-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Open Research Exeter

1  Effects of an agri-environment scheme on bumblebee reproduction at local and

2 landscape scales

4  Claire Carvell®*, Andrew F. G. Bourke®, Juliet L. Osborne®, Matthew S. Heard?

6 2NERC Centre for Ecology & Hydrology, Maclean Building, Crowmarsh Gifford, Wallingford,
7  Oxfordshire OX10 8BB, UK
8  PSchool of Biological Sciences, University of East Anglia, Norwich Research Park, Norwich
9 NR47TJ, UK

10 “Environment & Sustainability Institute, University of Exeter, Penryn, Cornwall TR10 9FE, UK

11

12  *Corresponding author: Tel: +44 (0)1491 838800; email address: ccar@ceh.ac.uk

13

14  Running title: Sown flower mixtures and bumblebee reproduction

15  Article type: Research article

16

17

18

19

20

21

22

23

24

25

26

27

28


https://core.ac.uk/display/43097524?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Abstract

Agri-environment schemes (AES) have been implemented across Europe, aiming to mitigate
effects of habitat loss in agro-ecosystems for a range of declining species. These include
pollinating insects such as bumblebees, for which positive effects of AES on abundance and
species richness have been shown. However, there is a lack of evidence for effects of AES
on reproduction of target species, at either local or landscape scales. We conducted a large-
scale study across landscapes exhibiting a gradient of agricultural intensity to investigate the
effects of a targeted flower mixture, sown in patches of three different sizes, on an index of
the total biomass of bumblebee sexuals (males and queens) on replicated transects within
each landscape. We used this index (MQ) as a measure of bumblebee reproduction. After
controlling for floral density on transects, we found that MQ was significantly higher on sown
flower patches than on conventionally managed control patches at local scales throughout
the three-year study. While sown flower patches did not significantly increase MQ in
surrounding landscapes, MQ was higher in landscapes surrounding larger (1 ha) than
smaller (0.25 ha) sown patches. Our results suggest that, while responses of different bee
species may vary depending on the plant species sown, targeted flower mixtures can
enhance bumblebee reproduction by providing locally attractive forage resources to
bumblebees of all castes and sexes from nests within foraging distance. If established at
large enough scales, sown flower patches may lead to a detectable spill-over of
reproductives into surrounding landscapes. Furthermore, effects of sown patches on MQ
were moderated by landscape context, the strongest positive responses being detected at
sites with high proportions of arable land. This supports previous findings that AES can

deliver greater net benefits for pollinators in more intensively farmed landscapes.

Zusammenfassung
Agrar-Umweltprogramme (AES) sind in ganz Europa eingerichtet worden mit dem Ziel, die
Auswirkungen von Habitatverlusten in Agrarbkosystemen fiir eine Reihe von

zurtickgehenden Arten zu mildern. Hierzu gehdren Bestduberinsekten wie z.B. Hummeln, fur
2
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die positive Effekte durch AES auf Abundanz und Artenreichtum gezeigt werden konnten.
Indessen mangelt es an Befunden zum Effekt von AES auf die Reproduktion von Zielarten
auf der lokalen oder Landschafts-Skala. Wir flihrten eine groRrdumige Untersuchung in
Landschaften, die einen Gradienten landwirtschaftlicher Intensitat darstellten, durch, um den
Effekt einer gezielt zusammengestellten Saatmischung, die auf Flachen unterschiedlicher
GroRRe ausgesat wurde, auf einen Index der Gesamtbiomasse der Geschlechtstiere von
Hummeln (Mannchen und Koéniginnen) zu erkunden, indem wir replizierte Transekte in jeder
Landschaft absuchten. Wir benutzten diesen Index (MQ) als ein Malf3 fur die Reproduktion
der Hummeln. Nach Kontrolle d er Blutendichte auf den Transekten fanden wir, dass auf der
lokalen Skala MQ wahrend der dreijahrigen Untersuchungszeit auf den eingesaten
Bluhflachen signifikant héher war als auf konventionell bewirtschafteten Kontrollflachen.
Wahrend eingeséte Bluhflachen den MQ-Index in der umgebenden Landschaft nicht
signifikant erhdhten, war MQ in Landschaften, die grof3e (1 ha) Bluhflachen umgaben, héher
als in Landschaften, die kleinere (0.25 ha) Blihflachen umgaben. Unsere Ergebnisse legen
nahe, dass, wahrend die Reaktionen unterschiedlicher Bienenarten in Abhéngigkeit von den
ausgesaten Arten unterschiedlich ausfallen kénnen, zielorientierte Saatmischungen die
Reproduktion von Hummeln steigern kénnen, indem allen Kasten und Geschlechtern aus
Nestern in Sammelentfernung lokal attraktive Nahrungsressourcen angeboten werden.
Wenn sie in ausreichend groRem Mal3stab eingerichtet werden, kdnnen Blihflachen zu
einem merklichen spill-over von reproduzierenden Individuen in die um gebende Landschaft
fuhren.

Desweiteren wurden die Effekte der Bluhflachen auf MQ durch den Landschaftskontext
vermittelt, wobei die am starksten positiven Reaktionen in Landschaften mit hohem Anteil
von Agrarflachen gefunden wurden. Dies unterstutzt frihere Befunde, nach denen AES den
grol3eren Netto-Nutzen fur Bestauber in intensiver bewirtschafteten Landschaften erbringen
kann.

Keywords: Bombus, seed mixture, floral density, pollinators, sexual biomass, foraging,

landscape scale
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Introduction

Population declines in many native species within agro-ecosystems have been
attributed partly to the loss and fragmentation of suitable habitats resulting from agricultural
intensification (Tilman, Fargione, Wolff, D'Antonio, Dobson et al. 2001; Winfree, Aguilar,
Vazquez, LeBuhn & Aizen 2009). To mitigate these declines, a number of government-
funded agri-environment schemes (AES) have been implemented (European Economic
Community regulation 2078/92). These compensate farmers for undertaking farming
practices considered favourable to biodiversity, including less intensive management within
cropped areas and creating new habitats on uncropped land. AES have been shown to
benefit birds, bees, butterflies, and plants, leading to increased species richness and
abundance of individuals on focal habitat patches (Carvell, Meek, Pywell, Goulson &
Nowakowski 2007; Pywell, Heard, Bradbury, Hinsley, Nowakowski et al. 2012; Pywell, Meek,
Loxton, Nowakowski, Carvell et al. 2011). However, there has been much debate as to
whether these local-scale benefits translate to effects on long-term declines in farmland
biodiversity (Carvalheiro, Kunin, Keil, Aguirre-Gutiérrez, Ellis et al. 2013; Kleijn & Sutherland
2003). In particular, there is little evidence for positive effects of AES on reproduction and
population persistence of key taxa.

Bumblebees are a group of conservation concern globally, having undergone
widespread declines in range and diversity over recent decades (Cameron, Lozier, Strange,
Koch, Cordes et al. 2011; Williams & Osborne 2009). They are key pollinators of native plant
species and a variety of crops and, together with other wild bees, may provide insurance
against honey bee declines (Garibaldi, Steffan-Dewenter, Winfree, Aizen, Bommarco et al.
2013; Garratt, Coston, Truslove, Lappage, Polce et al. 2014; Winfree, Williams, Dushoff &
Kremen 2007). Bumblebees are eusocial insects with (in temperate regions) an annual
colony cycle. Queens establish colonies in spring and their ability to produce new sexuals
(males and queens) at the end of the cycle is largely dependent on the availability of floral

resources to their worker force within foraging distance of the nest. They therefore require an
4
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extensive habitat matrix providing undisturbed nesting sites, accessible foraging resources
with a temporal succession of nectar and pollen-rich plants, and mating and hibernation sites
(Benton 2006).

The importance of food availability for bumblebee reproduction has been inferred
from the earlier appearance of queens at flower-rich sites (Bowers 1985). Studies using
laboratory-reared colonies placed in the field have shown positive effects of supplementary
food (Pelletier & McNeil 2003) or increased floral resources in the landscape on colony
growth and numbers of males produced, but mixed effects on queen production, despite
positive correlations between worker number and reproductive success (Westphal, Steffan-
Dewenter & Tscharntke 2009; Williams, Regetz & Kremen 2012). These studies suggested
that spatiotemporal variation in floral resources was a key determinant of reproductive
success, and availability of later-season resources could be critical for queen production.
Furthermore, bumblebee declines across Europe, particularly in late-emerging species, have
been linked to the loss of preferred forage resources such as late-season red clover
(Trifolium pratense), as a result of agricultural intensification (Bommarco, Lundin, Smith &
Rundléf 2012; Carvell, Roy, Smart, Pywell, Preston et al. 2006; Fitzpatrick, Murray, Paxton,
Breen, Cotton et al. 2007; Kleijn & Raemakers 2008).

Production of sexuals may therefore be increased in many wild bee species by an
increase in food resources available to the provisioning adults. However, since the work of
Bowers (1985), few field studies of wild bumblebees have reported counts of sexuals, as
opposed to workers. Lye et al. (Lye, Park, Osborne, Holland & Goulson 2009) investigated
the effects of habitat management under the Scottish agri-environment scheme on nest-site
searching queens during the period of emergence and colony foundation. Rundlof, Persson,
Smith and Bommarco (2014) found higher queen densities in established late-season red
clover fields ranging from 4-16 ha than in linear field borders in surrounding landscapes
during a single year (Rundlof, Persson, Smith & Bommarco 2014). Densities of sexuals were
also higher in landscapes with, compared to landscapes without, clover fields. However, we

know of no studies that have assessed the effects of newly-sown flower mixtures, and the
5
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scale of their establishment, on bumblebee reproduction across multiple years, as
measured by the abundance of males and queens from wild nests throughout the season.

We previously described the response of foraging worker bumblebees to a mixture of
nectar and pollen-rich plants sown in experimental patches of different sizes across a
gradient of agricultural landscapes (Carvell, Osborne, Bourke, Freeman, Pywell et al. 2011,
Heard, Carvell, Carreck, Rothery, Osborne et al. 2007). The mixture was targeted at bees
and other pollinators under the Entry Level Stewardship scheme in England (Natural
England 2010), aiming to provide floral resources from May to early September, essentially
to provision populations during and beyond the main periods of flowering crop bloom. Sown
patches attracted higher densities of workers than unsown controls, with this response being
strongest in the more intensively farmed landscapes (Carvell et al., 2011). Furthermore,
estimates of the number of colonies represented by these foraging workers using molecular
genetic methods over a period of three years suggested that, in two species, population
growth rates were positive and higher on sown flower patches relative to control habitats in
more intensively farmed landscapes (Heard et al. unpublished).

Here we present data derived from counts of males and queens from across 28 of
the sown and control experimental patches in Carvell et al. (2011) and from conventionally
managed field margins in surrounding landscapes. This approach allows us to test whether
sown flower patches lead to detectable increases in counts of sexuals in semi-natural
habitats in landscapes surrounding the patches, often referred to as a 'spill-over' effect
(Hanley, Franco, Dean, Franklin, Harris et al. 2011). Our counts are expressed as an index
of the total biomass of bumblebee sexuals, which reflects levels of reproduction or
productivity across the different study landscapes, under the assumption that the sexuals
observed were most likely to be foraging about a kilometre from their natal nests rather than
responding to forage from many kilometres away as part of a dispersal process.

We tested the following hypotheses: 1) sown flower patches will enhance total sexual
biomass of bumblebees at local and landscape scales; 2) the size of sown flower patches

will influence sexual biomass, such that higher densities of males and queens will be
6
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recorded on, and in the landscapes surrounding, larger patches; and 3) the effect of sown
flower patches on total sexual biomass will vary depending on landscape context, with the

strongest positive responses being detected in more intensively farmed areas.

Materials and methods
Experimental design

We selected seven sites across central and eastern England, located between
1°40°'W and 1°02’E longitude and between 51°10’ and 52°56’N latitude, that represented
typical land use for their locations but varied widely in landscape characteristics (Appendix
A: Table 1). At each site, three patches of different sizes (0.25 ha, 0.5 ha and 1.0 ha) were
sown with a mixture of 20% legumes (Trifolium pratense of early- and late-flowering
varieties, Trifolium hybridum and Lotus corniculatus) and 80% fine-leaved grasses (Festuca
rubra, Poa pratensis and Cynosurus cristatus) (henceforth ‘sown patches’) as recommended
under the AES 'nectar flower mixture' option at the time (Natural England 2010) (seed
mixture details given in Appendix A: Table 2). Patches were established on land taken out of
arable production (or grass production in one case), typically within a 6 — 30 metre wide strip
or block along an existing field edge or corner with crop management continuing across the
remainder of the field. We also selected a control patch at each site within conventionally
managed non-crop vegetation that was typical for the site and covered at least 0.25 ha. The
four patches at a site were separated by an average of 3 km to minimize the influence of
bumblebees flying between them (Carvell, Jordan, Bourke, Pickles, Redhead et al. 2012;
Knight, Martin, Bishop, Osborne, Hale et al. 2005).

Sown patches were established in September 2003 (Carvell et al., 2011). They were
subsequently cut twice during the first year (2004) in April and September and thereafter
once in September each year to achieve consistent flowering from the perennial legumes
and limit domination by unsown weedy species throughout the experiment. However by the
summer of 2006, the sown grass species had begun to dominate and reduce cover of the

sown legume species so patches were re-sown to maintain floral resource levels for
7
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pollinators throughout the experiment. This was performed in September 2006 with a mixture
of the same legume species as previously used that excluded grasses. In addition a small
amount of the annual Centaurea cyanus (2%) was added to the mixture to help ensure
flowering in the first year (Appendix A: Table 2).

To assess densities of males and queens on patches, two 2 m x 100 m transects
were established in the centre of each sown and control patch, with a minimum of 6 metres
separating them (hereafter 'local' transects). To assess the effect of sown flower patches on
male and queen densities in the landscapes surrounding each patch (i.e. to quantify 'spill-
over' effects), four 2 m x 100 m transects were established at random in conventionally
managed field margins within 1000 m of the centre of each patch (hereafter 'landscape’
transects). Straight-line distances between the centre of each landscape transect and the
corresponding sown or control patch were on average 371 m (SE = 48 m), and did not differ
significantly between sites (ANOVA F = 1.73, df =6, P = 0.12) or between patches within
sites (ANOVA F = 0.56, df = 3, P = 0.64). This would have allowed bees from nests located
within typical foraging distance of the patch to access both local patch and/or landscape
transects at each site. Of the four landscape transects per site, two were located along the
margins of arable fields, one along the margin of an improved or semi-natural grassland
depending on the landscape, and one along the edge of a woodland in order to fully
represent typical vegetation for each site. This gave a total of 24 sampling transects (8 local

and 16 landscape transects) per site.

Bumblebee and flower surveys

Males and queens of all social Bombus species were recorded in monthly surveys
from June to September over the three years 2005 — 2007. Queen activity during earlier
months (April and May) was not recorded as we considered that these were most likely to be
foundress queens rather than newly-emerged queens produced by colonies located within
each landscape. On each survey, individuals visiting flowers were counted along all

transects and the visited plant species was noted. The order in which the six transects on or
8
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surrounding each patch were visited was varied between surveys. Our surveys were
conducted within a larger study that included counts of workers (Carvell et al. 2011) for
which the ecologically similar species Bombus terrestris and B. lucorum were recorded as a
group, denoted B. terrestris agg., as their workers cannot be distinguished reliably in the
field. For consistency, we recorded males or queens of these two species as B. terrestris
agg. For B. ruderatus, only fully melanic individuals were recorded separately to species
level, due to the difficulty of separating banded individuals from B. hortorum in the field (Ellis,
Knight & Goulson 2005). While melanic individuals could have included some B. hortorum,
molecular analyses have since shown all such full melanics to have the B. ruderatus
genotype (Dreier, Redhead, Warren, Bourke, Heard et al. 2014). Transect visits were carried
out between 10.00 and 17.30 during dry weather when ambient temperature was above 13
°C with at least 60% clear sky, or above 17 °C under any sky conditions, and wind speeds
up to 5 on the Beaufort wind scale.

To measure floral density on each survey, we identified all flowering dicotyledonous
species and scored their flower abundance within ten 2 m x 10 m sections of each transect,
within the following ranges: 1-5; 6—-25; 26—200; 201-1000; 1001-4999 and 5000+ flower
units (defined as a single flower or an umbel, spike or capitulum on multi-flowered stems).
Flower abundance was expressed as the mid-point value for each range (with a value of
12000 for the 5000+ category), and summed across all ten sections, giving a monthly
estimate of the density of flowering units per transect. Subsequently we selected only plant
species visited by male or queen bumblebees during the study. The summed flower

abundance of these species was used as a measure of floral density.

Landscape context

Habitat surveys were undertaken to characterise the landscape surrounding each
patch. In July 2004 all land parcels (defined areas of continuous land-use) within 1000 m of
the patch centre were visited and categorised according to their broad land-use type and

habitat composition. This radius took account of estimates of worker foraging distance for
9
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the most frequent Bombus species in our study (Knight et al. 2005; Knight, Osborne,
Sanderson, Hale, Martin et al. 2009). These data were digitised onto a UK Ordnance
Survey base map using Arc GIS software (ESRI), allowing for edits in parcel location, shape,
and size. Parcel attributes were then extracted to allow calculation of the total area of each
broad land-use type (hereafter 'landscape context’) within 1000 m of each patch (Appendix
A: Table 1). We used the proportion of arable land (cropped fields) as our key measure of
landscape context for analyses (as in Carvell et al. 2011), as this variable was significantly
negatively correlated with proportions of improved grassland (r = -0.84, P < 0.001), built-up

areas (r =-0.37, P = 0.03) and semi-natural habitats (r = -0.66, P < 0.001).

Statistical analysis

All analyses were carried out in R (version 2.8.1). Of a potential total of 672 bee
surveys over three years, 8 were missed on the experimental patches due to cutting or re-
sowing in early September before the sampling visit and were identified as missing values in

all analyses.

Calculating an index of total sexual biomass combining male and queen counts (MQ)

We used an index of sexual biomass (MQ) that combines counts of males and
gueens as follows: 'MQ' = M + 3Q, where M = number of males and Q = number of queens
(Pelletier et al. 2003). This reflects the greater investment of time and resources required to
rear gueens, on a per capita basis, than males (Beekman & van Stratum 1998; Lopez-
Vaamonde, Raine, Koning, Brown, Pereboom et al. 2009). Values of MQ and floral density
were calculated for each survey for: i) local transects (total counts across two control or
sown transects) and ii) landscape transects (total counts across four conventionally
managed field margin transects in landscapes surrounding each patch). The three most
abundant Bombus species were analysed separately, with counts of the less abundant

species included in the summed MQ for all species, designated ‘total Bombus’.
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Effects of sown flower patches at local and landscape scales

We used Generalized Linear Models to assess the effect of sown flower patches on
MQ, with separate analyses of the data from local and landscape transects in order to
compare habitats at equivalent scales both within and between study sites. Analysis began
with a maximal model that included patch type (sown vs. control), site and year as fixed
effects, and a two-way interaction of patch type with year to account for possible temporal
variation. Floral density of visited plants was added as a covariate to account for variation
due to differences in flower abundance over time and between patches. Models were fitted
assuming a Poisson distribution with a log-link function, and an offset for the number of
transects per survey. An adjustment for overdispersion was added in cases where the
Pearson Chi-squared statistic exceeded its associated degrees of freedom by more than
two-fold. Thereafter, we applied a series of likelihood ratio tests in order to remove terms
sequentially from the maximal model until only significant interactions and main effects (P <

0.05) remained (Crawley 2005).

Effects of patch size

To test whether the size of the three sown flower patches had an effect on MQ, we
fitted additional models in which patch size (0.25 ha, 0.5 ha, 1.0 ha) replaced the binary
patch type classification within the minimal adequate model. Each patch size model was
tested against the equivalent model with identical effects at all sown patches using likelihood
ratio tests to produce an F statistic to assess the significance of the difference between the
two models. A statistically significant deterioration in fit therefore implies a difference

between the effects of patches of different sizes.

Effects of landscape context
Effects of landscape context on the response of MQ to sown flower patches were
tested using linear models with normally-distributed errors and a log-link function. Means of

predicted values from the minimal adequate models with patch type were used in cases
11
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where patch size was not significant, and means from the models with patch size were used
where this term was significant. There were no significant interactions between year and
patch type in the models described (aside from one case for B. terrestris). Predicted values
of MQ were therefore averaged across years, before the fitting of separate regressions of
mean MQ per 100 m transect from control and sown flower patches against the proportion of

arable land in the surrounding landscape.

Results

Across all transect counts, we recorded a total of 1306 males and 203 queens (in 2005: 565
males and 107 queens; in 2006: 275 males and 25 queens; in 2007: 466 males and 71
gueens). These represented nine social bumblebee species (details given in Appendix A:
Table 4). The most abundant were Bombus lapidarius, B. pascuorum and B. terrestris agg.,
accounting for 53%, 15% and 20% of all observations, respectively. Males and queens were
observed visiting 53 different flowering plant species. The legume species T. pratense, T.
hybridum and L. corniculatus sown on the experimental patches together accounted for 21%
of all flower visits by males and 53% of all visits by queens. Species receiving a high
proportion of visits on transects in the surrounding landscapes were, in descending order, for
males, Cirsium vulgare, Picris echioides, Senecio jacobaea, Cirsium arvense and Centaurea
nigra (together accounting for 57% of visits) and, for queens, Cirsium vulgare, Ballota nigra
and Lamium album (together accounting for 26% of visits). Analyses comparing floral density
on sown and control patches, between sites and across years are presented in Carvell et al.
(2011). These showed no difference between sites or sown patches within sites in each
year, but significantly higher floral density on sown patches than controls in each year, and
significant variation between years, with highest floral density on sown patches in 2005,
decreasing in 2006 and increasing again in 2007 (Carvell et al., 2011). Full lists of plant
species constituting >1% of all flower counts on both the local patch transects and

landscape transects are given in Appendix A: Table 3.
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Effects of sown flower patches at local and landscape scales

Floral density was a significant predictor of MQ at both local and landscape scales for all
species except B. pascuorum (Table 1). We therefore present the means (MQ per 100 m
transect) of fitted values from the minimal adequate models for each species or group in
order to demonstrate differences between sown and control patches over and above the
influence of floral density. Study site was a significant factor in the models for ‘total Bombus’,
B. lapidarius and B. pascuorum on both local and landscape transects, and this effect is
explored further in the regression analysis of MQ against landscape context.

On the local transects, MQ for ‘total Bombus’, B. lapidarius and B. pascuorum was
significantly higher on sown flower patches than on conventionally managed control patches
in all three years of the study (Table 1A; Fig. 1). For B. terrestris agg. on local transects, the
effect of patch type was non-significant. Significant differences between years were detected
for all species (Table 1A), with a tendency for lower counts in 2006 than in 2005 or 2007, but
with B. pascuorum showing a significant increase in mean MQ per transect per year from
0.11 to 0.56 over the three years.

We did not find higher MQ on landscape transects surrounding sown patches than on
transects surrounding unsown controls (Table 1B, Fig. 2), even though total sexual biomass
was highest overall in landscape sectors containing a sown patch (considering both local
and landscape transects together). On the landscape transects, MQ was nearly five times
lower than on local transects on the sown patches (ratio of mean MQ per transect for total
Bombus on sown local: landscape transects = 2.4:0.5), and was roughly equal to MQ on
local transects on the control patches (ratio=0.6:0.5). Effects of patch type on MQ on the
landscape transects were non-significant for total Bombus and B. pascuorum. For B.
lapidarius, MQ was significantly lower on landscape transects surrounding sown flower
patches than on landscape transects surrounding control patches (Table 1B). Significant
differences between years were detected for each species (but not the ‘total Bombus’
group), and for B. terrestris the effect of patch type depended on year (significant year x

patch type interaction, Table 1B), with lower MQ on landscape transects surrounding sown
13
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patches (relative to control patches) in 2005 and 2007. Our first hypothesis (that sown flower
patches will enhance total sexual biomass of bumblebees at local and landscape scales) is
therefore supported at local scales but not at landscape scales when looking in isolation at

MQ on landscape transects surrounding the focal patches.

Effects of patch size

At the local scale, the size of sown flower patches did not have a significant effect on MQ for
any species (Table 1A). However, significant effects of patch size were found at the
landscape scale (Table 1B, Fig. 2). MQ was highest on transects in landscapes surrounding
the largest sown flower patches (covering 1 ha) for the ‘total Bombus’ group and B.
lapidarius. The effect of patch size was also significant for B. pascuorum, with higher MQ on
landscape transects surrounding sown 0.5 ha patches than on those surrounding 0.25 ha or
1 ha patches (Fig. 2). Our second hypothesis (that the size of sown flower patches will
influence sexual biomass, such that higher densities of males and queens will be recorded
on, and in the landscapes surrounding, larger patches) is therefore supported at the

landscape scale for some species but not at local scales.

Effects of landscape context

For the control patches, there were no significant relationships between MQ and the
proportion of arable land at either local or landscape scales (Table 2). For sown flower
patches, there was a significant positive relationship between the proportion of arable land
and MQ for ‘total Bombus’and B. terrestris agg. and a marginally non-significant positive
relationship for B. lapidarius (P = 0.07) at the local scale. In other words, there was higher
sexual biomass on sown patches than on control patches in the most intensively farmed
landscapes, but sexual biomasses on sown and control patches were similar in less
intensively farmed landscapes (Figs 3A -D).

On the landscape transects surrounding sown patches, there were significant positive

relationships between MQ and proportion of arable land for ‘total Bombus’ and B. lapidarius
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(Table 2). Higher numbers of sexuals were recorded in the more intensively farmed
landscapes, but only on landscape transects associated with the largest sown patches (1 ha)
was MQ higher than on transects associated with control patches (Fig. 4). Effects on MQ of
the proportion of arable land for B. pascuorum were non-significant, though numbers of B.
pascuorum sexuals were low (Appendix A: Table 2), and, in contrast to the other species,
showed a trend for a negative relationship (Fig. 4C). Our third hypothesis (that the effect of
sown flower patches on total sexual biomass will vary depending on landscape context) is

therefore supported for some species.

Discussion

We compared standardised counts of bumblebee sexuals visiting transects on sown patches
of flowers and in the landscapes surrounding sown patches, with counts of sexuals visiting
transects on or surrounding unsown, control patches. These counts were expressed as an
index of total sexual biomass (MQ) to reflect the greater investment of time and resources
required to rear queens relative to males. Sown patches providing high densities of floral
resources throughout the season significantly enhanced MQ at local (patch) scales. This
effect was consistent over three years. At landscape scales, overall effects of sown flower
patches were not detected when comparing MQ on transects surrounding them with MQ on
transects surrounding unsown patches. However, the size of sown patches did influence
sexual biomass at landscape scales, with higher densities of males and queens being
recorded in landscapes surrounding larger sown patches of 1 ha or 0.5 ha depending on
species. We also found that for the dominant species, Bombus lapidarius, and summed ‘total
Bombus’, effects of sown patches on total sexual biomass were moderated by landscape
context. The strongest positive responses were detected at sites with high proportions of

arable land (as found for worker bumblebees (Carvell et al. 2011)).

Our results may have been influenced by one species in particular, Bombus lapidarius,

which is common across much of NW Europe and accounted for 53% of all counts.
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Nevertheless, we present significant patterns for two other widespread and common species
and include an additional six species in a summed MQ index representing ‘total Bombus’.
The question of whether the sown flower patches enhanced reproduction within local
bumblebee populations or attracted sexuals in from many kilometres away (particularly in the
highly arable landscapes) is central to the interpretation of these results. Here we consider

flower preferences, flight distances and colony dynamics to offer possible explanations.

The legume (Fabaceae) species sown in our study represent highly rewarding nectar and
pollen resources for worker bumblebees from May to late August (Carvell et al. 2011; Pywell,
Warman, Hulmes, Hulmes, Nuttall et al. 2006), hence are likely to have enhanced colony
growth and potentially enhanced reproductive success of nests within foraging distance
(Williams et al. 2012). The flower preferences of males and queens differ from those of
workers and from each other (Benton 2006). For example, B. lapidarius males favour
Cirsium vulgare and other open flowers for nectar collection but have no requirement for
pollen, whereas newly-emerged queens favour Trifolium pratense and other long-corolla
flowers from which they consume large amounts of pollen (Carvell et al. 2007). Both types of
flower were available to sexuals in our study, and, as expected, floral density on transects
was a significant predictor of sexual biomass for B. lapidarius and B. terrestris. In addition to
containing attractive forage plants most sown patches were grassy and linear in shape,
offering males good opportunities for patrolling for mates. This may explain why we found
higher sexual biomass (dominated by male densities) on sown patches than on controls or
surrounding landscape transects, in contrast to a previous study that found higher male

densities on landscape transects than on pure clover fields (Rundlof et al. 2014).

Floral density (of plant species visited by all Bombus species) did not relate to sexual
biomass of B. pascuorum, and this may have been due to the more specialised flower
choices of the species. For example, throughout the study B. pascuorum males were

recorded visiting 15 plant species whereas B. lapidarius males were recorded visiting a total
16
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of 34 species. Nevertheless, MQ was consistently greater on sown flower patches than on
control patches at the local scale, over and above the influence of floral density, suggesting

that sown patches enhanced reproduction in local populations of the three focal species.

With regard to flight distances and the scale at which sown flower patches affect the
distribution of males and queens, our data suggest that sown patches may attract sexuals
over a short range from the surrounding landscape, if those sexuals travel over distances
similar to the foraging distance of workers (estimated in the region of 200 — 1000 m in UK
landscapes similar to those surveyed here (Carvell et al. 2012; Knight et al. 2005)). For
patches of 0.25 ha or 0.5 ha, we found lower sexual biomass on the landscape transects
within 1 km of sown patches than on the landscape transects surrounding control patches
(for B. lapidarius in all years, and B. terrestris in 2007). This could have occurred if the
majority of sexuals in landscapes with sown patches were being drawn into them to forage,
and if, in landscapes with no sown patch, sexuals were more evenly distributed. Where
larger patches of 1 ha were sown, local MQ did not differ from that on smaller patches
suggesting that overall numbers of sexuals were higher on larger patches. Larger patches
may also have been more easily detectable and attracted more foragers as a result.
Furthermore, sexual biomass on the landscape transects surrounding larger patches was
equal to or higher than that on those surrounding control patches, suggesting a weak spill-
over effect from sown patches into surrounding semi-natural habitats (Hanley et al. 2011).
We cannot rule out longer-range attraction to sown resources since flight distances of newly-
emerged males and queens may exceed those of workers. While evidence is limited, male
and queen dispersal have been estimated at several kilometres (Dreier et al. 2014; Kraus,
Wolf & Moritz 2009; Lepais, Darvill, O’Connor, Osborne, Sanderson et al. 2010), though
newly-emerged queens are known to return to their natal colonies to shelter and build
reserves for the winter. Attraction of sexuals at large spatial scales could still constitute a

beneficial effect on local populations if sown flower patches enhanced male and queen
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fitness, mating or hibernation opportunities through the provision of additional foraging and

other habitats.

We found the strongest effects in the most arable landscapes with a lack of alternative
forage resources (Figs. 3 and 4), consistent with similar analyses on abundances of worker
bumblebees and other pollinators (Carvell et al. 2011; Scheper, Holzschuh, Kuussaari,
Potts, Rundl6f et al. 2013). It is likely that the detection probability for males and queens on
semi-natural habitats is greater in more arable landscapes due to increased aggregation or
attraction to floral resources where overall cover of foraging habitats is low (Scheper et al.
2013). In addition, we might expect the spill-over effect from sown flower patches to increase
in landscapes where a higher proportion of colonies were foraging on them, as seems
plausible in the intensive arable landscapes here. These patterns were not shown by B.
pascuorum for which a non-significant negative relationship was found between sexual
biomass and proportion of arable land at the landscape scale. This may reflect the close
association of B. pascuorum with grassland habitats for nesting and foraging; so
B.pascuorum reproduction in predominantly arable landscapes may be limited not only by
forage, but by above-ground nest site availability and nest-forage configuration; thus
highlighting the value of existing semi-natural habitats in more complex landscapes
(Goulson, Lepais, O’Connor, Osborne, Sanderson et al. 2010; Kennedy, Lonsdorf, Neel,
Williams, Ricketts et al. 2013). The reasons for the differential landscape-scale effect of
sown patch size on B. pascuorum (highest MQ on 0.5 ha patches) to B. lapidarius and ‘total
Bombus’ (highest MQ on 1.0 ha patches) are more difficult to determine. Numbers of B.
pascuorum were low on landscape transects (52 sexuals, Appendix A: Table 4), suggesting
that with analysis based at the patch level, these low numbers may have influenced our

results.

Considering colony dynamics, reproductive success in bumblebees can be highly variable

between colonies. In studies using captive-reared B. terrestris colonies, most or all produced
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males but only between 15-50% produced queens (Lopez-Vaamonde et al. 2009; Westphal
et al. 2009). Wild colonies may experience even lower rates of queen production, though
studies that directly measure counts of known offspring from wild nests are extremely rare
(Cumber 1953) . Furthermore, consistent with our data, numerical sex ratios in bumblebees
tend to be highly male-biased (in B. terrestris reared in semi-natural conditions, the
numerical sex ratio was c. 50 males: 1 queen (Lopez-Vaamonde et al. 2009)). Thus higher
densities of males in a particular landscape act as an indicator of the potential for population
growth, but only indirectly. Numbers of sexuals were not reduced during 2006 and 2007 to
the same extent as numbers of workers of the same species, which may have suffered from
poor weather and reduced flowering from the sown flower patches (Carvell et al. 2011).
Furthermore, B. pascuorum showed a trend for increasing total sexual biomass over time, as
would be predicted from our finding of positive population growth rates on sown patches
(Heard et al. unpublished). Studies on the effects of landscape-level resources at the colony
level are emerging from the application of molecular genetic methods (Carvell et al. 2012),
but there is still a need for better understanding of the dynamics of different castes in wild

bumblebee populations.

Conclusions

Our study provides important evidence for effects of landscape-level enhancements via a
targeted agri-environment scheme on bumblebee reproduction as measured by the
abundance of males and queens from wild nests. It suggests that sown flower mixtures
providing season-long resources can enhance reproduction via an increase in the production
of sexuals from nests within foraging distance. If sown patches are established at large
enough scales (of at least 1 ha), this response may lead to spill-over effects into surrounding
semi-natural habitats, particularly in intensively farmed landscapes. This is consistent with
two recent meta-analyses at European (Scheper et al. 2013) and global (Kennedy et al.
2013) scales, suggesting that farms within ‘simple’ or intensified agricultural landscapes

receive substantial benefits for pollinators from on-farm diversification. Our study adds to the
19



532  evidence base for enhancing forage resources in arable landscapes, but this should not
533  detract from the use of flower mixtures where appropriate in more heterogeneous

534  landscapes (including grass-dominated areas) or floral enhancement via other agri-

535  environment measures such as organic farming, to benefit the full pollinator community or
536  species of conservation concern.

537

538 The effectiveness of the ‘nectar flower mixture’ option under the Entry Level Stewardship
539 (ELS) scheme in England is currently limited by low uptake and variable establishment
540 quality, despite around 60% of England’s agricultural land being managed under ELS. For
541 example, although growers are provided with guidance on sowing and management,

542  including that the mixture is sown in patches of up to 1 ha (Natural England, pers. comm.),
543  the total area sown across England (as of January 2013) was around 3,618 ha. This

544  represents only 0.06% of all land covered by ELS and only 6.6% of all ELS agreements
545 (POSTNOTE 2013). Further evidence of the effects of floral enhancements on bumblebee
546  reproduction and other parameters such as foraging distance is required, and could be
547  modelled for different landscapes to inform the spatial location and extent of patch sowing
548  required. Furthermore, the costs of establishing and effectively maintaining agri-environment
549  options may vary depending on the farming system and should be appraised against the
550 likely benefits for pollinator habitat provision and agricultural production more widely

551 (Breeze, Bailey, Balcombe & Potts 2014). The mechanistic relationships between

552  bumblebee distributions, population dynamics and landscape quality are still poorly

553  understood (Williams et al. 2012). Such information is central to understanding population
554  responses to landscape change and mitigation measures, and to predicting the resulting
555  impacts on pollination services.

556

557 Acknowledgements

558  We thank Sarah Hulmes, Lucy Hulmes, Pete Nuttall, Bill Meek, James Peat, Amanda

559 Borrows, Norman Carreck, Andrew Martin, Chris Shortall, Jenny Swain and the late Bill
20



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

Jordan for fieldwork assistance, GIS mapping and advice and Stephen Freeman for
statistical advice. We also thank Marek Novakowski (Wildlife Farming Company Ltd) for
guidance on sowing and maintenance of flower patches, and all farmers who participated in
the study. This research was funded by the UK Department for Environment, Food and Rural

Affairs (research grant BD1625), and Natural England, Peterborough, UK.

Appendix A. Supplementary data
Supplementary data associated with this article can be found in the online version, at

XXXXXX.

References

Beekman, M., & van Stratum, P. (1998). Bumblebee sex ratios: why do bumblebees produce
so many males? Proceedings of the Royal Society of London Series B-Biological Sciences,
265, 1535-1543.

Benton, T. (2006). Bumblebees. London: Collins.

Bommarco, R., Lundin, O., Smith, H.G., & Rundl&f, M. (2012). Drastic historic shifts in
bumble-bee community composition in Sweden. Proceedings of the Royal Society B:
Biological Sciences, 279, 309-315.

Bowers, M.A. (1985). Bumblebee colonization, extinction and reproduction in subalpine
meadows in northeastern Utah. . Ecology, 66, 914-927.

Breeze, T.D., Bailey, A.P., Balcombe, K.G., & Potts, S.G. (2014). Costing conservation: an
expert appraisal of the pollinator habitat benefits of England’s entry level stewardship.
Biodiversity and Conservation, 23, 1193-1214.

Cameron, S.A,, Lozier, J.D., Strange, J.P., Koch, J.B., Cordes, N., Solter, L.F., & Griswold,
T.L. (2011). Patterns of widespread decline in North American bumble bees. Proceedings of

the National Academy of Sciences, 108, 662-667.

21



586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

Carvalheiro, L.G., Kunin, W.E., Keil, P., Aguirre-Gutiérrez, J., Ellis, W.N., Fox, R., Groom,
Q., Hennekens, S., Van Landuyt, W., Maes, D., Van de Meutter, F., Michez, D., Rasmont,
P., Ode, B., Potts, S.G., Reemer, M., Roberts, S.P.M., Schaminée, J., WallisDeVries, M.F.,
& Biesmeijer, J.C. (2013). Species richness declines and biotic homogenisation have slowed
down for NW-European pollinators and plants. Ecology Letters, 16, 870-878.

Carvell, C., Jordan, W.C., Bourke, A.F.G., Pickles, R., Redhead, J.W., & Heard, M.S. (2012).
Molecular and spatial analyses reveal links between colony-specific foraging distance and
landscape-level resource availability in two bumblebee species. Oikos, 121, 734-742.
Carvell, C., Meek, W.R., Pywell, R.F., Goulson, D., & Nowakowski, M. (2007). Comparing
the efficacy of agri-environment schemes to enhance bumble bee abundance and diversity
on arable field margins. Journal of Applied Ecology, 44, 29-40.

Carvell, C., Osborne, J.L., Bourke, A.F.G., Freeman, S.N., Pywell, R.F., & Heard, M.S.
(2011). Bumble bee species’ responses to a targeted conservation measure depend on
landscape context and habitat quality. Ecological Applications, 21, 1760 - 1771.

Carvell, C., Roy, D.B., Smart, S.M., Pywell, R.F., Preston, C.D., & Goulson, D. (2006).
Declines in forage availability for bumblebees at a national scale. Biological Conservation,
132, 481-489.

Crawley, M.J. (2005). Statistics: An Introduction using R Chichester, UK: Wiley.

Cumber, R.A. (1953). Some aspects of the biology and ecology of bumble-bees bearing
upon the yields of red-clover seed in New Zealand. New Zealand Journal of Science and
Technology, 11, 227-240.

Dreier, S., Redhead, J.W., Warren, I.A., Bourke, A.F.G., Heard, M.S., Jordan, W.C.,
Sumner, S., Wang, J., & Carvell, C. (2014). Fine-scale spatial genetic structure of common
and declining bumble bees across an agricultural landscape. Molecular Ecology, n/a-n/a.
Ellis, J.S., Knight, M.E., & Goulson, D. (2005). Delineating species for conservation using
mitochondrial sequence data: the taxonomic status of two problematic Bombus species

(Hymenoptera: Apidae) Journal of Insect Conservation, 9, 75-83.

22



613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

Fitzpatrick, U., Murray, T.E., Paxton, R.J., Breen, J., Cotton, D., Santorum, V., & Brown,
M.J.F. (2007). Rarity and decline in bumblebees - A test of causes and correlates in the Irish
fauna. Biological Conservation, 136, 185-194.

Garibaldi, L.A., Steffan-Dewenter, ., Winfree, R., Aizen, M.A., Bommarco, R., Cunningham,
S.A., Kremen, C., Carvalheiro, L.G., Afik, O., Bartomeus, I., Benjamin, F., Cariveau, D.,
Chacoff, N.P., Dudenhoffer, J.H., Freitas, B., Greenleaf, S., Harder, L., Hipdlito, J.,
Holzschuh, A., Howlett, B., Isaacs, R., Javorek, S.K., Kennedy, C., Krewenka, K., Mandelik,
Y., Mayfield, M.M., Motzke, I., Munyuli, T., Nault, B.A., Otieno, M., Petersen, J., Pisanty, G.,
Potts, S.G., Rader, R., Ricketts, T.H., Rundl6f, M., Seymour, C., Schiepp, C., Smitha, K.,
Szentgyorgyi, H., Taki, H., Tscharntke, T., Vergara, C.H., Viana, B.F., Wanger, T.C.,
Westphal, C., Williams, N., & Klein, A.M. (2013). Wild pollinators enhance fruit set of crops
regardless of honey-bee abundance. Science, 339, Wild pollinators enhance fruit set of
crops regardless of honey-bee abundance.

Garratt, M.P.D., Coston, D.J., Truslove, C.L., Lappage, M.G., Polce, C., Dean, R.,
Biesmeijer, J.C., & Potts, S.G. (2014). The identity of crop pollinators helps target
conservation for improved ecosystem services. Biological Conservation, 169, 128-135.
Goulson, D., Lepais, O., O’'Connor, S., Osborne, J.L., Sanderson, R.A., Cussans, J., Goffe,
L., & Darvill, B. (2010). Effects of land use at a landscape scale on bumblebee nest density
and survival. Journal of Applied Ecology, 47, 1207-1215.

Hanley, M.E., Franco, M., Dean, C.E., Franklin, E.L., Harris, H.R., Haynes, A.G., Rapson,
S.R., Rowse, G., Thomas, K.C., Waterhouse, B.R., & Knight, M.E. (2011). Increased
bumblebee abundance along the margins of a mass flowering crop: evidence for pollinator
spill-over. Oikos, 120, 1618-1624.

Heard, M.S., Carvell, C., Carreck, N.L., Rothery, P., Osborne, J.L., & Bourke, A.F.G. (2007).
Landscape context not patch size determines bumble-bee density on flower mixtures sown
for agri-environment schemes. Biology Letters, 3, 638-641.

Kennedy, C.M., Lonsdorf, E., Neel, M.C., Williams, N.M., Ricketts, T.H., Winfree, R.,

Bommarco, R., Brittain, C., Burley, A.L., Cariveau, D., Carvalheiro, L.G., Chacoff, N.P.,
23



641  Cunningham, S.A., Danforth, B.N., Dudenhdffer, J.-H., Elle, E., Gaines, H.R., Garibaldi, L.A.,
642 Gratton, C., Holzschuh, A., Isaacs, R., Javorek, S.K., Jha, S., Klein, A.M., Krewenka, K.,

643 Mandelik, Y., Mayfield, M.M., Morandin, L., Neame, L.A., Otieno, M., Park, M., Potts, S.G.,
644  Rundl6f, M., Saez, A., Steffan-Dewenter, |., Taki, H., Viana, B.F., Westphal, C., Wilson, J.K.,
645  Greenleaf, S.S., & Kremen, C. (2013). A global quantitative synthesis of local and landscape
646  effects on wild bee pollinators in agroecosystems. Ecology Letters, 16, 584-599.

647 Kleijn, D., & Raemakers, 1. (2008). A retrospective analysis of pollen host plant use by stable
648  and declining bumble bee species. Ecology, 89, 1811-1823.

649  Kleijn, D., & Sutherland, W.J. (2003). How effective are European agri-environment schemes
650  in conserving and promoting biodiversity? Journal of Applied Ecology, 40, 947-969.

651 Knight, M.E., Martin, A.P., Bishop, S., Osborne, J.L., Hale, R.J., Sanderson, A., & Goulson,
652  D. (2005). An interspecific comparison of foraging range and nest density of four bumblebee
653  (Bombus) species. Molecular Ecology, 14, 1811-1820.

654  Knight, M.E., Osborne, J.L., Sanderson, R.A., Hale, R.J., Martin, A.P., & Goulson, D. (2009).
655 Bumblebee nest density and the scale of available forage in arable landscapes. Insect

656  Conservation and Diversity, 2, 116-124.

657  Kraus, F.B., Wolf, S., & Moritz, R.F.A. (2009). Male flight distance and population

658  substructure in the bumblebee Bombus terrestris. Journal of Animal Ecology, 78, 247-252.
659 Lepais, O., Darvill, B.E.N., O’Connor, S., Osborne, J.L., Sanderson, R.A., Cussans, J.,

660  Goffe, L., & Goulson, D. (2010). Estimation of bumblebee queen dispersal distances using
661  sibship reconstruction method. Molecular Ecology, 19, 819-831.

662  Lopez-Vaamonde, C., Raine, N.E., Koning, J.W., Brown, R.M., Pereboom, J.J.M., Ings, T.C.,
663 Ramos-Rodriguez, O., Jordan, W.C., & Bourke, A.F.G. (2009). Lifetime reproductive

664  success and longevity of queens in an annual social insect. Journal of Evolutionary Biology,
665 22, 983-996.

666 Lye, G., Park, K., Osborne, J., Holland, J., & Goulson, D. (2009). Assessing the value of

667  Rural Stewardship schemes for providing foraging resources and nesting habitat for

668  bumblebee queens (Hymenoptera: Apidae). Biological Conservation, 142, 2023-2032.
24



669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

Natural England. (2010). Entry Level Stewardship: Environmental Stewardship Handbook.
Peterborough: Natural England.

Pelletier, L., & McNeil, J.N. (2003). The effect of food supplementation on reproductive
success in bumblebee field colonies. Oikos, 103, 688-694.

POSTNOTE. (2013). Reversing Insect Pollinator Decline. Parliamentary Office of Science
and Technology briefing for the House of Commons no. 442.

Pywell, R.F., Heard, M.S., Bradbury, R.B., Hinsley, S., Nowakowski, M., Walker, K.J., &
Bullock, J.M. (2012). Wildlife-friendly farming benefits rare birds, bees and plants. Biology
Letters, 8, 772-775.

Pywell, R.F., Meek, W.R., Loxton, R.G., Nowakowski, M., Carvell, C., & Woodcock, B.A.
(2011). Ecological restoration on farmland can drive beneficial functional responses in plant
and invertebrate communities. Agriculture, Ecosystems & Environment, 140, 62-67.

Pywell, R.F., Warman, E.A., Hulmes, L., Hulmes, S., Nuttall, P., Sparks, T.H., Critchley,
C.N.R., & Sherwood, A. (2006). Effectiveness of new agri-environment schemes in providing
foraging resources for bumblebees in intensively farmed landscapes. Biological
Conservation, 129, 192-206.

Rundlof, M., Persson, A.S., Smith, H.G., & Bommarco, R. (2014). Late-season mass-
flowering red clover increases bumble bee queen and male densities. Biological
Conservation, 172, 138-145.

Scheper, J., Holzschuh, A., Kuussaari, M., Potts, S.G., Rundlof, M., Smith, H.G., & Kleijn, D.
(2013). Environmental factors driving the effectiveness of European agri-environmental
measures in mitigating pollinator loss — a meta-analysis. Ecology Letters, 16, 912-920.
Tilman, D., Fargione, J., Wolff, B., D'Antonio, C., Dobson, A., Howarth, R., Schindler, D.,
Schlesinger, W.H., Simberloff, D., & Swackhamer, D. (2001). Forecasting agriculturally
driven global environmental change. Science, 292, 281-284.

Westphal, C., Steffan-Dewenter, |., & Tscharntke, T. (2009). Mass flowering oilseed rape
improves early colony growth but not sexual reproduction of bumblebees. Journal of Applied

Ecology, 46, 187-193.
25



697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

Williams, N.M., Regetz, J., & Kremen, C. (2012). Landscape-scale resources promote

colony growth but not reproductive performance of bumble bees. Ecology, 93, 1049 — 1058

Williams, P.H., & Osborne, J.L. (2009). Bumblebee vulnerability and conservation world-
wide. Apidologie, 40, 367-387.

Winfree, R., Aguilar, R., Vazquez, D.P., LeBuhn, G., & Aizen, M.A. (2009). A meta-analysis
of bees' responses to anthropogenic disturbance. Ecology, 90, 2068-2076.

Winfree, R., Williams, N.M., Dushoff, J., & Kremen, C. (2007). Native bees provide insurance

against ongoing honey bee losses. Ecology Letters, 10, 1105-1113.

26



723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

Figure captions

Fig. 1. Index of bumblebee sexual biomass (MQ, see text), at the local scale on sown flower
patches (filled bars) vs control patches (open bars). Results shown are means (per 100 m
transect, per survey) of predicted values from minimal adequate models in Table 1A with
standard errors calculated from data aggregated at the level used in statistical analyses. The
effect of patch type was significant for all species shown (P<0.01), and non-significant for B.

terrestris agg. (not shown).

Fig. 2. Index of bumblebee sexual biomass (MQ, see text), at the landscape scale on
conventionally managed margins of fields surrounding sown flower patches of different sizes
(0.25 ha, 0.5 ha, 1 ha) and unsown controls. Results shown are means (per 100 m transect,
per survey) of predicted values from minimal adequate models in Table 1B with standard
errors calculated from data aggregated at the level used in statistical analyses. ‘Size diff’ =
significance of differences between the three sown patches of different size; *** P<0.001,

*P<0.01; NS = not significant.

Fig. 3. Relationships between predicted bumblebee sexual biomass (MQ) per 100 m at each
site on local transects on sown flower (filled circles) and control (open circles) patches and
the proportion of arable land within 1000 m, for (A) total Bombus, (B) Bombus lapidarius, (C)
Bombus pascuorum and (D) Bombus terrestris agg.. Curves representing sown (solid line)
and control (dashed line) patches were fitted using the slope and intercept values from each

model (Table 2).

Fig. 4. Relationships between predicted bumblebee sexual biomass (MQ) per 100 m at each
site on landscape transects surrounding sown flower patches of different sizes and the
proportion of arable land, for (A) total Bombus, (B) Bombus lapidarius, (C) Bombus
pascuorum and (D) Bombus terrestris agg.. Curves representing different patch sizes were

fitted using the slope and intercept values from each model (Table 2).
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750 Table 1. Model results showing the effects of sown flower patches on total biomass of

751  bumblebee sexuals (MQ) at (A) local and (B) landscape scales. Test statistics at the point of
752  deletion from the model are shown, with terms retained in the minimal adequate model for
753  each species shown in bold. Effects of patch type relate to differences between sown and
754  control patches, with identical effects at all sown patches. 2Effects of patch size relate to

755  differences between the three sown patches of different size (0.25 ha, 0.5 ha and 1 ha).

756  >Floral density was positively related to MQ in cases where the term was significant. Main

757  effects included in significant interactions are not given separate test statistics.

758  (A)
Model terms Total Bombus B. lapidarius B. pascuorum B. terrestris agg.
df F P F P F P F P
Patch type* 1 11474 0.001 11.432 0.001 6.971 0.009 3.061 0.081
Site 6 4.356 0.000 4.748 0.000 3.733 0.001 1.977 0.069
Year 2 5.718 0.004 4.054 0.018 13.565 0.000 4.962 0.008

3

Floral density® 1 9.169 0.003 7.179 0.008 0.600 0.439 18.375 0.000

Y x P type 2 0.101 0.904 0.364 0.695 0.685 0.505 1.564 0.211
Patch size? 2 0.688 0.503 1.828 0.162 0.084 0.920 0.116 0.890
759  (B)
Model terms Total Bombus B. lapidarius B. pascuorum B. terrestris agg.
df F P F P F P F P

Patch type* 1 3734 0.054 4.023 0.046 3.373 0.066
Site 6 3.144 0.005 4.122 0.001 20.557 0.002 1.879 0.084
Year 2 2235 0.109 4.069 0.018 8.445 0.015
® 1 15.087 0.000* 5.303 0.022 1.836 0.175 6.836 0.009

Floral density

Y x P type 2 2128 0.121 1.105 0.333 3.086 0.214 3.203 0.042

Patch size? 2 5.649 0.004 8.158 0.000 21.224 0.000 0.554 0.767

760
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761  Table 2. Regression statistics for linear models relating total biomass of bumblebee sexuals

762  (MQ) to the proportion of arable land within 2000 m of each patch.

Transect Total B. B. B. terrestris
type Bombus  lapidarius pascuorum agg.
Local Sown R? 0.610 0.511 0.037 0.651
(on patches) (mean all sizes) slope 0.031 0.037 0.006 0.009
P 0.038 0.071 0.678 0.028
Control R? 0.564 0.479 0.037 0.034
slope 0.026 0.032 0.006 0.000
P 0.052 0.085 0.678 0.694
Landscape Sown (1ha) R? 0.575 0.715 0.033 0.138
(conventional slope 0.033 0.044 0.005 0.008
margins) P 0.048 0.017 0.698 0.412
Sown (0.5ha) R? 0.508 0.786 0.495 0.337
slope 0.027 0.053 -0.022 -0.001
P 0.072 0.008 0.078 0.172
Sown (0.25ha) R? 0.642 0.538 0.154 0.016
slope 0.017 0.023 -0.009 0.000
P 0.030 0.061 0.384 0.787
Control R? 0.297 0.430 0.221 0.103
slope 0.013 0.026 -0.011 0.000
P 0.206 0.110 0.287 0.483
763
764
765
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