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Abstract — The value of introduced seed mixtures in providing forage for bumblebees on farmland was
assessed by direct observation of individuals and analysis of pollen loads. Two mixtures of perennial grasses
and wildflowers were compared with an annual mix of mostly seed-bearing crops over three years. Foraging
bees showed contrasting patterns of visitation depending on species. Longer-tongued Bombus species
preferred the perennial mixtures in which Trifolium pratense was dominant, whilst shorter-tongued Bombus
and honeybees, Apis mellifera, visited mainly Borago officinalis in the annual mix. These patterns were
supported by analysis of pollen loads from B. pascuorum and B. terrestris, both species showing a high
degree of flower constancy to sown species. The relative specialisation of different bee species towards
certain plant families, and the flowering phenology of seed mix components, must be considered in the

design of agri-environment measures to conserve these and other pollinators.

bumblebees / foraging / pollen / seed mixture / restoration / Bombus

1. INTRODUCTION

Bumblebees (Bombus spp.) provide an
essential pollination service for many ento-
mophilous crops and wild flowers, and are
therefore an integral component of agricultural
and semi-natural ecosystems (Kevan, 1991;
Free, 1993). However, evidence suggests that
bumblebees have declined dramatically across
Europe and North America in recent decades
(Rasmont and Mersch, 1988; Kosior, 1995;
Buchmann and Nabhan, 1996). Of the assem-
blage of 25 Bombus species in the UK, three
species have become extinct and several more
have shown marked contractions in range, four
of which are on the UK Biodiversity Action
Plan as priorities for conservation (Williams,
1982; Anon., 1995). These declines are thought
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to be largely due to the intensification of agri-
culture, which has also affected many other
wild pollinators (Kevan, 1991). Changes in
land use and agricultural practices have
resulted in the loss of both nesting and foraging
habitats, in particular the abundance of key for-
age plant species associated with semi-natural
habitats (Fuller, 1987; Corbet et al., 1991;
Haines-Young, 2000). Thus, there is an urgent
need to restore and maintain habitats of value
for bumblebees and other pollinating insects in
intensively managed agricultural landscapes.
This has been recognised at a global level by
the launch of the International Pollinator Initi-
ative (Dias et al., 1999).

Although they can be seen on a number of
different flowers, many bumblebee species pref-
erentially visit perennials from the Fabaceae,
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Lamiaceae and Asteraceae such as Trifolium
pratense, Lamium album and Centaurea nigra
(eg. Fussell and Corbet, 1992; Goulson and
Darvill, 2004). The flowers of certain annuals
such as Borago officinalis (borage), Centaurea
cyanus (cornflower), and Raphanus sativus
(fodder radish) can also be attractive to some
species (Carreck et al., 1999). Recent develop-
ments in European agri-environmental policy
have encouraged the introduction of such spe-
cies to uncropped areas on farmland (Marshall
and Moonen, 2002). For example, in England,
legumes (Fabaceae) have been recommended
as components of a new option for arable land
under the Environmental Stewardship Scheme,
referred to as the ‘pollen and nectar flower mix-
ture’. Annual species, such as R. sativus, are
often included in mixtures of seed-bearing
crops under the ‘wild bird seed mixture’ option
to provide winter food and cover for farmland
birds (http://www.defra.gov.uk/erdp/schemes/
es/default.htm).

Uncropped field margins sown with peren-
nial wildflower mixtures have been shown to
significantly enhance the abundance and diver-
sity of nectar- and pollen-feeding insects com-
pared with margins sown with tussocky grass
mixtures, conventional crops, treated as con-
servation headlands or ploughed and left to
regenerate naturally (Meek et al., 2002; Carvell
et al., 2004; Pywell et al., 2005). However, the
flowering component of these mixtures has not
been specifically designed to provide the range
and succession of forage plants required by
bumblebees (Bombus spp.). Nectar and pollen
are required throughout the colony’s active
period from late April to September, and any
gap in flowering due to management actions or
flowering phenology in components of the
sown mixture could be detrimental to colony
development. In addition, bumblebees have
varying tongue lengths depending on species
which, amongst other factors, determine their
preferences for certain forage plants (Pyke,
1982; Prys-Jones and Corbet, 1991). Within
species the different sexes may also visit dif-
ferent flowers. Therefore conservation of the
full bumblebee assemblage (in terms of forag-
ing resources) requires a range of flowers from
which nectar and pollen are accessible (Ranta
and Lundberg, 1980; Harder, 1985).

The aim of this study was to assess the rel-
ative value of three contrasting seed mixtures

(all available as options under the Environ-
mental Stewardship Scheme) in providing
resources for foraging bumblebees on an arable
farm. Most studies of foraging bees tend to
focus on the flower visits of individuals
observed on localised transect walks, and
sometimes note whether nectar, pollen, or both
are being collected (e.g. Fussell and Corbet,
1992; Goulson and Darvill, 2004). No studies
to date have examined the value of restored
habitats by analysing the composition of pollen
loads collected by foraging workers, although
these can give us useful information about the
flowers from which they are obtaining pollen,
and about their relative importance based on
the proportion of species in each sample (e.g.
Brian, 1951; Westrich and Schmidt, 1986).
Bumblebees require pollen for their reproduc-
tion as it is the sole protein source for develop-
ing larvae, and recent evidence suggests that
adult workers have an ongoing need for pollen
throughout their lives (Smeets and Duchateau,
2003). It is therefore important to assess
whether newly restored habitats on farmland
are providing this resource, if they are to pro-
mote conservation of the bumblebee fauna. In
this study, we supplemented direct observa-
tions of foraging individuals on the three sown
mixtures with the collection and analysis of
pollen loads from two Bombus species, B. pas-
cuorum and B. terrestris/lucorum, to represent
both the long- and short-tongued species guilds
respectively.

2. METHODS

2.1. Study site and experimental design

Research was conducted on an intensively man-
aged arable farm of 164 ha, in North Yorkshire, UK
(Lat. 54°05’N, Long. 0°49’W; 40 m above mean sea
level). This is a demonstration farm which aims to
show that practical wildlife conservation and profit-
able farming can be effectively integrated (http:/
www.f-e-c.co.uk). Three seed mixtures were sown
along the margin of a large arable field on 17th April
2001. Plots were 30 m long X 6 m wide, each repli-
cated five times following a randomised block
design. The treatments comprised two mixtures of
native perennial grasses and wildflowers (one
‘basic’ with three herbaceous species and one
‘diverse’ with 18 herbs) and one of predominantly
seed-bearing cover crops sown annually (Tab. I). In
terms of seedbed preparation, plots containing the
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Table I. Seed mixture details (* Wildflower seed was of native lowland UK provenance, purchased from a

commercial seed house).

Basic Diverse
Mixture type perennial perennial Annual cover crop

Grass & Grass &

wildflower*  wildflower*
Recommended seeding rate 37 kg/ha 37 kg/ha 5.5 kg/ha

Common name % % Common name %

Scientific name (UK) composition  composition  Scientific name (UK) composition
Centaurea cyanus Cornflower 0.2 Borago officinalis  Borage 34
Centaurea nigra Black Knapweed 2 1.5 Raphanus sativus Fodder Radish 22
Daucus carota Wild Carrot 1 Linum usitatissimum Linseed 11
Knautia arvensis Field Scabious 1.5 Sinapis alba Mustard 11
Lathyrus pratensis Meadow Vetchling 0.5 Melilotus officinalis ye)1ow-blossom 22
Leontodon hispidus Rough Hawkbit 1 Clover
Leucanthemum vulgare Oxeye Daisy 2
Linaria vulgaris Common Toadflax 3
Lotus corniculatus Bird’s-foot Trefoil 3 1.5
Odontites verna Red Bartsia 0.2
Ononis spinosa Spiny Restharrow 0.5
Primula veris Cowslip 0.5
Prunella vulgaris Selfheal 0.3
Silene latifolia White Campion 1
Stachys officinalis Betony 1
Ranunculus acris Meadow Buttercup 2.5
Taraxacum officinalis Dandelion 0.5
Trifolium pratense Red Clover 15 2
Agrostis capillaris Common Bent 5 5
Cynosurus cristatus Crested Dogstail 30 30
Festuca rubra ssp commuata Chewing’s Fescue 10 10
Festuca rubra ssp juncea Slender Red Fescue 20 20
Poa pratensis Smooth Meadow Gras 15 15
Number of herb species 3 18 5
Number of grass species 5
Total No. of species 8 23 5

two perennial mixtures were ring rolled (levelled),
and those with the annual mixture were ring rolled
and harrowed prior to sowing. Subsequent manage-
ment involved an application of slug pellets and
insecticide (to control weevils on the Trifolium prat-
ense) during the second month of establishment. The
perennial plots were cut three times during 2001,
with the cuttings removed, to ensure successful
establishment, and again in early April and late
August 2002. The annual treatments were ploughed
and re-sown with the same mixture in March 2002
and again in March 2003.

2.2. Bumblebee activity

During 2001, bumblebee activity was recorded
on 24th and 25th July, to obtain preliminary data on
the use of the different mixtures in the establishment
year. In 2002, records were made on 12 sampling
dates between 28th May and 20th August. In 2003,
records were made on 7 dates between 14th May and
11th August. All sampling was conducted between
09:30 and 17:00 h, and during dry weather when the
ambient temperature was above 15 °C. On each sam-
pling date, transects were walked along the centre of
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all plots, recording foraging bumblebees and honey-
bees, and the flower species on which each bee was
first seen, within 2 m to each side of the observer.
Bombus terrestris (L.) and B. lucorum (L.) workers
cannot always be reliably distinguished in the field
(Prys-Jones and Corbet, 1991), if considered as two
species, so were collectively recorded as B. ferres-
tris/lucorum. We refer to this species pair as B. ter-
restris from here. Males were recorded separately
from females for Bombus lapidarius only, as sex
separation of other species in the field can be unre-
liable. The cuckoo bumblebees (subgenus Psithyrus
spp. auct.) were recorded together as a group for
analysis.

2.3. Flower abundance

In order to gain a measure of forage availability
and the success in establishment and flowering of
sown species, the number of flowers/inflorescences
of each plant species present within each plot was
estimated using a 5-point scale: 1 = 1-25 flowers;
2 = 26-200 flowers; 3 =201-1000 flowers; 4 =
1001-5000 flowers; 5 = > 5000 flowers (as in
Carvell et al., 2004). One flower ‘unit’ was counted
as an umbel (e.g. Daucus carota), head (e.g. T. prat-
ense), spike (e.g. Ononis spinosa) or capitulum (e.g.
Centaurea nigra). Plant species nomenclature fol-
lows Stace (1999). Flower abundance scores were
recorded on every sampling date, immediately fol-
lowing bumblebee transects.

2.4. Collection and analysis of pollen
loads

Pollen loads were collected from two species
commonly occurring at the study site; B. pascuorum
(Scopoli) and B. terrestris, on three dates: 10th, 11th
and 12th July 2002, approaching the peak of colony
activity in these species (Prys-Jones and Corbet,
1991). Within each plot, the first ten workers of
either B. terrestris or B. pascuorum that were
observed to be carrying pollen loads were caught. A
single complete pollen load was removed from each
bee using a fresh cocktail stick, whilst the bee was
restrained using a marking cage with soft plunger.
The Bombus species, flower species on which it was
foraging, plot number and treatment were recorded
on a label which was placed with the pollen load in
a sample tube, and this was cooled at 5 °C for pres-
ervation prior to analysis. Weather conditions were
noted, but remained fine throughout the three sam-
pling days.

All pollen samples were processed by mixing and
embedding as a thin layer in glycerine jelly and
mounting on a microslide (Westrich and Schmidt,
1986). Samples were analysed using a light micro-
scope to identify (a) the pollen genera and where

possible the most likely plant species from which
they were collected according to the exine morphol-
ogy and grain size, and (b) an estimate of the per-
centage species composition of each pollen load
based on a count of 200 grains per sample. Species
present in trace amounts comprising less than 1% of
a load were regarded as possible contamination and
were excluded from the analysis. Pollen identifica-
tions were made with the aid of reference collections
and a full list of plant species in flower at the study
site during the period of pollen collection. Where the
determination of pollen types to species level was
not possible, they were identified to species ‘group’
or plant family level (e.g. Trifolium repens | hybri-
dum).

2.5. Data analysis

Bumblebee and honeybee counts were summed
for each year to calculate seasonal averages (ie. the
mean number observed by direct observation per
sample date on each plot). These bumblebee means
were log-transformed to stabilise the variance prior
to analysis. Flower scores of individual plant species
were also summarised as seasonal averages, giving
amean score per plot. To compare the total estimated
flower abundance of all species in flower between
treatments, species abundance scores were expressed
as the median value for each range as follows: Score
1 =13 flowers; 2 = 113 flowers; 3 = 600.5 flowers;
4 =3000.5 flowers; 5 = 15000 flowers. These data
were combined into two variables according to
whether species had been sown or unsown in the
seed mixtures. Differences in bumblebee abun-
dance, flower abundance and species richness
(number of species in flower) between the three
treatments in each year were tested by two-way
ANOVA, including replicates and treatments as fac-
tors. Tukey’s Honest Significant Difference test was
performed on all analyses to assess pairwise differ-
ences between the treatments. To examine the pos-
sible effects of flower density on differences in
bumblebee abundance between treatments, ANCO-
VAs were performed with ‘total number of flowers
per plot’ (sown and unsown) as the covariate.
Changes in flower abundance of key forage species
over each sampling season were also examined.
Standard deviations on the mean flower scores for
each date were calculated as a measure of continuity
in forage supply.

The data on pollen load composition were
assessed in terms of the total number of species rep-
resented within each load (species richness) and the
relative proportions of each plant species present.
Differences in species richness and percentage of
each pollen species per load as sampled from the
three treatments were tested by two-way ANOVA,
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Table II. Differences in number of bumblebees, honeybees, mean total number of flowers and richness of
species in flower per sampling date on the three seed mixtures in each year (ns, not significant; * P < 0.05;
*#* P <0.01; #** P <0.001; means within a row followed by different letters are significantly different at

P <0.05).
Basic Diverse ANOVA
Year Perennial Perennial Annual Fs Sig.
2001 All bumblebees 5.1ab 38a 12.5b 5.5 *
(July only) Honeybees 0.0a 0.0a 17.1b 58.7 HEE
Total number sown flowers 2093.5a 1578.7 a 15000.0 b 362.1 HEE
Sown species richness 2.0b 24b 1.0a 26.0 ok
Total number unsown flowers 26697.0 b 19430.2 b 143.0a 17.4 HEH
Unsown species richness 5.6b 6.4b 30a 33.9 ok
2002 All bumblebees 12.6a 10.8 a 249b 58.5 Hork
(whole season) Honeybees 0.0a 0.0a 7.0b 3229 kol
Total number sown flowers 7540.5 6063.5 6245.9 4.1 ns
Sown species richness 3.1b 52c¢ 1.5a 499.1 ok
Total number unsown flowers 313.3 ab 156.2 a 670.3 b 4.7 *
Unsown species richness 2.0 1.9 2.2 2.0 ns
2003 All bumblebees 164 a 133 a 20.6 b 15.6 w*
(whole season) Honeybees 02a 0.2a 45b 71.5 fiaid
Total number sown flowers 51332a 11030.1 b 52743 a 339 HEE
Sown species richness 3.0b 57c¢ 0.7 a 554.2 HkE
Total number unsown flowers 122.1 79.6 215.8 0.8 ns
Unsown species richness 1.4 1.3 1.6 0.4 ns

again with Tukey’s test for pairwise differences
between treatments.

3. RESULTS

3.1. Flower abundance

Many species sown in the mixtures estab-
lished well during their first year (2001;
Tab. IT). By 2002, all three herb species in plots
sown with the basic perennial mix had estab-
lished, and 12 of the 18 herbs sown in the
diverse perennial mix were recorded (though
not always in flower). The two perennial treat-
ments contained a significantly higher number
of unsown flowers (annuals such as Capsella
bursa-pastoris, Matricaria spp. and Myosotis
arvensis) than the annual treatment during
2001. This proportion of unsown species
decreased in 2002, and flower abundance of
sown species increased, with no significant dif-
ference between treatments indicating similar

flower abundance within each plot (Tab. II). A
similar pattern was shown during 2003,
although statistical significance was achieved
with a higher number of sown flowers in the
diverse perennial than basic and annual treat-
ments, as expected from the composition of the
seed mixtures.

Flower scores for individual species differed
significantly between treatments according to
the mixtures in which they were sown
(Tab. III). The occurrence of a few flowers in
plots where a species was not sown is likely to
be due to occasional spread of material, includ-
ing flower heads, by machinery during cutting
at the end of the season. Of the dominant flow-
ering components, red clover, Trifolium prat-
ense had similarly high mean abundance scores
in both perennial mixtures, whereas borage,
Borago officinalis had mean scores of 2.5 and
1.91n 2002 and 2003 respectively in the annual
mixture. These means (calculated as seasonal
averages) are lower than expected given the
high density of B. officinalis flowers observed,
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Table IIL. Differences in mean flower abundance scores of sown species per sampling date for the three
sown mixtures (treatments) in 2002 and 2003 (figures are in bold where a species was sown; ns, not signi-
ficant; * P < 0.05; ** P <0.01; *** P <(0.001; means within a row followed by different letters are signi-

ficantly different at P < 0.05).

2002 2003

Basic Diverse ANOVA Basic Diverse ANOVA
Sown species Perennial  Perennial  Annual Fog Sig. 2002  Perennial Perennial Annual Fg Sig. 2003
Borago officinalis 0.00 a 0.00a 250b  1800.0 ok 0.00a 0.00a 191b 11223 ok
Centaurea nigra 0.65b 0.58 b 0.00 a 230.2 ok 1.03b 1.09b 0.00 a 686.0 ook
Daucus carota 0.02a 0.88b 0.00 a 93.5 ok 0.03a 0.83b 0.00 a 69.2 ik
Knautia arvensis 0.00 a 0.12b 0.00 a 5.4 * 0.00a 0.26 b 0.00 a 13.5 wE
Lathyrus pratensis 0.00 a 0.10 b 0.00 a 6.0 * 0.00 a 0.80 b 0.00 a 120.6 Aokok
Leucanthemum vulgare 0.15a 2.15b 0.00 a 312.8 ik 0.00 a 2.66 b 0.00 a 455.2 Hkk
Lotus corniculatus 1.87b 1.90 b 0.02a 131.0 Hokk 246b 2.54b 0.00 a 1393.3 Hk
Melilotus officinalis 0.00 a 0.00 a 0.65b 9.9 wx 0.00 0.00 0.11 4.6 *
Ononis spinosa 0.00 a 0.60 b 0.00 a 152.5 ok 0.00a 0.83b 0.00 a 841.0 ok
Plantago lanceolata 0.67b 1.13¢ 0.05 a 59.1 ook 0.89b 1.29¢ 0.00 a 99.4 ook
Prunella vulgaris 0.03 a 0.38b 0.00 a 51.3 ok 0.00 a 0.26 b 0.00 a 23.1 Hkk
Raphanus sativus 0.03a 0.00 a 1.00 b 71.1 ik 0.00 a 0.00 a 1.57b 93.1 Hk
Silene latifolia 0.28 b 0.20 ab 0.05a 6.1 * 0.29b 0.09 ab 0.00 a 6.2 *
Sinapis alba 0.02a 0.00a 142b 80.7 ook 0.00 a 0.00 a 1.14b 2133 e
Trifolium pratense 4.15b 3.97b 0.08a 1156.8 ok 3.09 b 3.09 b 0.00 a 1138.0 ok

but are explained by changes in flower abun-
dance over each sampling season (Fig. 2). T.
pratense flowers were relatively abundant on
all sampling visits from late May to August,
with a relatively low standard deviation on the
mean scores per plot for each year indicating a
continuous forage supply (2002 = 0.7, 2003 =
1.4). B. officinalis only began flowering around
late June, and the results suggest a decrease in
flowering towards the end of August, with
higher standard deviations than 7. pratense
(2002 = 2.1, 2003 = 2.0).

Climatic conditions within the region of the
study site (Northeast England) were relatively
stable during the study, with average yearly
temperatures of 8.9 °C, 9.5 °C and 9.6 °C and
a total rainfall of 786 mm, 905 mm and 616 mm
in 2001, 2002 and 2003 respectively (http://
www.metoffice.com/climate/uk/). These pat-
terns were similar to the UK average, perhaps
with the exception of a lower rainfall during the
winter of 2001-2002. This had no apparent det-
rimental effect on establishment of the seed
mixtures.

3.2. Bumblebee abundance

Six social Bombus species were recorded,
representing the assemblage most commonly
found in the UK. There were significant differ-
ences in the total number of bumblebees (alto-
gether 4 925 individuals) visiting the three
mixtures in all sampling years (see Tab. II).
Abundance was highest on the annually sown
mixtures in each year, with numbers in the per-
ennial treatments increasing as the mixtures
established. Honeybees were restricted almost
entirely to the annual mixture, although num-
bers fell in 2002 and 2003 (hive density in the
surrounding landscape was not recorded).
Abundance of each Bombus species differed
significantly between treatments (Fig. 1). While
B. terrestris/lucorum, and B. pratorum (shorter-
tongued species) and honeybees visited the
annual mixture almost exclusively, B. lapidar-
ius (also arelatively short-tongued species) vis-
ited all mixtures and was the most commonly
recorded species. B. pascuorum and B. horto-
rum (longer-tongued species) preferred the
two perennial treatments, but there were no
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OBasic perennial [ODiverse perennial BAnnual

Mean number of bees (+ SE)
per plot per sampling date

2002

14 ‘}

12

10

*k

Mean number of bees (+ SE)
per plot per sampling date
®

2003

ns

Bee species

Figure 1. Abundance of different bumblebee species and honeybees on each forage mixture in 2002 and
2003. Treatment differences are shown above each species as follows (ANOV A, df =2,8); ns, not significant;

* P <0.05; ** P <0.01; *** P <0.001.

significant differences between the number of
visits to the basic and diverse mixtures. Few
cuckoo bumblebees visited the margins, but
those that were recorded (Bombus (P.) vestalis
and Bombus (P.) barbutellus) showed a signif-
icant preference for the annual mixture in 2002
only. When the ‘total number of flowers per
plot” was added as a covariate to the analysis
of differences in bumblebee abundance between
treatments, there was no significant effect of
this covariate, and the treatment differences
described above were unaffected. Thus bum-
blebee abundance was apparently more strongly

related to seed mixture composition than total
flower abundance.

3.3. Bee activity

Patterns of forage plant visitation as recorded
by direct observation suggest a preference for
Borago officinalis flowers by the shorter-
tongued bumblebees (B. terrestris and B. pra-
torum) and honeybees, though these visits were
restricted mainly to July and August (Tab. IV).
The longer-tongued species (B. pascuorum
and B. hortorum) showed a preference for
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Table IV. Foraging visits of bumblebees and honeybees recorded by direct observation (plant species
receiving fewer than 5 visits in both years were excluded; (s) = species sown in the experimental mixtures;
Flowering periods refer to presence of flowers across all mixtures for both years in half-months as follows:
5.0 = 1-15 May; 5.5 = 16-31 May; 6.0 = 1-15 June; 6.5 = 16-30 June, etc.).

Bee species (% of total visits to each plant species across all mixtures and all dates within each year)

Flowering B. terrestris/luc. B. lapidarius

Forage plant species period 2002 2003 2002 2003

B. pratorum B. pascuorum B. hortorum Honeybees

2002 2003 2002 2003 2002 2003 2002 2003

Borago officinalis (s) 6.5-8.5 97.6 87.4 61.4 28.2

Centaurea nigra (s) 7.0-8.5 0.2 8.0 17.4 59.1
Cirsium vulgare 7.0-8.5 0.3 0.8 2.4 0.7
Lotus corniculatus (s) 5.5-8.5 0.2 4.3 24
Ononis spinosa (s) 7.5-8.5 1.5 0.3
Raphanus sativus (s) 6.0-8.5 0.3 1.1 4.0 6.9
Sinapis alba (s) 6.0-8.5 0.6

Trifolium pratense (s) 5.0-8.5 0.9 0.4 6.6 1.4
Trifolium repens 5.0-8.5 0.6 0.8 3.3 0.9

99.3 93.2 1.0 5.7 0.6 98.4 57.7
2.4 9.0 1.4 6.0
0.4 0.8
0.9 27.1 0 2
1.0 7.4 0.6
6.2 0.8 0.8 0.3 1.2 357
0.9 92.0 45.2 99.2 98.6 0.2
1.4 4.1

Trifolium pratense, with visits recorded on all
sampling dates from May to August. As sug-
gested by the abundance data, B. lapidarius
was intermediate in its flower preferences, vis-
iting a range of species but particularly Cen-
taurea nigra in 2003. More than 50% of these
visits to C. nigra were by males. Of the addi-
tional species sown in the diverse perennial
mixture that were not included in the basic mix,
only Ononis spinosa was visited more than five
times by foraging bumblebees.

3.4. Pollen load analysis

A total of 149 pollen load samples were ana-
lysed; 44 from B. terrestris and 105 from B.
pascuorum, this difference being due to the ten-
dency for B. terrestris to forage from the annual
mixture and B. pascuorum from both perennial
mixtures. Overall, a high proportion of the pol-
len collected was from plant species sown in the
experimental mixtures (88% of all loads in B.
pascuorum and 73% in B. terrestris) rather than
from other farm habitats. Borago officinalis
and Trifolium pratense were the only two plant
species for which the mean percentage per load
of pollen differed significantly between the
three mixtures. They tended to dominate loads
sampled from the mixtures in which they were
sown (Tab. V).

The typical composition of pollen loads col-
lected by each bee species revealed contrasting
preferences for certain plant species (Tabs. V,
VI). B. terrestris loads contained pollen from
nine species, but only 32% of loads were of

mixed species. Borago officinalis pollen dom-
inated 70% of samples, often being the sole pol-
len type present. Pollens from the unsown
species Papaver rhoeas and Rubus fruticosus
were also present in some samples, and, where
they occurred, constituted up to 90% or 100%
of the load. In contrast, B. pascuorumloads rep-
resented 13 plant species, but contained mainly
T. pratense pollen, which occupied a signifi-
cantly higher percentage per load sampled from
the perennial than the annual mixtures
(Tab. V). Many of these loads were of mixed
species (53%), containing additional pollen
from Lathyrus pratensis and the unsown Trifo-
lium repens / hybridum and Stachys sylvatica.

The composition of a bumblebees’ pollen
load did not always relate to the forage plant
species on which it had been caught. Of the
seven loads from B. pascuorum workers sam-
pled on B. officinalis in the annual mixture,
only three were dominated by B. officinalis pol-
len, with others comprising mainly Trifolium
species (Tab. V) and one with 90% Linaria vul-
garis pollen. The information on forage plant
preferences that was gained from pollen load
analysis is compared with that from direct
observations during July 2002 in Table VI.

4. DISCUSSION

4.1. Annual and perennial mixtures

This study confirms that British bumblebee
species show marked differences in their
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Table V. Differences in mean species richness of pollen loads and mean % of B. officinalis and T. pratense
pollen per load sampled from the three mixtures in 2002 (ns, not significant; * P < 0.05; ** P <0.01;
##* P < (0.001; Means within a row followed by different letters are significantly different at P < 0.05).

Basic Diverse ANOVA
Perennial Perennial Annual F,g Sig.
B. terrestris Pollen load species richness 0.00 0.60 1.35 3.6 ns
% Borago officinalis pollen 0.00 a 0.00 a 70.76 b 283.6 ok
% Trifolium pratense pollen 0.00 0.00 2.22 1 ns
B. pascuorum Pollen load species richness 1.59 1.59 2.14 0.1 ns
% Borago officinalis pollen 1.02a 0.00 a 42.86 b 9.9 Hok
% Trifolium pratense pollen 75.53 b 85.41b 18.57 a 22.3 Ak

Table VI. Comparison of forage plant preferences as derived from pollen analysis and direct observation
methods. Data represent mean % per pollen load from July 2002 pollen analysis + SE, and % of visits from
direct observations during July 2002 only ((s) = species sown in the experimental mixtures).

B. terrestris

B. pascuorum

Pollen analysis

Direct observation  Pollen analysis  Direct observation

Pollen / Forage plant species n = 44 loads n = 595 visits n = 105 loads n =562 visits
Borago officinalis (s) 69.55 + 6.26 99.32 3.30+1.58 1.07
Centaurea nigra (s) 0.18
Chamaenerion angustifolium 0.19+£0.19

Cirsium vulgare 0.02 £0.02 0.57 £0.35

Hypericum spp. 0.38 £0.38

Impatiens glandulifera 0.38 £0.38

Lathyrus pratensis / Vicia cracca (s) 5.26 £ 1.64

Linaria vulgaris (s) 0.45 +0.45 1.54 £0.94

Lotus corniculatus (S) 0.16 1.68 +0.90 0.89
Papaver rhoeas 1091 +4.20

Rubus fruticosus 11.36 £4.28 1.84 +1.02

Sinapis / Raphanus (s) 2.02 +1.82

Stachys sylvatica 1.36 +1.01 1.37 £ 0.57

Trifolium pratense (s) 2.27£2.27 75.62 +3.17 96.98
Trifolium repens / hybridum 0.45 +0.45 0.50 6.73 £ 1.77 0.89
Viola arvensis 0.05 = 0.05

choice of forage plants and highlights some
important factors to be considered in the future
management of habitats for bumblebees in
agricultural areas. When annual and perennial
flower mixtures composed of different species
were offered together at the same site patterns
of visitation, especially for pollen collection,

contrasted between bee species. The mixture
comprising annual seed-bearing crops attracted
all six Bombus species, but particularly the
short-tongued Bombus terrestris/lucorum, and
it was virtually the only treatment in which hon-
eybees were recorded. This reflected the abun-
dance of Borago officinalis (borage), which has



Bumblebee forage mixtures 335

been shown both to dominate within annual
mixtures and attract short-tongued bumblebees
and honeybees in other studies, along with the
non-native species Phacelia tanacetifolia (phace-
lia) (Williams and Christian, 1991; Carreck
et al.,, 1999; Walther-Hellwig and Frankl,
2000). Additional species sown in the annual
mixture (e.g. Linum usitatissimum and Melilo-
tus officinalis) contributed little to flower abun-
dance or bumblebee diversity, so could be
excluded from the mix in future or replaced
with other nectar rich annuals such as Centau-
rea cyanus or Vicia sativa which may improve
its value for longer-tongued bumblebees. How-
ever, the primary function of these annual mix-
tures as an agri-environmental measure is to
provide winter food and cover for seed-eating
farmland birds (Stoate et al., 2003). The design
of such mixtures could be improved to benefit
both groups, by providing winter seed for birds
and summer pollen and nectar sources for bum-
blebees and other pollinators.

Previous observations of foraging bees on
Borago officinalis have indicated that it may be
visited mainly for nectar and not for pollen
(Engels et al., 1994; Carreck and Williams,
1997), hence although agronomically viable in
the UK, it may be a less valuable forage species
than certain perennials. From our results, this
was not the case for the short-tongued B. fer-
restris, as Borago officinalis pollen constituted
a large part of its pollen diet. However, pollen
sampling was only carried out during a limited
period in July, and our counts of flower abun-
dance showed that during both years, B. offic-
inalis flowers were unavailable during May
and June, thus restricting bee visitation at these
times. This suggests that annual mixtures
should either be sown sequentially (Carreck
and Williams, 2002) or include a wider range
of forage species to benefit bees and other pol-
linators throughout their individual and colony
lifespans. Furthermore, due to its annual
nature, this option does not allow the establish-
ment of vegetation suitable as nesting habitat
for bumblebees (Svensson et al., 2000).

Treatments containing the perennial mix-
tures were visited mainly by the two longer-
tongued bumblebee species, Bombus pascuo-
rum and Bombus hortorum. This reflected the
large number of Trifolium pratense flowers,
particularly in 2002 when the proportion of
unsown species in the sward had decreased.

The lower number of these bumblebees
recorded on average in 2003 may have been due
to the reduction in availability of 7. pratense
flowers from July onwards (Fig. 2) or an
increase in forage supply elsewhere within
their foraging range, although we cannot
account for the latter. Bombus lapidarius also
visited the perennial treatments to forage
mainly on Centaurea nigra, T. pratense and
Lotus corniculatus. These patterns generally
follow the well documented tendency for bum-
blebees to utilize flowers with corolla lengths
which correspond to their tongue length (e.g.
Ranta and Lundberg, 1980; Fussell and Corbet,
1992), with B. lapidarius showing a tendency
to be intermediate in its forage preferences
between the longer- and shorter-tongued
groups (as in Goulson et al., 2005). Further-
more, that B. lapidarius males visited C. nigra
almost exclusively suggests that purely leg-
ume-based forage patches may not cater for the
requirements of both bumblebee sexes.

The importance of T. pratense as a pollen
source for B. pascuorum was evident in our
study, as shown by Brian (1951) in the UK, and
Anasiewicz and Warakomska (1977) in Poland.
Analyses of pollen loads and the pollen collect-
ing behaviour of the rare long-tongued bum-
blebee species B. sylvarum and B. humilis in the
UK also revealed a strong preference for pol-
lens from the Fabaceae, particularly Trifolium
spp. (Edwards, pers. comm.; Goulson and
Darvill, 2004). This may reflect the nutritional
quality of Fabaceae pollen for bumblebees,
which is yet to be determined. As the need to
re-introduce 7. pratense to farmland areas and
enhance bumblebee populations increases,
native seed sources are becoming costly and
difficult to obtain. Mixtures with agricultural
varieties of this and other legume species are
currently being tested by the authors alongside
other agri-environmental measures within a
multi-site experiment, and show potential to
benefit the longer-tongued bumblebee assem-
blage in particular.

In terms of the relative value of the ‘basic’
and ‘diverse’ perennial mixtures tested in this
study, both the direct foraging observations and
pollen data suggest that the additional species
in the ‘diverse’ mixture contributed little to
bumblebee activity, at least during the first three
years of development. Lathyrus pratensis may
be an important component of sown perennial
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Figure 2. Flowering phenology of red clover, Trifolium pratense (mean of scores from basic and diverse
perennial mixtures) and borage, Borago officinalis (scores from annual mixture) in 2002 and 2003.

mixtures as it is likely to develop and prolong
the value of this restored habitat for bumble-
bees (e.g. Carvell et al., 2004). Considering the
costs of native wildflower seed, some other
species could be excluded from the mix,
but a proportion of open-flowered composites
(Asteraceae, e.g. Leontodon hispidus) or umbel-
lifers (Apiaceae, e.g. Daucus carota) should
remain to provide resources for other social or
solitary bees, butterflies and hoverflies (e.g.
Feberetal., 1996; Westrich, 1996). In addition,

the potential for perennial mixtures or other
measures to provide early season forage plants
for bumblebee queens has yet to be realised and
requires further investigation.

4.2. Pollen analysis vs direct observation
methods

Differences between the preferred forage
plants of B. terrestris and B. pascuorum as
identified by direct observation were further
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emphasized by differences in the pollen loads
they collected. It is not surprising that most of
the pollen types identified were from flower
species in the sown mixtures (e.g. B. officinalis
and T. pratense), as these were the species
which bumblebees were visiting when caught
(as in Yalden, 1982). Still, this highlights the
functional importance of the introduced mix-
tures in providing forage resources relative to
the existing farmed landscape. A high degree
of flower constancy during each foraging trip
was evident from the many single-species sam-
ples, as well as fidelity to the experimental
treatments, suggesting that many bumblebees
were foraging exclusively on the sown mix-
tures, at least during the peak of colony activity.

Several plant species from beyond the
experimental area were present in the pollen
loads, including Papaver rhoeas, Stachys syl-
vatica and Rubus fruticosus. That these species
had been visited was not apparent by direct
observation alone. Mapping the locations and
flowering times of these species relative to the
experimental margin would in future allow us
to examine farm-scale movements of bumble-
bees, based on the pollen types collected by
each individual in a foraging trip. Our data also
suggest that, in suitable habitats, B. pascuorum
may be able to exploit a similarly wide range
of plant species for pollen as B. terrestris.
Although B. terrestris is considered the most
polylectic of bumblebee species, this may be
primarily an artefact of its high relative abun-
dance throughout much of Europe (Goulson,
2003). That B. pascuorum has the potential to
obtain pollen from a wide range of species
(although it prefers to specialise on the
Fabaceae) may explain why it is one of only
two longer-tongued Bombus species remaining
common in the UK (Williams, 1982; Goulson,
2003).

4.3. Conclusions and implications
for bumblebee conservation

The effects of habitat change in many Euro-
pean agricultural landscapes have resulted in
bumblebee communities dominated by rela-
tively short-tongued species such as B. terres-
tris and B. lapidarius (Walther-Hellwig and
Frankl, 2000; Pywell et al., 2005). These spe-
cies may well benefit from temporary forage
resources such as mass flowering crops, as sug-

gested by Westphal et al. (2003), or annually
sown mixtures including Borago officinalis, as
in this study. However, we argue that these
foraging resources alone are not sufficient to
conserve the full bumblebee assemblage in
agricultural ecosystems. Perennial forage plants
such as Trifolium pratense are highly valuable,
particularly as pollen sources, for the long-
tongued species. These bumblebees are required
to perform a pollination service that cannot be
replaced by short-tongued species or honey-
bees (Corbet, 2000). Our study provides useful
evidence of foraging by long- and short-
tongued bumblebee species in habitats created
from carefully selected perennial and annual
seed mixtures. Further research at a larger scale
is now required to fully assess the impacts of
introduced foraging habitats on bumblebee
populations, rather than simply on the abun-
dance or activity of individuals. In conclusion,
we recommend two key factors which should
be considered in the design of agri-environ-
mental schemes aiming to conserve bumble-
bees and other pollinators in agricultural
ecosystems: (i) the relative specialisation of
different bumblebee species towards certain
plant families for nectar and pollen collection,
in particular the association of long-tongued
species with the Fabaceae, and (ii) the flower-
ing phenology of species chosen as seed mix-
ture components for habitat restoration.
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Résumé — Estimation de la valeur de mélanges de
plantes melliferes annuelles et pérennes pour les
bourdons par I’observation directe et I’analyse
pollinique. En raison du déclin de plusieurs especes
de bourdons (Bombus spp.) en Europe et en Améri-
que du Nord au cours du 20° siecle, il est nécessaire
de disposer de méthodes pour restaurer les habitats
adéquats et conserver ces pollinisateurs qui jouent
un role important dans les écosystemes agricoles. En
Europe les mesures agri-environnementales permet-
tent d’introduire des zones riches en fleurs dans les
surfaces de cultures intensives, mais la composition
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et la gestion de ces zones nécessite d’étre affinées.
Au cours d’une étude de trois ans, nous avons estimé
la valeur de trois mélanges de graines fournissant des
ressources pour les bourdons : deux mélanges de
graminées et de fleurs sauvages (I’une avec 18 plan-
tes herbacées, I’autre avec seulement trois) et un
mélange de cultures de protection ressemées chaque
année (Tab. I). Nous avons relevé les visites des
bourdons et des abeilles domestiques (Apis melli-
fera) sur les fleurs le long de transects pour chacun
des mélanges de mai a ao(it en 2002 et 2003. Nous
avons aussi échantillonné et analysé les pelotes de
pollen de Bombus pascuorum et B. terrestris. Cette
approche est inhabituelle dans ce genre d’études,
mais elle offre des informations importantes en sus
de I’observation directe des individus.

Les trois mélanges de plantes ont été diversement
visités en fonction de I’espéce de bourdon (Fig. 1 et
Tab.I). Les bourdons alangue longue (B. pascuorum
et B. hortorum) ont préféré les mélanges de plantes
pérennes ou Trifolium pratense était dominant, tan-
dis que les bourdons a langue courte (B. terrestris/
lucorum et B. pratorum) et les abeilles domestiques
ont concentré leurs visites sur Borago officinalis
dans le mélange annuel ; B. lapidarius a visité les
fleurs des trois mélanges. Les mélanges pérennes ont
fourni des plantes de fagcon plus continue durant
toute la saison (Fig. 2, Tabs. Il et IV). Les mélanges
annuels devraient donc soit étre ressemés au cours
de la saison, soit comporter une gamme plus large
d’especes pour offrir des ressources aux deux types
de bourdons durant toute leur cycle de vie. L’analyse
des pelotes de pollen a confirmé les caractéristiques
des visites observées directement (Tabs. V et VI). B.
pascuorum arécolté du pollen sur 13 especes et, bien
que 53 % des pelotes fussent mixtes, 7. pratense
dominait dans la plupart d’entre elles. B. terrestris a
récolté du pollen sur 9 plantes, se limitant plus au
mélange annuel. 32 % de ses pelotes étaient mixtes
mais le pollen de B. officinalis était dominant dans
nombre d’entre elles. Les deux especes ont présenté
un fort degré de constance florale aux especes
semées, prouvant la valeur fonctionnelle des mélan-
ges de plantes dans le paysage agricole. Les pelotes
renfermaient aussi des pollens prélevés sur des plan-
tes en dehors de la zone d’expérimentation.

Nous recommandons que deux facteurs clés soient
pris en compte dans la mise en place des mesures
agri-environnementales qui visent a préserver les
bourdons et les autres pollinisateurs : (i) la spéciali-
sation relative des diverses especes de bourdons
envers certaines familles botaniques pour la récolte
dunectar et du pollen, en particulier 1’association des
bourdons a langue longue avec les fabacées et (ii) la
phénologie de la floraison des especes choisies pour
la constitution de mélange aux fins de restauration
des habitats.

Bombus / butinage / plante mellifere / mélange /
pollen / restauration habitat
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Zusammenfassung — Bewertung von Samenmi-
schungen ein- und mehrjihriger Nahrungspflanzen
fiir Hummeln durch direkte Beobachtung und
Pollenanalyse. Als Folge des Riickgangs von
mehreren Hummelarten in ganz Europa und Norda-
merika wihrend des 20. Jahrhunderts brauchen wir
eine Methode zur Wiederbeschaffung geeigneter
Habitate, um diese wichtigen Bestduber im land-
wirtschaftlichen Okosystem zu erhalten. In Europa
gelingt es oft durch landwirtschaftlich-umweltschiit-
zende MaBnahmen mit einer Anlage bliitenreicher
Fldchen inmitten von intensiv genutzten landwirt-
schaftlichen Fldchen. Allerdings benétigt die
Zusammensetzung und Bearbeitung solcher Flichen
eine weitere Optimierung. Wéhrend einer dreijéhri-
gen Untersuchung iiberpriiften wir den Wert von 3
Samenmischungen auf Ackerland in England in
Bezug auf ihre Bedeutung als Nahrungsquellen fiir
Hummeln (Bombus spp.). Ein entsprechender Ver-
such wurde mit Mischungen von mehrjihrigen
Grisern und Wildblumen durchgefiihrt (eine mit 18,
die andere mit nur 3 Arten), um sie mit bodendeck-
enden einjidhrigen Samenpflanzen zu vergleichen
(Tab.I). Die Bliitenbesuche von Hummeln und Honig-
bienen wurden bei allen Mischungen entlang von
Querlinien zwischen Mai und August im Jahr 2002
und 2003 tiberwacht. Wir sammelten und analysier-
ten auch die Pollenladungen von Bombus pascuorum
und B. ferrestris. Solch ein Ansatz wird nicht immer
bei Studien iiber eine Habitatnutzung durch Bienen
angewendet, ergibt aber wichtige Zusatzinformatio-
nen zur individuellen Beobachtung.

Hummeln zeigten artenabhéngig sehr unterschiedli-
che Verhaltensmuster auf die 3 Pflanzenmischungen
(Abb. 1 und Tab. II). Die langzungigen Hummelar-
ten bevorzugten die mehrjihrigen, vor allem
Trifolium pratense haltigen Mischungen, wihrend
die kurzzungigen Hummeln und Honigbienen, Apis
mellifera, sich auf Borago officinalis in den einjéhri-
gen Mischungen konzentrierten. B. lapidarius
beflog Bliiten in allen 3 Mischungen. Die mehrjéhri-
gen Mischungen boten wihrend der ganzen Saison
eine gleichméBigere Nahrung (Abb. 2, Tab. III und
Tab. IV). Demnach sollten die einjdhrigen Mischun-
gen entweder nacheinander gesit werden oder
mehrere Arten enthalten, die auch den Lang- und
Kurzzungen-Bienen wihrend der gesamten Lebens-
dauer der Volker Nahrung anbieten.

Die Sammelmuster an Bliiten wurden durch die Ana-
lyse der Pollenladungen bestitigt (Tab. V und VI). B.
pascuorum sammelte Pollen von 13 Arten. Wihrend
53 % der Pollenhoschen gemischt waren, wurden vor
allem von 7. pratense und B. terrestris nur Pollen von
9 Arten gesammelt, da sie durch die einjéhrigen Mi-
schungen eingeengt waren. 32 % der Hoschen von
B. terrestris waren gemischt, aber bei B. officinalis
dominierte eine Pollensorte in vielen Hoschen. Beide
Arten zeigten eine hohen Grad von Bliitenstetigkeit
bei gesiten Arten, ein Zeichen fiir den funktionellen
Wert von Nahrungsmischungen in landwirtschaftli-
chen Flichen. Die Hoschen gaben auch Aufschluss iiber
Nahrungspflanzen auflerhalb des Versuchsgebietes.
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Abschlielend empfehlen wir die Beriicksichtigung
von 2 Schliisselfaktoren bei der Ausgestaltung land-
wirtschaftlich-umweltschiitzender Malnahmen zum
Erhalt von Hummeln und anderen Bestaubern: (i) die
relative Spezialisierung der verschiedenen Hummel-
arten auf bestimmte Pflanzenfamilien fiir Nektar
und Pollen, besonders die Verbindung der Langzun-
genarten mit Fabaceae, und (ii) die Phinologie der
Bliihzeiten der Pflanzen in den Pflanzenmischungen.

Hummeln / Nahrungsfliige / Pollen / Samenmi-
schungen / Restauration
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