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Abstract
Context Global pollinator decline has motivated
much research to understand the underlying mechanisms. Among the multiple pressures threatening
pollinators, habitat loss has been suggested as a keycontributing factor. While habitat destruction is often
associated with immediate negative impacts, pollinators can also exhibit delayed responses over time.
Objectives We used a trait-based approach to investigate how past and current land use at both local and
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79360 Villiers en Bois, France
G. Le Provost  I. Badenhausser  M. D’Ottavio 
M. Roncoroni  L. Gross
LTSER « Zone Atelier Plaine & Val de Sèvre », Centre
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landscape levels impact plant and wild bee communities in grasslands through a functional lens.
Methods We measured flower and bee morphological traits that mediate plant–bee trophic linkage in 66
grasslands. Using an extensive database of 20 years of
land-use records, we tested the legacy effects of the
landscape-level conversion of grassland to crop on
flower and bee trait diversity.
Results Land-use history was a strong driver of
flower and bee trait diversity in grasslands. Particularly, bee trait diversity was lower in landscapes where
much of the land was converted from grassland to crop
long ago. Bee trait diversity was also strongly driven
by plant trait diversity computed with flower traits.
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However, this relationship was not observed in
landscapes with a long history of grassland-to-crop
conversion. The effects of land-use history on bee
communities were as strong as those of current land
use, such as grassland or mass-flowering crop cover in
the landscape.
Conclusions Habitat loss that occurred long ago in
agricultural landscapes alters the relationship between
plants and bees over time. The retention of permanent
grassland sanctuaries within intensive agricultural
landscapes can offset bee decline.
Keywords Functional trait diversity  Grassland 
Habitat loss  Land-use changes  Landscape history 
Plant–pollinator interactions

Introduction
The global decline of pollinators has motivated much
research to better understand the underlying drivers
(Goulson et al. 2015). Among the multiple pressures
threatening bees, habitat loss has been suggested as a
key contributing factor (Potts et al. 2010; Vanbergen
et al. 2013). This is particularly true in European
agricultural landscapes where the direct destruction of
natural and semi-natural grasslands, through their
conversion into annual crops over the last 50 years, has
resulted in a reduction in nesting habitat and food
resource availability for bees (Kremen et al. 2007).
Assessing the direct and indirect impacts of habitat
loss is therefore critical if we are to identify sound
conservation strategies aiming at promoting pollinators in agricultural landscapes.
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Plant and pollinator responses consecutive to
habitat loss can be delayed through time (Bommarco
et al. 2014). For instance, plants are expected to
experience time-delayed responses to habitat loss
because of long persistence times in seed banks
(Purschke et al. 2014). Similarly, pollinators may
exhibit delayed responses to local habitat loss through
spillover from remnant habitats in the landscape
(Bommarco et al. 2014). Such landscape processes
can considerably slow down local species loss for
years (Kuussaari et al. 2009). Yet, in the long run
grassland-to-crop conversion can affect plant–pollinator mutualism by decreasing pollen dissemination
(Aguilar et al. 2006) and threatening the persistence of
bee-dependent plant in remnant grasslands (Clough
et al. 2014). These time-delayed response to habitat
loss constitutes an opportunity to avert further bee
decline, if sound conservation and restoration efforts
are implemented on time (Burkle and Alarcón 2011;
Valiente-Banuet et al. 2015; Baude et al. 2016).
Considering both current and long-term effects of
land-use changes on plants and wild pollinators may
therefore be essential to avoid irreversible bee loss and
secure pollination services in agricultural landscapes
(Larsen et al. 2005).
Understanding how habitat loss impacts mutualistic
interactions and shape plant and bee communities is
inherently challenging due to the high number of
species and potential interactions at play (Bartomeus
et al. 2016). Functional traits have been proposed as an
efficient tool to overcome this challenge (Lavorel et al.
2013; Deraison et al. 2015; Gravel et al. 2016). The
approach is based on the identification of traits
involved in plant–bee interactions (i.e. ‘trait matching’, Bartomeus et al. 2016; Martin et al. 2019;
Klumpers et al. 2019). For instance, tongue length in
bees determines floral resource acquisition: bees with
long tongue are expected to visit plants with deep
corolla, suggesting a strong matching between flower
and bee morphology (Bartomeus et al. 2016). Trait
matching between plant and bee species can be scaled
up at the community level (Suding et al. 2008).
According to the trait matching between plant and bee
species, the diversity of tongue length observed in bee
communities should correlate positively with the
diversity of floral resources available in local plant
communities and in the surrounding landscape (Le
Provost et al. 2017). Investigating how plant and bee
trait diversity responds to habitat loss may allow
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inferring the importance of plant–pollinator interactions in shaping the functional structure of plant and
bee communities (Bartomeus et al. 2016).
We used an extensive database of 20 years of field
land-use records in an agricultural plain of 430 km2
situated in western France (Bretagnolle et al. 2018) to
investigate the effects of current and past land use on
plant and wild bee trait diversity in grasslands.
Historically, the study region was a typical rural area
composed of mixed crop-livestock systems (dairy
goats and cows). Fifty years ago, grassland was the
dominant land use, covering 80% of the study area.
Since that time and up to the present day, shifts from
livestock to annual crop production has resulted in a
strong decline in grassland cover (grassland cover in
2014: 12% of the area) (Bretagnolle et al. 2018).
Within the study area, we sampled 66 grassland fields
with a wide range of land-use histories, while
controlling for the effects of current landscape composition and the management of the sampled grassland
field. Comparing grasslands in present-day landscapes
having varying land-use change histories is an explicit
way to quantify the legacy effect of land-use changes
on plant and bee communities (Kuussaari et al. 2009;
Bommarco et al. 2014). Land-use history was assessed
by the age of the sampled grassland field (‘grassland
age’) and a metric quantifying the time elapsed since
grassland-to-crop conversion at the landscape level
(‘grassland-to-crop conversion’). A high value of
grassland-to-crop conversion indicates that most of
the grasslands in the current landscape of the sampled
grassland field were converted into annual crops long
ago. We quantified plant and wild bee trait diversity in
the focal grassland fields by measuring different
morphological traits a priori involved in plant–bee
interactions (see ‘Methods’ section). We tested the
two following hypotheses: (i) according to the trait
matching observed between plants and bees, bee trait
diversity in the grassland fields is primarily determined by flower trait diversity of local plant communities, and increasing flower trait diversity of plant
communities should increase the morphological diversity in bee communities; (ii) plants and their pollinators have time-delayed responses to grassland-to-crop
conversion (i.e. might owe an ‘extinction debt’, sensu
Kuussaari et al. 2009). Consequently, landscapes with
recent grassland-to-crop conversion can still harbour
diverse plant and bee communities, while their species
pools might have strongly declined in historically

crop-dominated landscapes, due to the scarcity of
stable habitats (Bommarco et al. 2014). Additionally,
specialist pollinator species characterized by a narrow
feeding niche can suffer more than generalist species
from habitat destruction (McKinney and Lockwood
1999). In landscapes where grasslands were converted
into crops long ago, we thus expected that the
functional diversity of bee communities may be
reduced, mainly composed of generalist species, and
that the trait matching between plants and bees will be
less pronounced.

Materials and methods
Study area
The study was conducted in 2014 in the Long Term
Socio-Ecological Research (LTSER) ‘Zone atelier
Plaine et Val de Sèvre’ (ZAPVS) located in western
France (Bretagnolle et al. 2018). The LTSER covered
approximately 430 km2 of an intensively managed
agricultural plain. In 2014, grasslands covered about
12% of the area and included artificial grasslands (i.e.,
alfalfa), temporary (sown with pure grasses or in
mixtures with legume species) and permanent grasslands managed by grazing, mowing or abandoned. The
remaining areas were covered by crops (66% of the
surface), the main crops being straw cereal (34% of the
surface), sunflower (10%), corn (9%) and oilseed rape
(7%). Since 1994, land cover of the study area has
been monitored on a yearly basis at the field level
(* 11,000 fields), by using about 30 land-use types
(see Bretagnolle et al. 2018 for methodological details
on land cover monitoring), and has been stored in a
GIS database.
Grassland selection
We monitored 66 grassland fields within the study
area. The selected 66 grassland fields differed in local
management practices and were selected among hay
meadows with varying ages and vegetation types. The
age of the grassland field was calculated as the time
elapsed (counted in years) since the last tillage
according to our land-use GIS database. The grassland
age was set to 20 years when it has never been
ploughed since 1994.
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For each focal grassland field, we calculated the
current landscape composition and a landscape metric
linked to land-use history within a 1-km radius of the
centre of the field (Fig. S1). The scale of 1 km is an
adequate scale to describe landscapes relevant to bees
as it has been shown that most foraging flights are
within this distance (e.g. Holzschuh et al. 2007, 2016).
For landscape composition, we considered landscape
elements and metrics known to impact bees, i.e. the
proportion of the landscape covered by grasslands,
forests and mass-flowering crops (oilseed rape and
sunflower) (Westphal et al. 2003; Bailey et al. 2014;
Clough et al. 2014). For the land-use history metric,
we characterized the time elapsed since grasslands had
been converted for the first time into annual crops
averaged at the landscape-level, i.e. the grassland-tocrop conversion. To do so, we first calculated the time
(in years, starting from 1994) elapsed since the first
grassland-to-crop conversion for all fields in a 1 kmradius surrounding each of the focal grassland fields.
For instance, a field cultivated as annual crop since
1994 had a value of 20 years; a grassland field
converted to crop in 2000 had a value of 14 years; a
grassland field set in place from 1994 to 2014 had a
value of 0. To account for the field size, this metric was
weighted by the field area. We then averaged all field
values at the landscape level. Thus, a high value of the
grassland-to-crop conversion metric indicates that
grasslands in the 1-km radius were converted to crops
long ago. In the study area, sown grasslands are often
included in crop rotation. As they are regularly
ploughed, the conversion from sown grassland to crop
was not explicitly considered in our metric.
At the end of the selection process, the 66 selected
grassland fields included pure legume (alfalfa or
clover) grasslands (n = 11), meadows sown with pure
(e.g. ryegrass) (n = 4) or mixed grasses (n = 18), sown
with legume and grass mixtures (n = 23), and spontaneous flora (n = 10). All grasslands were either
temporary (i.e. grasslands with an age B 5 years)
(n = 34) or permanent grasslands (defined as grasslands with an age [ 5 years) (n = 32), and their
average age was 8 year-old (sd = 6.55). Current
landscape composition metrics of the 66 1-km radius
landscapes ranged from 0 to 35% for grassland, 0 to
32% for forest and 0 to 44% for mass-flowering crop
cover. Note that the age of focal grassland fields,
current landscape composition metrics and grassland-
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to-crop conversion metric were not correlated
(Table S1).
Plant survey and floral traits
A botanical survey was conducted in summer 2014
from the 4th to the 19th of August 2014. We used 10
quadrats of 1 m2 located randomly within each
grassland field to estimate plant diversity and species
abundance. In each quadrat, the number of species was
recorded and a percentage cover of the quadrat surface
was visually estimated for each plant species. Relative
abundance per species was then calculated as the sum
of the species cover in the 10 quadrats divided by the
total cover of all species. The sampling effort was
sufficient to properly estimate plant species richness in
the studied grasslands (Fig. S2).
To characterize flower diversity, we focused on
flower traits relevant in determining plant–bee interactions (Fontaine et al. 2006; Bartomeus et al. 2016).
We measured flower traits linked to resource accessibility: the flower opening angle (A, °) measured at
the widest part of the corolla; the corolla depth (Cd,
mm); the diameter (Cw, mm) of one flower measured
at the widest part of the corolla; the mean width (Cwm,
mm) of one flower calculated as the mean of three
measures of the corolla width; the distance from the
nectaries to the anthers (NAD, mm); the nectar access
(Na) defined as the ratio between corolla width and the
distance from the nectaries to the anthers. We also
measured traits that influence flower-handling strategies by bees (Spaethe et al. 2001): the ‘landing zone’
(LZ, mm), which corresponds to the diameter of the
inflorescence or of the flower; and the number of
flowers (Nf) in one inflorescence (the number of
flowers was one for simple flower). Flower traits were
measured on the 25 plant species secreting nectar that
represented 80% of the total cover of plant species
with nectar (Table S2). Five individuals per species
were measured, and a mean trait value was calculated
for each trait on the 25 plant species. All measurements were performed using a stereo microscope
(Leica Microsystems M50) equipped with an integrated high definition microscope camera (Leica IC80
HD).
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Bee sampling and bee morphological traits
We sampled wild bees in each of the 66 grassland
fields using coloured pan traps. This is a common
method to estimate pollinator diversity in agricultural
landscapes (e.g. Westphal et al. 2008; Davis et al.
2018; Sirami et al. 2019). Six coloured pan traps per
grassland field were left in place for four consecutive
days. One pan trap consisted in two different plastic
cups (15 cm diameter filled with water and a few drops
of liquid soap) treated with yellow, blue or white UVreflecting paint. We used all colour combination in
order to sample a good representation of the diversity
of bee communities (Bukovinszky et al. 2017; Hall
2018). Sampling was carried out along two parallel
50-m transects, one located at the field edge (three pan
traps consisting in the three combinations of two
colours), the other 25 m away inside the field (three
pan traps). The pan traps were located at each end and
in the centre of both transects. The sampling was
carried out in late summer 2014 (between the 4th and
the 25th of August), during the peak period of wild bee
diversity in this study area (Rollin et al. 2015), and
when bees mainly forage on herbaceous plant species
in semi-natural habitats (Rollin et al. 2013; Requier
et al. 2019a, b). Catches of the six pan traps per
grassland field were pooled, and the bees were
preserved in ethanol. Although the Western honey
bee Apis mellifera can present a dual nature as
managed and wild species in Western Europe (Requier
et al. 2019a, b), we excluded A. mellifera from the
samples given that managed colonies are substantially
dominant in the study area (pers. obs. F. Requier).
Thus, we used the term ‘bees’ as a surrogate for ‘wild
bees’. The sampling effort was sufficient to properly
estimate bee species richness in the studied grasslands
(Fig. S2).
We measured bee traits related to body size,
foraging and resource acquisition. Body size is a trait
associated to foraging distance (Greenleaf et al. 2007),
and pollination efficiency (Larsen et al. 2005). Foraging distance can also be influenced by wing size
(Foster and Cartar 2011). Bee mouthparts were
measured as they determine bee efficiency in acquiring floral resources (Klumpers et al. 2019) and of
plant–bee network structure (Bartomeus et al. 2016).
Body size (BS, mm) was measured as the inter-tegular
distance, i.e. the distance between the wing bases
(Greenleaf et al. 2007; Forrest et al. 2015). We also

measured body length (Bl, mm), wing area (Wg, mm)
and wing length vs. body size ratio (Wg:BS). Finally,
we measured different parts of bee head and proboscis:
the head width (Hw, mm), the prementum length (Pl,
mm) and the glossa length (Gl, mm). We calculated
the ratio between head width and body size (Hw:BS),
between prementum length and body size (Prl:BS) and
between glossa length and body size (Gl:BS) (Bartomeus et al. 2016; Cariveau et al. 2016). Measurements were performed using the stereo microscope
(Leica Microsystems M50) equipped with an integrated high definition microscope camera (Leica IC80
HD).
Bee morphological traits were measured directly on
the trapped individuals. The mean number of individual bees captured per grassland field over the six pan
traps was 49 individuals. Traits were measured on 30
randomly selected individuals within each bee community (or all individuals when the number of
captured bees was \ 30, which was the case in 42%
of the sampled grassland fields). Bees were identified
at the species level. In total, 1050 individuals were
measured, belonging to 60 wild bee species representative of the most abundant species in the study area
(see Rollin et al. 2015, Table S3 and Fig. S2).
Measuring all species in all communities—including
the very rare species—is challenging and not necessarily needed to properly estimate functional diversity
as the selected indices of functional diversity used in
our study are not influenced by very rare species
(Blonder et al. 2014).
Statistical analyses
All statistical analyses were performed using the R
statistical software (R Development Core Team 2016)
version 3.3.1.
Trait-based characterization of plant and bee
communities
We performed two principal component analyses
(PCA) on flower traits, and on bee traits at the
individual level to evaluate the correlations between
the different traits measured, and to identify major
functional dimensions (Devictor et al. 2010). We used
the varimax procedure to maximize the correlations
between PCA axes and traits. Based on the PCA, we
selected three independent floral traits, each being
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highly correlated with one PCA axis (Fig. S3a and b):
the flower width (i.e. the corolla diameter), the flower
depth (i.e. the corolla depth) and the landing zone. For
bees, we selected three independent bee traits, each
being highly correlated with one PCA axis (Fig. S3c
and d): body size; glossa length, a key trait involved in
plant–bee mutualism (Bartomeus et al. 2016); and the
prementum length vs. body size ratio, a trait that can
determine bee efficiency in acquiring floral resources
(Borrell 2005; Klumpers et al. 2019).
We then characterized the multi-trait functional
diversity of plant and bee communities in each of the
surveyed grasslands by calculating the volume of the
multi-trait space occupied by all species (for plants) or
individuals (for bees) belonging to a grassland field,
using the R hypervolume package (Blonder et al.
2014, 2018). Contrary to other multidimensional
functional diversity metrics (e.g. Cornwell et al.
2006), the hypervolume takes into account holes in
the phenotypic space, giving a more accurate approximation of the functional space occupied by a community (Blonder et al. 2014). In addition, we
calculated plant community mean trait values for each
selected floral trait as the average of trait values in a
given grassland, weighted by species abundance
(following Garnier et al. 2004).
As there is an intrinsic mathematical link between
the hypervolume estimates and the number of species
or individuals recorded in the community, we randomly sampled the same number of species or
individuals in each plant and bee community, respectively, using a rarefaction technique. This number was
equal to that of the community with the lowest number
of species or individuals (i.e. five). We then estimated
the hypervolume on this subset, with constant number
of species or individuals, and repeated the procedure
100 times for each community. The trait diversity was
calculated as the mean hypervolume over all the 100
random samples. Note that the raw hypervolumes—
calculated directly with all species or individuals
sampled in the grassland—were highly correlated
(r C 0.96) to the hypervolumes corrected for the
number of species recorded or individuals trapped
(Fig. S4).
Effects of land-use on plant communities
We used linear models to evaluate the effects of
current and past land use on the trait diversity of plant
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communities, i.e. floral hypervolume. We included in
our models the effects of grassland field age and of the
metric of grassland-to-crop conversion at the landscape scale. We also included current landscape
composition metrics (% grassland, % forest and %
mass-flowering crop areas). We used plant productivity as a proxy for grassland management intensity, as it
is related to fertilizer inputs. This was assessed by
harvesting plant biomass every month (between
February and August 2014) above a cutting height of
5 cm from the soil surface, within five 35 9 35 cm
quadrats per grassland. Grassland productivity was
then calculated as the weight of dried plant material
(oven-dried at 60 °C for 72 h) product per square
meter per day between the initial biomass measurement and peak biomass (end of May). To account for
potential non-linear effects, we considered quadratic
terms for current land-use variables and land-use
history. Finally, our model integrated latitude and
longitude to correct for additional spatial effects not
accounted for by the local and landscape predictors
(see correlations among the predictors in Table S1).
We performed model simplification using a backward
regression procedure in the R MASS package (Venables and Ripley 2002), and we further kept the
models with lower AICc (D AICc \ 2). If multiple
models were selected within a D AICc \ 2, a model
averaging procedure was performed rather than
focusing on the model with the best AICc, in order
to determine average parameter coefficients for the
best final set of predictors (Garcı́a-Palacios et al. 2018;
Le Bagousse-Pinguet et al. 2019; Sirami et al. 2019).
We used the MuMIn package (Bartoń 2014) and the
dredge function that provides an average value over
the selected models for the best predictors. Model
residuals were inspected for constant variance and
normality. We standardized all variables (z-scored:
mean-centred and divided by the standard deviation)
to interpret parameter estimates on a comparable scale
(Schielzeth 2010). We calculated the relative effects
of the parameter estimates for each set of predictors to
evaluate the relative importance of each predictor on
flower trait diversity of the plant community. This
method is similar to a variance decomposition analysis
since we z-scored all predictors.
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Effects of land-use on bee communities
and on the relationship between flower and bee
morphological diversities
We included in the model the functional properties of
the flower community (community weighted means of
the selected traits, and floral hypervolume) as predictors of bee trait diversity. To test how land use impacts
the interactions between plants and bees, we included
in the model the same land use factors as for the
analysis of flower trait diversity. We added in the
model two-way interactions between current land use,
land-use history and the flower trait diversity. Finally,
as for the analysis of flower trait diversity, our model
integrated latitude and longitude, and quadratic terms
for current land-use variables and land-use history. We
used the same analytic procedure described above to
select the best set of predictors for bee morphological
diversity.
To illustrate the effects of typical land-use changes
that occurred in agricultural landscapes in Western
Europe on the trait diversity of bee communities, we
computed bee hypervolume in a focal grassland for
three situations that resulted from contrasted past and
present land-use management: (i) a current situation
that corresponds to landscapes with low land-use
intensification, similar to those observed twenty years
ago in the study region, i.e. a permanent focal
grassland (* 15 year-old) with diverse plant communities, situated in a landscape with recent grassland-tocrop conversion (5 years) and where the landscape
was currently composed of 9% of mass-flowering
crops and 20% of permanent grasslands; (ii) a situation
that corresponds to moderately intensified agricultural
landscapes, i.e. a permanent focal grassland (* 15
year-old) with diverse plant communities, situated in a
historically crop-dominated landscape (grassland-tocrop conversion of 10 years on average) where only
few permanent and plant species rich grasslands have
been maintained (e.g. through agri-environmental
scheme subsidies), and currently composed of 15%
of mass-flowering crops and 10% of permanent
grasslands; (iii) a situation that corresponds to intensive agricultural landscapes observed currently in the
study area, i.e. a temporary grassland (\ 5 year-old)
with low flower trait diversity, situated in a cropdominated landscape (grassland-to-crop conversion of
at least 20 years), and currently composed of 25% of
mass-flowering and 8% of species-poor temporary

grasslands. Bee hypervolumes were calculated by
gathering individuals from different sampled grasslands corresponding to each category. We then
randomly sampled 100 individuals from each pool
and estimated the bee hypervolume on this subset. The
procedure was repeated 100 times for the three
categories and the three hypervolumes were calculated
as the mean hypervolume over the 100 random
samples.

Results
Past and current land-use had significant effects on the
flower trait diversity of plant communities (i.e. floral
hypervolume), with an R2 = 0.47 (Fig. 1; see also
Table S6 for AICc-based model selection and
Table S7). The effect of past land use was determined
by a positive effect of the sampled grassland age (57%
of explained variance, P-value \ 0.001), where flower
trait diversity within plant communities was higher in
old permanent grasslands. The effect of current land
use was mainly due to a negative effect of the
grassland productivity (43% explained variance,
P-value \ 0.001) (Fig. 1).
Bee trait diversity (i.e. bee hypervolume) was
largely explained by the flower trait diversity (i.e.,
floral hypervolume) and individual floral trait values
(altogether 34% of explained variance) (Fig. 2; see
also Table S8 and Table S9). Specifically, the flower
trait diversity had a positive effect on bee trait
diversity (8% of explained variance, without interactions, P-value = 0.012), indicating that functionally
diverse plant communities support diverse bee communities. The mean flower depth had a positive effect
on bee hypervolume (19% of explained variance,
P-value \ 0.001), while the mean flower width had a
negative effect (8% of explained variance, P-value =
0.021), suggesting that plant communities dominated
by flowers with narrow and deep corollas are positively associated with functionally diverse bee
communities.
The positive relationship between flower and bee
trait diversity was modulated by current landscape
composition and land-use history (Figs. 2 and 3). Bee
trait diversity was explained by two significant
interactions between flower trait diversity and: (i) the
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Fig. 1 Relative effects of estimates (%) of each group of
predictors (i.e. land-use history and current land use) and
parameter estimates (± SE) resulting from the model averaging
procedure on the flower trait diversity of plant community
(hypervolume, sd3). P-values of the best selected models for

each model parameter are given, *P-value \ 0.05; **Pvalue \ 0.01; ***P-value \ 0.001. We considered only plants
with nectar in the analyses. The flower trait diversity was logtransformed and all variables were scaled. See also Table S6 for
details on model selection and Table S7

proportion of mass-flowering crops in the surrounding
landscape (9% of explained variance, P-value =
0.001); (ii) the grassland-to-crop conversion (10%
of explained variance, P-value = 0.013). We found a
strong positive relationship between flower and bee
trait diversities in landscapes with a low massflowering crop cover (Fig. 3a) and recent grasslandto-crop conversion (Fig. 3b). In contrast, this relationship weakened in landscapes dominated by massflowering crops or where grasslands have been
converted to arable fields for a long time.
At the local scale, grassland age had a quadratic
effect on bee trait diversity (24% of explained
variance, P-value \ 0.001) which was higher in 10
to 15 year-old grasslands (Fig. 3c). Finally, current
landscape composition variables accounted for 10% of
explained variance, mostly due to a positive effect of
the proportion of grasslands in the surrounding
landscape (7% of explained variance, P-value =
0.027) (Fig. 2).

When evaluating how contrasted land-use managements (combining focal grassland age, grassland cover
in the current landscape and the history of grasslandto-crop conversion) affected the trait diversity of bee
communities, we found that bee trait diversity strongly
decreased in historically crop-dominated landscapes
where grassland-to-crop conversion occurred long
ago, compared to landscapes where grassland-to-crop
conversion occurred only recently. Bee trait diversity
in permanent grassland with high flower trait diversity
decreased by half when the focal grassland was
situated in a historically crop-dominated landscape
compared to when it was situated in a landscape
recently converted to crop. In the case of a temporary
grassland with low flower trait diversity and situated in
historically crop-dominated landscape with few temporary grasslands, bee trait diversity decreased by a
factor of three compared to a species-rich permanent
grassland situated in a historically grassland-dominated landscape (Fig. 4).
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Fig. 2 Relative effects of estimates (%) of each group of
predictors (i.e. land-use history, current land use and flower
community) and their interactions on bee trait diversity
(hypervolume, sd3) and parameter estimates (± SE) resulting
from the model averaging procedure. ‘Flower TD’ is the
abbreviation for ‘Flower trait diversity’. P-values of the best

selected models for each model parameter are given, *Pvalue \ 0.05; **P-value \ 0.01; ***P-value \ 0.001. Bee trait
diversity and flower trait diversity (hypervolumes, sd3) were
log-transformed and all variables were scaled. See also Table S8
for details on model selection and Table S9

Fig. 3 Significant effects of a flower trait diversity interacting
with the percentage of mass-flowering crops in the landscape;
b flower trait diversity interacting with grassland-to-crop
conversion, and c age of the grassland on bee trait diversity.
The colour gradient in panels a and b corresponds to bee trait
diversity values, ranging from low values (blue) to high values
(red). Black dots show the overall gradients in flower trait

diversity, the percentage of mass-flowering crops in the
landscape, the landscape grassland-to-crop conversion and the
grassland age for the 66 grasslands. The shaded area in panel
c indicates the 95% confidence intervals. Bee trait diversity and
flower trait diversity (hypervolumes, sd3) were scaled and logtransformed
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Fig. 4 Observed bee trait diversity calculated for grasslands
with contrasted floral diversity and landscape land-use history:
(i) permanent grasslands with diverse plant communities in a
historically grassland-dominated landscape, in green (sampled
grasslands were around 15 year-old with high flower trait
diversity, situated in a landscape where grasslands were
converted into annual crops 5 years ago, 9% of mass-flowering
crops, 20% of grasslands); (ii) permanent grasslands with
diverse plant communities in a crop-dominated landscape with
few remnant permanent grasslands, in orange (sampled grasslands were around 15 year-old with high flower trait diversity,
situated in a landscape where grasslands were converted into
annual crops 10 years ago, 15% of mass-flowering crops and
10% of grasslands); (iii) temporary grasslands with low flower

diversity, situated in a crop-dominated landscape where only
temporary grasslands remain, in blue (sampled grasslands were
around 5 year-old with low flower trait diversity, situated in a
landscape where grasslands were converted into annual crops at
least 20 years ago, 25% of mass-flowering crops and 8% of
grasslands;). (a) Bee trait diversity (hypervolume, sd3) observed
in each category. Significant differences are indicated with
letters. (b) Pairwise plots representing the hypervolume for each
category, along traits (scaled) of the three-hypervolume
dimensions: body size, glossa length and prementum length
vs. body size ratio. The coloured lines are the contour lines of
each hypervolume. The small coloured dots are the uniformly
random samples from the inferred hypervolume. The large,
filled, and coloured circles are the hypervolume centroids

Discussion

multidimensional morphological diversity of plant
communities and their pollinators. However, the
positive relationship between plant and bee trait
diversities disappeared in agricultural landscapes
where much of the land was converted into annual
crops long ago, compared to similar current landscapes but with more recent grassland-to-crop

Our study shows that past grassland-to-crop conversion can have lasting negative impacts on present-day
bee trait diversity. We found that increasing flower
trait diversity increased bee trait diversity in grasslands (Fig. 2), highlighting the matching between the
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conversion. Hence, our results suggest that past landuse changes can alter plant–bee interactions over time
threatening their long-term persistence in agricultural
landscapes.
Plant–bee trait matching explains bee trait
diversity
Although clear matching between some plant and bee
traits has been identified (Bartomeus et al. 2016;
Klumpers et al. 2019), quantifying how plant–bee trait
matching influences the whole bee communities has
been challenging so far. Using a multi-trait approach,
we found that bee trait diversity increased with
increasing flower trait diversity in grasslands
(Fig. 2). This result highlights a strong matching
between the multidimensional phenotypes of plants
and their pollinators. It supports the idea that flower
and bee morphological traits interact in complex ways
to determine the diversity and abundances of bees at
the community level (Coutinho et al. 2018).
In addition to flower diversity, flower mean traits of
the plant communities were important parameters to
quantify the net effect of flower trait diversity on bee
communities. For instance, we found that the community mean flower depth had a positive effect on bee
trait diversity (Fig. 2). Previous studies demonstrated
that pollinators with long mouthparts forage preferentially on narrow or tubular flowers (Fontaine et al.
2006; Campbell et al. 2014; Klumpers et al. 2019),
while short mouthpart pollinators could not access
deep flowers (Bartomeus et al. 2016). Thus, plant
communities dominated by narrow or tubular flowers
would be expected to support less diverse bee
communities. Our results do not support this hypothesis. One possible explanation could be that there are
multiple bee strategies to access deep flowers. For
instance, body size and shape could also determine bee
ability to exploit narrow flowers if oblong bees can
enter these flowers to access nectar, despite their short
mouthparts (Spaethe et al. 2001). Moreover, some
wild bee species (e.g. bumble bees such as Bombus
terrestris, Bombus lapidarius, Bombus lucorum) can
rob nectar from flower buds by making holes near the
base of the perianth of tubular flowers, which otherwise would not be accessible to them owing to their
short tongues (Sáez et al. 2017).

Grassland-to-crop conversion has a lasting impact
on the relationship between plants and bees
Grassland-to-crop conversion modulated the functional linkage between plant and bee communities
(Figs. 2 and 3b). The positive correlation between
flower and bee trait diversity was not observed in
landscapes where grasslands were converted into
annual crops long ago compared to landscapes where
grasslands have been only recently converted
(Fig. 3b). Therefore, our results suggest that bee
communities experienced time-delayed responses to
habitat loss, consistently with our hypotheses.
Decreasing grassland cover in agricultural landscapes
has been shown to affect plant and pollinator communities (e.g. Clough et al. 2014). By considering
land-use history, our study goes one step further and
reveals that the effects of landscape simplification—
through the decrease of grassland cover over time—
are not only immediate but have also a lasting and
negative impact on bee diversity. Our results highlight
that land-use history could be a major driver of the
disruption of plant–pollinator interactions currently
observed, that may precede the loss of plant and
pollinator species in agricultural landscapes (ValienteBanuet et al. 2015).
Additionally, the local disturbance regime that
occurred within grasslands directly modified the
diversity of plants and bees, as illustrated by the
positive effect of the age of the focal grassland on the
flower (Fig. 1) and bee (Figs. 2, and 3c) trait diversity.
Conversely to flower trait diversity, bee trait diversity
flattened in 10 to 15 year-old grassland fields. Habitat
stability over time is a key contributing factor to
functional diversity in agricultural landscapes that can
allow specialist species with low dispersal abilities to
persist in intensive landscapes (Mouquet et al. 2003;
Le Provost et al. 2017, 2020). We also found a linear
positive effect of the proportion of grassland cover
itself in the surrounding current landscape on bee trait
diversity (Fig. 2). The presence of grasslands in the
surrounding landscape can enhance bee trait diversity
within local communities, independently of the local
flower community, by creating landscape-scale spillover sustaining a flow of functionally contrasted
species across bee communities (Blitzer et al. 2012).
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Impact of mass-flowering crop cover
on the relationship between plants and bees
The positive relationship between plant and bee
morphological diversities was also dependent on the
proportion of mass-flowering crops in the surrounding
landscapes. The positive effect of flower trait diversity
on bee trait diversity weakened in landscapes dominated by a high cover of mass-flowering crops
(Fig. 3a). Mass-flowering crops such as oilseed rape
and sunflower are mostly visited by generalist pollinators, and increasing mass-flowering crop cover in
the landscape benefits few dominant species sharing
specific traits (Diekötter et al. 2010). After the
cessation of the flowering, these generalist species
may forage in the surrounding natural or semi-natural
habitats, where resources are still available. Such
landscape-level spillover can modify the trait distribution within these habitats, and locally distort the
trait matching between plant and bee communities.
Our data were collected in late summer, few months
after the mass-bloom of oilseed rape and sunflower,
which allowed us to specifically test how the lasting
effect of mass-flowering crops in the landscape can
impact the relationship between plant and bee trait
diversities in grasslands. This result echoes previous
studies which found that a high proportion of massflowering crops in the surrounding landscape disrupts
local plant–pollinator interactions (e.g. Diekötter et al.
2010), which can in turn affect pollinators later in the
year (Riedinger et al. 2014).
Assessing bee trait diversity under contrasted landuse managements
There is great expectation that current strategies,
aiming at enhancing floral resources at both local and
landscape scales, will mitigate bee decline (e.g. agrienvironmental scheme such as sowing nectar flower
mixtures) (Scheper et al. 2014). When quantifying
how bee diversity varied under contrasted land-use
managements typically observed in our study region,
we found that the persistence of functionally diverse
bee communities is predicted to strongly decline in
historically crop-dominated landscapes, even in
flower-rich grasslands (Fig. 4). However, in realworld landscapes, different local and landscape
drivers associated with current and past land-use
changes may affect present-day biodiversity. By
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disentangling the effects of past and current land use
operating at contrasted spatial scales (from the field- to
the landscape-scale), our study may help to better
understand the ultimate drivers of bee decline, and to
refine conservation strategies. Consistently, our results
indicate that a high proportion of grasslands in the
surrounding landscape enhances local bee trait diversity, and that grasslands with high flower diversity
support functionally diverse bee communities (Fig. 2).
In agricultural landscapes, these grasslands may be
more attractive than grasslands composed of less
diverse plant communities and, by providing a wide
array of feeding resources, could concentrate diverse
bee communities (Clough et al. 2014). However, bee
trait diversity in permanent and flower-rich grasslands
strongly decreased in historically crop-dominated
landscapes where grassland-to-crop conversion
occurred long ago, compared to landscapes where
grassland-to-crop conversion occurred only recently
(Fig. 3). Past land-use changes may have led to an
extinction debt within pollinator communities, and
many pollinator species might be already extinct in
agricultural landscapes (Kuussaari et al. 2009). While
sowing grasslands in historically crop-dominated
landscapes might help to avert further pollinator
decline, restoring the past pollinator communities
might therefore not be possible. Our study emphasized
the urgent need to sanctuarise significant amount of
permanent grasslands in agricultural areas, and to
develop management strategies that ensure the sustainability of flower-rich grasslands to avoid future
plant and pollinator loss (Bommarco et al. 2014).
To test the legacy effect of habitat loss, our study
was based on a selection of grassland fields characterised by varying land-use change histories. This
observational set up could be complemented by future
long-term studies to explicitly monitor the timedelayed effects of past land-use changes on plant–
bee interactions and the induced biodiversity loss.
Such long-term studies can help to accurately predict
the shape of pollinator response following land-use
changes (e.g. linear or exponential decay), and to
determine if restoration efforts could be implemented
to avert further pollinator decline. Furthermore, we
collected data at a specific period of the year (late
summer) after the bloom of mass-flowering crops, in
order to specifically test how current and past land use
affect wild plant and bee communities in grasslands.
However, bee phenology can modify the community
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composition over the growing season, and we might
have under-estimated the importance of bee species
that are more active in spring and early summer in
driving bee response to land-use changes. Studies
considering plant and bee communities at different
times of the year could provide valuable insights on
how land-use changes influence plant–pollinator temporal mismatch.

Conclusions
Our study highlights the role of past habitat loss in
shaping the present-day trait diversity of bee communities in agricultural landscapes. By considering
landscapes characterized by different land-use histories, we show that past habitat degradation in agricultural landscapes can disrupt plant–bee interactions.
The persistence of functionally diverse bee communities is predicted to strongly decline over time with
the conversion of permanent grasslands into intensive
annual crops. Therefore, plant and bee communities in
agricultural landscapes may suffer strong extinction
debts. This time-delayed response to habitat loss
constitute an opportunity to avert further bee decline in
farmlands, by developing long-term conservation and
restoration efforts to preserve plant–bee mutualism.
Long-term monitoring can help to further investigate
the temporal dynamics of pollinator decline, to
quantify the time needed to recover after disturbances,
and to identify the ecological conditions that secure
future pollination service in agricultural landscapes.
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