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ARTICLE INFO ABSTRACT

Keywords: Land use policy in England is encouraging tree planting on farms to meet decarbonisation targets. This could be
Pollination services delivered through woodland creation, hedgerow planting or agroforestry. All three approaches could provide co-
Bees . benefits for wild bee populations and crop pollination services, by increasing nesting and floral resources, but
Woodland their relative effectiveness has not been studied at a landscape scale. We simulated six tree planting scenarios and
Hedgerows . . . s .

Agroforestry used a validated process-based model to predict their effect on bumblebee abundance and pollination service to

two common mass-flowering crops (oilseed rape and field beans) in a representative 10x10km agricultural
landscape in England, UK. Two levels of planting intensity were studied: one representing the tree cover that
would be achieved by 2035 if the 2020 woodland creation rate continues and another reflecting UK Government
ambitions (threefold increase in planting rate). Hedgerow planting and woodland were predicted to give the
biggest increase bumblebee abundance. Silvoarable agroforestry using fruit trees or willow was predicted, on
average, to give the biggest increase in crop pollination service. However, the magnitude of increase was highly
variable and hedgerow creation (which is more dispersed across the landscape) provided a more consistent
increase in crop pollination services. Agroforestry with poplar (which offers less floral resource) and woodland
creation (which concentrates tree planting in fewer locations) were only effective at enhancing landscape-level
crop pollination at high planting intensity. Future land management policy should promote fruit tree and willow-
based agroforestry as multifunctional tree planting measures in arable contexts, whilst continuing to encourage
hedgerow planting and woodland creation for their role in promoting abundance and diversity of pollinators.
Hedgerow planting may be needed alongside agroforestry to help stabilise pollination service through a crop
rotation cycle.

Agri-environment schemes

1. Introduction

Wild bees significantly contribute to the pollination, and thus yield,
of oilseed rape (Brassica napus; hereafter OSR) and field beans (Vicia
faba) (Hutchinson et al., 2021), two of the most economically important
UK arable mass-flowering crops. Wild bee population sizes are limited
by access to forage resources (Roulston and Goodell, 2011) and nest
availability (Carrié et al., 2018; Steffan-Dewenter and Schiele, 2008).
There is evidence of widespread declines in wild bee populations in
Great Britain between 1980 and 2013 (Powney et al., 2019) echoing
global trends of decline (IPBES, 2016). This can impact food security
where floral visitation is insufficient to achieve optimal yield in
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pollinator-dependent crops (Garratt et al., 2014a; Holland et al., 2020).
Land use change, is a major contributor to pollinator declines; in
particular, the intensification of UK agriculture during the 20th Century
has led to simplification of farmed landscapes, significantly reducing
resource availability for bees (Ollerton et al., 2014; Potts et al., 2016).

In the 21st Century, England’s farmed landscapes are set to undergo
further significant land-use changes, this time in response to an
increased policy focus on tree planting. England had approximately
1310,000 ha or 10.0% woodland cover by total land area in 2020 (Forest
Research, 2020) making it one of the least wooded countries in Europe
(FAO, 2020). There are a further 560,000 ha of trees outside woodland,
which includes 193,000 ha of trees in groups or lines (Brewer et al.,
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2017). 2340 ha of woodland was planted in 2020 (Forest Research,
2020) but national ambitions are to increase tree planting rates in En-
gland at least three-fold by 2024 (UK Government, 2021) to reach a level
of tree cover by 2035 that would meet policy objectives set out by the
Committee on Climate Change (the UK’s independent climate change
advisory body) in the UK’s 6th Carbon Budget (Committee on Climate
Change, 2020). Much of this planting will need to occur on land
currently in agricultural use, and so will be delivered through England’s
proposed Environmental Land Management (ELM) scheme (Defra,
2022). This is a package of incentive measures that will provide eco-
nomic support in the form of grants and management payments to
landholders who enter agreements to deliver ‘public goods’. It will
replace England’s existing broad agri-environment schemes such as
Countryside Stewardship and bespoke grant schemes such as the En-
gland Woodland Creation Offer.

There are three main ways by which tree planting interventions can
be incorporated in agri-environment schemes. Two of these (conven-
tional woodland creation, hedgerow planting) are already part of
existing voluntary schemes. A third, agroforestry, is being trialled as a
potential ELM measure (Defra, 2021). In an arable context, agroforestry
typically means silvoarable ‘alley cropping’ where commercially grown
trees and crops occupy rows in the same field (Burgess, 2019).
Commonly planted trees in these systems include orchard fruit trees
such as apple and cherry (as an additional agricultural crop) as well as
willow and poplar grown in short rotation coppice (SRC) as energy
crops. Silvoarable agroforestry is relatively rare in the UK to date (0.05%
of arable area), but is more common in the rest of Europe (0.41% of
arable area) (den Herder et al., 2017). There are no explicit government
targets for hedgerow planting or agroforestry but the UK Committee on
Climate Change also recommends a 20% increase in hedgerow cover and
10% of agricultural land to be in agroforestry systems (including silvo-
pasture) by 2035 (Committee on Climate Change, 2020).

Crucially, the trees used in these interventions can provide both
nesting and floral resources to wild bees (Bentrup et al., 2019; Crowther
et al.,, 2014; Hall et al., 2019; Stanley and Stout, 2013), especially in
early spring when alternative foraging resource is scarce (Timberlake
et al., 2019). Hence, tree planting done at scale has the potential to in-
crease wild bee abundance, indirectly enhancing pollination services to
nearby arable crops (Donkersley, 2019; Mola et al., 2021). Evidence
from field- and farm-scale analyses has demonstrated a link between the
presence of trees in woodlands, hedgerow and agroforestry systems and
increases in bee abundance and crop visitation (Bailey et al., 2014;
Berkley et al., 2018; Varah et al., 2020). However, no landscape-scale
analysis has yet been carried out. Understanding how these in-
terventions compare, in terms of their relative impact on pollinator
abundance and crop pollination services at landscape scale, would help
policymakers determine which types of tree planting interventions to
prioritise in forthcoming schemes. This will enable such schemes to
deliver multiple benefits — ecological, economic and food security - more
efficiently, as well as carbon storage via the trees themselves.

Conducting such a landscape-level analysis for England requires a
modelling approach due to the long timescales for fieldwork involving
tree planting and the spatial sensitivity of pollination services. The
process based model poll4pop (Gardner et al., 2020; Haussler et al.,
2017) simulates how bees (central-place foragers) move around the
landscape to nest, forage and reproduce, building on earlier attempts to
capture habitat complementarity and foraging movements (Lonsdorf
et al., 2009; Olsson et al., 2015). Poll4pop has already been used at
landscape scale, demonstrating that current English agri-environment
schemes have likely increased bumblebee abundance nationally and
increased pollination services to mass flowering crops in select
geographic locations (Image et al., 2022). A follow-on study examined to
what extent the existing tree-planting interventions within these
schemes contributed to the pollination service enhancement and found
their effect was negligible, due to the low uptake of these interventions
to date in areas containing mass-flowering crops (Image et al., in Press.).
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Here, we examined the potential impacts on bee abundance and crop
pollination services of future tree planting interventions with increased
levels of uptake. We chose a representative English landscape containing
mass-flowering crops and generated uptake scenarios for one woodland
creation, two hedgerow planting and three silvoarable agroforestry in-
terventions with tree cover equivalent to continuing tree planting at
current rates until 2035. We then applied the poll4pop model to each tree
planting scenario and a baseline landscape scenario, using Analysis of
Variance (ANOVA) and post-hoc tests to determine differences between
the predicted bumblebee abundance and crop pollination service in each
scenario. We then repeated the analysis with trebled tree planting rates
to examine how an increase in planting intensity to match government
ambition would change the relative effectiveness of these interventions.
We conclude with recommendations for maximising pollination co-
benefits from tree planting activities.

2. Materials and methods
2.1. Selection of study area

We chose a 10 km? study area (computationally feasible for the
number of simulations required) with a 5 km surrounding buffer zone
(removed after the bee population simulations to eliminate edge effects)
which was representative of typical conditions where mass-flowering
crops are grown, and tree planting would be feasible in England. This
was achieved by selecting an existing 10 km? Ordnance Survey grid tile
that best satisfied the following conditions:

1. Atleast 10% of the tile and a surrounding 5 km buffer zone should be
‘lower risk’ land unlikely to face planning constraints for woodland
creation (Forestry Commission, 2021), where low risk land is
assumed to be arable or improved grassland with an Agricultural
Land Classification of Grade 3, 4 or 5 that is not on peat soils (MAFF,
1988).

2. Area of “non-scheme resource” (suburban parks/gardens, commer-
cial orchards, and semi-natural habitat outside existing AES man-
agement) within the tile is as close as possible to the mean (8.1%) of
all the OS 10 km? tiles (plus 5 km buffer) that contain some OSR and/
or field beans, since Image et al. (2021) showed that the impact of
interventions on visitation rate depends on amount of non-scheme
habitat resources.

3. Area of higher quality AES interventions (hedgerow/woodland edge
management, floral margins, grass margins, fallow plots, traditional
orchards) within the tile is as close as possible to the mean (1.2%) of
all the OS 10 km? tiles (plus 5 km buffer) containing some OSR and/
or field beans (for similar reasons to condition 2).

4. Percentage cover of OSR and percentage cover of field bean in the tile
are above the mean values (6.0% and 1.6%, respectively) for all the
10 km? tiles containing some OSR and/or field beans, since the crop
cover distribution is skewed by the large number of tiles that contain
only negligible amounts of these crops (see Figure. S1 in Supple-
mentary Material)

5. Not a coastal tile, to ensure interventions can be located within 5 km
of any point in the tile.

The selection process chose tile ‘SK86’, which is in the East Midlands
region of England (Fig. 1) and has 91.2% of low-risk land. 7.5% of the
tile area is OSR and 2.2% is field beans. Of the area of the tile and its
surrounding buffer, 8.0% is covered by non-scheme resource and 1.2% is
covered by higher quality AES features. Full land cover details are
provided in the Supplementary Material (Figs. S2 and S3).

2.2. Pollinator model description

We used the process-based model poll4pop (Gardner et al., 2020;
Haussler et al., 2017), which predicts seasonal spatially-explicit



M. Image et al.

a) Location of Tile 'SK86'
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b) Crops in SK86 ; AES, NSR in/around SK86
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Fig. 1. a) Location of study tile (SK86) in England; b) Location of OSR and Field Beans within the tile and location of higher-value agri-environment scheme (AES)
features and non-scheme resource (NSR; suburban parks/gardens, commercial orchards, and semi-natural habitat outside existing AES management) in the tile and
within surrounding 5 km buffer. See Section 2.1 for definition of higher-value AES and NSR. See Image et al. (2022) for spatial data sources. See Figs. S2 and S3 for

full land cover maps.

abundance and floral visitation rates for central-place foraging polli-
nators within a given rasterised landscape, incorporating fine-scale
features such as hedgerows and grass margins. The model simulates
optimal foraging of bees around their nests and population growth to
calculate within-year production of workers for social bees and yearly
population size for all bees (see Haussler et al., 2017 for a detailed
description) and can be run for a particular species or for a group of
species (‘guild’) that have common attributes. The model requires: a
land cover map, floral cover parameters for each land cover class in each
season, floral and nesting attractiveness (i.e., foraging and nesting
quality from the perspective of the modelled species/guild) for each land
cover class, maximum nest density and mean foraging and dispersal
range for the species/guild, and a set of parameters determining nest
productivity, i.e. number of new (workers and) reproductive females
produced, as a function of forage resources gathered.

The model was parameterised and validated for England by Image
et al. (2022) for four wild bee guilds (ground-nesting bumblebees,
ground-nesting  solitary bees, tree-nesting bumblebees, and
cavity-nesting solitary bees), taking guild-specific parameters from
Gardner et al. (2020). These parameters consisted of literature esti-
mates, plus nesting and floral attractiveness and floral cover scores
derived from expert opinion, which were slightly readjusted to better
incorporate seasonal changes in crop flowering, and to capture addi-
tional land classes used by Image et al. (2022) but not included in the
original Gardner et al. (2020) parameterisation (see Image et al., 2022
for details). Using this parameterisation, the model outputs
spatially-explicit predictions for the following seasons: early spring
(early/mid-March - late April/early May), late spring (late April/early
May - early/mid-June) and summer (early/mid-June -

early/mid-August).

In this study, we use the model parameterisations for bumblebees
only. Ground-nesting bumblebees are already known to be more
important pollinators of OSR and field beans than solitary bees (Garratt
et al., 2014b; Stanley et al., 2013). Less is known about the relative
importance of tree-nesting bumblebees in OSR or field bean pollination,
but as they are known to be visitors of both crops (Hutchinson et al.,
2021), their population is increasing in the UK (Huml et al., 2021) and
they are likely to benefit from increased tree cover (Crowther et al.,
2014), we also include them in this analysis.

2.3. Baseline scenario

Image et al. (2022) simulated bee abundance and visitation rates for
two landcover scenarios for England: one in which AES-supported
management in the year 2016 was present (AES Present) and an alter-
native in which AES-supported management was absent (AES Absent).
The English AES schemes included were Countryside Stewardship (CS)
and Environmental Stewardship (ES), though field margin and hedgerow
features claimed by landholders as Ecological Focus Areas (EFA) under
Common Agricultural Policy ‘Greening’ requirements (Rural Payments
Agency, 2018) were also treated as AES. Locations of AES features were
obtained from UK Rural Payments’ Agency datasets and land cover maps
(at 25 m? resolution) for these two landcover scenarios were developed
as set out in Image et al. (2022).

We took the AES Present scenario from Image et al. (2022) as our
baseline landcover scenario. For each guild, we extracted a) the seasonal
floral visitation rates for every 25 m? cell of the baseline landcover
scenario, b) the total seasonal visitation rates summed across all cells of
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the baseline landcover scenario, c¢) the total visitation rate to OSR cells
within the baseline landcover scenario, and d) the total visitation rate to
field bean cells within the baseline landcover scenario. Where cells
contain edge features, the crop visitation rate was adjusted pro rata to
match the proportion of crop resource and its floral resource value
(floral attractiveness * floral cover) relative to the edge features. These
visitation rate predictions for the AES Present scenario were then divided
by the equivalent visitation rate predictions for the AES Absent scenario
to convert them into relative units, i.e. the visitation rate expressed as a
fraction of the visitation rate without any of the current AES in-
terventions present. This converts the poll4pop outputs (which are in
arbitrary units) onto a meaningful scale to facilitate comparison be-
tween scenarios and guilds. An equivalent procedure was used to
extract, sum and convert the spatially explicit nest density, worker
productivity and nest productivity predictions from the baseline land-
cover scenario (AES Present) into relative units (i.e. expressed as a
fraction of the predictions obtained from the AES Absent scenario).

The uncertainty in the baseline landcover scenario predictions was
calculated, as in Image et al. (2022), by running 100 simulations where
nesting attractiveness, floral attractiveness and floral cover score for
each land class were drawn from a beta distribution representing the
variation in individual expert opinion scores for these parameters, i.e.,
each simulation uses a unique input parameter set. This generates a
distribution for the predicted quantities that incorporates this uncer-
tainty in underlying input parameters.

2.4. Tree planting scenarios

We defined a set of six tree planting scenarios (Table 1) covering the
three main mechanisms by which additional trees can be planted in
farmland contexts (Fig. 2).

The two Hedgerow planting scenarios introduced new hedgerows
along available arable or improved grassland field boundaries (i.e. any
such boundaries currently without an existing hedgerow). These new
hedgerows were either randomly distributed or clustered. In the clus-
tered scenario, new hedgerows were preferentially located in specific
areas within the landscape of between 100 ha to 700 ha representing
farm and potential farm cluster boundaries. This was intended to
represent a more realistic distribution of intervention uptake where:
some farms are more pre-disposed to AES participation (Arnott et al.,
2019), decision-making is often influenced by neighbouring farms
behaviour (Marconi et al., 2015) and, policymaking is encouraging

Table 1
Tree-planting scenarios.

Scenario Summary of allocation process

Hedgerow Distributed ~ New hedgerows placed along any existing arable or
improved grassland boundaries lacking woody linear
features until linear target reached.

New hedgerows placed along existing arable or
improved grassland boundaries lacking woody linear
features, with preferential allocation to farm /
farm-cluster sized (~100 to ~700 ha) spatial
zones until linear target reached.

Crop + (orchard) fruit trees aligned north-south in
ratio 80%/20% replaces crop in any cereal, OSR or
field bean parcel until area target reached.

Crop + poplar (Populus spp.) trees aligned north-
south in ratio 80%/20% replaces crop in any cereal,
OSR or field bean parcel until area target reached.
Crop + willow (Salix spp.) trees aligned north-south
in ratio 80%/20% replaces crop in any cereal, OSR or
field bean parcel until area target reached.
Woodland (86% broadleaf, 14% conifer) in
contiguous blocks not exceeding 20 ha replaces
randomly chosen eligible arable or improved
grassland parcels (or parts thereof if parcel

area>20 ha), until area target is reached.

Hedgerow Clustered

Agroforestry  Fruit Trees

Agroforestry ~ Poplar
Willow

Agroforestry

Woodland
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farmers to co-operate to achieve environmental outcomes (Prager,
2022). Actual farm boundary information is not publicly available in
England, so the areas chosen for preferential location were selected
randomly using an algorithm (see Supplementary Material Section 1 for
details and Fig. S4 for a map output showing example spatial
distributions).

The Agroforestry scenarios consisted of silvoarable alley cropping
with 20% trees / 80% crop aligned north-south. We defined three sce-
narios for three different trees commonly used in agroforestry systems —
fruit trees (e.g., apple), poplar (Populus spp.), and willow (Salix spp.) —
since each offer different floral and nesting resource levels for bees. In
practice, the tree rows in a typical silvoarable system would be 1 tree-
width wide plus 2-4 m to accommodate tree-related machinery and at
least twice the tree-height apart from adjacent rows or wide enough for
crop-related machinery (Burgess, 2019), i.e. tree rows approx. 10 m
wide and 40 m apart for poplar, 7 m / 30 m for willow and 5m /25 m
for fruit trees. However, to ensure the new trees would be reflected in
the resolution of the land cover map, we set the tree and crop rows to
have widths of 30 m and 120 m respectively for all three scenarios.
Agroforestry interventions were permitted to occur in any cereal, OSR
and field bean fields.

The Woodland creation scenario introduced new woodland features of
~20 ha with an 86% broadleaf and 14% conifer mix, consistent with the
typical woodland creation project between 2015 and 2020 in England
(Forest Research, 2020). Woodland creation interventions were only
permitted to occur on arable and improved grassland parcels of Grade 3
agricultural land or poorer (MAFF, 1988), but avoiding peat soils. These
are locations which would be expected to be lower risk for woodland
creation under Environmental Impact Assessment guidance (Forestry
Commission, 2021). This does not completely replicate the lower risk
exclusion criteria but was a necessary proxy as neither the exclusion
layer itself nor the complete set of contributing datasets were publicly
available.

2.5. Tree planting intensity

For each scenario, we applied two different levels of tree planting
intensity, determined with reference to current woodland planting rates
and UK government ambitions. A top-down target was chosen because
tree-planting targets for the study area itself were not available and the
scenarios were intended to represent conditions for a typical mass-
flowering crop landscape. We chose a single area target between sce-
narios to enable consistent comparison, and this was chosen with respect
to woodland planting because this scenario has explicit government
targets for England specifically.

For the low planting intensity, we used the 2016 England woodland
area (1305,280 M ha; Forest Research, 2020) and applied a constant
woodland creation rate equivalent to the 2020 England woodland cre-
ation rate (2340 ha yr'l; Forest Research, 2020) to calculate the result-
ing level of tree cover in 2035. For the high planting intensity, we
repeated this calculation with an increased tree planting rate of
7000 ha yr'!, which represents a threefold increase consistent with the
minimum desired rate by the end of 2024 set out in the England Trees
Action Plan (UK Government, 2021). The year 2035 was chosen as this is
the reference year for the UK’s sixth Carbon Budget, in which tree
planting is a key component (Committee on Climate Change, 2020). The
lower intensity is equivalent to a 3.4% increase in tree cover nationally
(relative to 2016) and the higher intensity is equivalent to a 10.2%
increase.

Applying these percentage increases to the 2016 area of woodland
already in tile SK86 and its 5 km buffer zone (2223 ha) gives an increase
in woodland cover of 76 ha for the low planting intensity and 228 ha for
the high planting intensity. We used these values as the area targets for
woodland creation and for the tree component of the agroforestry sys-
tems. For hedgerows, linear targets (304 km, 912 km) were determined
from the area target by assuming a typical hedgerow is 2.5 m wide,
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Hedgerow planting

Agroforestry
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Woodland creation

Fig. 2. Images of different types of tree planting used in farmland contexts. Hedgerow planting © Paul Franks (cc-by-sa/2.0); Agroforestry © Rafael Pompa — used

with permission; Woodland creation © Eirian Evans (cc-by-sa/2.0).

consistent with the width assumptions for conventionally managed
hedgerows used in Image et al. (2022).

2.6. Simulations

We generated 100 alternative land cover realisations for each tree-
planting scenario and planting intensity using a land allocation algo-
rithm that modified the land cover in the baseline scenario, according to
the rules given in Table S2 (see SM for further details). Tree planting
interventions were added to both the study area and 5 km surrounding
buffer zone (to ensure that every part of the study area would be equally
likely to benefit from a randomly allocated intervention) until the
appropriate area target was reached.

For each land cover realisation, the poll4pop model was then run to
predict the resulting bee abundance and visitation rates, assuming all
interventions were in their mature state. 100 runs of the model were
done for each scenario, where each land cover realisation (i.e., spatial
pattern of interventions) was combined with one of the poll4pop
parameter sets used to run the baseline scenario to create a unique
pattern-parameter set. The visitation rate predicted for each was divided
by the visitation rate predicted for the AES_Absent scenario (run with the
same parameter set) to produce a distribution of relative visitation rates
for each scenario that incorporates uncertainty from both input pa-
rameters and random placement of interventions. Although there were
theoretically 10,000 possible pattern-parameter combinations (100 land
cover realisations x 100 input parameter sets), we randomly selected
only 100 unique pattern-parameter sets to avoid introducing pseudor-
eplication (through using the same parameter or land cover realisation
more than once).

The same procedure was applied to the other poll4pop outputs to
obtain the corresponding predicted distributions of nest density, worker
productivity and nest productivity, also in relative units (i.e., expressed
as a fraction of the predictions obtained from the AES Absent scenario),
for each tree planting scenario. This provided both bee abundance and
visitation rate predictions for each simulation that were comparable to
those obtained for the baseline scenario.

2.7. Comparing effectiveness of tree-planting scenarios at different
intensities

2.7.1. Landscape-level

We ran ANOVAs with post-hoc Tukey tests to determine whether
there were significant differences in bee abundance between tree-
planting scenarios and the baseline scenario at landscape level. For
each of the 100 low intensity planting simulations, we calculated the
total predicted relative nest densities (R), queen production (Q) and
worker production per season (W) for each guild across all raster grid
cells in our 10 km? study area and treated each tree planting scenario
and baseline as a separate group within the ANOVA. The same analysis

was repeated with data from the high intensity tree planting simula-
tions. We also carried out an equivalent analysis to compare the sce-
narios’ effects on total relative visitation rate (V) to OSR and field beans.

2.7.2. Field-level

We selected a land cover realisation for each scenario whose effect on
relative OSR and field bean visitation was closest to the mean of all land
cover realisations for that scenario (as calculated with input parameters
held at their mean values). The same land cover realisation was used to
set the alley locations for all agroforestry scenarios, in order to facilitate
comparison. We then mapped the visitation rate for that tree planning
scenario divided by the visitation rate for the baseline scenario (i.e.
Vscenario / VBaseline)- The resulting maps were then visually examined to
understand the typical field-scale spatial distribution of visitation rate
change across the study area (with respect to the baseline scenario) for
each tree planting scenario.

3. Results
3.1. Landscape-level

3.1.1. Nest density

The hedgerow scenarios significantly increased nest density for
ground-nesting bumblebees, compared to the baseline scenario, at both
low and high planting intensities. In contrast, fruit tree agroforestry and
woodland only significantly increased ground-nesting bumblebee nest
density at the high planting intensity (Fig. 3a; Table S2, S4), while the
other agroforestry scenarios showed no significant increase above the
baseline. The hedgerow scenarios also showed significantly higher
predicted nest density for this guild compared to poplar and willow
agroforestry at low planting intensity, and significantly outperformed all
other scenarios at high planting intensity (Fig. 2a). Fruit tree agrofor-
estry and woodland scenarios only showed significantly higher nest
density than poplar and willow agroforestry for ground-nesting bum-
blebees at high planting intensity.

For tree-nesting bumblebees, woodland creation and fruit tree
agroforestry were the only scenarios that significantly increased nest
density above the baseline at both low and high planting intensity
(Fig. 3b; Tables S3, S5). High planting intensity was required for the
hedgerow scenarios to significantly increase nest density for this guild
above the baseline. Woodland also showed significantly higher tree-
nesting bumblebee nest density than all other scenarios, at both
planting intensities. Fruit tree agroforestry showed significantly higher
tree-nesting bumblebee nest density than poplar and willow at both
planting intensities, but only significantly outperformed the hedgerow
scenarios at high planting intensity (Fig. 2b). Likewise, the hedgerow
scenarios only significantly increased nest density above the poplar and
willow agroforestry scenarios at high planting intensity.
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Fig. 3. Box plots showing relative nest density (R - total number of nests as a fraction of the number predicted with no AES interventions or tree planting present)
for the baseline scenario (2016 AES features only; grey) and the tree planting scenarios (2016 AES features plus additional tree cover; green). Low planting intensity
(light green) represents 3.4% increase in tree cover, equivalent to maintaining current tree-planting rates to 2035. High planting intensity (dark green) represents
10.2% increase in tree cover, equivalent to a trebled rate over the same period that matches UK Government targets. Letters above each scenario’s boxplot indicate
mean value significantly greater (Tukey Test) than other scenario(s) at the same intensity level (or baseline) where: B = Baseline, F = AF Fruit, P = AF Poplar, S = AF
Willow, C = Hedge Clus, D = Hedge Dist, W = Woodland.

3.1.2. Queen production nesting bumblebee queen production above the baseline (Fig. 4a;
All scenarios, except for poplar agroforestry, significantly increased Table S7). The hedgerow scenarios also showed significantly higher
ground-nesting bumblebee queen production (i.e., number of new queen production than poplar agroforestry for this guild at low planting
reproductive females produced at the end of the active season) above the intensity. At high intensity, the distributed hedgerow scenario signifi-
baseline at high planting intensity (Fig. 4a; Table S9). At low planting cantly outperformed all other scenarios and the clustered hedgerow
intensity, only the hedgerow scenarios significantly increased ground- scenario all but fruit tree agroforestry (Fig. 3a, Table S9). Fruit tree and
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willow agroforestry also showed significantly higher ground-nesting
bumblebee queen production at high planting intensity compared to
poplar agroforestry.

For tree-nesting bumblebees, queen production was significantly
greater than the baseline for woodland, fruit tree agroforestry and
hedgerow scenarios at both low and high planting intensities, whilst
willow agroforestry only achieved this at high planting intensity
(Fig. 4b; Table S8, S10). Woodland creation showed significantly higher
tree-nesting bumblebee queen production than all other scenarios at
both low and high planting intensity. Fruit tree agroforestry showed
significantly higher tree-nesting bumblebee queen production than the
other agroforestry scenarios, and also outperformed hedgerows at high
planting intensity. The two hedgerow scenarios significantly

a) Ground-Nesting Bumblebees - Early Spring
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outperformed poplar agroforestry at both planting intensities and also
willow agroforestry at high planting intensity, while tree-nesting
bumblebee queen production under willow agroforestry was only
greater than poplar agroforestry at high planting intensity (Fig. 3b,
Table S10).

3.1.3. Worker production

For ground-nesting bumblebees, fruit tree agroforestry, willow
agroforestry and the hedgerow scenarios significantly increased worker
production above the baseline at both low and high planting intensity
(Fig. 4a, c; Tables S12-S13, S16-S17). Woodland creation required high
planting intensity to significantly increase worker production above
baseline for this guild, whilst poplar agroforestry only significantly
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Fig. 5. Box plots showing relative worker production per season (W — total number of new worker bees produced as a fraction of the number produced with no AES
interventions or tree planting present) for the baseline scenario (2016 AES features only; grey) and the tree planting scenarios (2016 AES features plus additional tree
cover; green). Low planting intensity (light green) represents 3.4% increase in tree cover, equivalent to maintaining current tree-planting rates to 2035. High planting
intensity (dark green) represents 10.2% increase in tree cover, equivalent to a trebled rate over the same period that matches UK Government targets. Letters above
each scenario’s boxplot indicate mean value significantly greater (Tukey Test) than other scenario(s) at the same intensity level (or baseline) where: B = Baseline, F
= AF Fruit, P = AF Poplar, S = AF Willow, C = Hedge Clus, D = Hedge Dist, W = Woodland.
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increased worker production in early spring and again only under high
planting intensity. The fruit tree agroforestry, willow agroforestry and
hedgerow scenarios generally showed significantly higher ground-
nesting bumblebee worker production than the poplar agroforestry
and woodland creation scenarios, except in late spring when there was
no significant difference between the agroforestry scenarios (Fig. 4a, c).

For tree-nesting bumblebees, all scenarios, except for poplar agro-
forestry (at both planting intensities), resulted in significantly higher
relative worker production than the baseline (Fig. 4b, d; Tables S14-S15,
$18-19). In early spring, fruit tree and willow agroforestry also showed
significantly higher tree-nesting bumblebee worker production
compared to hedgerow and woodland scenarios at high planting in-
tensity. In late spring, fruit tree agroforestry showed significantly higher

a) Ground-Nesting Bumblebees - Late Spring: OSR
2.2
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tree-nesting bumblebee worker production than willow agroforestry at
both planting intensities and significantly higher than the hedgerow
scenarios at high intensity, while the woodland scenario significantly
outperformed all other scenarios at low planting intensity and all except
fruit-tree agroforestry at high intensity (Fig. 4b, d).

3.1.4. Crop visitation

OSR visitation by ground-nesting bumblebees was significantly
higher than the baseline in all scenarios under high planting intensity,
while only fruit tree agroforestry, willow agroforestry and the hedgerow
scenarios produced significant increases above baseline at low planting
intensity (Fig. 5a). Field bean visitation by ground-nesting bumblebees
was significantly higher than the baseline in all scenarios, except

b) Tree-Nesting Bumblebees - Late Spring: OSR
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woodland, under high planting intensity. Again, the fruit agroforestry,
willow agroforestry and hedgerow scenarios showing significant in-
creases above baseline at low planting intensity (Fig. 5¢). The fruit tree
and willow agroforestry scenarios generally produced significantly
higher ground-nesting bumblebee visitation rates to both crops than all
the other scenarios (Fig. 5a, c), while the hedgerow scenarios signifi-
cantly outperformed woodland for crop pollination service provision at
high planting intensity.

Tree-nesting bumblebee visitation to OSR and field bean was
significantly greater than baseline at both planting intensities in all
scenarios, except for poplar agroforestry (Fig. 6b, c; Tables S23-524,
§527-528). The fruit tree and willow agroforestry scenarios generally
produced significantly higher tree-nesting bumblebee visitation rates to
both crops than the other scenarios, while poplar agroforestry was
significantly outperformed by all other scenarios (Fig. 5b, d).

It should be noted that the simulations for fruit tree and willow
agroforestry showed much larger variance in their predicted crop visi-
tation rate than the other scenarios. This was especially the case for field
beans, where the interquartile range for these scenarios was ~1.5-2
times that of the other scenarios (Fig. 5c, d).

3.2. Field-level

3.2.1. Ground-nesting bumblebees

Fig. 6 shows how the change in ground-nesting bumblebee Late
Spring visitation rate (relative to the baseline scenario) is distributed
across the study area for each low intensity tree planting scenario. In the
distributed hedgerow scenario, there are moderate (2-6%) visitation
rate increases spread across a wide area (Fig. 6a). In the clustered
hedgerow scenario, the change in visitation rate is more unevenly
distributed across the study area; there are larger increases (>10%)
concentrated in areas where the hedgerow clustering is most dense, with
less than 2% increase across much of the rest of the study area (Fig. 7b).
In both scenarios, cells receiving > 20% increase correspond to those
where the hedgerow features themselves are located.

In the fruit and willow agroforestry scenarios (Fig. 6¢ and e), the
change in ground-nesting bumblebee Late Spring visitation rate shows a
similar spatial distribution to the clustered hedgerow scenario, but a
greater number of cells around the intervention locations receive high
(>10%) changes in visitation rate. This is due to the additional tree
cover in these scenarios being even more spatially concentrated than the
additional tree cover in the clustered hedgerow scenario. Cells receiving
> 20% increase in visitation are those where alleys of agroforestry trees
have replaced cereals. Where these alleys replace OSR or field beans,
there is a visitation rate decrease as they provide less floral resource than
mass flowering arable crops in late spring. The poplar agroforestry
scenario shows the same pattern but with much lower magnitude
changes, as poplar only provides very limited resources for bumblebees
in our parameterisation (Fig. 6d).

The woodland creation scenario produces a very large visitation rate
increase within the new woodland itself, with spill-over effects extend-
ing out to a radius of ~5 km (Fig. 6 f). However, this most spatially
concentrated method of delivering additional tree cover means that at
low planting intensity there is only one woodland patch in or close to the
study area, resulting in no change in bumblebee visitation beyond this
5 km radius.

Fig. 7 shows the much more extensive (and higher magnitude)
changes in ground-nesting bumblebee Late Spring visitation rate ach-
ieved across all scenarios when high intensity tree planting is applied.
Increases in relative visitation of over 10% now cover more than half the
study area in the fruit and willow agroforestry scenarios (Fig. 7c & )
and nearly half the study area in the two hedgerow scenarios (Fig. 7a &
b). These areas of larger increase also occur across more of the study area
in the woodland creation and agroforestry-poplar scenario but still
‘miss’ much of the mass-flowering crop area (Fig. 7d & f).
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3.2.2. Tree-nesting bumblebees

Figs. S5 and S6 show how the change in tree-nesting bumblebee Late
Spring visitation rate (relative to the baseline scenario) is distributed
across the study area for the low and high tree planting scenarios,
respectively. The spatial distribution of visitation rate change for tree-
nesting bumblebees is similar to that of the ground-nesting bumble-
bees (cf. Figs. 6 and S5; 7 and S6). The main difference, compared to the
ground-nesting bumblebee distribution, is that the magnitude of the
change for tree-nesting bumblebees is smaller in the hedgerow, willow
agroforestry and poplar agroforestry scenarios and larger in the wood-
land creation scenario.

4. Discussion

We modelled the effect of different tree planting interventions on
bumblebee abundance and pollination service to mass-flowering arable
crops in a representative English arable landscape. We tested six tree
planting scenarios (distributed hedgerow planting, clustered hedgerow
planting, fruit tree agroforestry, poplar agroforestry, willow agrofor-
estry, woodland creation) at two levels of intensity: one where the area
of tree cover added to the landscape corresponds to the 2035 level of tree
cover that would be achieved if the 2020 tree planting rate continues
and a higher level corresponding to the 2035 level of tree cover that
would be achieved if the UK Government’s trebled tree planting target
rates were implemented.

4.1. Hedgerow planting

Hedgerows provide attractive floral resources for both bumblebee
guilds across all seasons (Kovacs-Hostyanszki et al., 2013), but are only
an important nesting habitat for ground-nesting bumblebees —
tree-nesters usually require taller more mature trees (Crowther et al.,
2014), which may occur only sporadically in hedgerows. Consequently,
when planted at low intensity, hedgerows deliver significant relative
increases in worker and queen production for both guilds, but only
significantly increase the number of ground-nesting bumblebee nests.
Worker production in early spring is a function of both nesting density
and early spring floral resource availability, explaining the greater
relative worker production for ground-nesting bumblebees than
tree-nesters in the hedgerow scenarios.

Workers produced in early-spring forage in late spring and are thus
the main visitors to mass-flowering crops (Garratt et al., 2014b; Stanley
et al., 2013). The increase in relative visitation to OSR and field beans is
therefore more pronounced for ground-nesting bumblebees than
tree-nesting bumblebees. The significant increase in relative visitation
predicted by both guilds to these crops also suggests that the location of
the new hedgerows is sufficiently close to OSR and field beans parcels
for the workers to reach the crops with minimal floral competition, as
observed empirically (Sutter et al., 2018). In our simulations we assume
that the hedgerows created will be managed as per standard hedgerow
management practice. In reality, once the hedgerows have reached
maturity, there would be the potential to manage them more sensitively
to maximise floral and nesting resource provision. This can be achieved
by avoiding overly frequent cutting (increases quantity of flowers and
reduces disturbance) while ensuring they maintain a robust structure
(Staley et al., 2012). If hedgerows created in the simulations received
this additional management, then the abundance and crop pollination
service provided are likely to increase further (Image et al., in Press),
possibly even to levels offered by agroforestry.

We used a consistent area target for planting across all scenarios to
facilitate a fair comparison, so our hedgerow targets were 304 km and
912 km. There is no explicit target for hedgerows in the England Tree
Action Plan but the 6th Carbon Budget recommends extending their
coverage by 20% by 2035 relative to current rates (Committee on
Climate Change, 2020), which would represent a 357 km increase if
applied pro rata to the study area and its buffer. This roughly



M. Image et al. Land Use Policy 125 (2023) 106497

a) Hedgerow - Distributed b) Hedgerow - Clustered Crop

"I Field Beans
LU OSR
VScenario,V Baseline
[J<=1.00
[ 11.00-1.02
[J1.02-1.04
[11.04-1.06
[11.06-1.08
1.08-1.10
I 1.10-1.20
120

c) Agroforestry - Fruit Tree d) Agroforestry - Poplar
N N
& » & I
% AN
§

e) Agroforestry - Willow f) Woodland
2 e
% Ny
§

01 2 3 4 5 10 km A

I T Y TN (R I L1 |
Fig. 7. Typical spatial distributions for the change in relative ground-nesting bumblebee Late Spring visitation rate for each tree planting scenario, expressed as a
fraction of the baseline scenario visitation rate (Vscenario / VBaseline), Where the additional tree cover corresponds to the low planting intensity scenarios. Visitation

rate maps correspond to the land cover realisation whose effect on relative OSR and field bean visitation was closest to the mean of all land cover realisations for that
scenario. Hashed and dotted polygons indicate the locations of OSR and field bean fields.

10



M. Image et al.

corresponds to our low intensity planting scenario, suggesting that if this
20% recommendation were achieved there would be a significant
co-benefit to pollinators and crop-pollination service.

Clustering hedgerows into defined geographical areas to represent
uneven levels of farm uptake resulted in higher visitation rate increases
to crops within or near to those areas (Fig. 7, Fig. 8). However, when
those increases were averaged across multiple realisations of uptake
pattern there was no significant difference in the mean landscape-level
increase in pollination service compared to the randomly distributed
uptake pattern (Fig. 6). This is probably because, even in the clustered
scenario, the hedgerow resource is still sufficiently distributed across the
study area compared to more compact methods of tree planting (e.g.
woodland creation). This has implications for policy because it suggests
that spatial targeting of hedgerow planting for landscape-level pollina-
tion service benefits is not important as long as a sufficient quantity (and
quality) of hedgerow is delivered.

A limitation of our simulations is that we have not included crop
rotation, as information on crop cover was available for one year only. In
reality, once a hedgerow uptake pattern has been determined, there may
be greater inter-annual variation in pollination service in the clustered
scenario, as crop rotation moves mass-flowering crop fields away from /
closer to pollinator habitat clusters over successive years (Andersson
et al., 2014). Evidence from another simulated uptake study, using the
same bee model, suggests that hedgerows can actually help stabilise
pollination service over the crop rotation cycle (Gardner et al., 2021). At
farm scale, targeting hedgerow planting around those fields that are
likely to be used for pollinator-dependent crops at some point during the
rotation would therefore be beneficial for promoting local-level polli-
nation service benefits.

4.2. Agroforestry

There are clear differences between the three agroforestry scenarios
in terms of their impact on bumblebee abundance, which reflect the
relative qualities of the poplar, willow, or fruit trees as resource for
bumblebees (see Image et al., 2022 - Suppl. Mat.). Poplar is not thought
to be attractive nesting habitat for either guild, and is only thought to be
of limited floral value to ground-nesting bumblebees (Gardner et al.,
2020) and thus had little effect on nest density or queen production for
bumblebees. However, it could still be a useful floral resource to
ground-nesting bumblebee queens in early spring if provided at scale
(particularly so if other early spring floral resources are scarce), as
demonstrated by the significant increase in worker production for that
season under high intensity planting.

Willow is a more attractive floral resource (thus enhancing early
worker production for both guilds and enhancing queen production at
higher planting intensity) but is still insufficient as a nesting resource to
enhance nest density. This is consistent with empirical work that has
observed increased bumblebee visitation in the immediate vicinity of
SRC willow, but not at a distance (Berkley et al., 2018). In our simula-
tions, fruit tree agroforestry was assigned the same parameters as or-
chards, i.e., a similar level of floral resource quality to willow but greater
nesting potential, especially for tree-nesting bumblebees. The fruit tree
scenario was therefore able to significantly increase nest density for
tree-nesting bumblebees and worker / queen production levels for both
guilds. However, it may be that agroforestry systems do not meet the
expected habitat provision of intact orchards and may require additional
flower-strips and/or peripheral hedgerow features to deliver an equiv-
alently high quality bumblebee habitat (Gervais et al., 2021; McKerchar
et al., 2020). In practice, whether fruit-tree based agroforestry offers this
level of resource quality may therefore depend on management and
farmers’ willingness to adopt such management (Graves et al., 2017;
Nalepa et al., 2020).

The fruit tree and willow agroforestry scenarios also showed signif-
icantly higher relative crop visitation compared to the other scenarios,
even more so than hedgerow planting and despite the hedgerow
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scenarios producing similar relative increases in worker numbers. This is
due to the configuration of tree planting in agroforestry. Trees are only
located within arable fields, which may include fields of OSR or field
beans (see Fig. 7 and Figure 8Figure 8). The increased worker popula-
tion therefore has less distance to travel to reach those crops in late
spring when foraging and so agroforestry has a greater pollination ser-
vice effect than hedgerows, which are located only around the field
margins. This is especially true for field beans, which are a more scarce
crop in the landscape and whose level of pollination service is thus more
sensitive to the location of intervention (Image et al., in Press.). The
benefits of the fruit tree scenario may extend beyond the effect on
mass-flowering arable crop pollination because fruit trees themselves
are pollinator-dependent. Mass-flowering arable crops (and other
nearby semi-natural habitat) could in turn enhance pollination of the
(earlier flowering) fruit-trees, by providing complementary year-round
floral resources for bumblebees, relative to monoculture systems (Pro-
esmans et al., 2019; Staton et al., 2022).

However, the extent to which mass-flowering arable crop visitation
is enhanced varies much more over the 100 runs in fruit tree and willow
agroforestry scenarios compared to the hedgerow or woodland scenarios
(compare the range of box plots in Fig. 6). Each run has a different
spatial configuration of tree alleys, resulting in some runs where the
configuration is very efficient at enhancing mass-flowering crop visita-
tion, up to a doubling of visitation rate across the study area when tree
alleys and mass-flowering arable crops are co-located in the same fields,
and others where there is less co-location, and the enhancement levels
are lower. Our simulations only consider one year of cropping and not a
full crop rotation cycle. As fields cycle through cereals, OSR and field
beans, the location of the mass-flowering crops will change but the trees
will stay fixed and so the efficacy of a given agroforestry scheme on crop
pollination will vary year-to-year (of an order similar to that demon-
strated in our simulations where the arable cropping pattern remains
fixed and the alley locations are shifted). Spatially optimal configura-
tions of intervention will therefore depend on long-term planning within
the landscape (Faichnie et al., 2021). Given hedgerows’ greater poten-
tial for supporting bumblebee abundance, combining agroforestry with
hedgerow planting may generate optimal spatial configurations that
promote consistent pollination services through the crop rotation cycle
(Eeraerts et al., 2021; Martins et al., 2018). Indeed coppiced hedgerows
also have the potential to act as productive agroforestry systems (Smith
et al., 2021).

4.3. Woodland

Mature woodland is valuable nesting habitat for both guilds
(Crowther et al., 2014; O’Connor et al., 2017), and, as expected, there
was a significant increase in nesting density in the woodland creation
scenario, especially for tree-nesting bumblebees. Woodland flora are
also attractive foraging resources for both guilds (Crowther et al., 2014;
Kamper et al., 2016), but the expert scores are relatively more attractive
to tree-nesting bumblebees than ground-nesters (see Image et al., 2022 -
Suppl. Mat.). Hence, the higher planting intensity was required to ach-
ieve significant increases in worker or queen production for the
ground-nesting guilds, whereas the lower intensity tree-planting was
sufficient for the tree-nesting bumblebees. Some of this benefit arises
from the additional woodland edge habitat created, which was included
in the simulated landscape, and whose parameterisation reflects the
importance of this habitat as a resource, especially to ground-nesting
bumblebees (Rivers-Moore et al., 2020).

Woodland creation typically occurs in contiguous blocks and most
grant schemes available in England require at least 1 — 5 ha (Forestry
Commission, 2022) in total to make a viable project. Our scenario used a
consistent size of ~20 ha, which is close to the mean value of recent
projects and consequently, habitat creation is very spatially clustered.
Even though populations of late spring foraging worker bees increased,
this was only of benefit to mass-flowering crop parcels located close to
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the new woodlands, which was insufficient to significantly enhance
ground-nesting bumblebee crop pollination on average for the entire
landscape.

Woodland creation was sufficient to significantly increase crop
pollination services from tree-nesting bumblebees because the popula-
tion increase was greater than ground-nesting bumblebees, but the high
spatial clustering of the effect means the level of benefit realised in any
given year is likely to vary with crop rotation. If we had used a smaller
woodland size, but kept the same total area target, we may have ach-
ieved a greater increase in crop pollination service, because mean dis-
tance between crop and woodland would have been reduced (Joshi
et al., 2016). This implies woodland creation schemes with smaller
woodland plot sizes and an even distribution of woodland features
throughout the landscape would be preferable, if crop pollination ser-
vice co-benefits are desired. Smaller woodland plot size would also in-
crease the proportion of woodland edge habitat, so increasing the
patch’s attractiveness to ground-nesting guilds and potentially sup-
porting a wider range of pollinators (Bailey et al., 2014).

A further caveat is that our simulations used a parameterisation that
did not explicitly account for habitat maturity. Created woodland in the
UK can take between 80 and 160 years to reach this state (Fuentes--
Montemayor et al., 2022), whilst for hedgerows and agroforestry sys-
tems, mature would mean 10-20 years post-establishment (Burgess,
2019; Smith et al.,, 2021). Due to its long relative maturity time,
woodland creation would therefore need to be supported by agroforestry
and hedgerow planting to deliver benefits to pollinators and pollination
services within the next 30 years.

5. Conclusions

We tested six tree-planting scenarios informed by the UK Govern-
ment’s current tree planting ambitions. All of the tested scenarios pro-
vided some co-benefits for bumblebee abundance and mass-flowering
crop pollination service, although there were clear differences in the
magnitude and spatial distribution of these benefits at different scales.
Based on our findings, we recommend the design/implementation of
England’s current ambitious tree planting policy could maximise polli-
nator and pollination service co-benefits in the following ways:

1) Extending existing hedgerow networks would be the most effective
way to support bumblebee abundance generally and for ensuring
widespread crop pollination service increases for mass-flowering
arable crops under crop rotation. Spatial targeting is less important
for these interventions, as long as the quantity of uptake is sufficient.
Fruit tree and willow-based agroforestry systems can potentially
deliver very large increases in mass-flowering arable crop pollination
service as a co-benefit. To ensure a consistent enhancement over
time, tree alleys need to be close to mass-flowering arable crops
throughout the whole rotation cycle. Where this is not possible, these
agroforestry systems could be combined with hedgerow planting to
deliver the greatest benefits.

Poplar-based agroforestry (which offers fewer resources for bees in
our parameterisation) requires higher planting intensities to deliver
lower bee abundance and crop pollination service benefits than other
systems. The need for crop pollination services should therefore be
considered when selecting tree species in agroforestry systems in
order to make the most efficient use of land.

Woodland creation plots need to be more widely distributed across
the landscape to achieve consistent crop pollination service
enhancement, even at higher planting intensity. This means that
woodland plot size may need to be smaller and/or woodland creation
combined with other types of farm tree planting, and this would also
help to benefit a wider range of bee species beyond just the specialist
tree-nesters.
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-
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Data availability

Process-based pollinator model freely available to download at
https://github.com/image ma/poll4pop_python (https://doi.
org/10.5281/zenodo.5680076). The datasets used to generate the
land cover maps and the paramaters used to populate the model are
described in Image et al. (2022). N.b. we do state this in the method text
and figures.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.landusepol.2022.106497.
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