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Abstract
1.	 Bumblebees are important pollinators for a wide range of crops and wild plants. 
Performance of their colonies depends on pollen and nectar as food resources, 
but flowering plants are scarce in modern agricultural landscapes. It is well-known 
that semi-natural habitats can enhance floral resources and bumblebee abun-
dance, but the impact of different crop types and their heterogeneity at the land-
scape scale remains unclear.

2.	 We tested the effect of two different crop types (oilseed rape [OSR] and maize) 
and of configurational (field border density) and compositional heterogeneity 
(crop diversity) on weight gain of buff-tailed bumblebee colonies (Bombus ter-
restris) and the pollen diversity collected by them in 20 landscapes in Central 
Germany.

3.	 We found that augmenting maize cover had a detrimental effect on pollen diver-
sity collected by bumblebees, probably due to intensive management resulting in 
low plant diversity. This low pollen diversity translated into reduced colony 
growth, since colonies with high pollen diversity gained more weight than colo-
nies with low pollen diversity.

4.	 In contrast, OSR cover and configurational and compositional heterogeneity did 
neither affect colony growth nor pollen diversity. However, for OSR, the timing of 
the flowering period was important. When OSR fields had a high flower cover at 
the end of the OSR blooming period, colonies showed increased growth rates.

5.	 Synthesis and applications. Our results complement previous laboratory studies by 
showing that high pollen diversity leads to better colony performance under field 
conditions. Therefore, the maintenance of floral diversity in agricultural land-
scapes is crucial to ensure that bumblebees can fulfil their nutritional needs. 
However, the heterogeneity of crops, at least under the currently very low levels 
of crop rotation, does not contribute to this aim. In contrast, crop identity and tim-
ing of mass-flowering crops turned out to be important factors, as maize reduced 
pollen resources, while late blooming oilseed rape (OSR) was beneficial to bum-
blebee colonies. Hence, maize cover per landscape should be reduced and strate-
gies to enhance landscape wide flower diversity, especially towards and after the 
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1  | INTRODUC TION

The production of many crop types depends on pollinators, with 
wild species being especially important and contributing to stable 
food production (Gallai, Salles, Settele, & Vaissière, 2009; Garibaldi 
et al., 2013). Bumblebees are one important group of pollinators 
increasing yields of a wide range of crops, for example, apples, 
strawberries, tomatoes, and oilseed rape (OSR) (Bommarco, Marini, 
& Vaissiere, 2012; Velthuis & van Doorn, 2006). However, severe 
declines of pollinators have been observed during the last decades 
(Potts et al., 2010) including many bumblebee species (Goulson, Lye, 
& Darvill, 2007). The drivers include habitat loss and fragmentation 
as well as the application of agrochemicals like insecticides and her-
bicides, which have led to a dramatic reduction in floral resources 
in modern agricultural landscapes (Goulson et al., 2007; Robinson & 
Sutherland, 2002). Therefore, reducing hostility of agroecosystems 
is a major goal of pollinator conservation and ecological intensifi-
cation to safeguard pollination services in agricultural landscapes 
(IPBES, 2016; Kovács-Hostyánszki et al., 2017).

Sufficient food resources are one important requirement for 
stable pollinator populations and bees feed exclusively on floral 
resources including nectar and pollen (Vaudo, Tooker, Grozinger, & 
Patch, 2015). Nectar provides mainly carbohydrates giving energy 
for foraging flights, whereas pollen contains proteins, lipids, and mi-
cronutrients that are essential for reproduction and larvae develop-
ment (Roulston & Cane, 2000; Vaudo et al., 2015). Nutrient content 
of pollen differs between plant species (Roulston & Cane, 2000), 
and therefore, the availability of high floral resource diversity in 
the landscape is expected to be essential for the persistence of bee 
populations (Donkersley et al., 2017; Vaudo et al., 2015). As bum-
blebees can discriminate between different protein concentrations 
by using chemo-tactile cues (Ruedenauer, Spaethe, & Leonhardt, 
2015), they optimize nutrient intake by visiting plant species to ob-
tain certain protein to lipid ratios (Vaudo, Patch, Mortensen, Tooker, 
& Grozinger, 2016). Additionally, experimental studies have shown 
that bees probably reduce the negative effects of unfavourable 
pollen types (with low nutrient content or toxic secondary plant 
chemicals) by mixing them with high quality pollen (Bukovinszky 
et al., 2017; Eckhardt, Haider, Dorn, & Müller, 2014). Furthermore, 
bumblebee larvae grow larger when fed with pollen mixes compared 
to single pollen diets (Tasei & Aupinel, 2008), indicating the crucial 
importance of the availability of floral resource diversity.

There is ample evidence that increased floral cover and diversity 
enhance bumblebee abundance (reviewed in Winfree, Bartomeus, 

& Cariveau, 2011). The few studies that investigated the effects of 
landscape-wide floral resources on bumblebee colony performance 
come to similar conclusions. Colonies in flower-rich suburban sites 
gained more weight compared to colonies in farmland (Goulson, 
Hughes, Derwent, & Stout, 2002), and especially early season 
resources are important for colony growth (Westphal, Steffan-
Dewenter, & Tscharntke, 2009; Williams, Regetz, & Kremen, 2011). 
However, field studies investigating whether higher pollen diversity 
collected by bumblebees leads to improved colony performance 
are rare and did not confirm the positive effects of pollen diversity  
indicated by laboratory results (Kämper et al., 2016).

In agricultural landscapes, the high diversity of flowering plant 
species growing in semi-natural habitats can improve the nu-
tritional value of pollen collected by bees (Donkersley, Rhodes, 
Pickup, Jones, & Wilson, 2014). Additionally, mass-flowering crops 
like OSR provide ample resources of pollen and nectar for a short 
time period and can therefore also enhance pollinator abundance, 
colony growth, and brood cell production (Holzschuh, Dormann, 
Tscharntke, & Steffan-Dewenter, 2012; Westphal et al., 2009). Wind 
pollinated crops like maize can be an important pollen resource for 
honeybees (Danner, Härtel, & Steffan-Dewenter, 2014), but wild 
bees have, to our knowledge, never been reported to collect maize 
pollen. In contrast, maize is associated with lower plant diversity 
than other crops inside the field and also in the adjacent boundary 
vegetation (Fagúndez, Olea, Tejedo, Mateo-Tomás, & Gómez, 2016; 
Kleijn & Verbeek, 2000), which might lead to reduced availability 
of pollen types in landscapes with high maize cover. However, the 
role of different crop types on wild pollinators remains unexplored 
and crops are usually considered as a homogeneous “hostile matrix” 
(Fahrig et al., 2011).

In addition to the cover of certain crop types in the landscape, 
higher compositional heterogeneity (higher crop diversity) and 
higher configurational heterogeneity (smaller field size or higher field 
border density) of farmland might also be beneficial to pollinators 
(Fahrig et al., 2015). Increased configurational heterogeneity could 
lead to enhanced habitat connectivity for pollinators, as they use 
hedgerows, grassy field margins, and potentially even the visual con-
trast between adjoining crops for orientation (Cranmer, McCollin, & 
Ollerton, 2012; Happe et al., 2018; Hass, Kormann, et al., 2018; Van 
Geert, Van Rossum, & Triest, 2010). With increasing compositional 
heterogeneity, there might be more diverse resources available, as 
different crops usually have complementary weed communities 
(Hyvönen & Salonen, 2002) leading to higher pollen diversity avail-
ability in landscapes with high crop diversity. However, the effects 

end of oilseed rape bloom, should be promoted to support bumblebee colonies 
that provide important pollination services.
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of compositional and configurational heterogeneity could also be 
interactive because the enhanced resource availability of high crop 
diversity might only be accessible for pollinators if the landscape 
connectivity is increased by high-field border density.

Here we tested how two different crop types and the configura-
tional and compositional heterogeneity of the crop production area 
at the landscape scale affect the pollen diversity collected by the 
colonies of Bombus terrestris and their colony performance. We fo-
cused on two major crops: First, OSR due to the provision of ample 
floral resources during mass flowering that affect wild bees at the 
local and landscape scale (Hanley et al., 2011). Second, we selected 
maize, because it can impact biodiversity and ecosystem services neg-
atively (Landis, Gardiner, van der Werf, & Swinton, 2008; Sauerbrei, 
Ekschmitt, Wolters, & Gottschalk, 2014) and because its cultivation 
has increased by 47% from 2004 to 2017 in Germany (Destatis, 2017) 
due to high bioenergy demands. In particular, we assessed evidence 
with respect to the following hypotheses:

1.	 Maize cover deteriorates colony performance through reduced 
pollen diversity collected by workers.

2.	 OSR cover at the local and landscape scale improves colony per-
formance through greater pollen and nectar amounts collected by 
workers.

3.	 Farmland configurational heterogeneity increases colony perfor-
mance directly and through higher pollen diversity collected by 
workers because of higher landscape connectivity and better ac-
cess to diverse food resources. The positive effect of configura-
tional heterogeneity might only be evident if compositional 
heterogeneity is high.

4.	 Farmland compositional heterogeneity increases colony perfor-
mance through higher pollen diversity collected by workers, as 
more different crop types offer more diverse food resources. 
This effect might be only important if configuration is high, facili-
tating movement across landscapes.

2  | MATERIAL S AND METHODS

2.1 | Study sites and landscape variables

All field experiments took place in agricultural landscapes in the 
surrounding of the city of Göttingen, in the state Lower Saxony 
of Germany (Figure 1). The hilly region is characterized by mainly 
intensively managed agricultural fields with cereals, OSR, maize, 
and sugar beet being the most commonly grown crops. We se-
lected 20 1 × 1 km landscapes with uncorrelated gradients of 
compositional and configuration heterogeneity (see Supporting 
Information Table S1) and from here on we will refer to the 1 km 
grids as landscapes (see Supporting Information Appendix S1 for 
more details on landscape selection). The minimum distance be-
tween landscapes was 1.5 km between centre points. Although 
B. terrestris individuals can travel several kilometres, the mean 
foraging distance is 551 m and the resources close to the nest 
are most important (Redhead et al., 2016). Therefore, we assume 

that the 1 × 1 km grids represent a relevant spatial scale for this 
species.

During the field season, land use and crop types were mapped in 
detail for each of the selected landscapes. Furthermore, we mapped 
semi-natural area cover including linear and open patchy habitats. 
Based on these data, we calculated five landscape-scale variables for 
all 1 km² landscapes (Table 1, see Supporting Information Appendix 
S1 for more details on landscape variable calculation).

2.2 | Field experiment and laboratory analysis

We purchased 40 early stage B. terrestris colonies from a regional pro-
vider (STB Control, Germany). Each colony was delivered in a plastic 
box covered by cardboard. We placed the colonies in the grassy mar-
gins of the selected fields (one cereal and one OSR field per landscape) 
on 17–18 April 2014. As B. terrestris usually starts to produce workers 
at the end of March to mid-April (von Hagen & Aichhorn, 2014), we 
assume that wild colonies were also in the worker production phase 
at these dates. Additional sugar feeders were removed, and we pro-
tected all colonies against rain by small tents made of plastic sheets 
(Supporting Information Figure S1). At this time, OSR was already 
blooming due to an unusually warm and sunny spring. To measure the 
colony weight, the plastic box was taken out of the cardboard box and 
put on a field scale. Although colonies were weighed during the day, 
we assume that this was a good proxy for colony growth as Westphal 
et al. (2009) found a high correlation of daytime weight measurements 
and total brood cell production. Additionally, weighing times were ran-
domized across the landscape gradients. The first weighing took place 
during the colony placement in the field and all colonies had a similar 
initial weight (M ± SD: 634.83 ± 29.11 g). Afterwards, we conducted 
three subsequent measurements (8–9 May, 20–24 May, and 4–5 
June). After the last weighing round, we collected the colonies from the 
field sites. Most colonies had already died at this date, but if that was 
not the case, the remaining bumblebees were executed by freezing.

We collected pollen samples from the experimental colonies from 
13 to 21 May during warm and sunny weather conditions. Pollen sam-
ples were taken from the corbiculae of three workers of each colony. 
We closed the entrance hole of the colony and caught workers return-
ing with pollen loads. Pollen loads were removed with a clean forceps 
and stored in an Eppendorf tube. Afterwards, the bumblebees were 
released. We froze the pollen samples from individual bumblebee 
workers until further processing. While collecting pollen samples from 
colonies next to OSR fields, we estimated the flower cover of this ad-
jacent OSR field in percent cover (e.g., 30% of the whole field were 
covered by OSR flowers estimated from above). This was always done 
by the same person to reduce bias and gave an estimate of how many 
resources were provided by at least one field in the landscape (due to 
crop variety or microclimate) at this late stage of the OSR bloom at 
the end of May. Therefore, we named this variable “Late flower cover 
OSR”. From seven colonies, no pollen could be collected, because 
colonies were destroyed in the field by accidental mowing or died 
early for unknown reasons. These losses occurred randomly across 
the gradients of compositional and configurational heterogeneity as 
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well as across the gradients of OSR and maize cover in our dataset 
(Supporting Information Figure S2). These colonies were excluded re-
sulting in a final dataset of 33 colonies from 19 landscapes.

To prepare pollen samples for identification, we conducted a standard 
acetolysis method (Faegri & Iverson, 1989, see Supporting Information 
Appendix S1). For each sample, we counted and identified 500 pollen 

F IGURE  1 Location of (a) the study region in central Germany, (b) the 20 1 × 1 km landscapes in the surrounding of Göttingen, and (c) one 
example landscape. In each landscape, all crop types and field borders were mapped and one cereal and one oilseed rape field were selected 
for sampling where one Bombus terrestris colony was placed in the semi-natural field boundary vegetation
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grains. As some pollen (e.g. wind dispersed pollen grains) could have been 
found on the bumblebees randomly, without having been actively col-
lected, we excluded all pollen types that were counted less than five times 
in a sample.

2.3 | Data analysis

For each colony, we calculated maximum colony weight gain, which 
was the difference between the first weight during placement in 
the field and the highest measured weight during the field experi-
ment, which was usually the weight of the third round (20–24 May). 
However, four colonies reached their maximum weight already during 
the second round. For pollen diversity, we pooled pollen species data 
for the three samples per colony and then calculated the Shannon di-
versity index, based on the number of different pollen types found in 
the sample and their abundance. Maize, OSR, and semi-natural cover 
were logit transformed to achieve better model fit. All analyses were 
conducted with r (R Development Core Team, 2016).

To analyse the effects of landscape heterogeneity and differ-
ent crop types on pollen diversity collected by bumblebees and 
the cascading effects on colony weight gain, we used structural 
equation modelling. Piecewise structural equation modelling makes 
it possible to include random effects by allowing to combine dif-
ferent commonly used mixed effects models (package “piecewise-
SEM,” Lefcheck, 2016). First, we constructed a hypothetical model 
(Figure 2a). We expected that configurational and compositional 
heterogeneity as well as OSR and maize cover at the landscape 
scale would affect pollen diversity. As co-variates, we added ef-
fects of local crop type (cereal or OSR), late flower cover of OSR 
(see above), and semi-natural cover on pollen diversity. Additionally, 
we included a two-way interaction of configurational and compo-
sitional heterogeneity. For colony weight gain, we expected that 
it would be influenced directly by pollen diversity, configurational 
heterogeneity, and OSR cover as well as by local crop type, late 
flower cover OSR, and semi-natural cover. We did not include com-
positional heterogeneity and maize cover in this model, because the 
hypothesis was that these two variables affect colony growth only 

indirectly through pollen diversity. We are aware that there could 
be direct effects of certain crops due to specific pesticide applica-
tions. However, as data for pesticide applications in our landscapes 
were not available, we did not include these direct pathways. As 
modelling all these effects in one structural equation model was 
not possible (d-rule: the number of samples per path should be 
at least 5, Grace, Scheiner, & Schoolmaster, 2015), we first con-
structed two common linear mixed effects models with pollen di-
versity and colony weight gain as response variables including all 
effects mentioned above (package “nlme,” Pinheiro, Bates, DebRoy, 
& Sarkar, 2017). As random effects, we always included landscape 
comprising two sampled fields. Then, we used an automated step-
wise backwards selection process based on AIC (Akaike informa-
tion criterion) for both models until the best model was found. This 
simplification process resulted in the final SEM including six paths 
(Figure 2b), which is in line with the d-rule, as data from 33 colo-
nies were included in the model. These best models included paths 
of compositional and configurational heterogeneity as well as their 
interaction and maize cover to pollen diversity and paths of pollen 
diversity and late flower cover to colony weight gain. To check how 
our simplification method affected the results, we also fit all model 
subsets using the “dredge” function from “MuMIn” package (Barton, 
2018) and ran linear mixed effect models with all variables included 
in the models with ∆AICc <2. Then, we compared the estimates and 
p-values with those from the models of the stepwise reduction and 
the full models (including all variables without simplification). For 
all models, we checked homoscedasticity and normality of resid-
uals as well as collinearity of included variables by variance infla-
tion factors, because there were correlations between some of our 
variables (Supporting Information Table S1), but no problems were 
detected.

3  | RESULTS

The 33 colonies included in the analysis developed well with their 
maximum weight gain at the end of May (mean weight gain ± SD: 

TABLE  1 Variables and their measures used in the structural equation model

Variable Measure M SD Min Max

Landscape scale

Oilseed rape (OSR) cover Landscape crop cover (%) 15.30 9.75 4.41 41.12

Maize cover Landscape crop cover (%) 8.13 11.26 0.00 46.53

Farmland compositional 
heterogeneity

Shannon index for crop 
diversity

1.11 0.18 0.79 1.39

Farmland configurational 
heterogeneity

Field border density (m/ha) 221.39 63.36 123.27 312.54

Semi-natural cover Landscape cover (%) 7.40 3.27 2.85 17.87

Local scale

Local crop type Cereal and oilseed rape fields

Late flower cover OSR Oilseed rape flower cover end 
May (%)

14.12 10.79 1.00 35.00
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389.18 ± 222.55 g). From the pollen samples, we identified 19 
pollen types of which few could be identified to species level 
and most could be assigned to a pollen type group (Table 2). The 
most abundant pollen type was Brassicaceae, which we expect 

to be all OSR due to its widespread abundance in agricultural 
fields and because no other frequent wild Brassicaceae species 
were observed in our landscapes. Other commonly collected 

FIGURE 2 Structural equation models including effects of local and landscape variables on pollen diversity collected by workers of 33 Bombus 
terrestris colonies and their colony performance measured as maximum weight gain after 4 weeks in the field: (a) Hypothetical model including 
all pathways and (b) final model including all pathways after model simplification based on AIC. Local crop type indicates whether a colony was 
placed next to a cereal or oilseed rape field and late flower cover oilseed rape (OSR) is the cover of flowers in oilseed rape fields during the late 
stage of blooming (end of May) when pollen samples were collected. Numbers next to arrows show standardized regression coefficients

(a)

(b)
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pollen types were from the Sorbus group, Trifolium repens type, 
and Vicia type.

The best SEM identified by the model simplification based on 
stepwise reduction fits the data well (Fisher’s C = 16.49, p = 0.086) 
and no important path was missing, indicated by non-significant 
independence claims. Model results are presented in Table 3. 
Pollen diversity was negatively affected by maize cover (Figure 3a). 
Additionally, colony weight gain benefited from high pollen diversity 
and was also positively influenced by a high flower cover of OSR in 
late spring (Figure 3b,c). Compositional and configurational hetero-
geneity had no significant effect on pollen diversity collected by the 
colonies although included in the best model (Figure 2b). Likewise, 
the interaction term of compositional and configurational heteroge-
neity was not significant. Comparing these results to those of the full 
model and those of the reduced model based on ∆AICc < 2 we found 
similar effects (Supporting Information Table S2). For the model with 
pollen diversity as response variable maize cover also had a signifi-
cant effect in the full model (p = 0.042) and was very close to signifi-
cance in the ∆AICc < 2 model (p = 0.061). For the model with colony 
weight gain as response variable, the results from the two simplifica-
tion methods and the full model were identical.

4  | DISCUSSION

In this study, we clearly demonstrate that maize cover at the land-
scape scale can deteriorate bumblebee colony weight gain, which 
appeared to be mediated by reduced pollen diversity. Additionally, 
colony weight gain was strongly influenced by the flower density of 
OSR fields at the end of May.

Our results are in accordance with previous studies showing 
negative effects of maize on biodiversity and ecosystem services, 
for example, for birds (Sauerbrei et al., 2014) and natural enemies of 
aphids (Landis et al., 2008). The reduced pollen diversity collected 
by the colonies in landscapes with high maize cover could be ex-
plained by the low plant diversity found not only inside the fields of 
this crop compared to cereal fields (Fagúndez et al., 2016) but also 
in semi-natural field boundaries adjacent to maize (Kleijn & Verbeek, 
2000). Probably, the intensive management of maize requiring high 
fertilizer and herbicide input is responsible for this reduced plant  
diversity (Fagúndez et al., 2016; Kleijn & Verbeek, 2000).

As pollen diversity was directly related to high colony weight 
gain, increased pollen diversity under field conditions can be valued 
as highly beneficial to bumblebee colony performance. Thereby, 
we complement the results of laboratory studies showing positive 
effects of pollen diversity on pollinator offspring development 
(Eckhardt et al., 2014; Tasei & Aupinel, 2008). Through increased 
pollen diversity, the bumblebees are possibly able to fulfil different 
resource requirements as different pollen species provide different 
nutrients that include proteins, lipids, and other micronutrients such 
as vitamins (Roulston & Cane, 2000; Vaudo et al., 2015). It is also 
possible that mixing of different pollen types makes it possible for 
bumblebees to exploit more resources as pollen of low quality, which 
are lethal as pure diets for larvae, can be consumed without nega-
tive impact in mixtures with high-quality pollen (Bukovinszky et al., 
2017; Eckhardt et al., 2014). Although the production of queens can 
respond differently to environmental factors than colony growth 
(Westphal et al., 2009; Williams et al., 2011), larger colonies usu-
ally also produce more queens (Goulson et al., 2002; Kämper et al., 
2016; Westphal et al., 2009). Therefore, it may be likely that this 
increase in colony growth also affected reproductive success and 
thereby population viability of the bumblebees (Crone & Williams, 
2016). However, we only sampled pollen during a short time period 
and studies on bumblebee pollen diets throughout the season are 
necessary to complete our understanding of the effects of pollen 
diversity on colony performance.

An alternative explanation for the positive effect of pollen diver-
sity could be its strong negative correlation with the proportion of 
OSR pollen (Supporting Information Figure S3) indicating that the 
bumblebees switch to other pollen resources than OSR if possible. 
This is in accordance with other studies showing that bumblebees 
and honey bees avoid OSR pollen (Kämper et al., 2016; Requier 
et al., 2015). One possible explanation could be that OSR pollen con-
tains toxic secondary plant chemicals, for example, glucosinolates, 
an important defence against herbivores in the order Brassicale 
(Kämper et al., 2016; Wittstock, Kliebenstein, Lambrix, Reichelt, & 

TABLE  2 Pollen types identified from pollen loads of Bombus 
terrestris workers. Abundances show the number of pollen grains 
found across all samples and samples indicate the number of 
workers that were found to carry this pollen type. Pollen types with 
less than five grains were excluded

Pollen type Abundance Samples

Brassicaceae 22,202 69

Sorbus group 1 12,613 36

Trifolium repens type 6,500 17

Vicia type 1 2,963 8

Phacelia tanacetifolia 618 2

Ranunculus acris type 550 3

Sorbus group 2 499 1

Cimicifuga foetida 498 1

Rosaceae 496 1

Plantago lanceolata 478 2

Spergularia type 464 1

Crataegus monogyna 316 1

Lamium album type 313 2

Vicia type 2 196 2

Potentilla type 53 1

Sambucus nigra type 51 2

Viburnum opulus type 18 2

Symphytum officinale 15 1

Secale 5 1

Unidentified 501 2

Total 49,349 99
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Gershenzon, 2003). Additionally, OSR seeds were frequently treated 
with pesticides including neonicotinoids in our study area, which 
might have impacted colony growth negatively (Rundlöf et al., 2015; 
Woodcock et al., 2017). The EU moratorium of neonicotinoids was 
applicable since December 2013 and did therefore not affect win-
ter OSR sown before that date in 2013 and flowering in the fields 
in 2014. Additionally, OSR cover at the landscape scale did neither 
influence pollen diversity nor colony growth, contrasting to our ex-
pectations and the findings by Westphal et al. (2009). The reason 
could be that distance to the next OSR field is more important than 
its landscape cover, as all our colonies had at least one OSR field in 
the close surrounding due to the study design. However, OSR fields 
in our region differed in their phenology, possibly due to different 
varieties and local microclimate. If OSR fields provided high flower 
densities at the end of the OSR blooming period, the maximum 
weight gain of the colonies strongly increased. As this late flower-
ing cover of OSR directly affected colony performance, but not in-
directly via pollen diversity, it is likely that rather nectar than pollen 
resources were responsible for this impact. Indeed, OSR is much 
more frequently used for nectar than for pollen resources by honey-
bees (Requier et al., 2015), and the end of the OSR blooming period 
was the time when our colonies reached their maximum weight with 

high flight activity and possibly high nectar requirements. However, 
OSR fields flowering early compared to other fields might also be 
important for emerging queens during the nest foundation stage, 
which we did not investigate by placing already established colonies 
in our landscapes. Nevertheless, the timing of OSR field blooming 
seems to be an important and hitherto neglected factor that should 
be addressed in future studies.

Neither the compositional nor the configurational heterogene-
ity of the crops in our landscapes had an effect on pollen collec-
tion or colony growth of B. terrestris colonies. For configurational 
heterogeneity, this result is in accordance with previous studies on 
pollinators, which investigated the number of patches, edge length, 
or interpatch connectivity of semi-natural habitats per landscape 
and found no or only weak effects (Kennedy et al., 2013; Steckel 
et al., 2014). The reason might be that B. terrestris is a highly mobile 
generalist that is little affected by habitat fragmentation, which is 
supported by the fact that there is no strong genetic differentiation 
between populations in Europe (Estoup, Solignac, Cornuet, Goudet, 
& Scholl, 1996), and therefore, this species might only respond to 
increased high quality habitat area (Carvell et al., 2017). However, 
this might be different for rare bumblebees (Goulson et al., 2007) or 
other less mobile pollinator species that could be more sensitive to 

F IGURE  3 Effects of (a) maize cover at the landscape scale on pollen diversity (Shannon diversity index) collected by three workers of 
each colony, (b) late flower cover of oilseed rape (OSR) on maximum weight gain of bumblebee colonies, and (c) pollen diversity (Shannon 
diversity index) on maximum weight gain of 33 Bombus terrestris colonies. Lines show predictions of linear mixed effect models used in the 
structural equation model in Figure 2b
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Estimate Lower 95% CI Upper 95% CI p-value

(a) Model 1: Response pollen diversity

Intercept 0.04 −0.27 0.35 0.808

Maize −0.42 −0.77 −0.07 0.034

Field border density −0.29 −0.61 0.03 0.096

Crop diversity 0.08 −0.28 0.45 0.667

Field border density : 
crop diversity

−0.32 −0.75 0.11 0.171

(b) Model 2: Response colony weight gain

Intercept 0.00 −0.30 0.29 0.978

Pollen diversity 0.38 0.10 0.66 0.021

Late flower cover OSR 0.47 0.17 0.77 0.007

CI: confidence interval.

TABLE  3 Model results for the two 
models used in the structural equation 
model: (a) with pollen diversity and (b) 
with maximum weight gain of bumblebee 
colonies as response variables
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configurational heterogeneity. For compositional heterogeneity, it is 
probably more important which crops are grown than how diverse 
the crop fields are at the landscape scale. This should be at least the 
case if this diversification does not include more extensively man-
aged crops such as temporary clover/grass leys (Le Féon et al., 2013).

5  | CONCLUSIONS

We conclude that the consideration of the crop production area 
should be an important part of agricultural landscape management 
and applied pollinator research. Our results show that high maize 
cover can imperil pollen diversity collected by B. terrestris colonies 
translating into reduced colony performance. Thus, the expansion 
of this crop by 47% from 2004 to 2017 in Germany, although having 
reached a plateau since 2011 (Destatis, 2017), is alarming. Therefore, 
maize cover should be reduced or strategies should be developed 
to minimize the negative impact on plant and pollen diversity, for 
example, by establishing perennial flower strips and patches of-
fering diverse floral resources for pollinators (Haaland, Naisbit, & 
Bersier, 2011). German law requires that, in 2050, 80% of the elec-
tricity should come from renewable energy sources including bio-
mass (EEG, 2016). Our results indicate that achieving this target by 
expanding the area of cultivated maize could impair pollinators and 
possibly also pollination services. Mass-flowering crops such as OSR 
can increase pollinator abundance, diversity, and colony perfor-
mance (Diekötter, Peter, Jauker, Wolters, & Jauker, 2014; Holzschuh 
et al., 2012; Westphal et al., 2009). However, our study indicates 
that temporal aspects are more important than spatial cover.

We demonstrate that high pollen diversity collected by bum-
blebee workers is essential for colony performance under field 
conditions complementing previous laboratory studies (Eckhardt 
et al., 2014; Tasei & Aupinel, 2008). Thereby, we support the call for 
boosting floral diversity in agricultural landscapes to ensure that pol-
linators can fulfil their nutritional requirements (Vaudo et al., 2015). 
High floral cover and diversity should therefore be in the focus of fu-
ture landscape management and agri-environment schemes (Batáry, 
Dicks, Kleijn, & Sutherland, 2015). In contrast, the compositional and 
configurational heterogeneity of crops at the landscape scale seems 
to be of minor importance, at least for the generalist B. terrestris, but 
can make a difference for other wild bee species (Hass, Kormann, 
et al., 2018).
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