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Funding information which could be an underexplored co-benefit of mass-flowering crop cultivation.

Deutsche Forschungsgemeinschaft However, the impacts of mass-flowering crops on pollinator communities are

Handling Editor: Romina Rader complex and appear to be context-dependent, mediated by factors such as crop
flowering time and the availability of other flower resources in the landscape. A
synthesis of research is needed to develop management recommendations for
effective pollinator conservation in agroecosystems.

2. By combining 22 datasets from 13 publications conducted in nine temperate
countries (20 European, 2 North American), we investigated if mass-flowering
crop flowering time (early or late season), bloom state (during or after crop flow-
ering) and extent of non-crop habitat cover in the landscape moderated the effect
of mass-flowering crop cover on wild pollinator abundance and species richness
in mass-flowering crop and non-crop habitats.

3. During bloom, wild bee abundance and richness are negatively related to mass-
flowering crop cover. Dilution effects were predominant in crop habitats and
early in the season, except for bumblebees, which declined with mass-flowering

crop cover irrespective of habitat or season. Late in the season and in non-crop
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habitats, several of these negative relationships were either absent or reversed.
Late-season mass-flowering crop cover is positively related to honeybee abun-
dance in crop habitats and to other bee abundance in non-crop habitats. These
results indicate that crop-adapted species, like honeybees, move to forage and
concentrate on late-season mass-flowering crops at a time when flower avail-
ability in the landscape is limited, potentially alleviating competition for flower
resources in non-crop habitats. We found no evidence of pollinators moving from

mass-flowering crop to non-crop habitats after crop bloom.

. Synthesis and applications: Our results confirm that increasing early-season mass-

flowering crop cover dilutes wild pollinators in crop habitats during bloom. We
find that dilution effects were absent late in the season. While mass-flowering
crop cultivation alone is unlikely to be sufficient for maintaining pollinators, as
part of carefully designed diverse crop rotations or mixtures combined with the
preservation of permanent non-crop habitats, it might provide valuable supple-

mentary food resources for pollinators in temperate agroecosystems, particularly
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1 | INTRODUCTION

Global declines in wild insect pollinator species in agroecosystems
have sparked major concerns for the restoration of diverse pollinator
communities and the conservation of plant diversity (IPBES, 2016).
To reverse pollinator declines, international conservation initiatives
and policies have been adopted (EU, 2018; IPBES, 2016). While the
drivers of pollinator declines are complex, the loss of semi-natural
habitats due to agricultural intensification has been identified as a
major cause of pollinator decline (Potts et al., 2010). Many pollinators
benefit from diverse and/or continuous pollen and nectar resources
and nesting or shelter sites in the landscape (Timberlake et al., 2019).
In Europe and North America, agri-environmental measures supple-
menting floral resources are encouraged to sustain pollinator popu-
lations in agricultural landscapes (EU, 2018; USDA, 2020). Increasing
the availability of floral resources in agricultural landscapes can be
achieved by sowing flowering plants or by growing mass-flowering
crops. Planted flowers have been shown to benefit the abundance,
diversity and reproduction of pollinators (Lowe et al., 2021; Rundl&f
et al., 2022), and their implementation is now a common pollinator
conservation strategy (EU, 2018; USDA, 2020). By contrast, while
the impact of mass-flowering crop cover (i.e. proportion of habitat
in a landscape) on pollinator abundance and richness has been in-
vestigated within the crop and in the surrounding landscape, the
effect of increasing mass-flowering crop cultivation is far from clear
and appears context-dependent (Holzschuh et al., 2016; Westphal
et al,, 2003).

Mass-flowering crops are characterised by seasonal resource
pulses of floral abundance (i.e. contracted periods of high flower

later in the season when alternative flower resources are scarce.

dilution effects, floral resource, landscape composition, mass-flowering crops, pollinator
abundance, pollinator richness, seasonal effects

availability followed by periods of low availability), rather than
continuous and diverse resources typical of semi-natural habi-
tats and planted flowers. Together with the increasing cultivation
of mass-flowering crops in the early 21st century, such as oilseed
rape in Europe and soybeans in North America (FAOSTAT, 2022),
there has been a growing interest in assessing the impact of mass-
flowering crop cultivation on pollinator communities in the land-
scape (Supplementary Material, Figure A1). It has been hypothesised
that mass-flowering crops support larger and more diverse pollinator
communities in the landscape by increasing reproduction or colony
growth (Holzschuh et al., 2013; Westphal et al., 2009), attract-
ing flower visitors (concentration effect) to the crop and facilitating
their movement into nearby habitats (spillover effect) (Holzschuh
et al., 2016). However, mass-flowering crops can also negatively af-
fect pollinator abundance by exposing individuals to pesticides ap-
plied to the crops (Knapp et al., 2022) or via pathogens (Tuerlings
et al., 2022), and by resource competition with managed honey-
bee hives placed nearby crops to boost crop pollination (Page &
Williams, 2022). Increasing mass-flowering crop cover in the land-
scape can lead to pollinator dilution in crops during bloom and po-
tentially alleviate competitive pressure from crop-adapted species
in non-crop habitats as these species move away from non-crop
habitats to forage in mass-flowering crops (Fijen et al., 2019; Page &
Williams, 2022). Concentration and dilution effects will depend on
the pollinator taxa preference for mass-flowering crop resources as
well as crop flowering time due to phenological variation in the avail-
ability and diversity of alternative flower resources in the landscape,
constraining pollinators to different extent at different seasons.
Pollinator groups show dissimilar responses to mass-flowering crop
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cover due to variation in life-history traits and requirements for food
and nesting resources (Beyer et al., 2021). As the relative importance
and potential interactions between all factors described above re-
main unclear, the overall effect of mass-flowering crop cover on pol-
linators has so far been difficult to determine.

The complex and context-dependent effect of mass-flowering
crop cover on pollinator abundance and species richness have ham-
pered the understanding of their general impacts and, therefore, it
has not been possible to provide clear management recommenda-
tions. However, the dilution effects of increasing mass-flowering
crop cover on wild pollinator densities were demonstrated across
functional groups during crop bloom in a pan-European field study
(Holzschuh et al., 2016). In this study, we include three novel aspects
in a quantitative synthesis of existing datasets. First, we incorporate
a broad range of early (e.g. oilseed rape, apple) and late (e.g. faba
bean, red clover) mass-flowering crops to investigate the impact of
crop flowering time on wild pollinators. Second, we investigate pol-
linator species richness to more comprehensively characterise the
impact of mass-flowering crop cover on wild pollinator communities.
Finally, we explore the effects of mass-flowering crop cover after
crop bloom in addition to during bloom to inform the pattern of tran-
sitory effects of mass-flowering crop resource pulses.

Specifically, by combining existing datasets, we assessed the
impact of mass-flowering crop and non-crop habitat cover in 1-km
landscapes on wild pollinator abundance and species richness in crop
and non-crop (i.e. grasslands, forests, fallows and uncultivated field
borders) habitats and further investigated whether mass-flowering
crop seasonality (early flowering in spring vs. late-flowering in sum-
mer) and bloom state (during vs. post-crop bloom) affected these
relationships. Mass-flowering crops can affect pollinator reproduc-
tion and/or survival (i.e. population-level effects) and their distribu-
tion across landscapes (i.e. concentration and spillover effects). We
focused on within-year dynamics and therefore expected concen-
tration and spillover effects to dominate over population-level ef-
fects. However, population-level effects might occur for social bees
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such as bumblebees, whose colonies grow within a year. During crop
bloom, we expected declines in wild pollinator abundance and rich-
ness with increasing mass-flowering crop cover, irrespective of sam-
pling habitat, due to dilution effects (Figure 1a). We expected that
increasing mass-flowering crop cover would be positively related to
pollinator abundance and richness in non-crop habitats after crop
bloom due to spillover from crop to non-crop habitats, as pollinators
foraging in mass-flowering crops will change foraging habitat after
bloom (Figure 1a; Beyer et al., 2020; Riggi et al., 2021). This effect
is expected to be more pronounced for social bees and non-central-
place foragers, such as bumblebees and non-bees, respectively, that
can reproduce within the season and use flower resources over the
season and across the landscape. As flower resource availability in
the landscape is often lower later in the season in temperate regions
(Scheper et al., 2014; Timberlake et al., 2019), we hypothesised that
dilution of pollinator abundance and richness with mass-flowering
crop cover would be weaker or absent later in the season (Figure 1b).
We expect this outcome because pollinators, particularly mobile so-
cial bees and non-central-place foragers, might concentrate in land-
scapes with late-season mass-flowering crops and spillover from
early-season mass-flowering crops. In addition, bumblebee colony
sizes might benefit from late-season mass-flowering crops (Beyer
et al., 2020; Riggi et al., 2021). Finally, we predicted that increas-
ing non-crop habitat cover would enhance pollinator abundance and
richness because it would increase nesting and non-crop floral re-

source availability (Figure 1c).

2 | MATERIALS AND METHODS

2.1 | Selection of publications
We searched for quantifications of the impact of mass-flowering

crop cover in the landscape on pollinators sampled in crop (mass-
flowering crops irrespective of field size) and/or non-crop habitats

(c) Non-crop habitat

/

==~ <Early

Mass-flowering
crop cover

FIGURE 1

Mass-flowering
crop cover

Non-crop habitat -
cover

Illustration of the research hypotheses for temperate regions. First, we expect that: (a) during crop bloom, pollinator

abundance and richness will decrease with mass-flowering crop cover (dilution effect), independent of sampling habitat. After crop bloom
(‘Post’), we expect pollinator abundance and richness to be higher in non-crop habitats and to positively relate to mass-flowering crop cover.
Second, we hypothesise that (b) late in the season, flowering mass-flowering crop cover will increase pollinator abundance and richness
inside and nearby crops (concentration effect) because flowering resource availability in the landscape is often lower in late than early season.
Finally, we expect (c) pollinator abundance and richness to increase with non-crop habitat cover (including grasslands, forests, fallows and

uncultivated field borders, Table A1).
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(including grasslands, forests, fallows and uncultivated field borders,
Table A1) in Web of Science in August 2021 using the topic search
string: “flower* crop*” AND “pollin*” AND “landscape*”. This yielded
157 publications that were scanned for inclusion in the analyses.
We excluded studies from tropical regions because some of the hy-
potheses we tested relate to temperate seasonality. In addition, to
be included, publications had to provide data on: (1) mass-flowering
crop and non-crop habitat (as defined in each study, including forests,
grasslands and pastures) cover (i.e. area or proportion) within a 1-km
radius landscape around the surveyed site. Mass-flowering crop
area included dominant crops flowering during pollinator surveys;
and (2) Abundance and/or species richness of wild pollinators in crop
and/or non-crop habitats, either bumblebees, other bees (e.g. soli-
tary bees and social Lasioglossum and Halictus species) or non-bees
(mostly hoverflies), surveyed either using transects or pan-traps
(Table 1, Figure A2). Data from observational plots and trap-nests
were excluded as too few studies were found. While the focus was
to investigate effects on wild pollinators, honeybee abundance was
included when data was available (it was not feasible to distinguish
between managed and feral honeybees). We focused on 1-km ra-
dius landscapes, as it was the most commonly reported and relevant
scale for the taxonomic groups of interest (Holzschuh et al., 2016;
Kendall et al., 2022).

The literature search resulted in nine publications where the
raw data were extractable. An additional 12 publications were
identified as relevant, but raw data were not available. The au-
thors for these 12 publications were asked to share their raw data,
and we received data for seven (Table 1). This led to a final se-
lection of 13 publications that included 22 studies, defined as a
dataset of pollinator surveys performed in a given region in a given
year and 498 landscapes from nine countries (Table 1, Table A1,
Figure A2). For each sampling site (i.e. landscape with a 1-km ra-
dius), we compiled data on pollinators, landscape composition and
study-specific information, which is summarised in Table 1 and
Table Al. To investigate post-crop bloom effects, we ascertained
that there were no other major crop flowering in the 1-km radius
landscape after focal crop bloom by contacting authors and exam-

ining the raw data.

2.2 | Statistical analyses

Pollinator abundance (number of individuals recorded per 100 m?
transect or pan-trap day to account for different sampling efforts
within the study) and species richness (mean number of species
recorded per transect or pan-trap) data were averaged within
sampling habitat (crop and non-crop), crop flowering season (early
and late) and bloom state (during and post-crop flowering) for
each pollinator group (bumblebees, honeybees, other bees and
non-bees) and each landscape site (Table 1). All response variables
were log-transformed to improve model fit and then scaled and
centred within study (i.e. we calculated z-scores for each study)
and mass-flowering crop and non-crop habitat cover predictors

Journal of Applied Ecology E EE‘E@JW

were centred within the study to investigate general within-
study patterns. Since pollinators after crop bloom were only sam-
pled in non-crop habitats, we divided the data based on habitat
type and ran separate analyses for crop and non-crop habitats.
Bumblebees and honeybees are poorly represented in pan-traps
(Boyer et al., 2020); therefore, these groups were only analysed
using transect data. For other bees and non-bees, to avoid issues
with the low number of studies in the pan-trap data, we analysed
the pan-trap and transect data together. Pan-trap efficiency de-
clines with flower availability (Westerberg et al., 2021), potentially
leading to biased results when investigating gradients in mass-
flowering crop cover. Therefore, the transect data was also ana-
lysed separately for other bees and non-bees. Results from the
analyses with pan-trap data removed are only reported in the main
text when they differed qualitatively from results using the com-
bined data. We used linear mixed-effects models with normal dis-
tributions for mean (scaled and centred) abundance and richness.
Model assumptions were checked using diagnostic residual plots.

To explore the effects of mass-flowering crop cover on pollina-
tor abundance of each group (bumblebees, honeybees, other bees
and non-bees) and species richness (bumblebees, other bees and
non-bees) in crop and non-crop habitats, the models included pro-
portion of mass-flowering crop and non-crop habitat cover in the
landscape (covariation between these variables was low across stud-
ies, Table B1), flowering season (early or late) and sampling method
(pan-trap or transect, only applies to non-bee and other bee) as fixed
factors. For models in non-crop habitats, crop bloom state (during
and post-crop flowering) was also included as a fixed factor. In ad-
dition, two-way interactions with mass-flowering crop cover were
included to test the hypotheses that mass-flowering crop cover
effects were contingent on crop flowering season, non-crop habi-
tat cover in the landscape and crop bloom state (the latter only for
non-crop habitat models; Table 2). Including honeybee abundance
(scaled and centred within the dataset) as a covariate in models for
bumblebee, other bee and non-bee abundance and richness did not
qualitatively change the results (Table C1). Study identity (Table 1)
and landscape identity nested within study identity were included as
random factors in the crop and non-crop models, respectively, to ac-
count for spatial dependence within studies and landscapes (for the
non-crop models that had habitats sampled before and after crop
bloom in the same landscape). Models including random slopes for
mass-flowering crop and non-crop habitat cover were assessed and
included if they improved model fit as determined by AIC (Table 2).

Multicollinearity was not an issue for any models (VIF <2; Zuur
et al., 2009). We simplified models using backward model simplifi-
cation based on likelihood ratio tests (Zuur et al., 2009). Post-hoc
tests using the ‘emmeans’ package (Lenth et al., 2021) were carried
out. We estimated the marginal R? of the models using T.squaredG-
LMM'’ (Nakagawa & Schielzeth, 2013). All analyses were done in R
(R Core Team, 2020, version 3.6.2) using the ‘gmmTMB’ package
(Magnusson et al., 2021). Mean pollinator abundance and species
richness per study are presented in the Supplementary Material
(Tables B2 and B3).
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TABLE 1 Summary of the studies used in the synthesis.

Publication  Study Year Country Bloom state
A Al 2014 UK During
A A2 2015 UK During
B B 2017 Sweden During
C C 2012 Canada During
D D 2008 Germany During
E E 2017 Germany During/Post
F F 2014 Germany During
G G 2015 Germany During
H H 2019 Sweden During/Post
| | 2014 France During/Post
J J 2015 France During/Post
K K 2013 USA During
L L 2016 Italy During
M Mg.1 2011 Germany During
M Mg.2 2012 Germany During
M Mnl.1 2011 Netherlands During/Post
M Mnl.2 2012 Netherlands During/Post
M Msp.1 2011 Spain During
M Msp.2 2012 Spain During
M Msw.1 2011 Sweden During
M Msw.2 2012 Sweden During
M Muk 2012 UK During

Flowering

season Focal crop Sampling habitat®
Early Oilseed rape Crop

Early Oilseed rape Crop

Late Faba bean Crop

Early Apple/Blueberry/Raspberry Crop

Early Oilseed rape Crop/Non-crop
Late Faba bean Non-crop

Early Apple Crop

Early Strawberry Crop

Late Red clover Crop/Non-crop
Early/Late Oilseed rape/Sunflower Non-crop
Early/Late Oilseed rape/Sunflower Crop/Non-crop
Early Apple/Strawberry Crop/Non-crop
Late Leek Crop/Non-crop
Early Oilseed rape Crop/Non-crop
Early Oilseed rape Crop/Non-crop
Early Oilseed rape Crop/Non-crop
Early Oilseed rape Crop/Non-crop
Early Orange Crop/Non-crop
Early Orange Crop/Non-crop
Early Oilseed rape Crop/Non-crop
Early Oilseed rape Crop/Non-crop
Early Oilseed rape Crop/Non-crop

Note: Publication and Study: publication and study (defined as a dataset in a given region in a given year) identifier (Table Al). Year: year the sampling
was done. Country: the country where the sampling was done. Bloom state: time when sampling was done relative to the focal crop bloom, during
and/or post (after) bloom. Flowering season: survey season based on focal crop flowering period, early (during flowering of early-season crops:
oilseed rape, orchards and berries) and late (during flowering of late-season crops: faba bean, sunflower, clover and leek). Focal crop: mass-flowering
crop the study focused on. Sampling habitat: crop and/or non-crop (including grasslands, forests, fallows and uncultivated field borders, Table A1)
habitats. N° Landscapes: number of 1-km radius landscapes per study. Pollinator group: surveyed, BB (bumblebees), OB (other bees), NB (non-bees,
mainly hoverflies) and HB (honeybees). MFC % and SNH %: mean, min. and max habitat cover of mass-flowering crops (MFC) and non-crop habitats
(SNH, semi-natural habitats, as defined in each study, Table A1). Data: data extracted from an OD (online dataset) or RD (requested data).

#Post-bloom data only from non-crop habitats.
PPartially published/unpublished data.

3 | RESULTS

3.1 | Abundance

During crop bloom, bumblebee abundance declined with increas-
ing mass-flowering crop cover, irrespective of sampling habitat or
season (Figure 2a), and increased in crop habitats with increasing
non-crop habitat cover (Figure C1a). Other wild bee abundance de-
clined in crop habitats with increasing mass-flowering crop cover
early in the season and increased in non-crop habitats with in-
creasing mass-flowering crop cover late in the season (Figure 2b).
The latter effect became weaker when excluding pan-trap data
(p=0.088; Table C2, Figure C2a). Non-bee abundance was not
related to non-crop habitat or mass-flowering crop cover when
pan-trap and transect data were combined (Figure 2c), but when
pan-trap data was removed, non-bee abundance in crop habitats

increased with non-crop habitat cover and decreased with mass-
flowering crop cover early in the season but increased late in the
season (Table C2, Figure C2b). Honeybee abundance in non-crop
habitats marginally increased (p=0.057) with mass-flowering crop
cover, while in crop habitats, honeybee abundance increased with
mass-flowering crop cover late in the season (Figure 2d, Table 2).
There were no interactive effects of mass-flowering crop cover

and bloom on pollinator abundance.

3.2 | Speciesrichness

Bumblebee richness in crop habitats decreased with mass-flowering
crop cover, but only during the early season (Figure 3a), and rich-
ness in non-crop habitats increased with non-crop habitat cover
(Figure Ci1b). Other bee richness in crop habitats declined with
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Response
Survey method N°landscapes Pollinator group  variable
Transect/Pan-trap 12 BB/OB/NB/HB AB/RICH
Transect/Pan-trap 12 BB/OB/NB/HB AB/RICH
Transect 16 BB/HB AB/RICH
Transect 58 BB/OB/HB AB/RICH
Transect 66 BB/OB/HB AB/RICH
Transect 30 BB/OB AB
Pan-trap 10 OB AB
Transect 8 BB/OB/HB AB
Transect 20 BB/NB/HB AB/RICH
Pan-trap 66 OB/NB AB/RICH
Transect 25 BB/OB/NB/HB AB/RICH
Pan-trap 13 OB AB/RICH
Transect 18 BB/OB/NB/HB AB/RICH
Transect 16 BB/OB/NB/HB AB
Transect 16 BB/OB/NB/HB AB
Transect 16 BB/OB/NB/HB AB/RICH
Transect 16 BB/OB/NB/HB AB/RICH
Transect 16 BB/OB/NB/HB AB
Transect 16 BB/OB/NB/HB AB
Transect 16 BB/OB/NB/HB AB
Transect 16 BB/OB/NB/HB AB
Transect 16 BB/OB/NB/HB AB

mass-flowering crop cover (Figure 3b). When pan-trap data was re-
moved, other bee richness in crop habitats increased with non-crop
habitat cover (Table C2). Other bee richness in non-crop habitats
was not related to mass-flowering crop or non-crop habitat cover
(Table 2). Non-bee richness was not related to mass-flowering crop
cover (Figure 3c), while richness in crop habitats increased with non-
crop habitat cover (Figure Cic). There were no interactive effects of

mass-flowering crop cover and bloom on pollinator richness.

4 | DISCUSSION

While our results confirm that increasing early-season mass-
flowering crop cultivation dilutes wild bees in crop habitats
during bloom (Holzschuh et al., 2016), we find that, later in the
season, dilution effects were either absent or even reversed for
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SOCIETY
MFC % SNH%
Mean Min-max Mean Min-max Data
25.9 5.9-33.6 34.3 10.8-55.5 oD
271 2.8-35.7 32 10.9-65.7 oD
7.89 2.6-20.6 8.8 0-55.6 RDP
14.3 0-50 34.2 0-70.7 oD
10.7 0-32.9 4.3 0.5-12.8 RD
13.6 4.3-35.8 8.1 3.6-15.3 oD
71 0-42 14.5 0-40.0 oD
9.8 4.1-17.6 21 0.6-5.1 RDP
12.2 0-26.7 15.5 3.8-63.7 RDP
19.7 0-47.7 14.5 0.2-43. RDP
14.8 4.8-32.7 5.9 1.6-14.8 RDP
4.8 0-37.4 425 17.1-70.5 RD
8 0.2-15.6 20.3 0.4-55.3 RD
6.2 0.5-19.8 11.6 1.9-25.9 RD
49 0-16.3 11.3 1.0-28.5 RD
1.4 0-4.5 71 1.0-16.1 RDP
0.9 0-3.8 71 1.0-16.1 RDP
27 0-68.6 43.5 18.9-79.6 RD
27.7 0-66.2 447 21.9-79.6 RD
10.2 0.7-42 8.9 2.2-20.5 RD
8.5 0-35.1 8.7 2.2-20.2 RD
12 0-28.9 16 1.8-44.9 RD

honeybee abundance in crop habitats and other bee abundance
in non-crop habitats. This is possibly because later in the season,
mass-flowering crops provide resources at a time of nectar and
pollen shortages. This can lead to concentration effects, where
mobile crop-adapted species concentrate in crop habitats in land-
scapes with high mass-flowering crop cover. This might result in
lower competition for floral resources in non-crop habitats as
crop-adapted species move to forage in mass-flowering crops.
Contrary to our hypothesis, crop bloom did not mediate any effect
of mass-flowering crop cover on pollinator abundance or richness
in non-crop habitats. Discrepancies between sampling methods
were most evident for non-bee abundance and other bee richness
in crop habitats, likely because pan-traps are less suited to assess
the effects of gradients in floral resource availability (Westerberg
et al., 2021) and sample pollinator communities, which are compo-
sitionally distinct from transects (O'Connor et al., 2019).
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Increasing mass-flowering crop cover was negatively related to
bumblebee abundance in both crop and non-crop habitats and to
other bee abundance in crop habitats early in the season. For non-
bees, a negative relationship between abundance in crop habitats
early in the season and mass-flowering crop cover was present
when excluding pan-trap data. This was caused by a single pan-trap
publication (Shaw et al., 2020), where non-bee abundance was not
related to the oilseed rape area, possibly due to the limitations of
pan-traps to examine concentration and dilution effects on pollina-
tor abundance. Negative relationships between mass-flowering crop
cover and wild pollinator abundance during bloom in crop habitats
are probably caused by dilution (Holzschuh et al., 2016). Dilution of
pollinators in crop habitats suggests that increased mass-flowering
crop cultivation in the landscape can compromise crop pollination
services by wild pollinators. Declines in bumblebee abundance
in non-crop habitats with mass-flowering crop cover might, in the
long-term, negatively impact bumblebee-pollinated wild plants
(Holzschuh et al., 2011). Other bee (non-Bombus), non-bee and
honeybee abundance in non-crop habitats did not decline with
mass-flowering crop cover. The majority of other bees occurring in
non-crop habitats during the early season are likely not attracted
by mass-flowering crop resources, relying on resources within their
more restricted foraging ranges compared to bumblebees (Fijen
et al., 2019; Rollin et al., 2013). Non-bee pollinators, on the other
hand, such as hoverflies and other dipterans, are non-central-place
foragers and highly mobile as adults (Jauker et al., 2009), lowering
the probability of dilution and potentially increasing spillover to
nearby habitats, as non-bee pollinators might be attracted to mass-
flowering crops from larger distances. Honeybee abundance in non-
crop habitats was marginally positively related to mass-flowering
crop cover, potentially leading to competition with other flower
visitors, particularly wild bees, in non-crop habitats when floral re-
sources are limited (e.g. reducing wild bees pollen and nectar collec-
tion) (Gonzélez-Varo & Vila, 2017; Herbertsson et al., 2016).

Flower availability in crop and non-crop habitats in temperate re-
gions is often lower in summer than in spring (Persson & Smith, 2013;
Scheper et al., 2014; Timberlake et al., 2019); therefore, we expected
that later in the season, the dilution of wild pollinator in crop and
non-crop habitats with mass-flowering crop cover would be weaker
compared to early in the season. In line with expectations, other bee
abundance in non-crop habitats increased with mass-flowering crop
cover late in the season. The positive relationship between mass-
flowering crop cover and other bee abundance in non-crop habitats
late in the season became somewhat weaker when pan-trap data
was excluded, likely due to reduced statistical power. Other bee
abundance in non-crop habitats might have increased as a result
of released competition from crop-adapted species (e.g. honeybee
and bumblebee) that are attracted to late-flowering crops (Fijen
et al., 2019; Page & Williams, 2022), such as clover and faba bean.
In addition, increased availability of flower resources could benefit
other bees that forage in mass-flowering crop habitats (Holzschuh
et al., 2013). For other bees, there was no difference in abundance
between seasons. Therefore, seasonal differences in abundances

cannot explain the contrasting responses of other bees to mass-
flowering crop cover early versus late in the season. Honeybee
abundance in crop habitats also increased with mass-flowering crop
cover late in the season, and so did non-bee abundance when pan-
trap data was excluded. While the positive effects of mass-flowering
crops late in the season for non-bees and honeybees that reproduce
within the season could be due to population-/colony-level effects,
abundances were not higher later in the season, suggesting con-
centration effects. Honeybees and non-bees, such as hoverflies,
are strong fliers and likely to fly several kilometres for rewarding
resources (Jauker et al., 2009; Steffan-Dewenter & Kuhn, 2003).
Honeybees and non-bees are therefore likely concentrated in
crop habitats from adjacent habitats and landscapes (Guezen &
Forrest, 2021) late in the season. Furthermore, honeybee hives are
placed nearby mass-flowering crops in the spring, and some are still
present later in the season, leading to concentration in late-season
mass-flowering crops (Gonzalez-Varo & Vila, 2017). Thus, early flow-
ering crop cover impacts pollinator dynamics later in the season, and
this should be further investigated (Riedinger et al., 2014). Finally,
early and late seasonal patterns could also be due to the unavoidable
relationship between crop identity and flowering season.

Bumblebee richness in crop habitats declined with mass-
flowering crop cover early, but not late in the season. Late-season
mass-flowering crops include legumes, which are attractive to bum-
blebees, and their bloom coincides with bumblebee colony repro-
duction. Therefore, late-season mass-flowering crops such as clover
could attract and sustain bumblebee species at a time of low flower
availability (Riggi et al., 2021). The species richness of other bees in
crop habitats decreased with mass-flowering crop cover. This could
be a consequence of increased competition with a few dominant pol-
linator species associated with mass-flowering crop cultivation (i.e.
honeybees and short-tongued bumblebees; Magrach et al., 2017).
Alternatively, declines in other bee richness could be a consequence
of dilution effects on bee populations, such that rare species be-
come harder to detect with increasing mass-flowering crop cover.
No declines in wild pollinator richness with mass-flowering crop
cover were found in non-crop habitats, indicating that many species
occurring in non-crop habitats rely more on resources within these
habitats (Rollin et al., 2013) and might benefit as honeybees and
bumblebees are attracted to mass-flowering crop habitats (Bansch
etal., 2021).

We found positive relationships between non-crop habitat cover
and bumblebee abundance in crop habitats and non-bee abundance
when pan-trap data was excluded, underlying the role of non-crop
habitat as source habitats for these groups (Ockinger & Smith, 2007).
In contrast to our expectation, higher non-crop habitat cover did
not increase other bee abundances (Holzschuh et al., 2016). Non-
crops encompassed a broad range of habitats, including forests and
field borders, which might each favour or disfavour specific spe-
cies, thus leading to inconsistent effects. Primarily crop-adapted
bumblebee species, which form large colonies, and mobile non-bee
species might benefit from the wide range of non-crop habitats in-
cluded in these studies. Bumblebee richness in non-crop habitats
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FIGURE 2 Model predictions of the relationships between mean pollinator abundance (scaled and centred, z-scores) and mass-flowering
crop cover (centred, %) in 1-km radius landscapes (combined transect and pan-trap data). (a) Bumblebee abundance decreased with mass-
flowering crop cover in crop and non-crop habitats. (b) Other bee abundance decreased with mass-flowering crop cover in crop habitats
early in the season (early (trend+se:-0.03+0.008, Cl:-0.04/-0.01); late (0.02 +0.01, -0.009/0.05)) and increased with mass-flowering

crop cover in non-crop habitat late in the season (early (-0.003+0.004, -0.01/0.005); late (0.03+0.01, 0.007/0.05)), 95% Cl only shown

for significant relationships. (c). Non-bee abundance was not related to mass-flowering crop cover despite a significant interaction (early
(-0.01+0.01, -0.03/0.005); late (0.03+0.02, -0.007/0.007)). (d) Honeybee abundance marginally increased (p=0.057) with mass-flowering
crop cover in non-crop habitats, while in crop habitats abundance increased with mass-flowering crop cover late in the season (early
(-0.01+0.007, -0.02/0.0005); late (0.04 +£0.02, 0.003/0.08)). Shaded areas represent the 95% confidence interval (Cl), solid lines indicate a
significant relationship and dashed lines indicate a non-significant/marginal interaction.
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FIGURE 3 Model predictions of the relationships between mean pollinator richness (scaled and centred) and mass-flowering crop cover
(centred, %) in 1-km radius landscapes (combined pan-trap and transect data). (a) Bumblebee species richness in crop habitats declined with
mass-flowering crop cover early in the season (early (trend + SE=-0.03+0.008, Cl: -0.04/-0.01); late (0.02+0.01, -0.009/0.05)). (b) Other
bee richness in crop habitats declined with mass-flowering crop cover. (c) Non-bee richness was not related to mass-flowering crop cover.
Shaded areas represent the 95% Cl, dark grey shading indicates a significant relationship and dashed lines indicate a non-significant/marginal
interaction.
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and non-bee richness in crop habitats increased with non-crop hab-
itat cover. Other bee richness in crop habitats also increased with
non-crop habitat cover, but only when pan-trap data was excluded,
which could be because studies using pan-traps were conducted in
landscapes with a high proportion of non-crop habitats (>10% cover)
and the positive effects of non-crop habitat cover might saturate at
higher levels of non-crop habitat cover (i.e. species-area relation-
ships). Positive effects of non-crop habitats on wild pollinator rich-
ness were expected, as many species require resources for nesting
and larval development (e.g. litter, tree holes) that are provided by
non-crop habitats.

We did not detect positive relationships between mass-
flowering crop cover and wild pollinator abundance or richness
in non-crop habitats after crop bloom. This is in line with previ-
ous findings that suggest that the effect of mass-flowering crop
bloom is short-lived and that there is little spillover of wild polli-
nators from crop to non-crop habitats after crop bloom (Hanley
et al., 2011; Montero-Castafio et al., 2016). Studies that found
positive effects of mass-flowering crop cover after crop bloom
indicate that primarily pollinator species that are adapted to the
focal mass-flowering crop increase in the landscape after crop
bloom (e.g. long-tongued bumblebee species after legume bloom
or honeybees; Beyer et al., 2020; Riggi et al., 2021). Only six out
of 22 studies included data after crop bloom, which meant that
we had limited statistical power to analyse post-bloom effects. To
better understand the temporal effects of mass-flowering crops
on wild pollinator communities, we need more studies comparing
landscapes with and without focal crop during and after bloom.
The temporal effects of mass-flowering crop cover across sea-
sons would also be important to consider. For example, in land-
scapes with perennial flowering crops, such as orchards, which
were included in our study, mass-flowering crop cover effects in
the current season could be intertwined with legacy effects from
previous seasons.

This study provides insights on the seasonal effects of mass-
flowering crop cover on different pollinator groups. A major finding
is that increasing mass-flowering crop cover dilutes wild pollinator
abundance and richness in crop habitats, primarily early in the sea-
son. A notable exception is bumblebee abundance, which declined
with mass-flowering crop cover irrespective of season. Late in the
season, mass-flowering crop cover effects were mostly absent or
even positively related to the abundance of honeybees in crop hab-
itats and of other bees in non-crop habitats. The positive effects
of increasing late-season mass-flowering crop cover might be due
to increased flower availability at a time when flower resources
are scarce, leading to a concentration of mobile species in mass-
flowering crops and decreased competition in non-crop habitats.
Including different flowering crops as part of carefully designed di-
verse crop rotations or mixtures (e.g. intercropping, undersowing),
could provide resources at times of pollen and nectar shortages in
non-crop habitats and support wild pollinators in agricultural land-
scapes. Further studies are needed to understand which pollinator
traits (e.g. foraging range, specialisation and sociality) benefit from
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mass-flowering crop cultivation and whether late-season crops
can reduce resource competition in non-crop habitats (Guezen &
Forrest, 2021). To assess the role of mass-flowering crop cultivation
for pollinator conservation in agricultural landscapes, it is impera-
tive to disentangle transient pollinator distribution within season
(dilution and concentration effects) from population-level effects,
for example the reproductive supporting effect of mass-flowering
crop (Carvell et al., 2017). While mass-flowering crop cultivation is
unlikely to be sufficient for conserving pollinators alone, combined
with the preservation of permanent non-crop habitats with diverse
floral resources, it might provide valuable supplementary food re-
sources for crop-adapted pollinators, particularly late in the season
when alternative flower resources are limited.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.
Supplementary Material A. Overview of published and selected
papers.

Figure Al. Overview of published papers on mass-flowering crops
(MFC) and pollinators in Web of Science (N=157, search string:
TS=("flower* crop*" AND "pollin*" AND “landscape*”) in August
2021).

Figure A2. PRISMA flow diagram for literature review on mass-
flowering crops and pollinators densities and species richness in Web
of Science (string: ("flower* crop*" AND "pollin*" AND “landscape*”)
on 4 August 2021).

Table Al. Table of publications included (n=13, Figure S2) with
descriptive habitat information.

Supplementary Material B. Landscape and pollinator data.

Table B1. Pearson correlation values between SNH and mass-
flowering crop (%) cover for crop and non-crop habitats within and
across datasets (p-value).

Table B2. Mean (+SD) of species richness per transect or pan trap
within each pollinator group in non-crop and crop habitats within
each study.

Table B3. Mean (+SD) abundance of pollinator group per 100m?
transect or pan trap day in non-crop and crop habitats within each
study.

Supplementary Material C. Supplementary results and analyses.
Table C1. Anova results for wild pollinators abundance and richness
in A. Non-crop and B. Crop habitats in the transect dataset, including
honeybee (A. mel) abundance (scaled and centred within datasets) as
a covariate.

Figure C1. Model prediction (merged datasets) showing the positive
relationship between % non-crop habitat cover (centered, %) at
1-km and (a) bumblebee abundance (scaled and centred, z-scores) in
crop habitats. (b) Bumblebee richness (scaled and centred, z-scores)
in non-crop habitats. (c) Non-bee richness (scaled and centred, z-
scores) in crop habitats. Shaded area represent 95% Cl.

Figure C2. Model predictions (transect dataset, excluding pan-
traps) showing the results for the interaction between mass-
flowering crop cover (% MFC, centred) and season on (a) other

bee abundance (scaled and centred, z-scores) in crop habitats
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(Early (trend+SE=-0.03+0.006, Cl: -0.05/-0.02) and Late
(0.007+0.02, -0.03/0.04)) and in non-crop habitats (Early
(trend+SE=-0.002+0.007, Cl: -0.01/0.01) and Late (0.03+0.01,
-0.004/0.07)). (b). Non-bee abundance (scaled and centred, z-scores)
in crop habitats (Early (trend+SE=-0.03+0.01, Cl: -0.05/-0.006)
and Late (0.02+0.008, 0.005/0.03)). Shaded areas represent 95%
confidence interval (Cl), shading indicate a significant relationship,
and no shading indicate a non-significant/marginal interaction.
Table C2. Models summary results for A. non-crop and B. crop
habitats for other bees and non-bees in transect datasets only. Table
includes estimates (est), standard errors (SE) and p-values (p).
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