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Climate change is expected to drive species extinct by reducing their survival, reproduction and
habitat. Less well appreciated is the possibility that climate change could cause extinction by
changing the ecological interactions between species. If ecologists, land managers and policy
makers are to manage farmland biodiversity sustainably under global climate change, they need
to understand the ways in which species interact with each other as this will affect the way
they respond to climate change. Here, we consider the ability of nectar flower mixtures used
in field margins to provide sufficient forage for bumble-bees under future climate change. We
simulated the effect of global warming on the network of plant—pollinator interactions in two
types of field margin: a four-species pollen and nectar mix and a six-species wildflower mix.
While periods without flowering resources and periods with no food were rare, curtailment of
the field season was very common for the bumble-bees in both mixtures. The effect of this, how-
ever, could be ameliorated by adding extra species at the start and end of the flowering season.
The plant species that could be used to future-proof margins against global warming are
discussed.
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1. INTRODUCTION

Huge tracts of land are used for agricultural purposes
worldwide. For example, 77 per cent of the land area
in Great Britain is under agricultural production
(defra 2002). Given that high levels of biodiversity are
found on farmland (Hole ez al. 2005), how agro-
ecosystems respond to climate change has considerable
implications for the maintenance and utilization of bio-
diversity. Global climate change is widely expected to
drive species extinct by hampering reproductive suc-
cess, reducing the amount and accessibility of suitable
habitat, or eliminating organisms that are essential to
a species’ survival. Less well appreciated is the likeli-
hood that climate change may directly disrupt or
eliminate ecological interactions between species, even
before extinctions occur (Visser er al. 1998; Memmott
er al. 2007; Hegland ez al. 2009).

Most research on the impact of climate change on
species interactions relates to food chains, for example,
to asynchronies between a bird species and one of its
caterpillar prey species (Visser er al. 1998) or to frogs
and their pathogens (Pounds er al. 2006). Recently
though, there is some evidence of a shift in focus, for
example Both er al. (2009) consider the effect of
climate change on four trophic levels, one of which
hosts four species, and Memmott et al. (2007)
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consider a network of interactions between 456 plant
species and 1428 pollinator species (see also Van der
Putten et al. 2010; Walther 2010). The vast majority
of species, even those in relatively species-poor agro-
ecosystems, are embedded within complex networks
of interacting species (Gibson ez al. 2006), in which
disruptions of ecological interactions may have more
far-reaching effects. For example, the removal of a
handful of well-connected species could elicit an
extinction cascade (Solé & Montoya 2001). To be
able to make predictions about the likely impact of
environmental stresses such as climate change, ecolo-
gists need to understand the architecture of
ecological networks (McCann 2007) as this strongly
influences their resilience to environmental stress
(Dunne ez al. 2002; Ives & Cardinale 2004). More-
over, by studying species interactions, ecologists are
working in the currency of ecosystem services. Thus
many services are the result of interactions, for
example, pollination is the result of an interaction
between a plant and a pollinator and pest control is
the result of an interaction between a pest and its natu-
ral enemy. It is the conservative exploitation of these
types of ecosystem services that provides the basis for
a sustainable agriculture.

Most higher plant species, up to 90 per cent by
some estimates (Nabhan & Buchmann 1997), rely on
animals to pollinate their flowers in order to reproduce
successfully. While vertebrates such as birds, bats and
marsupials can act as pollinators, insects are the most
important group of pollinators (Proctor et al. 1996).
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Pollinators are declining, along with insect-pollinated
plants (Biesmeijer et al. 2006). In agro-ecosystems,
bumble-bees (Bombus spp.) are known to be particu-
larly badly affected (Carvell er al. 2006), although
other groups are not as well studied and may be under-
going similar declines. Indeed, overall bee diversity,
including that of solitary wild bee species, is known
to have declined in large parts of Britain and the Neth-
erlands (Biesmeijer ez al. 2006). Only six species of
bumble-bee remain common in the UK out of 22
extant species (Williams 2007), and similar reductions
in abundance and geographical range have been docu-
mented for bumble-bee populations in other parts
of Europe and in North America (Williams 1982;
Goulson 2003).

Declines in the abundance and species richness of
bumble-bees in Europe have been linked to agricul-
tural intensification. Their need for a season-long
supply of pollen and nectar (from February when the
first queens emerge from hibernation, to September
when the new queens need to build up reserves for
hibernation) makes bumble-bees particularly suscep-
tible to the effects of agricultural intensification.
Changes in farming practice, such as the conversion
of species-rich hay meadows to intensive grasslands,
and the degradation of perennial vegetation in semi-
natural habitats, such as field margins and hedgerows,
are likely to have had negative effects on bumble-bees
(Osborne & Corbet 1994; Carvell et al. 2006). In the
UK, Environmental Stewardship Schemes offer mon-
etary support for environmentally friendly farming
and provide an opportunity to restore habitats of
value to bumble-bees in intensively farmed areas.
The schemes work by: (i) providing a series of
management options that each earns a specific
number of points and (ii) assigning each farm a
target number of points based on its size and location
(Natural England 2008). The farmer or wildlife advi-
sor simply chooses sufficient options to reach the
farm’s points target. Once the management has been
carried out, an annual subsidy is payable. Sowing
‘nectar flower mixtures’ in field margins has received
relatively wide uptake in arable areas under Entry
Level Stewardship (ELS) (Boatman er al. 2007) and
can provide a good forage supply for bumble-bees
(Carvell et al. 2007).

The nectar flower mixtures used in field margins
and developed under today’s climate regime could be
vulnerable to the effects of global warming. In a
study of 243 British plants, Fitter & Fitter (2002)
reported that flowering phenology advances by 4.5
days per degree change in mean monthly temperature.
Memmott er al. (2007) explored the potential disrup-
tion of this type of change on a plant—pollinator
community. Using a large network describing the
interactions between 429 plant species and 1419 polli-
nator species, they simulated the impact of
phenological shifts in plant flowering and insect flight
seasons on the pollinators’ food supplies. Depending
on model assumptions, phenological shifts reduced
the floral resources available to 17—-50% of all pollina-
tor species by reducing availability of flowers during
the pollinators’ flight seasons. Reduced overlap
between plants and pollinators also decreased the
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diet breadth of the pollinators. Overall, the predicted
result of these disruptions was the extinction of polli-
nators, plants and their crucial interactions.

The insects feeding on flowers in field margins
could be affected by temporal gaps in their resources
if flower phenologies shift and no longer overlap
seamlessly throughout their flight season. At worst,
a species’ flight season may not overlap with any of
its flower resources. Or curtailment of foraging
could occur if flowering resources are delayed at the
start of the flight season or truncated at its end. If
pollinator phenology responds to climate change in
exactly the same way as floral phenology, there will
be no problem for the pollinators; however, the
cues responded to by different groups of species are
likely to differ, leading to differential responses
(Visser er al. 1998).

The aim of this paper is to explore how future cli-
mate change, caused by the doubling of atmospheric
CO, concentration forecasted for 2070-2100 (IPCC
2001), is likely to affect the ability of nectar flower
mixtures used in field margins to provide sufficient
forage for bumble-bees. This is an important and a
pragmatic question to ask, as these high-quality
restored habitats are our first line of defence against
pollinator declines in agro-ecosystems. Moreover, it
may be that only relatively small changes are needed
in order to future-proof their benefits against likely
changes in temperature. There are two objectives to
our study: (i) to predict the likely asynchrony, caused
by future climate change, between bumble-bees and
their host plants in two types of field margin mixes: a
four-species nectar flower mix and a six-species wild-
flower mix; and (ii) to make practical suggestions for
the amelioration of the predicted impacts of global
warming on field margins.

2. MATERIAL AND METHODS

(a) Field sites and study species

Field data on flowering phenology were collected
over 3 years at six arable farm sites in central and
eastern England for a study comparing five field
margin management treatments with conventional
cropping to the field edge in terms of their efficacy
in providing forage supplies for bumble-bees (see
Carvell et al. 2007 for details of the field site selec-
tion, site locations and farm management). On
each site, six experimental plots of 50 m by 6 m
were established in September 2001 along two
cereal field margins within the same field. On each
margin, these contiguous plots were managed
according to one of six treatments. Here we use
data from two of these treatments: the pollen and
nectar seed mix and the wildflower seed mix. The
former (here referred to as ‘nectar flower mix’ in
accordance with their recent name change) consisted
of four agricultural legume species and four fine grass
species sown at 20 kg ha™'; the latter consisted of 21
native wildflower species and four fine grass species
sown at 37 kgha . Of the 21 wildflower species,
six species established successfully, flowered at all
six sites, and were visited by bumble-bees. Data
from these six species were therefore included in
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Figure 1. The flowering phenology and identity of the species in the two margin mixes. The duration of the bumble-bee flight
season under consideration is also shown, along with the two species added to the mixture to decrease periods of curtailment
(labelled as future-proofing species). The two dotted lines represent the flowering phenologies of two hypothetical plant species

used in our mitigation strategy.

our model, as they could be established widely under
Environmental Stewardship options to create
floristically enhanced field margins.

The flowering phenology of each plant species
was recorded from early May to late August in
2002-2004 and averaged over the 3 years to provide
a single representative flowering phenology (figure 1).
Flowering days were based on the first and last day in
each year on which a species was producing 1-25
flowers per plot on at least four of the six study
sites. Foraging bumble-bees were recorded in each
field margin on repeated bi-monthly transect walks
in each of the 3 years (Carvell er al. 2007). Seven
species of bumble-bee were recorded visiting flowers
in the nectar flower mix, and eight species in the
wildflower mix. Bombus terrestris/lucorum, Bombus lapi-
darius, Bombus pascuorum, Bombus hortorum, Bombus
ruderarius, Bombus muscorum and Bombus ruderatus
were found on both mixes; Bombus pratorum was
found only on the wildflower mix. The two species
Bombus  terrestris and Bombus lucorum are lumped
together as B. terrestris/lucorum as their workers are
difficult to distinguish in the field. The bumble-bee
visitation data for each plant species were summed
across all sites and years and used to construct a vis-
itation network for each of the two seed mixes
(figure 2). Visitation networks can underestimate
the number of flower species visited by pollinators
(Bosch et al. 2009); however, they remain the net-
work used by most pollination biologists as they are
very straightforward to construct. Moreover, in a
simple flower community such as that found in field
margins and in an intensive sampling regime such
as that used by Carvell er al. (2006), it is unlikely
that interactions will be missed.

A well-known limitation of field margin seed mixes
is that they do not provide forage for the whole of the
bees’ flight season (February—September). We con-
sider the effect of climate change on bee forage
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during the period when the margins do supply
resources, the late spring and summer months
(figure 1). Consequently, we define the bumble-bee
flight season as the flowering season for the species
in the nectar flower mix. This allows us to ask whether
the six species in the wildflower seed mix provide
increased protection against climate change, compared
with the nectar flower mix.

(b) Objective 1: predicting the likely asynchrony,
caused by future climate change, between
bumble-bees and their host plants

We applied the approach used by Memmott er al.
(2007) to simulate the effect of global warming on a
large American plant—pollinator network to our visita-
tion networks for bumble-bees in field margins. The
methods for simulations can be divided into four
main stages as follows.

(1) Predicting the impact of global warming on plant

and nsect phenology

Fitter & Fitter (2002) reported that the mean flower-
ing for 243 British flowering plants had advanced by
an average of 4.5 days per degree change in mean
monthly temperature over the last decade. In terms
of pollinator phenology, butterflies appear to provide
the only published estimates of shifts in onset of the
flight season (Rusterholz & Erhardt 1998; Roy &
Sparks 2000) and their response appears to be very
similar to that of plants. We therefore used the same
shifts in phenology for pollinators as for plants.
While both plants and pollinators were subjected to
the same average shifts in phenology, because their
shifts were independently randomly picked from a dis-
tribution (see below and see figure 3), a given pair of
interacting plant and pollinator species may show
very different changes in phenology.
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Figure 2. The plant—bumble-bee networks from field margins: (@) sown with nectar flower mix; (b) sown with wildflower mix.
The squares at the bottom of each section represent the flowering plant species in the margins; the squares at the top represent
bumble-bee species. All plant species are represented by similar-sized boxes, regardless of their abundance; bee species are
represented by boxes proportionate in size to their abundance: bigger boxes represent higher numbers of visitations. The tri-
angles or lines connecting the upper and lower boxes represent the frequency of visitations between each pair-wise combination

of bee species and plant species.

(1) Predicting changes in temperature and advancement
n plant and insect phenology

Climate models for the UK predict an increase in
mean annual temperature of between 3.5 and 5°C
under doubling of atmospheric CO, (IPCC 2001).
We therefore simulated changes of +2, +4 and
+6°C to emulate best-case, worst-case and average
scenarios. These increases, when multiplied by the
estimated per degree mean phenological responses
of 4.5 days per 1°C (Fitter & Fitter 2002), yield
estimates of 9, 18 and 27 days for the predicted
mean advance in British flowering phenology and
insect flight seasons. The simple multiplicative
approach used here assumes that future phenologi-
cal shifts will scale linearly with the amount of
climate warming, which may not be the case. In
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the absence of better information though, this
seems a sensible approach (Memmott er al. 2007).

(ii1) Swmularion of climate change on the plant—pollinator
network

We simulated the effect of future climate warming by
advancing the onset of flowering of all plant species
and of the flight activity periods of all pollinator
species in our network by 9, 18 and 27 days. The dur-
ations of flowering and activity periods remained
unchanged, as there is little evidence that warming
alters the length of flowering seasons (Price & Waser
1998) and when it does, it tends to be early-flowering
species that are affected (e.g. Dunne er al. 2009).
Shifts for individual plant and pollinator species
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Figure 3. (a) The distribution used to shift flowering and
flight season phenology for the 9-day shift. The histogram
shows the frequency of 1000 random numbers from a
normal distribution with a mean of 9 and a standard devi-
ation of 9. (b) Given that plant and pollinator shifts are
picked independently from the distribution, the shifts of a
given pair of interacting species can be different in both dur-
ation and direction. For example, (i) while most shifts are
forward, (ii) shifts forward can differ in duration between
plants and pollinators or (iii) be in different directions.

were drawn independently and at random from
normal probability distributions with means of 9,
18 and 27 days and with standard deviations equal
to the mean (figure 3). One thousand iterations
were run for each of the three magnitudes of
phenological shift.

(iv) Calculating the impact of global climate change
on bumble-bee diet
For each iteration,
parameters:

we calculated the following

— The proportion of the 1000 iterations in which at
least one of the bumble-bee species no longer
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overlapped with any of its food plants (forthwith
referred to as ‘no food’). Having no food as a
flower-visiting insect means almost certain death
for the individual pollinator, and in the case of
social foragers, the entire colony.

— The proportion of runs per simulation in which
at least one of the bumble-bee species had a
gap in its food resources (forthwith referred to as
‘gaps’).

— The proportion of bee species with a shortened
foraging season, i.e. forage either becomes available
later in the season or it finishes earlier (forthwith
referred to as ‘curtailment’). The timing of the cur-
tailment (whether at the start or end of the flight
season) and the length of curtailment were also
calculated.

(c) Objective 2: can protection against global
warming be built into field margins?

We suspect that the combination of species richness
and flowering phenology will explain the outcome of
our simulations (§3). Thus, in general, more plant
species will provide greater protection against global
warming, as high numbers of species reduce the prob-
ability of occurrence of gaps and periods with no food.
Similarly, a longer flowering phenology means that
bigger shifts are needed before gaps and curtailment
occur. Using this information, we can explore possible
solutions to the problem of curtailment through
further simulations. We simulated two scenarios. In
scenario 1, we added two hypothetical species to the
wildflower mix, an early-flowering species and a late-
flowering species and repeated the simulations.
These ‘future-proofing’ species are predicted to
reduce curtailment at both ends of the bee flight
season. Extending the concept further in scenario 2,
the phenology of the early flowering future proofer
was increased (i.e. flowering started at the same
time, but it flowered for longer).

3. RESULTS
(a) Objective 1: predicting the likely asynchrony,
caused by future climate change, between
bumble-bees and their host plants
Very few of the bee species were left with no food in the
simulations. In the runs simulating the effects of three
levels of global warming for the pollen and nectar seed
mix, the bees were without food for 0, 0.001 and 0.010
per cent of the 1000 iterations for the 9-, 18- and
27-day shifts, respectively. While very low, the
number of days without food follow the expected pat-
tern and increase as the degree of asynchrony
increases. The wildflower mix provided greater protec-
tion from days with no food and only the extreme case
of a 27-day shift resulted in any periods with no food.
Here, though there was little difference with the nectar
flower mix (0.014 for the wildflower mix versus 0.010
for the nectar flower mix).

Gaps in food resources were rare, but again showed
a logical pattern; there was an increase in gaps from 0
to 0.004 to 0.022 per cent of the 1000 runs as the
number of days shifted increased from 9 to 18 to 27
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Figure 4. Curtailment in bumble-bee resource availability.
(a) The number of times curtailment occurs in 1000 iter-
ations of each simulation (9, 18 and 27 days), at the start
and end of the flowering period for the two types of field
margins; (b) curtailment duration for the two margin mixes
at the start and the end of the flowering period. The error
bars show the 95% confident intervals for the total
curtailment duration. White bars, end curtailment; black
bars, start curtailment.

for the nectar flower mix. The wildflower mix provided
greater protection from gaps: they only occurred for
the 27-day shift and then in only two of the 1000 runs.

In contrast to the prevalence of no food and gaps in
forage availability, curtailment was extremely
common, occurring at either the start or the end of
the flowering season in most of the iterations in the
six sets of simulations (figure 4a). While there was cur-
tailment in all six simulations, there were very few
cases of curtailment at the start of the flight season
in the wildflower mix. The total length of curtailment
varied from ca two weeks to over a month; the shortest
curtailment occurred in the 9-day shift in the wild-
flower mix and the longest in the 27-day shift for the
nectar flower mix (figure 4b). While confidence inter-
vals overlap, i.e. there is no significant difference in
curtailment between the two mixes, a logical trend
exists in that mean curtailment is longer for the
nectar flower than for the wildflower mix.
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Figure 5. The effect of adding extra plant species at the start
and end of the original flowering season on number of days’
curtailment for the wildflower mix. (@) The prevalence of
start curtailment in 1000 iterations of the original wildflower
mixture for scenario 1 and scenario 2; (b) the duration of the
start and end curtailment in scenario 1 and scenario 2. White
bars, end curtailment; black bars, start curtailment.

(b) Objective 2: can protection against global
warming be built into field margins?

In the scenario 1 simulations where two future-
proofing plant species were added, the prevalence of
curtailment at the start of the flight season was
reduced; when the phenology of the early-flowering
species was changed so that it flowered for longer
(scenario 2), start curtailment did not occur at all
(figure 5a). Length of end curtailment though, was
not significantly different among the original mix and
the two scenarios (figure 5b).

4. DISCUSSION
The simulations suggest that for both types of field
margin, gaps in resources and periods without food
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are unlikely to be a problem for bumble-bees under
global climate change. Curtailment of food supply
is much more likely to cause a problem, although it
is likely that its impact can be reduced, at least in
part, by strategic choice of flowering species in the
margins.

(a) Limitations

In addition to the assumptions implicit in our models
concerning likely changes in mean temperatures,
there are three main limitations to our approach.
First, we only considered the plants sown in the
field margins, whereas in reality alternative forage
was available for the bees both in the margins and
elsewhere on the farm. For example, teasel (Dipsacus
Sfullonum), spear thistle (Cirsium vulgare) and field sca-
bious (Knautia arvensis) were present in margins, and
alternative sources of forage were available in habitats
such as hedges, woodlands and as weeds in crops.
Moreover, crops themselves can be important sources
of food for pollinators, for example peas, beans or oil
seed rape. While the amount of alternative forage
varied among the six study sites (C. Carvell 2004,
personal observation), we may have overestimated
the impact of curtailment on bees, because of
these other sources of forage. Our aim here, however,
was to quantify the effect of global warming on the
efficacy of margin mixes to provide floral resources,
not its impact on floral resources on the whole farm.

Second, we have assessed the value of the margins
to a small proportion of the pollinators and flower
visitors found in agro-ecosystems. In addition to
bumble-bees, solitary bees, butterflies and moths,
hoverflies and beetles all forage in field margins for
pollen and/or nectar (Gibson et al. 2006). However,
though bumble-bees are only a small proportion of
the species visiting flowers, they carry much of the
insect-borne pollen grains on their bodies (i.e. exclud-
ing pollen in the corbicula) when the entire visitor
community is assayed for pollen. For example, in a
heathland flower visitor community, the Hymenoptera,
of which bumble-bees and honeybees were the domi-
nant members, carried 97 per cent of the insect-
borne pollen (Forup et al. 2008). Thus, if bumble-
bees are protected by field margins, it is likely that a
large part of the ecosystem service of pollination is
also protected. While other species of flower visitors
were not sampled in Carvell ez al’s (2007) study,
they were observed visiting sown and unsown flowers
in the margins (C. Carvell, personal observation).
Though they are probably not as important to pollina-
tors, these other plant species do provide insurance
against the loss of the key pollinators, and should be
considered more widely in field margin studies
focusing on pollination.

Finally, our model only considers the effect of a
change in average temperature, and this is only one
of the many possible changes in climate predicted
under global warming. However, rather than add com-
plexity to what is in reality a very simple model, it
would probably be more informative to first exper-
imentally test our current predictions, perhaps by
manipulating flowering phenology in the field.
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(b) The simulations

Given the long flowering season deliberately chosen
for the species included in both margin mixes, it is
not a surprise that the shifts in phenology needed to
induce a gap in resources happen only rarely; likewise,
for all of the plant species to shift out of the bee flight
season would be a very rare event indeed. The two
margin mixes naturally have slightly different phenolo-
gies: the wildflower mix starts to flower considerably
earlier and finishes slightly earlier than the nectar
flower mix (figure 1). Consequently, there is end cur-
tailment of resources in the wildflower mix in
comparison to the pollen and nectar mix, even without
global warming. This shortened season, along with the
fact that there are only two late-flowering species in the
wildflower mix in comparison to the three species in
the nectar flower mix (figure 1), probably accounts
for the larger curtailment seen in simulations at the
end of the season in the wildflower mix (figure 4b).
This result is somewhat counterintuitive; the expec-
tation would be that the higher number of flowering
species would provide greater protection against
shifts in flowering phenology. However, it is not
simply the number of flowering species that deter-
mines the network’s response to global warming;
flowering phenology and relative flower abundance
(not considered here) also need to be incorporated
into any calculations. Given that curtailment occurs
in simulations with both margin mixes, it is difficult
to class one as better than the other with respect to
the protection they provide against global warming,
as it is not known whether curtailment at the start or
the end of a flight season is more detrimental to
bumble-bee populations.

The results of the simulations are broadly in agree-
ment with Memmott ez al. (2007), in that curtailment
of the foraging season is the most likely outcome of
global warming. How much curtailment in resources
matters to bumble-bees is not clear, as far less is
known about their colony founding and hibernation
requirements than, for example, their foraging ecology
(Benton 2006; Lye er al. 2009). However, if curtail-
ment has an effect, it is likely to be negative. At the
start of the flowering period (May for the wildflower
mix and June for the nectar flower mix), queen
bumble-bees have established colonies and workers
of most species are foraging. The quantity and quality
of forage could affect the production of males and
queens, which is the measure of the reproductive suc-
cess of the colony (e.g. Muller & Schmidhempel
1992). At the end of the season, the new queens
need to build up resources for hibernating, and a
curtailment at this time could affect their likelihood
of surviving hibernation.

Adding the future-proofing species had an ameli-
orative effect on curtailment at the start of the field
season. Indeed, it was possible to eliminate start cur-
tailment altogether by simulating an extension of the
flowering season of these species. Practically, this
extension could probably be engineered by adding
another species whose flowering season starts when
the original species is finished. Species of flowering
plant that could fulfil the role of the future proofers
are members of the deadnettle family, for example
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red or white deadnettle (Lamium purpureum or
Lamium album), well used by bumble-bee queens in
Lye et al. (2009) or members of the primula family
such as cowslips (Primula wveris) for the
early-flowering species and members of the scabious
family (K. arvensis or Succia pratensis) for the late-flow-
ering species. These species have the right phenology,
but whether or not they would establish themselves
well in field margins is not known.

Species added to a seed mix do not always provide
significant amounts of bee forage, as evidenced by
the fact that the wildflower mix contained 21 species,
but only six of these predictably established themselves
and were used as forage plants across all sites (other
species established and flowered but were not always
visited by bumble-bees) (Carvell er al. 2007). Further
trials are needed to determine which early- and late-
flowering species will reliably flower under field
margin conditions. Collaboration between entomolo-
gists, plant community ecologists and agronomists
could aid the design of mixes that provide beneficial
flowering field margins that are straightforward for
farmers to manage.

Once field margins are established, they can be
managed to maximize pollinator survival. For
example, cutting can be varied in different margins
on a farm or on different sections of the same
margin, to extend flowering and provide heterogeneity
in forage availability (Pywell ez al. 2008). Current ELS
policy (Natural England 2008) is that half the area of
pollen and nectar margins on a farm should be cut
in late June to stimulate late flowering, and the
whole area should be cut in late September. Non-
margin habitats on farms should also be optimized
for bees, for example, by having flowering hedgerow
plants, and farm woodlands with an ungrazed under-
storey. Nectar flower mixtures are not among the
most widely adopted Environmental Stewardship
options in England (Boatman et al. 2007), so their
potential to have a countrywide beneficial effect on
bumble-bee populations has yet to be realized.
Simple solutions that can easily be implemented
throughout the country are needed. The instigation
of such solutions will require more effective communi-
cation and technology transfer between researchers,
policy makers and land managers.

5. CONCLUSION

Considering species in agro-ecosystems as networks of
interacting species allows new management tools to be
used. Here, considering bumble-bees and the flowers
they visit in margin mixes as pollination networks
enabled the potential consequences of global warming
to be modelled, along with some potential solutions to
its negative effects. The idea that global warming
affects interactions between species is not new; here
though we have shown that warming can lead to a cur-
tailment of the period during which interactions take
place. Given that bumble-bees are regarded as key pol-
linators in both natural and managed systems, there
may be knock-on effect in the provision of ecosystem
services during these periods of curtailment unless
remedial action is taken.

Phil. Trans. R. Soc. B (2010)

The bee and plant data used for our analyses were collected
under the Buzz Project, funded by Defra, Syngenta and
Unilever Plc.
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