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Summary

1. Changes in agricultural practice across Europe and North America have been associated

with range contractions and a decline in the abundance of wild bees. Concerns at these decli-

nes have led to the development of flower-rich agri-environment schemes as a way to enhance

bee diversity and abundance. Whilst the effect of these schemes on bumblebee species (Bom-

bus spp.) has been well studied, their impact on the wider bee community is poorly under-

stood.

2. We used direct observations of foraging bees and pollen load analysis to quantify the rela-

tive contribution that sown flowers (i.e. those included in agri-environment scheme seed

mixes) make to the pollen diets of wild solitary bees on Higher Level Stewardship farms

(HLS) implementing pollinator-focused schemes and on Entry Level Stewardship farms (ELS)

without such schemes in southern England, UK.

3. HLS management significantly increased floral abundance, and as the abundance of sown

flowers increased, these sown plants were utilized for pollen by a greater proportion of the

solitary bee species present. However, the overall proportion of pollen collected from sown

plants was low for both direct observations (27�0%) and pollen load analysis (23�3%).

4. At most only 25 of the 72 observed species of solitary bee (34�7%) were recorded utilizing

sown plants to a meaningful degree. The majority of solitary bee species did not collect pollen

from flower species sown for pollinators.

5. Total bee species richness was significantly associated with plant species richness, but there

was no difference in the total species richness of either bee or flowering plant species between

HLS and ELS farms.

6. Synthesis and applications. Our results show that the majority of solitary bee species pre-

sent on farmland in the south-east of England collect most of their pollen from plants that

persist unaided in the wider environment, and not from those included in agri-environment

schemes focused on pollinators. If diverse bee communities are to be maintained on farmland,

existing schemes should contain an increased number of flowering plant species and addi-

tional schemes that increase the diversity of flowering plants in complementary habitats

should be studied and trialled.
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Introduction

Wild bees, in common with many other taxa, have experi-

enced declines in richness and abundance across Europe

and North America (Biesmeijer et al. 2006; Williams &

Osborne 2009; Bartomeus et al. 2013; Goulson et al.

2015). This is of concern as pollinating insects, of which

bees are the dominant group, provide a highly valuable

pollination service to both crops and wild plants (Oller-

ton, Winfree & Tarrant 2011; Garibaldi et al. 2013). With

the demand for increased agricultural yields growing*Correspondence author. E-mail: t.wood@sussex.ac.uk
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across the world, potential pollination deficits have

increased the pressure to develop effective management

techniques to conserve and maintain bee populations on

agricultural land.

There is an increasing consensus behind the idea that

food resources are the most important limiting factor for

bee populations on farmland (Roulston & Goodell 2011)

and that loss of flowering resources resulting from agricul-

tural intensification is the major cause behind the declines

in bee populations seen in the 20th century (Carvalheiro

et al. 2013; Ollerton et al. 2014; Scheper et al. 2014).

Moreover, a reduction in the diversity of pollen sources

can have negative impacts on bee fitness through reduced

development and immunocompetence (Alaux et al. 2010).

As a result, the creation of flower-rich habitat through

agri-environment schemes has been advocated and trialled

as the primary means of conserving and enhancing bee

abundance and diversity on farmland (Carvell et al. 2007;

Winfree 2010). In the United Kingdom, much of the early

work on agri-environment schemes focused on bumble-

bees (Bombus spp.), due in part to their particularly pro-

nounced declines in agricultural areas (Goulson et al.

2005). Schemes were consequently designed with the for-

aging requirements of bumblebees in mind, specifically

including a large Fabaceae component comprised of

plants such as Trifolium pratense, T. hybridum and Lotus

corniculatus (Edwards 2003; Carvell et al. 2007). Research

has shown that these sown resources are attractive to a

wide variety of common and threatened bumblebees (Car-

vell et al. 2006, 2007), and that when present in sufficient

quantities, they can significantly increase the population

size of common bumblebee species (Wood, Holland &

Goulson 2015a). However, much less work has been car-

ried out on the impact of agri-environment schemes on

the wider bee community.

In temperate areas such as Britain, bumblebees make

up only a small part of the overall bee community, repre-

senting around 10% of the total species list (25 out of c.

250 species), and in the larger continental faunas of Eur-

ope and North America, they represent an even smaller

proportion. The wider bee community consists of predom-

inantly solitary species (and their associated kleptopara-

sites) that collect pollen to provision their own offspring.

The fauna contains a number of species within the Halic-

tidae that show variably developed and expressed eusocial

behaviour (Plateaux-Qu�enu 2008). Whilst not technically

correct, the term ‘solitary bees’ is generally used as an all-

encompassing term to include the eusocial species of the

Halictidae with all non-parasitic, non-corbiculate (non-

Apis and non-Bombus) bees found in temperate regions,

with this synthetic group the focus of this study.

In order to assess the benefit of an agri-environment

scheme, field trials have often compared target areas with

control areas and have recorded an increase in bee species

richness and abundance (e.g. Knop et al. 2006; Kohler

et al. 2007; Pywell et al. 2011) or an increase in important

behaviours, such as bumblebee queen nest site searching

(Lye et al. 2009). Ideally, measures should be assessed by

comparing bee trends on sown flower strips before and

after implementation of the schemes (Kleijn et al. 2006),

with such studies finding a positive impact on bee species

richness and abundance (Holland et al. 2015; Scheper

et al. 2015). However, whilst these studies show that

enhanced areas provide resources for a greater variety of

bee species than before, it is not clear that the overall bee

community has become richer as a result of the interven-

tion, as some bees that were already present in the land-

scape may simply have been attracted to enhanced areas.

Moreover, the relative contribution of pollen from sown

plants to the diet of different solitary bee species is poorly

known, and whilst they may be attracted to sown flowers,

these resources may not make up a significant proportion

of their overall diet. Data on Bombus species, other than

presence, were not collected due to the extensive previous

work conducted on this group on farmland and their

response to agri-environment schemes (Carvell et al. 2006,

2007).

In this study, we conducted extensive surveys across a

range of farms in southern England and quantified the

pollen diets of wild solitary bees using direct observations

and pollen load analysis to address the following objec-

tives: (i) to compare the contribution that plants sown as

part of agri-environment schemes make to the pollen diet

of solitary bees relative to that provided by wild plants.

We predict that as sown resources increase in relative

abundance, they will increase in relative utilization by

solitary bees; (ii) to quantify the proportion of solitary

bee species using sown resources. We predict that as sown

resources increase in relative abundance, they will be uti-

lized by a relatively greater proportion of solitary bee spe-

cies; (iii) to identify solitary bee species most likely to be

benefiting from currently sown resources; and (iv) to iden-

tify potential temporal resource gaps in current agri-envir-

onment scheme design, or key wild flowering plant species

not currently included in seed mixes. This study will pro-

vide valuable information to scientists, governments and

land managers in designing more effective measures to

conserve the broader wild bee community on agricultural

land.

Materials and methods

STUDY AREA

Nine HLS and ten ELS farms were selected in Hampshire and

West Sussex, UK. The selected HLS farms had been implement-

ing an average of 5�56 � 0�13 ha of pollinator-focused flower-rich

schemes representing 2�17 � 0�05% of the farm area by owner-

ship for a minimum of 3 years. As 70% of farms in England were

at the time in some form of environmental stewardship (Elliot

2013), ELS farms were chosen as the control group for this study.

Flower-rich schemes were available under ELS, but these schemes

had a low uptake so only basic ELS farms without such manage-

ment were selected for this comparison. Pollinator-focused

flower-rich schemes were typically established with a seed mix
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containing c. 15–30 flowering forb species (Carvell et al. 2007;

Pywell et al. 2011). Additional plant species such as Hypochaeris

radicata and Trifolium repens are sometimes included in experi-

mental mixes (i.e. Scheper et al. 2015), but this did not represent

the situation in our study area and so these species were not

characterized as sown. Whilst there were no such flower-rich

areas on ELS farms, most of the species included in these seed

mixes can be found growing in a wild state on these farms. Con-

sequently, in order to allow a comparison of pollen choice prefer-

ences and relative rates of utilization across farm types, plant

species included in pollinator-friendly agri-environment schemes

were characterized as ‘sown’ even when found growing wild as

part of the wider plant community. For a full list of the plant

species characterized as being sown as part of pollinator-focused

management, see Appendix S1 in Supporting Information. Farms

were predominantly arable, or mixed arable/dairy with wheat,

barley, oilseed rape and permanent/silage grassland as the major

crops.

BEE AND FLORISTIC SURVEYS

In 2013 and 2014, a standardized 3-km transect was designed for

each farm, passing through all major habitat types present. For

HLS farms, this included pollinator-focused flower-rich schemes

(HE10 floristically enhanced grass margins, HK7 species-rich

grassland restoration, HF4 pollen and nectar mixes), non-agricul-

tural grass margins and hedgerow and woodland edge habitats.

For ELS farms, only non-agricultural grass margins and hedge-

row and woodland edge habitats were surveyed, as no pollinator-

focused schemes were present. Crops and areas of agricultural

grassland were not surveyed. Each transect was subdivided into

discrete sections, with each section covering a distinct habitat

type. Transects on HLS farms were designed to survey as many

pollinator-focused schemes as possible whilst remaining contigu-

ous and passed through an average of 1496 � 148 m of flower-

rich habitat in an average of 3�77 � 0�24 discrete habitat patches

per farm.

Bee activity was recorded along the transect following standard

bee walk methodology (Carvell et al. 2007), with all bees within

2 m of the recorder identified to species level. Individuals that

could not be identified in the field were netted for later identifica-

tion. The first flowering plant species visited, and the purpose of

the visit, for either pollen or nectar, was recorded. Hylaeus spe-

cies, which lack scopal hairs on their body, instead ingesting pol-

len and regurgitating it in the nest, cannot reliably be determined

to be foraging for pollen and so all plant visits were recorded

simply as visits. On each transect, the number of species of flow-

ering plants and the number of flowering units of each plant spe-

cies within 2 m of the recorder was estimated within each discrete

transect section. Grasses, sedges and rushes were not recorded as

these plant species are not attractive to bees in the study region.

This assessment followed Carvell et al. (2007) with one flower

cluster (e.g. an umbel, a head, a capitulum) counted as a single

unit. Sixteen farms (eight HLS, eight ELS) were surveyed in

2013. Transects were walked three times through the season,

between 25th May–5th June, 26th June–15th July and 3rd–11th

August. Seventeen farms (eight HLS, nine ELS) were surveyed in

2014. Transects were walked three times through the season,

between 17th–27th May, 21st June–9th July and 3rd–15th

August. These discrete sampling blocks are henceforth referred to

as ‘sampling rounds’.

In 2015, farms were surveyed for a fixed period of time rather

than using distance based transects. ELS farms were surveyed for

3 h with 1�5 h spent on non-agricultural grass habitats and 1�5 h

on woody hedgerow/woodland edge habitats. HLS farms were

surveyed for 3 h with 1 hr on pollinator-focused flower-rich

schemes, 1 hr on non-agricultural grass habitats and 1 hr on

woody hedgerow/woodland edge habitats. The survey followed

standard bee walk methodology as described above, but at a

reduced pace to ensure thorough sampling. All bees within 2 m

of the recorder were identified to species level. The first flowering

plant species visited, and the purpose of the visit, for either pollen

or nectar, was recorded. Solitary bees with clearly visible pollen

on their body were collected, placed in individual Eppendorf

tubes and frozen. The collection of pollen loads from foraging

bees may overestimate pollen use of more easily observable flow-

ers. Ideally, pollen would be sampled from bees as they return to

their nest, but this method was not chosen for this study as is

often time-consuming and may lead to low sample sizes for spe-

cies with difficult to locate nests. All flowering plant species pre-

sent on the transects were recorded, but their abundance was not

quantified. Pollen samples from insect visited flowering plant spe-

cies present were collected to form a pollen reference library. Pol-

len reference slides were prepared by transferring pollen-laden

anthers to a drop of water on a microscope slide. The slide was

gently heated to allow grains to absorb water and achieve their

maximum size and to evaporate excess water. The remains of the

anthers were removed, molten glycerine jelly stained with fuchsin

was added and the slide was sealed with a coverslip. For a full

list of sampled flowering plant species, see Appendix S2. Four-

teen farms (7 HLS, 7 ELS) were surveyed in 2015. Transects were

walked four times throughout the season, between 22nd April–

13th May, 26th May–17th June, 25th June–4th July and 29th

July–10th August. All bee surveys were conducted between 0930

and 1700 h when the temperature was above 13 °C with at least

60% clear sky, or above 17 °C with any level of cloud. No sur-

veys were conducted when it was raining. All bee and floristic

surveys were conducted by the same individual (TJW) to mini-

mize recorder bias.

POLLEN IDENTIF ICATION

The scopal pollen load of foraging solitary bees collected in 2015

was analysed by light microscopy using the method outlined by

Westrich & Schmidt (1986). Before removing pollen from the sco-

pae, the total load was estimated relative to a full load for that

species, ranging from 8/8 (full load) to 1/8 (one-eighth load). The

pollen grains were removed from the scopae using an entomologi-

cal pin and transferred to a drop of water on a microscope slide.

Pollen that was not clearly held in the scopae was not sampled as

this may have become attached to other parts of the body during

nectar visits to non-host plant flowers. The slide was gently

heated to allow grains to absorb water and achieve their maxi-

mum size and to evaporate excess water. Molten glycerine jelly

stained with fuchsin was then added, and the slide was sealed

with a coverslip. The proportion of the load comprised of differ-

ent plant species was estimated along three randomly selected

lines across the cover slip at a magnification of 9400. The pro-

portion of the load by volume was estimated by the relative area

of the slide occupied by each plant species, rather than the abso-

lute number of grains, in order to better reflect the total volume

of pollen collected, an important correction in mixed loads where
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pollen grains of different plant species often differ widely in size

(Cane & Sipes 2006). Species representing less than 1% of the

load were excluded from further analysis as their presence may

have arisen from contamination (Westrich & Schmidt 1986).

The proportions of pollen collected were corrected according

to the overall size of each load to give a final weight, for example

a full load (8/8) comprised of 50% Centaurea nigra and 50%

Leucanthemum vulgare would receive a final C. nigra weight of 50

and a final L. vulgare weight of 50, whereas a quarter load (2/8)

comprised of 100% Hypochaeris radicata would receive a final

H. radicata weight of 25. The pollen grains were identified to spe-

cies using Sawyer (1981), and the reference collection assembled

during the project. The majority of samples were identified to

species level, but where this was not possible, pollen was identi-

fied to genus, for example in Brassica, Plantago and Geranium.

For a full list of taxa and the level of identification, to either

species or genus, see Appendix S3.

STATIST ICAL ANALYSIS

Generalized linear mixed-effect models (GLMMs) were used to

test for the impact of management type on bee and plant species

abundance and diversity and the impact of plant species richness

on bee species diversity and diet breadth. Models were fit using

the maximum likelihood (Laplace Approximation) method. All

data analyses were conducted in R version 3.1.1 (R Development

Core Team, Vienna, Austria) using the lme4 package for the

GLMMs (Bates et al. 2014). All models were fitted with Poisson

and negative binomial error distributions and were tested for

overdispersion. In all cases, negative binomial error structures

were the most appropriate and final models were not overdis-

persed. Final models were compared by ANOVA with a null model

containing the same random factor to test for significance.

Differences in the total number of bee and plant species and

total floral abundance recorded between different farm types were

analysed using GLMMs with management type as a fixed factor.

Sampling year was included as a random factor to take account

of the temporal data structure and differences in sampling meth-

ods. The abundance analysis used the 2013–2014 data, and the

species richness analysis used the 2013–2015 data. The impact of

plant species richness on bee species richness (including Apis,

Bombus and kleptoparastic bee species) and oligolectic solitary

bee species richness was analysed using GLMMs with plant

species richness as a fixed factor and sampling year as a random

factor. This analysis used the 2013–2015 species richness data.

The impact of plant species richness on the number of pollen

species detected in bee pollen loads was analysed using a GLMM

with plant species richness as a fixed factor and sampling round

(April/May, May/June, June/July and July/August) as a random

factor. The number of pollen species detected in bee pollen loads

was also calculated for the seven most common polylectic bee

species for which a total of 30 pollen loads had been collected

from each species, representing the majority of the pollen

load data (759 of 1054 samples, Andrena chrysosceles, A. flavipes,

A. haemorrhoa, A. semilaevis, Lasioglossum calceatum,

L. malachurum and L. pauxillum). The number of species

detected in pollen loads was summed over the year for each spe-

cies to reduce temporal variation. Farms where no samples of a

species were taken were excluded from that species’ analysis, as

the species may have been absent from the sample for reasons

other than floristic composition, for example nesting site

availability and low detection rate. The relationship between

plant species richness and the number of pollen species collected

by polylectic bee species was analysed using a GLMM with plant

species richness as a fixed factor and bee species as a random fac-

tor. Both these analyses used the 2015 microscopic pollen load

analysis data.

The proportion of sown flowers relative to total flowers was

calculated for each farm over the 2013–2014 period. The propor-

tion of observed solitary bee pollen visits to sown flowers and the

proportion of solitary bee species visiting sown flowers for pollen

was also calculated over the 2013–2014 period. The impact of the

proportion of sown flowers on the proportion of observed soli-

tary bee pollen visits and the proportion of solitary bee species

visiting sown flowers was analysed using Spearman’s rank corre-

lation tests, as in each case the response variable could not be

transformed to normality.

Differences in the proportion of pollen collected from different

plant types were analysed using binomial tests. For the observa-

tional data, the proportion of pollen visits to sown and wild

plants was calculated for each sampling round across all years

for both farm types. For the pollen load data, a third category of

crop plant data was included. A number of pollen loads con-

tained Brassica type pollen, most of which is highly likely to have

come from the crop plant oilseed rape Brassica napus. No wild

Brassica species such as B. nigra were recorded during floristic

surveys with the only other source being small areas of B. rapa

that is sometimes sown as part of conservation management for

birds. As a result, we are confident that the majority of the Bras-

sica type pollen originated from crop plants and so this was

excluded from the comparison between sown and wild plant pol-

len use. As the pollen load data are non-integer (with variably

full pollen loads with mixed species composition), the proportion

of each pollen type was used to calculate an appropriate value

from the number of collected samples, that is where 173 bees

were collected with pollen loads in total comprised of 9�7% pol-

len from sown plants and 90�3% pollen from wild plants by vol-

ume this was calculated as 17 samples from sown plants and 156

samples from wild plants. These calculated values were used in

the binomial tests.

Results

A total of 105 species of bee was recorded over the survey

period. This comprised the honeybee Apis mellifera, 15

species of bumblebee Bombus (including five parasitic

Psithyrus spp.), 72 species of solitary bee and 17 species

of parasitic bee (see Appendix S4). There was no differ-

ence in the total number of bee species recorded on each

farm type in each year (mean HLS 23�2 � 2�4, mean ELS

21�5 � 2�1, v2 = 0�6, P = 0�418). A total of 9�69 million

flowering units were recorded on the transects in 2013–
2014. Floral abundance was significantly greater on

HLS farms than on ELS farms in each year (mean HLS

501 758 � 74 397 flowering units, mean ELS

97 530 � 22 703 flowering units, v2 = 32�6, P < 0�001). A
total of 6�24 million flowering units of plant species char-

acterized as sown were recorded on the transects in 2013–
2014. Sown floral abundance was more than ten times

higher on HLS farms than on ELS farms in each

year (mean HLS 354 271 � 71 761, mean ELS
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33 579 � 12 739, v2 = 23�0, P < 0�001, see Appendix S1).

A total of 291 species of flowering plants were recorded

over the survey period. There was no difference in the

total number of plant species recorded on each farm type

in each year (mean HLS 75�2 � 4�2, mean ELS

68�8 � 3�1, v2 = 1�9, P = 0�171).
Fifty-six species of solitary bee were observed making

1416 pollen foraging trips. Across all farms, as the pro-

portion of sown plants increased, so the proportion of

observed pollen foraging visits to sown plants increased as

well (Spearman’s rho = 0�920, P < 0�001, Fig. 1). How-

ever, the proportion of pollen collected by solitary bees

from sown plants varied greatly throughout the year and

between farm types. In late April/early May, no pollen

visits to sown plants were observed on either farm type

(Fig. 2a,b). In late May/early June, the proportion of

observed pollen visits to sown plants was similarly low on

both ELS and HLS farms (HLS 13�1%, ELS 9�4%,

v2 = 0�83, P = 0�364, Fig. 2a,b). In late June/early July,

the proportion of observed pollen visits to sown plants

increased to 60�1% of visits on HLS farms compared to

18�5% of visits on ELS farms, a significantly higher pro-

portion (v2 = 113�92, P < 0�001, Fig. 2a,b). In late July/

early August, the proportion of pollen visits to sown

plants decreased on both farm types, though it was still

significantly greater on HLS farms (HLS 21�1%, ELS

10�1%, v2 = 4�5, P = 0�033, Fig. 2a,b).
A similar trend was observed in the analysis of collected

pollen samples. One thousand and fifty-four individual bees

with pollen loads from 47 bee species were collected for

microscopic pollen analysis. Excluding oilseed rape type

(Brassica type) pollen from the analysis, no pollen was col-

lected from sown plants in late April/early May. In late

May/early June, the proportion of pollen collected from

sown plants was similarly low (ELS 15�4%, HLS 10�6%,

v2 = 1�2, P = 0�283, Fig. 2c,d). In late June/early July, the

proportion of pollen collected from sown plants increased

to 47�4% on HLS farms compared to 16�5% on ELS farms,

a significantly higher proportion (v2 = 46�2, P < 0�001,
Fig. 2c,d). In late July/early August, the proportion of pol-

len collected from sown plants decreased to a similar level

on both HLS and ELS farms (ELS 18�3, HLS, 21�1,
v2 = 0�1, P = 0�824, Fig. 2c,d).
Across all farms, as the proportion of sown plants

increased the proportion of solitary bee species present

observed making pollen foraging trips to sown plants

increased as well (Spearman’s rho = 0�743, P < 0�001,
Fig. 3). However, at best only 46�2% of solitary bee spe-

cies were observed visiting sown plants for pollen. Over

the whole survey period, bee species richness was signifi-

cantly associated with plant species richness (v2 = 33�7,
P < 0�001, Fig. 4). A total of 16 oligolectic bee species

were recorded following Westrich (1989), and oligolectic

bee species richness was also significantly associated with

plant species richness (v2 = 10�0, P = 0�002). The number

of species of pollen detected in pollen loads on each

farm was significantly associated with the number of

flowering plants recorded on the transects, with this

effect consistent over the survey period (v2 = 16�8,
P < 0�001, Fig. 5). However, for the seven most common

polylectic bee species representing the bulk of the pollen

load data (759 out of 1054 samples), there was no signif-

icant relationship between diet breadth and observed

plant species richness (v2 = 0�7, P = 0�416), suggesting

that the relationship is instead driven by the addition of

more specialized bees to the community in floristically

richer environments that collect pollen from a different

suite of host plants.

Over the whole survey period, pollen collected from

sown plants by solitary bees represented only 27�0% of

pollen visitation observations and 23�3% of pollen col-

lected by volume. The most popular sown plants were

Leucanthemum vulgare, Centaurea nigra and Daucus car-

ota (Table 1). Of the 72 species of solitary bee only 31

species had five analysed pollen loads or five observed

pollen visits. Of these, 14 species collected at least 10% of

their pollen from sown plants (Table 2) with 17 species

collecting a lower proportion than this. Of the 41 species

with fewer than five analysed loads or five observed visits,

11 were observed visiting, or their pollen loads contained

pollen from, sown plants (Andrena wilkella, Hylaeus brevi-

cornis, H. cornutus, H. dilatatus, Lasioglossum albipes,

L. smeathmenellum, Megachile centuncularis, M. versi-

color, M. willughbiella, Osmia leaiana and O. spinulosa).

This list includes Hylaeus species which lack scopal hairs

on their body, making accurate determination of pollen

visits impossible in the field. However, all British species

with the exception of Hylaeus signatus are known to be

polylectic (Westrich 1989), and so any observed visits to

sown plants were included in this list, but not included in

the main pollen visitation analysis. Five species were only

recorded in the male sex and there was no evidence that

females of the final 25 species visited sown plants for pol-

len. This most liberal estimate of 25 out of 72 solitary bee

species (34�7%) likely to be using sown plants to a greater

0 20 40 60 80 100

0
20

40
60

80
10

0

Proportion of flowering units of plant species sown as part of
pollinator friendly management

P
ro

po
rt

io
n 

of
 p

ol
le

n 
vi

si
ts

 b
y 

so
lit

ar
y 

be
es

 to
 p

la
nt

sp
ec

ie
s 

so
w

n 
as

 p
ar

t o
f p

ol
lin

at
or

 fr
ie

nd
ly

m
an

ag
em

en
t

Fig. 1. Relationship between availability of flowering units of

plant species sown as part of pollinator-friendly management and

their observed utilization for pollen by solitary bees on surveyed
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or lesser extent is similar to the overall observed propor-

tion of pollen collected from sown plants.

Discussion

Our results show that, as expected, increasing resource

availability through the creation of flower-rich habitat

increased both the utilization rates of sown plants for pol-

len by solitary bees and the proportion of solitary bee

species utilizing sown plants for pollen. These findings are

in line with studies that have found that sown resources

can provide improved resources for wild bees in enhanced

areas (Knop et al. 2006; Kohler et al. 2007; Pywell et al.

2011; Scheper et al. 2015). However, whilst utilization

rates of sown flowers were higher in areas in which they

were abundant, the proportion of solitary bee species uti-

lizing sown plants for pollen was always a minority, even

in areas where sown resources represented the vast major-

ity of available forage. It is important to note that this

study was conducted in a study region in which the land-

scape is composed of 21–22% semi-natural habitat

(Wood, Holland & Goulson 2015b). This is considerably

more than areas of conventional farmland in many devel-

oped European countries which often contain between

5% and 10% semi-natural habitat (e.g. Westphal, Steffan-

Dewenter & Tscharntke 2003; Herrmann et al. 2007). As

such, the relatively high bee diversity and low sown

resource utilization may reflect the less intensified nature

of this area, and more studies of a similar nature should

be conducted in more intensified landscapes.

The most important sown plants for solitary bees were

Leucanthemum vulgare, Centaurea nigra and Daucus car-

ota. The former two were widely used by polylectic

Lasioglossum species with D. carota an important pollen

source for scarce late summer species such as Andrena alf-

kenella and A. minutuloides. Plants from the family Faba-

ceae are often a major component of pollinator-focused

agri-environment schemes, since many schemes were
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Fig. 2. Proportion of pollen collected by

solitary bees from (a) observed pollen for-

aging trips on ELS farms, (b) observed

pollen foraging trips on HLS farms, (c)

pollen load analysis from ELS farms and

(d) pollen load analysis from HLS farms.

Triangles = plant species sown as part of

agri-environment management, squares =
wild plant species and circles = crop plant

species (Brassica spp). Sampling round

one, late April/early May; sampling round

two, late May/early June; sampling

round three, late June/early July; sampling

round four, late July/early August.
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Fig. 3. Relationship between availability of sown floral resources

and the proportion of solitary bee species utilizing them for

pollen on surveyed farms.
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designed primarily to provide resources for threatened

bumblebees that show close association with members of

the Fabaceae (Edwards 2003; Goulson et al. 2005). These

schemes can have significantly positive effects on the size

of bumblebee populations on farmland (Carvell et al.

2015; Wood, Holland & Goulson 2015a), and whilst some

threatened solitary bee species are dependent on Fabaceae

(i.e. Eucera longicornis, Westrich 1989, not recorded in

this study), overall use of Fabaceae as a pollen source by

solitary bees was very low at 2�3% of pollen visitation

observations and 3�0% of pollen collected by volume.

In contrast, an important pollen source for solitary bees

in the spring was the genus Brassica. This predominantly

comprises oilseed rape (Brassica napus), a major crop in

England. Brassica species are also sometimes included in

wild bird focused agri-environment schemes to provide

winter seeds, but the area under this form of management

is dwarfed by the area cropped with oilseed rape. Brassica

type pollen was collected by 12 species of Andrena, in par-

ticular A. scotica (40�2% of total pollen collected by vol-

ume), A. haemorrhoa (23�1%), A. minutula (20�2%),

A. nitida (19�1%), A. cineraria (15�7%) and A. subopaca

(14�2%). Mass flowering crops, in particular oilseed rape,

have been associated with higher densities of foraging

bumblebees, larger bumblebee colonies and larger num-

bers of bumblebee colonies in agricultural environments,

due to increased resources availability during early colony

development (Westphal, Steffan-Dewenter & Tscharntke

2003; Herrmann et al. 2007; Wood, Holland & Goulson

2015b). However, oilseed rape is widely treated with pesti-

cides including neonicotinoids that have been linked to

bee declines around the world (see Goulson et al. 2015).

There are few field studies of impacts on solitary bees, but

one study found reduced numbers of solitary bees forag-

ing on neonicotinoid-treated oilseed rape and neighbour-

ing field margins compared to controls, and also reduced

occupancy of nest holes by Osmia bicornis (Rundl€of et al.

2015), so the net benefits of this mass flowering crop for

solitary bees may depend upon its wider agricultural

management.

The area of land cropped with oilseed rape in the UK

has increased markedly in the past 30 years, from

269 000 ha in 1984 to a peak of 756 000 ha in 2012, dri-

ven mainly by rising commodity prices and demand for

biofuels (Defra 2015). This increased availability of pollen

and nectar resources during the period before agri-envir-

onment schemes begin to flower may partly explain posi-

tive trends in some spring Andrena species in the UK.

Widespread in the north and the west of the UK,

A. cineraria had been scarce in the south of England until

the 1990s when it markedly expanded its range (Baldock

2008). In addition, a number of scarce and threatened

parasitic insects use spring flying mining bees such as

A. cineraria as a host, specifically the oil beetle Meloe

proscarabaeus, the bee fly Bombylius discolor (Nationally

Scarce), the parasitic bee Nomada lathburiana (Red Data

Book 3) and the conopid fly Myopa pellucida (Red Data

Book 3). National recording efforts and county atlases

show that these species have all increased in range and

frequency since the 1990s, particularly in the south-east of

England (M. Edwards pers. comm., Baldock 2008; Bal-

dock & Early 2015), with the latter three species being

recorded during this study.

Oilseed rape is an increasingly widely grown crop

across much of the world and is the most important insect

pollinated crop in arable areas of England. Whilst it can

be wind pollinated, insect pollination increases seed yield,

quality and market value (Bommarco, Marini & Vaissi�ere

2012). Solitary bees from the genera Andrena, Osmia and

Lasioglossum are more efficient pollinators of oilseed rape

than bumblebees and honeybees in Britain (Woodcock

et al. 2013). However, current pollinator-focused schemes

are dominated by herbaceous grassland plants which pro-

duce their peak flower abundance in July and August.

These options provide low to non-existent resources in the

spring, with none of the univoltine spring flying Andrena

collecting more than 10% of their pollen from sown

plants. Instead, visits to plants associated with woodland,

hedgerow, grassland and arable weed habitats predomi-

nated. However, increasing floral abundance in the late

summer is important, as pollen demand for larval rearing

by social bumblebees is at its highest at this point (Dicks

et al. 2015). Identifying bee species that are resource lim-

ited on farmland is an important part of targeted agri-

environmental management, and it has been argued that

current agricultural landscapes are particularly flower

poor in the summer (Holland et al. 2015), with availabil-

ity of suitable forage decreasing through the season (Sche-

per et al. 2014). The creation of 2% of predominantly

summer flowering flower-rich habitat by farm area is suffi-

cient to consistently supply a suite of common farmland

bumblebee species with enough pollen to raise their larvae

throughout the season (Dicks et al. 2015).

Current seed mixes biased towards summer flowering

plants may consequently be an appropriate focus, but a

change in composition to include more attractive species

that flower in May and early June would support a
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greater variety of bee species, including important crop

pollinators. Conservation management that takes land out

of production can both benefit biodiversity and increase

agricultural yields, essentially making the intervention

economically neutral (Pywell et al. 2015). However, as the

majority of pollination is carried out by the most abun-

dant bee species in any location, usually representing a

small fraction of the total number of species present, a

purely economic argument is insufficient to justify con-

serving bee diversity in general (Kleijn et al. 2015). In

addition to bees being a valid conservation target in their

own right, it has been argued that maintaining pollinator

species diversity is crucial for providing ecosystem resili-

ence in the face of future environmental change (Senap-

athi et al. 2015). Bee communities are strongly structured

by, and associated with, plant species diversity (Tscharn-

tke, Gathmann & Steffan-Dewenter 1998; Potts et al.

2003; Bat�ary et al. 2010), and so management that does

not increase plant species diversity at the farm level is

unlikely to increase bee diversity either, no matter the

total increase in resource availability. Increasing the diver-

sity of plants species included in wild seed mixes is likely

to increase their efficacy (Scheper et al. 2015), and the

inclusion of grassland species such as Taraxacum agg.,

Hypochaeris radicata and Ranunculus repens would pro-

vide resources for a wider variety of species. However,

hedgerow plants such as Heracleum sphondylium, Chaero-

phyllum temulum and Alliaria petiolata and arable plants

such as Sinapis arvensis, Sisymbrium officinale and

Tripleurospermum inodorum are also popular, and their

management relies on wider farmland management such

as herbicide and hedge cutting regimes. Agri-environment

schemes promoting improved hedgerow management and

various uncropped or unharvested headlands for arable

plants currently exist, but their ability to increase the

abundance and diversity of pollen sources for solitary

Table 1. Most important pollen forage plants for solitary bees at different times of the year from field observations and pollen analysis.

Plant species sown as part of agri-environment management are marked in bold. Sampling round one, late April/early May; sampling

round two, late May/early June; sampling round three, late June/early July; sampling round four, late July/early August

Observations (2013–2015)

Round one

% of

visits Round two

% of

visits Round three

% of

visits Round four

% of

visits

Taraxacum agg. 66�89 Chaerophyllum temulum 19�37 Tripleurospermum

inodorum

26�67 Pulicaria dysenterica 17�36

Sinapis arvensis 11�49 Heracelum sphondylium 14�25 Centaurea nigra 23�26 Senecio jacobea 12�81
Brassica rapa 10�14 Crataegus monogyna 9�69 Leucanthemum vulgare 16�15 Odontites vernus 11�98
Crataegus monogyna 4�05 Leucanthemum vulgare 7�69 Heracelum sphondylium 7�26 Daucus carota 11�16
Anthriscus sylvestris 2�70 Tripleurospermum

inodorum

7�41 Hypochaeris radicata 5�19 Heracleum sphondylium 9�92

Alliaria petiolata 2�03 Hypochaeris radicata 7�12 Bryonia dioica 3�85 Rubus fruticosus agg. 9�09
Bellis perennis 0�68 Sisymbrium officinale 4�84 Crepis capillaris 3�70 Tripleurospermum

inodorum

8�26

Hyacinthoides

non-scripta

0�68 Ranunculus repens 4�56 Chaerophyllum temulum 1�63 Picris hieracioides 5�79

Lamium album 0�68 Oenanthe crocata 3�99 Achillea millefolium 1�48 Hypochaeris radicata 1�65
Prunus spinosa 0�68 Crepis vesicaria 2�85 Trifolium repens 1�04 Centaurea nigra 1�65

Pollen analysis (2015 only)

Round one

% of

pollen Round two

% of

pollen Round three

% of

pollen Round four

% of

pollen

Brassica spp. 31�22 Heracleum sphondylium 11�17 Tripleurospermum

inodorum

27�52 Senecio jacobea 21�66

Taraxacum agg. 29�84 Chaerophyllum temulum 9�66 Leucanthemum vulgare 14�62 Rubus fruticosus agg. 17�52
Alliaria petiolata 13�41 Sisymbrium officinale 8�04 Centaurea nigra 12�53 Daucus carota 12�55
Sinapis arvensis 9�78 Crataegus monogyna 8�00 Rubus fruticosus agg. 4�50 Pulicaria dysenterica 11�58
Bellis perennis 3�48 Tripleurospermum

inodorum

7�90 Heracleum sphondylium 4�43 Heracleum sphondylium 7�43

Acer campestre 3�07 Leucanthemum vulgare 6�06 Sisymbrium officinale 3�17 Tripleurospermum

inodorum

6�03

Hyacinthoides

non-scripta

1�79 Hypochaeris radicata 5�88 Brassica spp. 3�10 Centaurea nigra 4�11

Lamium album 1�36 Brassica spp. 5�19 Sonchus arvensis 3�06 Odontites vernus 3�74
Glechoma hederacea 1�28 Oenanthe crocata 4�35 Bryonia dioica 2�23 Trifolium hybridum 2�21
Crataegus monogyna 1�19 Crepis vesicaria 3�60 Ranunculus repens 2�18 Trifolium repens 2�07
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bees is poorly studied. These and similar schemes should

be trialled as complementary methods to benefit solitary

bee populations on farmland.

CONCLUSIONS

Current pollinator-focused agri-environment management

can increase floral abundance and provide pollen

resources for a limited suite of farmland bee species.

However, in our study the majority of solitary bee species

foraged from other plants persisting in the wider farm

environment. As a taxa almost entirely dependent upon

flowering plants for food, an association between bee spe-

cies richness and flowering plant richness is to be

expected. As the addition of flower-rich schemes as part

of pollinator-friendly management did not significantly

increase flowering plant richness at the farm scale, it

should not be surprising that bee species richness was also

Table 2. Solitary bee species potentially benefiting from plant species sown as part of agri-environment schemes. Selected species had a

minimum of five analysed pollen loads or five observed pollen foraging visits and collected a minimum of 10% of their pollen from sown

plant species in either category. n p, total number of pollen loads; n obs, total number of pollen foraging observations

Species n p n obs

Utilization of sown plants

Important sown pollen

sources (pollen analysis)

Important sown pollen sources

(observations)

% of pollen

collected

% of observed

pollen visits

Andrena

alfkenella*

6 10 78�6 90�0 Daucus carota (78�6) Daucus carota (90�0)

Andrena

flavipes

45 70 17�7 17�1 Centaurea nigra (8�9),
Trifolium hybridum (5�2),
Leucanthemum

vulgare (3�4)

Leucanthemum vulgare (7�1), Centaurea
nigra (4�3), Trifolium hybridum (2�9),
Trifolium pratense (2�9)

Andrena

minutula

15 30 19�8 26�7 Daucus carota (19�8) Daucus carota (20�0), Centaurea nigra

(3�3), Sonchus arvensis (3�3)
Andrena

minutuloides*

8 10 85�0 70�0 Daucus carota (85�0) Daucus carota (70�0)

Colletes

daviesanus

2 5 100�0 40�0 Achillea millefolium (100�0) Achillea millefolium (40�0)

Halictus

tumulorum

21 23 46�5 34�8 Ranunculus acris (20�2),
Leucanthemum vulgare

(10�8), Trifolium pratense

(6�2), Medicago lupulina

(3�7), Centaurea nigra (3�7),
Silene dioica (1�9)

Leucanthemum vulgare (17�4),
Ranunculus acris (4�3), Centaurea
nigra (4�3), Medicago lupulina (4�3),
Trifolium pratense (4�3)

Lasioglossum

calceatum

38 70 13�2 21�4 Leucanthemum vulgare (7�7),
Centaurea scabiosa (3�0),
Phacelia tanacetifolia

(1�8), Knautia arvensis (0�6)

Leucanthemum vulgare (11�4), Knautia
arvensis (2�9), Leontodon hispidus

(2�9), Centaurea nigra (1�4),
Centaurea scabiosa (1�4), Phacelia
tanacetifolia (1�4)

Lasioglossum

leucozonium

21 51 12�8 3�9 Leontodon hispidus (8�9),
Centaurea nigra (4�0)

Leontodon hispidus (3�9)

Lasioglossum

malachurum

437 553 32�1 47�2 Leucanthemum vulgare (14�8),
Centaurea niga (12�0),
Plantago spp (1�5),
Phacelia tanacetifolia (0�9),
Melilotus officinalis (0�9),
Achillea millefolium (0�7),
others (1�2)

Centaurea nigra (26�8), Leucanthemum

vulgare (17�7), Achillea millefolium

(1�3), Phacelia tanacetifolia (0�5),
others (0�9)

Lasioglossum

pauxillum

70 93 19�5 15�1 Leucanthemum vulgare

(14�1), Centaurea
nigra (2�7), Daucus carota

(1�1), Plantago spp (0�8),
other (0�8)

Leucanthemum vulgare (11�8),
Centaurea nigra (1�1), Leontodon
hispidus (1�1), Daucus carota (1�1)

Lasioglossum

puncticolle

2 8 100�0 37�5 Centaurea nigra (100�0) Centaurea nigra (37�5)

Lasioglossum

villosulum

25 32 34�8 21�9 Leontodon hispidus (34�8) Leontodon hispidus (18�8), Sonchus
arvensis (3�1)

Lasioglossum

xanthopus

7 8 67�9 100�0 Leucanthemum vulgare (67�9) Leucanthemum vulgare (100�0)

Lasioglossum

zonulum

4 7 33�4 14�3 Centaurea nigra (20�6),
Silene dioica (12�9)

Centaurea nigra (14�3)

*Data only available for summer generation females.
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not significantly different at this level. Management that

increases resource availability is important, but our results

suggest that techniques that increase floristic richness at

the farm scale are necessary if we wish to conserve a

richer bee community on farmland.
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