance of boundary features

guild-level model also does not capture the fact that boundary fea-

for different bee species.

tures can promote a more diverse solitary bee community (Sheffield
et al., 2008). This benefits crop pollination service because the

4.2 | Impacts of boundary features upon the
stability of crop pollination services

short flight periods of many solitary bee species, and the influence
of weather on both bee and plant phenology, can easily cause mismatches between crop flowering and solitary bee emergence. A
more diverse solitary bee community with a variety of emergence

Examining the predicted visitation rates to field bean and OSR

times increases the likelihood that crop flowering occurs within the

showed that the larger, more stable bumblebee populations pro-

flight period of at least one solitary species each year, regardless of

duced by increasing boundary features translated directly into

when the crop flowers.

significantly larger and more stable pollination service from bumblebees to these mass-flowering crops. In the model, the early-spring-
foraging queens gather more resources when boundary features

4.3 | Management implications

are present, producing larger numbers of workers to forage on the
late-spring flowering crops. The trends imply that if standard 1 m

4.3.1 | Yield stabilisation

grassy field margins were replaced by wider 4 m agri-environment
margins with their enhanced floral and nesting resources, then the

Although the benefits of pollination services to arable crops are

stabilising effect on crop visitation from bumblebees would be up

modulated by a number of factors, such as variety and growing

to 10 times stronger per unit area of boundary feature. However,

conditions (Bartomeus et al., 2015; Bishop et al., 2020), consistent

these effects may take some years to become fully established in

availability of pollination service is likely to have a stabilising effect

reality (Morandin et al., 2016) and would depend on the quality of

on yield, resulting in more consistent harvests over time. This could

the boundary feature (e.g. Garratt et al., 2017).

have significant economic benefits to growers in countries such as

In contrast, the simulations predict that boundary features

the UK that are vulnerable to pollinator declines (Aizen et al., 2019),

slightly reduce crop visitation from solitary bees, despite increas-

particularly in the case of field beans, which rely upon bumblebees

ing the landscape-level solitary bee population. Solitary bees do

for pollination (Garratt, Coston, et al., 2014; but see Kirchweger

not produce workers, so although there are more foraging females,

et al., 2020). As farmers are often risk averse, emphasising these

these are now sharing their foraging time between the boundary

yield-s tabilising benefits could help incentivise farmers to proac-

features and the crops, so pollination service to crops is lower (as

tively increase the area and quality of boundary features (IPBES

also predicted by Nicholson et al., 2019). However, for many land-

et al., 2016).

scapes, the pollination service that is provided by solitary bees is
significantly more stable, with a higher minimum visitation rate when
boundary features are present (Figure 7), despite the lower time-

4.3.2 | Timing of crop sowing/flowering

averaged mean delivery. Consequently, individual years/fields may
be less likely to fall below thresholds for optimal pollination service

The predicted stabilising benefits for bumblebee crop pollination

and yields may be more consistent.

service were greater later in the year (Figure 4), due to the accu-

Kremen et al. (2004) presented empirical evidence of increased

mulative stabilising effects of earlier seasons (as has been observed

crop pollination service stability over time with increasing semi-

in real systems; Grab et al., 2017; Riedinger et al., 2014). Our study

natural habitat, although their measurements related to service sta-

used floral cover scores for OSR reflective of autumn-sowing (i.e.

bility over the course of a single year. In contrast, Pywell et al. (2015)

peak flowering in late spring; Table S3). However, the results sug-

measured pollinator abundance and crop yield over a 5-year rotation

gest later flowering, spring-sown OSR (and field bean), would poten-

sequence across fields with different proportions of wildlife habitat,

tially receive the most stable pollination service, providing sufficient

demonstrating a higher proportion of such habitat resulted in higher

spring-
flowering boundary features build up the bee population

yields per unit area (when averaged over the rotation sequence).

prior to crop flowering. Maximal benefits would likely be achieved if

However, effects on inter-annual variability amplitude could not be

rotations can permit autumn-sown and spring-sown mass-flowering

investigated due to continued yield increases throughout the life-

crops to be grown in close proximity such that early-spring-flowering

time of the study. Nonetheless, their measured 35% increase in field

boundary features encourage bumblebee queens to found nests
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ready for the late-spring-flowering crop, which, in turn, increases

through (a) timing feature management to ensure sufficient floral re-

the number of workers for pollinating the summer-flowering crop.

sources remain when mass-flowering crops are absent from a field,
and (b) scheduling the peak habitat quality of features to encourage
the more mobile bumblebee populations to follow rotated mass-

4.3.3 | Crop rotation sequence

flowering crops around the farmscape. If crops are rotated through
adjacent fields, late-
summer-
flowering boundary features could

Our 6-year rotation assumption likely exaggerated spatiotemporal

be used to sustain and direct dispersing bumblebee reproductives

resource variation in landscapes where rotations are typically much

towards the next fields allocated for mass-flowering crops. Since

longer and include more consecutive years of cereal (e.g. eastern

newly emerged queens searching for nests in early spring will pref-

England). Under longer, more cereal-dominated rotations, we expect

erentially choose locations close to current floral resources, early-

lower bee abundance (due to less floral resources at landscape-level;

flowering boundary features could then be used to encourage them

Marja et al., 2018) and lower intrinsic population variability (due to

to nest in those fields. Hedgerows often provide the most abundant

less crop variation), making boundary features more important for

early spring floral resources (e.g. via blackthorn Prunus spinosa) so

simply sustaining base population levels in such systems, rather than

this suggests avoiding cutting hedgerows the year before planting

reducing variability. As rotation sequences shorten and the propor-

a mass-flowering pollinator-dependent crop, since flowering can be

tion of mass-flowering crops in the landscape increases (approaching

significantly reduced post-cutting (Staley et al., 2012). This will en-

our tested 6-year rotation), the stabilising role of boundary features

sure the hedgerow supplies maximum early-spring floral resources

on pollinators and pollination service will become progressively

and builds up a larger bee population in preparation for crop flower-

more important.

ing. When pollinator-dependent crops are absent from a field, only

For simplicity, we did not include maize or grass ley within our

cutting half of the hedgerow in any given year would ensure some

tested rotation sequence, which are often incorporated in livestock-

resources remain to sustain the infield bee population and we rec-

dominated areas (e.g. western England). Maize is relatively resource

ommend future agri-environment schemes support such half-hedge

poor for ground-nesting bees (Table S4; Hass et al., 2019), so its

cutting approaches (in addition to the reduced 3-year cutting regime

function within a rotation would be similar to other cereals. Grass

already supported by many schemes) to encourage adoption of this

leys are similarly resource poor, unless florally enhanced, for exam-

practice despite the practical disincentives.

ple, with clover/legumes (Holland et al., 2015), in which case they

The projected benefits of boundary features could be further

can contribute towards landscape-level availability/consistency of

enhanced by tailoring their floral composition, flowering phenol-

floral resources within rotational systems (Carrié et al., 2018).

ogy and nest site provision to better fit the needs of the local pollinator community. Presently, many existing margins supported by
agri-environment schemes do not provide the breadth of resources

4.3.4 | Lockstepping

necessary to support rare or specialised pollinator communities
(Wood et al., 2015) that often act as locally important pollinators

Farmers often manage fields in lockstep, growing the same crop in

(Hutchinson et al., 2021). Ensuring high nesting and floral trait diver-

adjacent fields to allow efficient use of machinery. This effectively in-

sity in boundary features will promote bee species richness as well

creases the spatial scale at which crops are rotated, making it harder

as abundance, by providing niches for previously excluded species

for bees surrounded by lock-stepped cereal fields to forage in and

and reducing competition (Diekötter et al., 2010).

disperse to more distant mass-flowering crop fields. The shorter the
foraging/dispersal range of the bee, the more its population will suffer from large field sizes and lockstepping practices. Our simulations

4.3.6 | Accounting for other sources of variability

assumed that the rotation stage of a field is independent of adjacent
fields. Where lockstepping is practised, boundary features will be

Our simulations focused entirely on pollinator population variabil-

even more important to help maintain and stabilise bee populations.

ity induced through crop rotation. However, pollinators show large
population fluctuations in response to weather patterns, which are
expected to become less consistent under climate change (Kerr

4.3.5 | Boundary feature management

et al., 2015; Schürch et al., 2016). Maintaining complex boundary
features, which include variation in aspect and vegetation structure

We assumed constant habitat quality over time for the boundary

and so provide a variety of stable microclimatic conditions, may help

features in our simulations. However, most features require periodic

buffer populations against weather extremes and so potentially help

management (every ~3 years) to maintain floral diversity (in the case

to mitigate both weather-induced variability and variability gener-

of flower margins) or for general maintenance (in the case of hedge-

ated via spatially/temporally unpredictable crop flowering.

rows). Synchronising boundary feature management with crop rota-

Pesticide regimes represent another potential driver of spatial

tion could extend their stabilising benefits for pollinator populations

and temporal pollinator population variability (Brittain et al., 2010).

and pollination service beyond those captured by our simulations,

Again, maintaining wide boundary features, which allow distancing
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of floral resources from crop spray drift, may reduce negative ef-

4. Increase boundary-f eature area and reduce distance between

fects (Stuligross & Williams, 2020; but see Main et al., 2020; Main

boundary features (i.e. reduce field sizes), where possible. The

et al., 2020).

stabilising benefit of boundary features on bee populations
will be optimised where boundary features are spaced within

5 | CO N C LU S I O N S A N D
R ECO M M E N DATI O N S

the typical dispersal distance (200–1 ,800 m, depending on
species). The stabilising benefit of boundary features on pollination service will be optimised where boundary features providing nesting and sustained floral resources occur within the

Crop rotation is necessary, and may become increasingly important

typical foraging range (100–5 00 m) of pollinator-d ependent

in the drive to reduce external inputs in agriculture, but it can add

crops.

an extra stressor to pollinator populations in terms of resources dynamics, especially when field sizes are large. Field boundary features
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Motivated by our simulations, we summarise below our recom-
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