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Abstract
1.	 Mass-flowering crops have the potential to benefit pollinator conservation while 

still contributing to agricultural production, but their effects on pollinators can be 
variable and remain uncertain. Lupin could be particularly suitable for pollinator 
conservation because it is a late-flowering legume crop, but its effects on pollina-
tors have never been investigated.

2.	 We tested the intra- and interannual effects of lupin cultivation on wild bees in 
landscapes with no history of lupin cultivation. To do this, we surveyed bees in 
semi-natural habitats before, during, and after lupin bloom and in the following 
year in landscapes with and without the experimental addition of 1 ha of lupin 
(Lupinus albus or Lupinus angustifolius). We also surveyed bees within lupin fields 
during bloom to understand which species use lupin floral resources.

3.	 We found positive effects of lupin cultivation on the abundance of bumblebees in 
the wider landscape after lupin bloom, likely due to increased bumblebee colony 
growth. However, this was only the case for the three common species that used 
lupin floral resources. In addition, this effect did not carry over into the following 
year.

4.	 Some large-bodied solitary bees, namely, Megachile spp., also utilized lupin floral 
resources but were not numerous enough in the surrounding landscape to deter-
mine an effect. This could be due to a general lack of large-flowered leguminous 
floral resources in agricultural landscapes.

5.	 Synthesis and applications. Our results indicate that lupin can potentially support 
the few common, abundant bee species that preferentially visit it. However, to 
effectively support the entire bee community, conservation management should 
focus on improving the quality of existing semi-natural habitats by increasing flo-
ral availability and diversity, possibly of Fabaceae floral resources in particular.
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1  |  INTRODUC TION

Decades of agricultural transformation to maximize crop production 
has created monoculture-dominated landscapes relatively barren of 
natural habitats (Robinson & Sutherland, 2002). Such landscape sim-
plification drives declines in pollinator biodiversity (Wagner, 2020), a 
species group that contributes to the production of three-fourths of 
the leading global food crops (Klein et al., 2007). To curb this decline, 
agricultural policies have introduced conservation measures that 
aim to diversify and extensify agroecosystems (Batáry et al., 2015). 
Creation of flowering habitats has been shown to benefit pollina-
tors (Lowe et  al.,  2021), but these biodiversity-friendly measures 
typically cover very small proportions of the landscape (Baude 
et al., 2016), and tend to be less implemented by intensive producers 
(Klebl et al., 2023). Despite conservation efforts, pollinators are still 
in decline (Powney et al., 2019), which suggests that flowering habi-
tats need to be implemented on a much larger scale. Mass-flowering 
crops offer the possibility of large-scale floral enhancement while 
still contributing to agricultural production, which may be a more 
attractive option to farmers. However, if these crops can reliably 
contribute to pollinator conservation, and therefore should be in-
corporated into biodiversity measures, remains less certain.

A recent synthesis of the effects of mass-flowering crops on pol-
linators revealed effects that varied with season, blooming period, 
species group, and habitat type, but suggested that late-flowering 
crops have the largest potential to support pollinator populations 
(Riggi et al., 2023). These inconsistent relationships between mass-
flowering crops and pollinator abundances could be because rel-
atively few studies have considered post-bloom and across-year 
effects on pollinators in the wider landscape (Riggi et  al.,  2023), 
despite these being the key periods for assessing changes in polli-
nator populations. Typically, the biodiversity benefits of conserva-
tion measures are most effectively evaluated using a before-after 
control-impact design (Kleijn et al., 2006), but this approach is very 
difficult to apply to mass-flowering crop research due to the lega-
cies of crop rotations. To better understand the potential for mass-
flowering crops to be used as conservation measures, the intra- and 
interannual responses of pollinators should be monitored in relation 
to the introduction of a mass-flowering crop. Furthermore, these 
relationships should be examined for both local densities and pre-
dicted landscape-level population sizes, since these responses are 
meaningful to conservation outcomes (Kleijn et al., 2018).

One late-flowering crop that could be particularly suitable for 
biodiversity measures is lupin (Lupinus spp.), a leguminous plant that 
is known to have been utilized by rare and declining bee species in 
the past (Kleijn & Raemakers, 2008). Four species of lupin (Lupinus 
albus, Lupinus angustifolius, Lupinus luteus and Lupinus mutabilis) are 
commercially grown for food and fodder globally (Lucas et al., 2015). 
However, agricultural specialization and intensification have greatly 
reduced the cultivation of leguminous crops (Zander et  al.,  2016), 
which likely has contributed to the disproportionate decline of bee 
species that preferentially forage on leguminous plants (Scheper 
et al., 2014) and indicates that cultivating these crops might benefit 

bee conservation. In contrast to more abundant spring-flowering 
crops like oilseed rape, lupin blooms in mid-to-late summer, which 
provides floral resources during a relative dearth period in agricul-
tural landscapes (Bishop, Fijen, et al., 2024; Timberlake et al., 2019). 
Lupin is visited by bees for its pollen (Fijen et al., 2021), which bees 
use primarily as provision for their brood, but it does not produce 
nectar (Fijen et al., 2021), so possible benefits to bee reproduction 
are uncertain. Lupin has a high protein content similar to soy (Bähr 
et al., 2014), and the demand for plant protein is rapidly increasing 
(Committee on Agriculture and Rural Development, 2023), so it may 
be attractive as a crop for plant protein production. Legumes are 
incorporated into the greening measures under the EU Common 
Agricultural Policy, but they are perceived to have limited benefits 
to biodiversity (Pe'er et al., 2017). However, these benefits may be 
underestimated due to the mass-flowering resources that grain and 
pulse legumes provide to bees (Cole et al., 2020). Understanding if 
lupin can benefit bee conservation would contribute to determining 
the suitability of mass-flowering crops, and of leguminous crops in 
particular, as biodiversity conservation measures with both farm and 
ecosystem benefits.

Here we tested the landscape-scale effects of lupin cultivation 
on wild bees to understand the potential of lupin as a tool for bee 
conservation in agroecosystems, which is currently unknown. We 
surveyed bees in landscapes with and without the experimental 
addition of lupin cultivation at four different time points to mea-
sure intra- and interannual effects: before, during, and after lupin 
bloom; and in the late spring of the following year. We also surveyed 
bees inside of lupin fields during lupin bloom to understand which 
species utilize lupin floral resources and therefore which species 
can be expected to benefit from lupin as a biodiversity measure. 
Finally, we determined how possible effects of lupin on local bee 
densities translate into landscape-scale differences by extrapolating 
densities to total pollinator community sizes, which although rep-
resenting a fundamental measure of effectiveness of conservation 
efforts, has not been previously examined in mass-flowering crop 
research. We hypothesized that densities of bees that use lupin 
resources are greater after lupin bloom and in the following year 
in lupin landscapes than in control landscapes due to the positive 
impacts of pollen availability on reproduction. We furthermore ex-
pected that these effects are more pronounced when extrapolating 
to landscape-level bee community sizes.

2  |  MATERIAL S AND METHODS

The study was conducted in south Limburg, the Netherlands 
(Figure 1), an agricultural area characterized by mixed arable and 
dairy farming and by generally little cultivation of mass-flowering 
crops, aside from a small proportion of fruit orchards. We studied 
13 organically or extensively managed lupin (L. angustifolius n = 5 
and L. albus n = 8; 1.08 ± 0.55 ha, mean ± SD) fields to test the ef-
fects of the addition of lupin floral resources on wild bees in the 
surrounding landscape. Lupin was cultivated from 2021 to 2023, 
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    |  3BISHOP et al.

with a varying number of fields in each year (2021 n = 3, 2022 
n = 7, 2023 n = 3), but landscapes had no history of lupin cultiva-
tion prior to 2021, with the exception of one field. Because lupin 
cannot be cultivated successively on the same field, locations of 
fields vary across years even if cultivated by the same farmer. For 
each landscape with lupin cultivation, a control landscape was 
selected centred on an organically or extensively managed grain 
field to represent a typical and similar landscape without the ex-
perimental addition of lupin. Control landscapes were selected to 
have approximately equal coverage of surrounding semi-natural 
habitat (Netherlands National Land Use; Hazeu et  al.,  2020) as 
lupin landscapes (control 7.66 ± 8.30%, lupin 7.52 ± 8.06%; 500 m 
radius) to ensure similar landscape contexts. All fields sampled in 
the same year were minimum 1 km apart, but on average inter-site 
distances were larger (2.1 ± 1.2 km including distances between 
sites of the same treatment, and 3.8 ± 3.2 km between sites of 
different treatments). The average foraging distances of the larg-
est bees in our study (bumblebees) are typically 500 m, but maxi-
mum foraging ranges exceed this distance (Redhead et al., 2016). 
Greater inter-site distances were not possible due to the selec-
tion of lupin-growing locations by the participating farmers, but 
we tested for possible spatial independence issues in our models 
(see Section 2.2).

2.1  |  Surveys

Standardized transects (Westphal et al., 2008) were conducted by 
1–2 observers before, during, and after the bloom of lupin (May–
August), and in the spring following lupin cultivation (May) to deter-
mine baseline bee densities within landscapes and the effect of lupin 
cultivation thereafter. There were on average 4 weeks between each 

sampling period within the same year (27.7 ± 11.7 days, mean ± SD). 
We only performed one survey in the year after lupin cultivation 
due to the likelihood of within-year resource dynamics having a 
large effect on observed bee abundances later in the summer, and 
because crop rotation of lupin in the vicinity of some fields would 
confound possible interannual effects. In each survey round, four 
150 m2 transects were selected in accessible flower-rich pollinator 
habitats in the landscapes surrounding focal fields. Where possible, 
an effort was made to equally distribute transects 0–500 m from the 
field. Selected habitats were most often roadside verges, but some-
times included extensive grasslands or mass-flowering resources 
such as wildflower strips or radish (Raphanus sativus) cover crops to 
ensure that the most attractive floral patches were covered by our 
surveys. Transects were 150 × 1 m, but dimensions were allowed to 
vary to accommodate the size of habitat patches shorter than 150 m 
in length. On dry days with ≥12°C, low winds and low cloud cover, 
transects were surveyed for 15 min excluding catching and handling 
time, and all bees encountered were recorded or collected with an 
insect net for later identification (total survey effort 2400 m2 and 4 h 
per landscape). Bombus terrestris and Bombus lucorum queens and 
workers were grouped into one complex (B. terrestris agg.) as they 
cannot be separated without molecular techniques in our study area 
(Alferink et  al.,  2020). Floral resources were also recorded within 
the transect area by identifying all forbs in flower to species using 
ObsIdentify and relevant keys (Streeter & Hart-Davies,  2016) and 
by counting all individual flowers (or heads for Asteraceae) for each 
species. Flower counts were multiplied by an average flower area for 
each species, which was then summed across species and divided by 
the transect area to calculate the percentage flower cover (Scheper 
et al., 2015). No permits or ethical approval were required for the 
surveys in this study.

Transects were additionally carried out within lupin fields to 
identify the species utilizing lupin as a resource and their relative 
abundances. Four transects of 75 m2 were placed at equal intervals 
between field edge and centre and were surveyed for 7.5 min ex-
cluding catching and handling time twice during the blooming period 
(total survey effort of 600 m2 and 1 h per field). All bees visiting lupin 
flowers were recorded or collected for later identification.

2.2  |  Analyses

First, we split our bee observations into three groups according to 
their observed interaction with lupin floral resources. In our surveys 
within lupin fields, three bumblebee species constituted 68% of all 
bee visitors of lupin flowers: Bombus lapidarius, B. terrestris agg., and 
Bombus pascuorum (see Table S1). Other bumblebees were not ob-
served (except one single Bombus hortorum in 13 h of surveys, so we 
did not consider this species as lupin-visiting), and solitary bees made 
up 7% of observations. The remaining percentage was Apis mellifera, 
which are managed and so are not analysed here. We assumed that 
lupin would have the largest potential effect on lupin-visiting bum-
blebees, since bumblebees grow their colonies within one season, 

F I G U R E  1  Map of study fields. Purple symbols indicate lupin 
fields and yellow control. Fields in close proximity are marked with 
indicator lines and were not sampled in the same year.
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4  |    BISHOP et al.

while solitary bees are more likely to be affected by across-year 
resource dynamics (Roulston & Goodell, 2011). We did not further 
separate solitary bees into lupin-visiting and not lupin-visiting cate-
gories because the most frequent visitors to lupin, Megachile willugh-
biella and Megachile ericetorum (77% of solitary bee visitors), were 
seldom observed in the wider landscape in any survey round, which 
prevented sufficient counts for a separate analysis. Accordingly, we 
analysed the effect of lupin cultivation on the summed abundances 
of lupin-visiting bumblebees, other bumblebees, and solitary bees 
separately.

All analyses were conducted in R version 4.1.2 (R Core 
Team, 2021). We constructed a linear mixed model for each bee 
group using the glmmTMB package (Brooks et al., 2017) to esti-
mate the effect of lupin cultivation on landscape bee densities 
before, during, and after bloom. We analysed bee densities re-
corded in the spring following lupin cultivation separately with 
linear models because these observations were not independent 
of the within-year observations due to some overlapping land-
scapes across years, but we used the same general approach. In 
preliminary models using only data from lupin landscapes, we 
confirmed that lupin field size did not affect the density of bees 
in the landscape (p ≥ 0.2 for all models), and thus did not further 
consider this variable in our analyses. For each bee group, we 
used bee densities averaged across transects within sites as our 
response variable, because models constructed using transect-
level data were spatially autocorrelated and could not converge 
with the inclusion of a spatial correlation structure. Bee densities 
were square root transformed to achieve residual normality. We 
tested the interaction between treatment (lupin or control) and 
round to answer our main research question. For following year 
models, there was only one survey round, so only treatment was 
included. We included average transect flower cover, average 
transect flower richness, landscape semi-natural habitat (%), al-
ternative (i.e. non-lupin) landscape mass-flowering resources (%) 
(Nationaal Georegister,  2024), and year as covariates to control 
for other possible influences on bee densities. All continuous fixed 
effects were centred and scaled (z-scores) to standardize beta co-
efficients. For within-year models, the site was used as a random 
effect to account for repetition across sampling rounds. For final 
model structures, see Table S2.

We inspected residual plots and ensured that model assump-
tions were met, including the absence of VIFs >3 and unmod-
elled interactions, using the DHARMa (Hartig & Lohse,  2022), 
effects (Fox & Weisberg, 2018, 2019) and performance (Lüdecke 
et al., 2021) packages. We also checked for spatial autocorrelation 
in our models using the DHARMa package, because bees flying 
>500 m from study sites could have introduced non-independence 
between sites, which would have influenced the comparison of 
lupin and control landscapes in our models. There was no signif-
icant spatial autocorrelation present in our residuals, indicating 
that our observations can be considered spatially independent. 
The landscape mass-flowering resource variable was dropped 
from all following year models because it produced VIFs >4 due 

to correlation with flower cover. For the solitary bee model, we 
excluded a single outlier transect because the extreme number of 
bees recorded there could not readily be explained by our mea-
sured environmental parameters (Figure S1). We evaluated model 
fixed effects using log-likelihood ratio tests, but tested our main 
hypothesis, that lupin cultivation increases bee densities after 
bloom, through a priori contrasts between treatments in each 
round using the emmeans package (Lenth et al., 2024). We applied 
this method to all models because a priori contrasts do not require 
a significant ANOVA test (Quinn & Keough, 2002), and we did not 
adjust p-values because the contrasts were planned and orthogo-
nal (Lenth, 2024; Quinn & Keough, 2002).

To estimate how possible effects of lupin cultivation on bee 
densities at the transect level translate into changes in landscape-
scale community sizes, we extrapolated our modelled bee densi-
ties by multiplying them by the area of semi-natural habitat in the 
landscape (Kleijn et  al.,  2018; Persson & Smith, 2013), assuming 
a linear abundance–area relationship (Taki et al., 2018). First, we 
iteratively predicted bee densities in each treatment-round com-
bination across the entire range of semi-natural habitat cover-
age observed in our study (1% increments up to 25%). Then we 
multiplied the density per m2 (predicted density/150) by the re-
spective coverage of semi-natural habitat (% semi-natural hab-
itat/100 × π × 5002) to calculate landscape-level bee abundance 
under varying landscape contexts. This allowed us to visualize the 
effect of lupin cultivation on bee populations while accounting for 
the influence of the local and landscape variables included in our 
models.

Plots were constructed using the ggplot2 (Wickham, 2009), vir-
idis (Garnier et al., 2023), ggeffects (Lüdecke, 2018) and gridExtra 
(Auguie & Antonov, 2017) packages.

3  |  RESULTS

Across the 4 years of the study, 5563 wild bees from 111 species 
were recorded (Table  S3), and 14 of these species were observed 
to visit lupin (Table S1). Within lupin fields, B. terrestris agg. (n = 382) 
and B. lapidarius (n = 382) were the most commonly observed bum-
blebees, while M. willughbiella (n = 50) and M. ericetorum (n = 17) were 
the most commonly observed solitary bees. In semi-natural habitats 
in the surrounding landscape, the most common lupin-visiting bum-
blebees were B. pascuorum (n = 825) and B. lapidarius (n = 712), and 
the most common other bumblebees were B. hortorum (n = 129) 
and Bombus pratorum (n = 62). Lasioglossum pauxillum (n = 338) and 
Halictus scabiosae (n = 181) were the most common solitary bees. 
Flower species encountered are presented in Table S4.

3.1  |  Intra-annual effects

In the wider landscape, lupin-visiting bumblebee densities were 
significantly higher in lupin landscapes after bloom (Figure  2a; 
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    |  5BISHOP et al.

Table S6), but did not differ between lupin and control landscapes 
before or during bloom. In addition, lupin-visiting bumblebee 

densities were significantly predicted by transect flower cover 
(Table S5; Chisq = 8.117, df = 1, p = 0.004), but not by other local and 
landscape habitat variables.

Other bumblebee and solitary bee densities did not signifi-
cantly differ between treatments in any survey round, or overall 
(Tables S7–S10; Figure 2b,c). Other bumblebee densities were not 
significantly related to any local or landscape habitat variable, but 
solitary bee densities were significantly positively predicted by both 
transect flower cover and richness (Table S9; Chisq = 5.494, df = 1, 
p = 0.019; Chisq = 6.177, df = 1, p = 0.013).

The differences in transect-level densities of lupin-visiting bum-
blebees between lupin and control landscapes after lupin bloom 
resulted in large differences in bumblebee abundances at the land-
scape scale (Figure 3). For example, in landscapes with an average 
cover of semi-natural habitat (7%), landscapes with lupin cultivation 
were predicted to support 1339 more bumblebees than control 
landscapes after lupin bloom. These differences were not present 
for other bumblebees or solitary bees (Figures S1 and S2).

3.2  |  Interannual effects

In the spring following lupin cultivation, there were no significant 
differences between control and lupin landscapes in the densities 
of lupin-visiting bumblebees or solitary bees (Tables S11–S13), but 
other bumblebee densities in lupin landscapes were marginally 
higher than those in control landscapes (Table  S12; Chisq = 2.774, 
df = 1, p = 0.096). Lupin-visiting bumblebee densities were signifi-
cantly predicted by flower cover (Table S11; Chisq = 23.619, df = 1, 
p < 0.001), while other bumblebee densities were significantly re-
lated to flower richness (Table S12; Chisq = 5.759, df = 1, p = 0.016). 
Solitary bee densities were marginally related to landscape semi-
natural habitat cover (Table S13; Chisq = 3.662, df = 1, p = 0.056).

4  |  DISCUSSION

Our results suggest that lupin can possibly benefit bee populations, 
but these effects are limited to the subset of the bee community 
that preferentially visits it. In our study area, this subset primarily 
comprised three common bumblebee species that are not directly 
of conservation concern. Lupin likely supported colony growth and 
reproduction for these species by providing resources during a key 
period. However, these effects were not detected in the year follow-
ing lupin cultivation. Lupin may also benefit solitary bees that prefer 
to forage on large Fabaceae, but the low counts of these species 
in the wider landscape prevented us from testing this empirically, 
which could indicate that these floral resources might be lacking in 
agricultural areas. Though the cultivation of legume crops like lupin 
can provide abundant floral resources to certain bee species, con-
servation strategies should instead emphasize measures to increase 
the quality of semi-natural habitats in agricultural landscapes to sup-
port the entire bee community.

F I G U R E  2  Estimate marginal mean ± 95% CI abundance of (a) 
lupin-visiting bumblebees, (b) other bumblebees, and (c) solitary 
bees in semi-natural habitats before, during, and after lupin bloom 
(back transformed from the square root scale). C, control; L, lupin. 
Abundances expressed per 150 m2 per 15 min. Points represent 
partial residuals.
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6  |    BISHOP et al.

4.1  |  Intra- and interannual effects of lupin on 
bumblebees

After bloom, lupin supported greater landscape bumblebee densi-
ties and in turn community sizes for lupin-visiting bumblebees, sug-
gesting that mass-flowering crops can benefit the conservation of 
pollinators that preferentially visit them. These bumblebee species 
were likely able to take advantage of the lupin floral resources be-
cause they are abundant, common species that are likely relatively 
well adapted to resource perturbations in agricultural landscapes 
(Hemberger et al., 2023). During our study, lupin typically bloomed 
from mid-June to early July, which is a low point in floral resource 
availability due to agricultural and land management in the study area 
(Bishop, Fijen, et al., 2024), as well as likely the approximate peak egg-
laying period for these common bumblebee species (Cumber, 1949; 
Duchateau & Velthuis, 1988). Lupin increased the continuity of floral 
resource availability in these landscapes, which has been shown to 
improve bumblebee colony performance (Hemberger et al., 2022). 
The increase in lupin-visiting bumblebee abundance in lupin land-
scapes after bloom can thus likely be explained by the use of lupin 
pollen resources by these species to rear brood, resulting in larger 
bumblebee community sizes in the landscape later in the season.

The differences in landscape-level bumblebee abundance shown 
in our extrapolations suggest that the addition of lupin resources 
supports larger bumblebee colonies, which can increase colony 
reproductive output (production of queens and males) (Westphal 
et  al.,  2009). Our extrapolations assumed no limitation of lupin 

resources with increasing landscape complexity, which in theory 
might be the case if more complex landscapes had greater resident 
bumblebee communities (Persson & Smith, 2013). Nesting resources 
could also possibly limit bumblebee communities, but nesting den-
sity likely linearly increases with landscape complexity (Stanley 
et al., 2013). There was no effect of lupin field size on bumblebee 
densities, so the amount of lupin available was likely not limiting. 
Previous research has shown that late-flowering red clover crops 
can increase densities of bumblebee queens and males in agricultural 
landscapes (Rundlöf et  al.,  2014) but that early-flowering oilseed 
rape does not enhance bumblebee colony reproduction (Westphal 
et al., 2009). Since our results imply that bumblebee colony size was 
enhanced late in the season (July–August), it is possible that lupin 
contributed to increased bumblebee reproduction.

However, we did not observe this possible positive effect on re-
production in the spring following lupin cultivation. It may be dif-
ficult to detect a legacy effect of mass-flowering crops after only 
1 year due to the many ways that land use and habitat quality in-
fluence queen production, overwintering survival, and spring nest 
establishment (Carvell et al., 2017) because these processes could 
have diminished any effect of lupin from the previous year. While it 
was a strength of the study that there was no history of lupin cul-
tivation in our study area, which allowed the implementation of a 
before-after control-impact design, multi-year legacies may be bet-
ter suited to detecting effects of past mass-flowering crops due to 
the gradual buildup of populations across years (Beyer et al., 2021). 
Furthermore, the springtime abundances of B. pascuorum were 

F I G U R E  3  The effect of lupin cultivation on landscape-scale lupin-visiting bumblebee abundance across different landscape contexts 
before, during, and after lupin bloom. Back-transformed bee abundances and 95% CIs are extrapolated from transect densities to the 
landscape scale.
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relatively higher than those of B. terrestis agg. and B. lapidarius 
(n = 150, 67 and 36, respectively). The densities of this species in 
lupin fields were relatively lower than those of the two other species 
(Table S1), so this relatively lower potential for benefiting from lupin 
might have obscured any effect on bumblebee densities in the fol-
lowing year. These differences can likely be explained by the differ-
ential foraging behaviours of these three species (Walther-Hellwig 
& Frankl, 2000).

4.2  |  Fabaceae resources and the 
conservation of the entire bee community

Some solitary bee species did visit lupin, and M. willughbiella and M. 
ericetorum visited lupin in particularly high numbers, suggesting that 
these species might also benefit from lupin cultivation. Despite these 
bees being attracted to lupin from the surrounding landscape, they 
were not frequently detected in the landscape semi-natural habitat 
patches themselves, which limited our ability to analyse the effect of 
lupin on solitary bees. Bees that preferentially forage on Fabaceae 
were found to have declined in the Netherlands during the past cen-
tury (Scheper et  al.,  2014), likely due to the loss of Fabaceae-rich 
grassland habitats and the decrease in cultivation of Fabaceae for 
fodder (Scheper et al., 2014). The low presence of these Megachile 
species outside of lupin fields could thus indicate that landscapes in 
general lack leguminous forage, in which case the addition of lupin 
could greatly benefit bees that prefer large-flowered Fabaceae spe-
cies. The other solitary bees observed on lupin were far fewer in 
number, despite being relatively common bees in the wider land-
scape, which is likely because their smaller size prevents them 
from being able to trip the flowers enough to collect pollen (Fijen 
et al., 2021). Other large, but rare, solitary bees might also benefit 
from lupin cultivation, as one Anthophora retusa individual was ob-
served collecting pollen in a lupin field (although outside of the study 
transects) (Bishop,  2023). Even though our results do not provide 
evidence for the effect of lupin cultivation on solitary bees, we can-
not rule out a possible effect on species that seem to preferentially 
visit it, like M. willughbiella and M. ericetorum.

Other bumblebee species were not affected by lupin cultivation 
but were affected by alternative floral resources in the surrounding 
landscape. The marginal difference in other bumblebee densities 
across treatments in the spring following lupin cultivation seemed to 
be due to flower species composition in the survey areas. Landscapes 
with lupin cultivation had slightly higher cover of Lamium spp. and 
Trifolium spp. in surveyed transects (total 3.71% and 1.94% in lupin 
landscapes, and 3.13% and 1.45% in control landscapes, respec-
tively), which are among the preferred plants of the most common 
non-lupin-visiting bumblebees observed in this sampling round, B. 
hortorum and B. pratorum (Kleijn & Raemakers, 2008). These obser-
vations highlight the importance of Lamium spp. for bumblebees in 
springtime (Fussell & Corbet, 1992), and might additionally suggest 
that Trifolium spp. should be prioritized in biodiversity-friendly agri-
cultural measures (Cole et al., 2022).

Because lupin primarily supported only three common bum-
blebee species, our results emphasize the need for high-quality 
semi-natural habitat patches in agricultural landscapes to maintain 
pollinator populations, which aligns with the recommendations of 
previous mass-flowering crop research (Beyer et al., 2020). The ma-
jority of the species observed in the wider landscape did not visit 
lupin (88%), meaning they rely principally on resources in semi-
natural habitats or other biodiversity-friendly agricultural areas. In 
addition, we found positive effects of flower richness on non-lupin-
visiting bee groups, indicating that habitat quality determined the 
suitability of these habitat patches to support bees. While our mea-
surements focused on floral resources, nesting resources also con-
tribute to habitat quality and thus suitability for bees, and should 
therefore also be incorporated into conservation actions. Since 
mass-flowering crops cannot benefit the majority of the bee com-
munity, and since arable fields cannot provide stable nesting hab-
itats for bees, conservation should likely be focused on measures 
that increase the quality of semi-natural habitats and their resource 
continuity, ideally by targeting large permanent herbaceous habitats 
such as pastures (Baude et al., 2016; Bishop, Fijen, et al., 2024), as 
opposed to arable crops.

4.3  |  Management recommendations

Our study suggests that lupin could positively impact common, 
crop-visiting bumblebee species when used as a crop diversification 
measure. As a late-flowering Fabaceae crop, lupin has the potential 
to be more beneficial to bees compared with other mass-flowering 
crops, because it possibly fills an existing resource gap in time and 
in preferred forage. This potential for positive biodiversity impacts 
would likely be enhanced when combined with a diversity of flow-
ering crops (Martins et  al.,  2018). However, policies that support 
the enhancement of semi-natural habitats should likely be further 
incentivized to improve their uptake, so that the majority of the bee 
community that does not visit crops can be supported. While a wide 
diversity of floral species should be enhanced, increasing the cover 
and richness of Fabaceae floral resources in semi-natural habitats 
might be particularly beneficial, since these species are relatively 
lacking in agricultural areas. Small-flowered species such as clovers 
(Trifolium spp.) and lucerne (Medicago sativa) are already regularly in-
corporated into conservation strategies, but large-flowered species, 
such as Lathyrus spp., Vicia spp., and Lotus spp. could be further pro-
moted (Carvell et al., 2006). In conclusion, diversification at the field 
scale can still likely improve the overall functionality of agricultural 
landscapes, but diversification measures need to encompass both 
production and non-production areas to achieve landscape-scale 
support of biodiversity.
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