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A B S T R A C T   

Individual biodiversity measures in agricultural landscapes such as flower strips are reported to promote the 
diversity and abundance of pollinating insects. Those biodiversity measures can be important food sources 
increasing the amount and continuity of pollen and nectar supply besides sometimes also offering nesting and 
hibernation sites. Still little is known about combined effects of biodiversity measures at the landscape scale and 
their long-term impact on pollinator population development. We used the agent-based simulation model 
BumbleBEEHAVE to investigate, if biodiversity measures have a positive effect on bumblebee populations at 
landscape scale in terms of the number of colonies per hectare. For this purpose, we chose Bombus terrestris, the 
most common bumblebee species in Germany, as target species. We used three real landscapes located in 
different regions of Germany as landscape settings for the simulations. The landscapes had strongly different 
farming systems regarding crop diversity and rotations and, consequently, different spatial structure and areal 
proportions of land-use types and semi-natural habitats. Between 2017 and 2020, distinct combinations of 
biodiversity measures, such as flower strips, flowering headland and fallows, were established by farmers on 
different areal proportions of the three landscapes. The biodiversity measures differed in plant-seed mixtures 
and, thus, the pollen and nectar supply by plants. We simulated the development of bumblebee colonies in the 
landscapes with and without the implemented biodiversity measures over eight years (four years in a twice 
repetition). We found that the implementation of biodiversity measures had a significant positive effect on the 
number of colonies. Further analysis showed that the pollen and nectar supplied by biodiversity measures had 
positive effects in all three landscapes, while the effect of additional nesting habitat differed among landscapes. 
Mass-flowering crops had little to no significant effect on the number of bumblebee colonies, whereas semi- 
natural habitats had a markedly positive effect. Our study underlines that not only biodiversity measures are 
likely to affect the bumblebee population, but that the overall landscape composition, particularly proportion of 
semi-natural habitats, is also important. So, to achieve high effectiveness of biodiversity measures, landscape 
context may be taken into account.   

1. Introduction 

Across Europe, biodiversity measures have been implemented with 
the aim to counteract habitat loss in intensively-used agricultural 
landscapes and, thus, to promote many declining species including 
pollinators, such as bumblebees (Carvell et al., 2015). For bumblebees, 
flower-rich and extensively managed habitats are essential components 
of agricultural landscapes that provide food resources as well as nesting, 
mating and hibernation sites (Carvell et al., 2007; Goulson et al., 2008; 

Pywell et al., 2005). Especially, continuity of food supply throughout the 
season is important for long-lived bumblebee species and their colony 
establishment, growth and colony success (Hemberger et al., 2020; 
Kevan and Baker, 1983; Persson and Smith, 2013; Timberlake et al., 
2019). In comparison to most solitary bees, they are particularly 
dependent on resources availability at the period of their activity time 
due to their shorter life cycles (Beyer et al., 2021). Therefore, flower-rich 
biodiversity measures should promote the development of bumblebee 
colonies in intensively-used agricultural landscapes that are in short 
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supply of extensively managed land and semi-natural habitats. 
Several agri-environment schemes have been incorporated in the 

Common Agricultural Policy (CAP) of the European Union since the 
early 1990 s (Batáry et al., 2010; Pe’er et al., 2019), including extensive 
grassland and field edges, set-aside land, and wildflower patches or 
strips (Jönsson et al., 2015; Scheper et al., 2013). In the present study, 
we analysed the effect of annual and/or perennial biodiversity measures 
on the density of bumblebee colonies in intensively-used agricultural 
landscapes using three real landscapes as case studies. In addition to 
food resources, perennial biodiversity measures also offer nesting sites 
for bumblebees. Using a simulation modelling approach allowed us to 
separately explore the effects of food and nesting habitats on colony 
density of bumblebees at the landscape level. 

We used the simulation model BumbleBEEHAVE (Becher et al., 
2018) and the model species Bombus terrestris which is the most common 
bumblebee species in Germany (Westrich, 2018). The agent-based 
model BumbleBEEHAVE simulates bumblebees on individual, colony 
and population level (Becher et al., 2018). The only published study 
which applied the model BumbleBEEHAVE deals with the importance of 
courgette as a mass-flowering food source for bumblebees (Knapp et al., 
2019). However, there are no current studies about the importance of 
food and nesting habitats at landscape level for bumblebees. 

Therefore, we formulate these research questions:  

1. Do biodiversity measures effectively increase the number of 
bumblebee colonies in the case-study landscapes through provi-
sioning of a.) food resources and b.) nesting habitat? 

2. Does the effectiveness of biodiversity measures vary among agri-
cultural landscapes with different landscape composition and 
configuration?  

3. What is the effect of a.) areas of different food habitats, i.e., semi- 
natural habitats, mass- flowering crops and biodiversity measures 
and b.) amount of food and nesting resources on the number of 
bumblebee colonies? 

2. Materials and methods 

2.1. Study areas 

To analyse the effects of biodiversity measures on bumblebee colony 
development in landscapes differing in landscape composition and 
configuration, we located three 1 × 1 km study landscapes in the regions 
Havelland (HVL: 52◦37′ N; 12◦45′E), Lower Bavaria (BAV: 48◦36′ N, 
12◦36′ E) and Rhine-Hesse (RHS: 49◦56′ N, 8◦7′E). The three regions 
represent types of intensive agricultural farming common in Germany 
(Sutcliffe and Leuschner, 2022). For instance, the average field size was 
6.3 ha in the 1 × 1 km study area in Havelland, 2.5 ha in Lower Bavaria 
and 1.4 ha in Rhine-Hesse. The landscape in Havelland was comprised of 
agricultural land by 75% of the area with maize, oilseed rape and cereals 
as dominant crops in the crop rotation. Lower Bavaria had 56% of 
agricultural land and 25% of forest. Maize and cereals were the most 
cultivated crops. In Rhine-Hesse, arable land represented 88% of the 
landscape and the main crops were sugar beet, cereals and oilseed rape. 
Additionally, the Rhine-Hesse landscape comprised orchards with drupe 
and pome (6.8%). In all three case study regions, grasslands were usu-
ally managed very intensively. As no detailed information of grassland 
management was available at the level of parcels, we assumed that all 
grassland were silage meadows and, thus, did not provide semi-natural 
habitat, except for those parcels that were listed as being under a 
biodiversity measure, such as “extensive grassland”. The proportions of 
semi-natural habitats, such as hedgerows, field margins, ditch margins 

Fig. 1. Proportions of land use for the business as usual scenario in the study areas (A, C, E) and for the scenarios with biodiversity measures implemented in the 
study areas (B, D, F). The category ‘annual crop’ summarizes the crops not providing resources for bumblebees. 
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and unpaved dirt tracks, varied between 3.0% and 8.8% of the land-
scapes (Fig. 1). 

The landscapes were located to cover the land of conventional farms 
which had joined the project F.R.A.N.Z. (Future Resources, Agriculture 
& Nature Conservation, Umweltstiftung Michael Otto, 2022) and had 
established and developed biodiversity measures between the years 
2017 and 2020 and allowed the monitoring of wild bees and mapping of 
land use on their farmland. Next to the biodiversity measures from the 
project F.R.A.N.Z., there could be other biodiversity measures in the 
landscapes implemented by farms in the frame of their farming prac-
tices. Hence, the mix of biodiversity measures varied and these deter-
mined the area proportion in this study. As we aimed to analyse the 
effect of biodiversity measures at landscape level, we also considered 
these additional biodiversity measures in the simulations of bumblebee 
populations. 

2.2. Landscape scenarios 

For each of the three landscapes we developed three types of 
scenarios:  

• Business as usual (BAU) scenario of study area, i.e., the original 
landscapes incl. crops and semi-natural habitats without imple-
mentation of biodiversity measures;  

• Biodiversity measures implemented in the study area offering food 
resources but no additional nesting habitats (Biodiv);  

• Biodiversity measures implemented in the study area offering both 
food resources and additional nesting habitats (Biodiv nest). 

We used project data from land-use mappings of the years 2017, 
2018 and 2020 for the information about composition of crops (Ap-
pendix 1, Fig. S2). The crops of 2019 were derived based on information 
about the crop rotation from farmers in the region. Some of the crops, 
such as oilseed rape, provided food resources for bumblebees, i.e., pollen 
and nectar, but none except for orchards offered nesting habitats 
(Table 1). The BAU scenarios are the study areas without the additional 
biodiversity measures which were implemented by the farmers of the 
project. Hence, the BAU scenarios could include some biodiversity 

measures as food sources. This was the case in the study area Lower 
Bavaria (0–2.0%; Appendix 1, Table S1) and Rhine Hesse (0.4%; Ap-
pendix 1, Table S1). In the BAU scenario In Lower Bavaria there were 
fallows and flowering areas and in Rhine Hesse a fallow already estab-
lished (Appendix 2). At least some nesting habitat was present due to 
semi-natural habitats, such as hedgerows and field margins, in all sce-
nario types. 

The scenarios with biodiversity measures (Biodiv and Biodiv nest) 
contained those biodiversity measures that were implemented in the 
years 2017 until 2020, which comprised annual and perennial as well as 
production-integrated and non-production-integrated measures (Ap-
pendix 2, Table 1 and Fig. S4). Flower strips and flowering headlands 
can be annual or perennial. Other perennial biodiversity measures 
comprised extensive grassland, fallows and flowering headlands, 
whereas, maize-bean mixture and extensive cereals were annual biodi-
versity measures. The landscape scenarios contained a mix of different 
biodiversity measures and the area covered by biodiversity measures 
varied among years and study areas. The mix of biodiversity measures 
differed between landscapes, because scenarios followed the adaptation 
to the respective farming practice and the landscape surroundings as 
undertaken in the establishment of measures by farmers in the real 
project landscapes. Therefore, not all biodiversity measures were 
implemented in all landscapes and annual biodiversity measures were 
only temporally implemented. Further, the specific land use of the fields 
changed over the years due to crop rotation. Thus, for each landscape, 
we created four digital maps of the BAU scenario and four maps of the 
BAU plus biodiversity measures scenario (Biodiv and Biodiv nest) 
respectively, which represented the years 2017 until 2020. Biodiv and 
Biodiv nest scenarios were identical in composition and configuration, 
but in the latter scenarios, information about nest site suitability of 
measures was added in the model input information about habitat 
quality. 

These scenarios were implemented technically as habitat maps based 
on digital aerial images and the digital basic landscape model ‘ATKIS’ 
(BKG, 2018b, 2018a) and self-provided land-cover layers in ArcMap 
10.7.1 (ESRI, 2019). The land-cover layers comprised digitalized records 
of crops, semi-natural habitats and biodiversity measures (Table 1) 
which were based on land-use mapping in the years 2017, 2018 and 
2020. Subsequently, we classified all land-cover types as ‘food habitat’, 
‘food and nesting habitat’ or ‘no habitat’ in order to create the habitat 
maps (Fig. 2). 

2.3. Modelling approach 

We applied the spatially explicit agent-based models Bum-
bleBEEHAVE and the submodel BEESCOUT 2.0 (Becher et al., 2018), 
which is implemented in the software NetLogo (Wilensky, 1999). 
BEESCOUT 2.0 calculates the abundance of flowers on food patches in 
the landscape and, then, BumbleBEEHAVE simulates the development of 
bumblebee colonies. In contrast to the previous model BEEHAVE that 
simulates effects of diverse farmland practices, Varroa mites and pesti-
cide use on honeybees (Baden-Böhm et al., 2022b; Horn et al., 2021; 
Schödl et al., 2022), the model BumbleBEEHAVE has not been applied 
much so far (Knapp et al., 2019). The models are open source and freely 
available under https://beehave-model.net/. We adjusted both models 
for our research (Appendix 3). The model is a tool that can support 
decision-making processes from researchers up to practitioners or 
advisor of land management, in order to compare the effects of 
bee-friendly interventions on bumblebee populations over several years. 
But we did not only deliver information on a temporal scale, but also on 
spatial scales like on landscape level. We started with our research 
before the model BEE-STEWARD was published which combined 
BEESCOUT and BumbleBEEHAVE and is more user-orientated (Twist-
on-Davies et al., 2021). 

BumbleBEEHAVE can simulate the behaviour, life-cycle and popu-
lation development of six bumblebee species in rasterized landscapes on 

Table 1 
Food (yellow) and nesting (green) habitats for bumblebees in the three scenario 
types. In the table “Land use per region” in appendix 2 all habitat types were 
listed, also the habitats which were neither food nor nesting habitat, e.g., maize 
or cereals.  
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daily time steps. In the present study, we focussed on Bombus terrestris, 
the most common bumblebee species in Germany (Westrich, 2018). In 
BumbleBEEHAVE, the life cycle starts with the emergence of hibernated 
queens in spring. After emergence, the initial queens search for suitable 
nesting sites. If they are successful, they start to collect pollen and nectar 
and lay eggs. The eggs develop to larvae and then to pupae. Emerged 
adults forage for pollen and nectar for the colony, while the queens stop 
foraging and specialize on egg laying. New queens are developed, when 
a sufficient number of workers relative to larvae is present. In autumn, 
the young queens go into hibernation and will not be active until they 
emerge in the spring of the following year and the life cycle starts again 
(Becher et al., 2018). 

The model BEESCOUT 2.0 requires habitat maps provided as raster 
image files as a basis for modelling the spatial and temporal distribution 
of food resources (Becher et al., 2018). Therefore, we rasterized the 
habitat maps of our study areas with a spatial resolution of 1 m. On the 
raster images, all habitat types received a specific NetLogo colour code. 
In this way, different types of habitat patches could be discerned in the 
landscapes by BEESCOUT 2.0. 

BEESCOUT 2.0 allows to simulate the food provisioning of multiple 
flower species on the same habitat patch. Thus, the plant-species 
composition of each habitat type (biodiversity measures, semi-natural 
habitats and mass flowering crops) was defined in an auxiliary file 
(‘habitat table’) that contained the abundance of shoots per square 
meter and the number of flowers per shoot of the different plant species 
present. The habitat-specific plant-species compositions allowed to 
differentiate between different seed mixtures of biodiversity measures. 
Each landscape had a specific habitat table, because the presence and 
abundance of flowers on biodiversity measures varied due to different 
seed mixtures, because regional autochthonous seed mixtures were used 
in the project. For the biodiversity measures, we supposed that the plant 
species’ cover percentage was equal to the percentage of their seeds in 
the mixture, because we did not have a complete data set on the number 
of flowers per square meter. Finally, the output of BEESCOUT 2.0 is a 
text file with a list of food patches. For each food patch, it lists location, 

size and the abundance of flowers per plant species. 
Before modelling of population development, BumbleBEEHAVE 

calculates the quality and quantity of nectar and pollen on the food 
patches for each day of the year. This is done with the help of a table of 
floral traits of the plant species (‘flower species table’). It contains the 
following traits: pollen amount (g pollen/ flower), nectar amount (ml 
nectar/ flower), proportion of protein in pollen (%), sugar concentration 
in nectar (mol), flowering start (day of the year), flowering end (day of 
the year), depth of corolla (mm), and the constant average time to fly 
from one flower to the next (s). The flower species table was based on the 
table “5_FloRes_no_corolla” from the FloRes Database (Baden-Böhm 
et al., 2022a). For a better representation of regional phenology, we 
differentiated the flowering time of oilseed rape (Brassica napus) as a 
crop in Rhine-Hesse and Havelland by calculating the regional average 
of flowering start over the years 2016–2019 (2020 was not yet available) 
as recorded by the German Meteorological Service (Deutscher Wetter-
dienst) using the closest weather station to the study areas (DWD 
Climate Data Center (DWD), 2021). The flowering end was after 44 
days, which is the average of flowering days of Brassica napus according 
to (Horn, 2017). 

Another input for the model BumbleBEEHAVE is a table of the 
bumblebee species, where the nesting sites of bumblebees were defined. 
In the present study, we were interested in effects of biodiversity mea-
sures as only food sources and also as additional nesting sites. Therefore, 
we created two bumblebee species tables, one where biodiversity mea-
sures were not established as nesting site and one in which perennial 
biodiversity measures as well as other biodiversity measures where no 
soil disturbance occurs over the winter were additional nesting sites 
(Table 1). 

We simulated population development of Bombus terrestris over a 
course of eight years considering crop rotation and changes in biodi-
versity measures over time. For this purpose, we used four habitat maps 
per landscape scenario that represented consecutive years which we 
repeated once to cover the years 5–8. We ran BumbleBEEHAVE with a 
starting population of 500 hibernated queens which is large enough to 

Fig. 2. The acquisition of landscape data started with the choice of study areas. The land-use maps were created based on aerial images and field data (1). For each 
study area the business as usual scenario and the scenarios with biodiversity measures implemented in study areas were defined (2). The scenarios and the habitat 
table are the model input of BEESCOUT 2.0 (3). In BEESCOUT the food patches were identified and food (pollen and nectar amount) were calculated (3.1-3.2). After 
the model run of BEESCOUT 2.0 the foodsource-file tables and habitat maps were created (4.1 and 4.2). These outputs and the tables about the observed bumblebee 
species and the flower tables were read into the model BumbleBEEHAVE (5). In BumbleBEEHAVE the daily time step, foraging time of 8 h and observation time of 
eight years (4 ×2) were set (5.1–5.3). Run and output of the model BumbleBEEHAVE and the number of bumblebee colonies and landscapes parameters over 
multiple years was stored in text files and analysed (6.1-6-2). 
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avoid extinction of the population after the first year (Becher et al., 
2018). 

We did not implement effects of daily weather conditions on foraging 
time of bumblebees, but used a constant foraging time of eight hours per 
day. However, the phenology of flower patches and the timing of the 
emergence of queens from hibernation implicitly reflect climate and 
weather conditions (Becher et al., 2018). 

We repeated each scenario 30 times because of the stochasticity of 
BumbleBEEHAVE. Regarding model output, we focussed on the 
maximum number of colonies as representative indicator of population 
development and on the pollen and nectar amount available from the 
food sources per landscape and year. 

2.4. Data analysis 

We chose the maximum number of colonies per year in order to 
explore the effect of enhancement of the landscape through biodiversity 
measures. The number of colonies represents the successful foundation 
of colonies by young queens. Firstly, we investigated the number of 
colonies at the end of the observation time, i.e., in year eight. Secondly, 
we analysed the development of the number of bumblebee colonies 
throughout the years in a time series analysis. 

Data analysis was conducted in R version 4.1.0 (R Core Team, 2022) 
using the package nlme 3.1–155 for fitting Generalized Least Squares 
models (GLS) (Pinheiro et al., 2021). We used the logarithm of the 
number of colonies as response variable to achieve (near-)normally 
distributed model residuals. We used GLS models in order to account for 
heterogeneity of variance among the scenarios by including either a 
power variance structure (‘varPower’ in nlme) or separate variance es-
timates per region or landscape scenario (‘varIdent’), whichever fitted 
better. As estimation method, we used maximum likelihood, because 
this is better for testing fixed effects. All metric predictor variables were 
z-transformed, i.e., scaled to zero mean and standard deviation of one. 

We set up three separate models to investigate our research ques-
tions. Firstly, we tested the overall effectivity of biodiversity measures 
due to provisioning of food (question 1a), nesting habitat (question 1b) 
and differences among landscapes (question 2) with a GLS model that 
only contained ‘scenario’ as fixed effect. Here, ‘scenario’ was a factor 
that combined the three landscape scenarios and the three regions. Post- 
hoc tests for differences among scenarios were conducted using the 
package ‘emmeans’ 1.7.2 (functions ‘pairs’ and ‘cld’) with p-value 
adjustment according to the Tukey method and a significance level of 
p < 0.05. 

Secondly, we evaluated the relative importance of different habitat 
types (question 3a) for population development of bumblebees with a 
model that contained the total areas of mass-flowering crops, semi- 
natural habitats and biodiversity measures as predictors (‘habitat 
model’). Additionally, we included an interaction between area of 
biodiversity measures and ‘region’ to test for differences in the effec-
tiveness between study areas. However, we did not include the main 
effect of ‘region’ because there was a high collinearity with other pre-
dictors. For calculating the area of mass-flowering crops, we summed up 
the area of all occurring flowering crops, which included oilseed rape 
(Brassica napus), clover (Trifolium repens and T. pratense.), faba bean 
(Vicia faba), peas (Pisum sativum), sunflower (Helianthus annuus), and 
drupe and pome orchards with assumedly plums (Prunus domestica) and 
apples (Malus domestica) as fruits. Semi-natural habitat types comprised 
hedges, field margins, ditches and unpaved dirt tracks. With respect to 
biodiversity measures, we calculated the total area per landscape, 
regardless of whether the measure was annual or perennial. The areas of 
mass-flowering crops and biodiversity measures varied over the years 
due to crop rotation (except for orchards) and time-limited imple-
mentation, respectively. In contrast, the area of semi-natural habitats 
was constant over the eight years in each scenario. 

Thirdly, we modelled the response of bumblebee colonies to the 
amount and distribution of food and nesting resources in the landscapes 

(question 3b) using the sum of pollen, number of food patches and area 
of nesting habitat as predictors (‘resource model’). Only pollen was used 
as measure of food supply because amounts of pollen and nectar were 
highly correlated. We also included the interaction between area of 
nesting habitat and ‘region’ in this model. 

In the time series models, we used the same predictors as in the 
habitat and resource models and, additionally, included ‘year’ to ac-
count for trends over time’. The time-series model of food and nesting 
resources additionally contained the main effect of ‘region’. The time- 
series model of habitats included interactions between ‘year’ and 
semi-natural habitats and mass-flowering crops, respectively, to 
improve model fit. Further, we only used scenarios where biodiversity 
measures did not provide nesting habitat for the time-series model of 
habitats. Generally, we only considered the last 4 years (year 5 – 8) of 
the time series to avoid effects of the starting values on the number of 
colonies. 

3. Results 

In the last year of the simulations, year 8, the maximum number of 
colonies per hectare of the modelled bumblebee species Bombus terrestris 
ranged between zero and 16. The populations of bumblebees responded 
differently to the biodiversity measures in the three landscapes. In 
Havelland (8.8% semi-natural habitats, max. 44% mass-flowering crops 
and max. 9.7% biodiversity measures; Fig. 1), the implementation of 
biodiversity measures providing food resources increased the number of 
colonies significantly compared to the BAU scenario, but additional 
nesting habitat had no effect (Fig. 3). In Lower Bavaria (5.4%, max. 2.6% 
and max. 5.6%; Fig. 1) and Rhine-Hesse (3.0%, max. 23.4%, 2.6%; 
Fig. 1), biodiversity measures had a positive effect through offering 
nesting habitat, in addition to the effect of food resources (Fig. 3). 

The effectiveness of the biodiversity measures, as assessed with GLS 
models of log-transformed number of colonies, varied among the study 
areas with their different landscape composition and configuration. 
Compared to the Lower Bavarian landscape, the effect of area of biodi-
versity measures was significantly stronger in the Rhine-Hesse land-
scape, whereas the effect was significantly smaller in Havelland (Fig. 4; 
Appendix 1, Tables S3, S4) although the interaction of biodiversity 

Fig. 3. Bumblebee colonies per hectare (log10-transformed, i.e., log10(colonies 
+ 1)) in different landscape scenarios in year eight of simulation runs. Different 
letters indicate significant differences between the landscape scenarios. Boxes 
show medians and inter quartile ranges. Abbreviations of regions: HVL =
Havelland; BAV = Lower Bavaria; RHS = Rhine-Hesse. Abbreviations of land-
scape scenarios: BAU = business as usual; Biodiv = BAU plus biodiversity 
measures offering food resources; Biodiv nest = BAU plus biodiversity measures 
offering food resources and nesting habitat. 
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measures and region was not significant in the model of only year 8. The 
area of semi-natural habitats had a stronger positive effect on number of 
bumblebee colonies than the area of biodiversity measures, while the 
area of mass-flowering crops did not have a significant effect (Fig. 4; 
Appendix 1, Tables S3, S4). However, in the time series model, the effect 
estimates of mass-flowering crops showed a significant increase over 
time (Appendix 1, Table S4) suggesting that a positive effect of mass- 
flowering crops may occur in some years. This was the case in the 
study area Havelland, where oilseed rape covered ca. 45% in year 7 and 
the number of colonies increased. The maximum numbers of colonies 
along the gradients of biodiversity measures, semi-natural habitats and 
mass-flowering crops over the years 5–8 of the simulations is shown in  
Fig. 5. 

Analyses of effects of the quantity of food and nesting resources over 
all scenarios showed that the number of bumblebee colonies increased 
with the amount of pollen in the landscape. The number of food patches 
had an overall negative effect on colonies (Fig. 6, Appendix 1, Tables S5, 
S6), although the negative effect seemed to occur only in the study area 
Rhine-Hesse, while there appeared to be a positive trend of colonies with 
increasing number of food patches in Lower Bavaria and Havelland 
(Fig. 7B). However, differences in the effect of number of food patches 
among study areas could not be tested with the GLS model because of 
collinearity of predictors when including the respective interaction with 
‘region’. The area of nesting habitats had a stronger positive effect than 
pollen on the number of colonies in the Bavarian landscape, but no effect 
in the other two study areas (Fig. 6; Appendix 1, Tables S5, S6). 

4. Discussion 

The implementation of biodiversity measures aims at increasing the 
diversity and abundance of species in agricultural landscapes. In 
particular, biodiversity measures including the establishment of flow-
ering plant species aim at pollinating insects, such as bumblebees. In our 
study we focussed on Bombus terrestris. Regarding our research questions 
on the effectiveness of biodiversity measures in increasing the number of 
colonies per hectare, the present simulations indicate a general positive 
effect of food resources supplied by the measures. This is in line with the 
field studies of the project which indicated a positive effect of biodi-
versity measures on abundance of bees in general and, particularly, 
bumblebee species, already two years after implementation (Kulow et al. 
unpublished). Further, the simulations suggest that also additional 
nesting habitat provided by biodiversity measures can increase the 
density of bumblebee colonies although it was not effective in the study 
area Havelland that already showed high population densities in the 
BAU scenario. 

Several studies provided evidence for positive effects of biodiversity 

measures on pollinator populations at (local and) landscape level. 
Biodiversity measures, such as flower strips, can improve the flower 
availability and, consequently, the pollen and nectar supply in intensive 
agricultural landscapes, which can lead to higher abundances of bum-
blebees, including generalist species, such as B. terrestris, at local and 
landscape scale (Blaauw and Isaacs, 2014; Buhk et al., 2018; Ebeling 
et al., 2008; Geppert et al., 2020; Jönsson et al., 2015; Piko et al., 2021; 
Potts et al., 2003; Scheper et al., 2013). Further, biodiversity measures 

Fig. 4. Effect estimates of the areas of different habitat types on log- 
transformed number of bumblebee colonies in agricultural landscapes from a 
time-series model of years 5–8 of simulations runs. 

Fig. 5. Number of Bombus terrestris colonies per A) area of biodiversity 
measures (ha), B) area of semi-natural habitats (ha) and C) area of mass- 
flowering crop (ha) from year five to eight over all scenarios and their 30 
repetitions. 

Fig. 6. Effect estimates of food and nesting resources on log-transformed 
number of bumblebee colonies in agricultural landscapes from a time-series 
model of years 5–8 of simulation runs. 
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can improve continuity of food supply throughout the season, which has 
been linked to enhanced colony establishment and population growth of 
long-lived bumblebee species (Hemberger et al., 2020; Kevan and Baker, 
1983; Persson and Smith, 2013; Timberlake et al., 2019). 

While effects of increased food supply on pollinator populations are 
comparatively well understood, less is known about effects of the 
amount of nesting habitat. According to Westrich (1996), there is a lack 
of favourable nesting sites in intensively managed landscapes because 
there is a frequent disturbance regime in agricultural fields (Greenleaf 
et al., 2007; Holzschuh et al., 2007; Kremen et al., 2007) and, conse-
quently, bumblebees are forced to nest and hibernate in semi-natural 
habitats, such as hedges and field margins (Cole et al., 2020; Hopfen-
müller et al., 2014; Kohler et al., 2008; Marshall and Moonen, 2002; 
Scheper et al., 2015; Svensson et al., 2000). Lye et al. (2009) showed 
that field margins are even more attractive nesting habitats than 
hedgerows for spring queens during the period of colony foundation. 
The question is whether the amount of nesting habitat is limiting pop-
ulation growths in intensive agricultural landscapes. Our simulation 
results suggest that, indeed, nesting habitat may be a limiting resource if 
only 5% or less of the landscape are suitable for nesting and, as a 
consequence, that biodiversity measures offering nesting possibilities 
may have a stronger positive effect on pollinator populations than those 
offering only food. 

Thus, biodiversity measures such as flower-rich and extensively 
managed perennial habitats can be essential components of agricultural 
landscapes and provide food resources as well as nesting, mating and 
hibernation sites for bumblebees (Carvell et al., 2007; Goulson et al., 
2008; Pywell et al., 2005). However, the effectiveness depends on the 

landscape surrounding and the landscape composition and configura-
tion (Carvell et al., 2011; Hass et al., 2018; Holzschuh et al., 2008; 
Scheper et al., 2013; Scheper et al., 2015). 

Our results corroborate the hypothesis that effectiveness of biodi-
versity measures varies among agricultural landscapes with different 
landscape composition and configuration. The study area with the 
highest proportion of semi-natural habitat (Havelland, 8.8%) showed 
the highest number of bumblebee colonies and, at the same time, the 
least effect of biodiversity measures. In contrast, the study area with the 
lowest area of semi-natural habitats (Rhine Hesse, 3.0%) had the lowest 
density of bumblebee colonies throughout, but showed the strongest 
effect of biodiversity measures, while the landscape with intermediate 
proportion of semi-natural habitats (Lower Bavaria, 5.4%) showed in-
termediate effect size in terms of effect estimates from GLS on log scale. 
In absolute numbers, we found the strongest increase in colony density 
in the Lower Bavarian landscape (Appendix 1, Table S3 and S4), which is 
in line with other studies that found the impact of biodiversity measures 
to be strongest in structurally simple landscapes with intermediate levels 
of semi-natural habitats (Tscharntke et al., 2005). Altogether, it appears 
that biodiversity measures may be ineffective in landscapes with 
comparatively high complexity and proportion of semi-natural habitats 
(Scheper et al., 2013; Tscharntke et al., 2012). 

The big potential of the simulation model is to identify and predict 
how biodiversity measures may affect bumblebees in context of the 
entire landscape. From the three parameters area of biodiversity mea-
sures, semi-natural habitats and mass-flowering crops, the other three 
parameters area of nesting habitat, number of food patches and pollen of 
the food patches were derived. Based on those parameters it was 
possible to evaluate the quality and quantity of habitats for the bum-
blebees in our study. However, conventionally managed grassland areas 
and forest, were not considered as food or nesting habitat for bumble-
bees, since no information about the plant composition was available. 
So, potential further food and nesting habitats for bumblebees may have 
been underestimated. 

With respect to the importance of different habitats, we found a 
stronger effect of semi-natural habitats (here: mainly field margins and 
hedges) than of the investigated biodiversity measures (Appendix 1, 
Table S3 and S4). A recent study showed that hedges with high-quality 
herb layers where flowering starts early in the season and extends into 
the summer month, such as in our study, can increase the abundance of 
bees (Königslöw et al., 2021). Such hedges are not intrinsically less 
attractive for pollinators than flower strips (Pfiffner et al., 2018). 
However, another study found that the areal proportion of semi-natural 
habitats had minor importance for bumblebee abundance (Herrmann 
et al., 2007). 

Also, mass-flowering crops increase the food supply for pollinators in 
agricultural landscapes. Especially for short-tongued bumblebees, such 
as B. terrestris, mass-flowering crops are attractive (Walther-Hellwig and 
Frankl, 2000). However, in our study, mass-flowering crops, mainly 
oilseed rape (Fig. 1), did not show a consistently positive effect on the 
number of bumblebee colonies. Previous studies yielded variable results. 
Positive effects, particularly of oilseed rape, on the density and colony 
growth of bumblebees were found by Westphal et al. (2006) and 
Westphal et al. (2009), whereas low proportions of oilseed rape lead to 
higher mortality rates of bumblebee queens due to the limited duration 
of food provisioning of oilseed rape in spring according to (Riedinger, 
2014a). Regarding orchards, a recent study found a negative effect of 
such large, homogeneous areas on colony growth of bumble bees (Pro-
esmans et al., 2019), because orchards offer plentiful floral resources but 
for only a short time span in spring (Königslöw et al., 2021; Olsson et al., 
2015). 

Unlike semi-natural habitats, mass-flowering crops, such as oilseed 
rape and orchards, only offer food resources during a short time period 
(Morandin and Winston, 2006). Critical time periods of nectar scarcity 
for bumblebees have been identified in March, June and August/Sep-
tember (Timberlake et al., 2019). Therefore, the effectiveness of 

Fig. 7. Number of Bombus terrestris colonies per A) area of nesting habitats 
(ha), B) number of food patches and C) pollen of food habitats (kg) from year 
5–8 over all landscape scenario types and their 30 repetitions. 
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mass-flowering crops with limited flowering periods may depend on the 
amount of semi-natural habitats that provide temporally continuous 
floral resources (Westphal et al., 2009) and allow for temporal spill-over 
of bumblebees from early to late flowering crops, e.g., from oilseed rape 
to sunflowers (Riedinger et al., 2014b). Besides semi-natural habitats, 
biodiversity measures, such as flower strips, can improve the continuity 
of pollen and nectar supply in intensive agricultural landscapes. Further, 
as flower strips offer most food resources in summer, they may com-
plement the food supply of hedges and mass-flowering crops which show 
peak flowering in spring (Königslöw et al., 2021). 

Altogether, both the effectiveness and relative importance of biodi-
versity measures may vary depending on the surrounding landscape 
with respect to floral resources and possibility for nesting and hiber-
nating (Krimmer et al., 2019; Scheper et al., 2015; Schubert et al., 2022). 
Krimmer et al. (2019) suggested that smaller flower fields should be 
implemented in landscapes with high proportion of semi-natural habi-
tats and larger ones in landscapes with low proportion of semi-natural 
habitats. Further, authors suggested that sufficient amounts of 
semi-natural habitats are needed to maintain bumblebee colonies in 
agricultural landscapes with high proportions of mass-flowering crops 
(Proesmans et al., 2019). Such an interaction between mass-flowering 
crops and semi-natural habitats is largely missing in our study region 
of Rhine Hesse (low proportion of semi-natural habitat), which may 
explain the low density of bumblebees. According to Marja et al. (2018) 
changes in crop rotation, e.g., establishing mass-flowering crops, can 
also be an efficient solution to increase biodiversity of agricultural 
landscapes, because crop rotations combined with biodiversity measures 
determine bumblebee abundance. Especially for bumblebees, biodiver-
sity measures and early crop cultivation as oilseed rape can provide 
essential resources for colony establishment and growth in spring 
(Scheper et al., 2015). 

In conclusion, our study underlines that not only biodiversity mea-
sures are likely to affect the bumblebee population, but that the overall 
landscape composition, particularly proportion of semi-natural habitats, 
is also important (Kennedy et al., 2013; Steckel et al., 2014). 

4.1. Limitation 

Simulation modelling can be a tool for assessing how agricultural 
landscapes could be improved through biodiversity measures in the 
most efficient way in order to promote bumblebee populations. Infor-
mation about the quality of food patches in the landscape and their 
amount of nectar and pollen was based on literature data, which were 
collected in the FloRes Database (Baden-Böhm et al., 2022a). In reality, 
the phenology of plants is subject to annual variation depending on the 
weather patterns, but in the models, it is held constant in every year. 
Furthermore, changes in plant species composition, richness of flower-
ing species over the years (Frank et al., 2012; Tscharntke et al., 2011) or 
life span could not be considered in our study. Additionally, flower 
density depends on habitat type (Frank et al., 2012). 

As in the previous study, where the effect of flower strips on hon-
eybees was the research question (Baden-Böhm et al., 2022b), the crops 
were represented with a flower density of 100%. But the plant compo-
sitions of the flower-rich habitats, such as biodiversity measures or 
semi-natural habitats, comprised more plant species in reality than in 
the model, so the flower density is lower than 100% (Appendix 2). For 
the biodiversity measures, we additionally assumed that cover density of 
plant species is equal to the percentage of seeds of the respective plant 
species in the seed mixture. 

Grassland and forest were not defined as food and/or nesting habi-
tats. We did not have enough information about management type and 
intensity, so that their importance for bumblebees was likely underrated 
in the models. 

5. Conclusions 

We conclude that agent-based modelling with the model Bum-
bleBEEHAVE can support the efficiency assessment of bee-friendly 
biodiversity measures at landscape scale. In our study, we found out 
that biodiversity measures providing food and nesting habitats have 
positive effects on the development of bumblebee colonies at landscape 
level. The landscape composition can modify the effect of biodiversity 
measures. In particular, the area of semi-natural habitats affects posi-
tively the colony density of B. terrestris. This is in contrast to area of 
mass-flowering crops that has little to no effect on the number of col-
onies. Mass-flowering crops are annual crops and, except for orchards, 
no nesting habitat. Their quality and quantity varied over the years. 
However, our main focus pertains particularly on the implemented 
biodiversity measures, which were on the one hand additional food 
habitats or on the other hand additional food and nesting habitats, 
whereby the latter include only the perennial biodiversity measures. 
Finally, we stress the importance of nesting habitats for the foundation 
of bumblebee colonies, although there are regional differences due to 
farming practices and surrounding landscape. The food habitats, 
assessed by the quantity (number of food habitats) and the quality (sum 
of pollen), demonstrate that the number of colonies is lower when 
habitat is fragmented into many small patches. The quality enhanced 
positively the reproductivity of bumblebees with respect to successfully 
founding bumblebee colonies. 
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Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.agee.2023.108649. 

References 
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F. Baden-Böhm et al.                                                                                                                                                                                                                           

https://doi.org/10.1016/j.agee.2023.108649
https://doi.org/10.3897/BDJ.10.e83523
https://doi.org/10.1016/j.baae.2022.02.005
https://doi.org/10.1016/j.baae.2022.02.005


Agriculture, Ecosystems and Environment 356 (2023) 108649

9

and grasslands. Biological Conservation 143 (9), 2020–2027. 10.1016/j. 
biocon.2010.05.005. 

Becher, M.A., Twiston-Davies, G., Penny, T.D., Goulson, D., Rotheray, E.L., Osborne, J.L., 
2018. Bumble-BEEHAVE: a systems model for exploring multifactorial causes of 
bumblebee decline at individual, colony, population and community level. J. Appl. 
Ecol. 55 (6), 2790–2801. https://doi.org/10.1111/1365-2664.13165. 

Beyer, N., Kirsch, F., Gabriel, D., Westphal, C., 2021. Identity of mass-flowering crops 
moderates functional trait composition of pollinator communities. Landscape 
Ecology 36 (9), 2657–2671. 10.1007/s10980–021-01261–3. 

BKG, 2018b. DOP40 / Digitale Orthopho-tos - Bodenauflösung 40 cm. Bundesamt für 
Kartographie und Geodäsie (BKG). 

BKG, 2018a. Amtliches Topographisch-Kartographisches Informationssystem. 
Bundesamt für Kartographie und Geodäsie (BKG). 

Blaauw, B.R., Isaacs, R., 2014. Larger patches of diverse floral resources increase insect 
pollinator density, diversity, and their pollination of native wildflowers. Basic Appl. 
Ecol. 15 (8), 701–711. https://doi.org/10.1016/j.baae.2014.10.001. 

Buhk, C., Oppermann, R., Schanowski, A., Bleil, R., Lüdemann, J., Maus, C., 2018. Flower 
strip networks offer promising long term effects on pollinator species richness in 
intensively cultivated agricultural areas. BMC ecology 18 (1), 55. 10.1186/ 
s12898–018-0210-z. 

Carvell, C., Meek, W.R., Pywell, R.F., Goulson, D., Nowakowski, M., 2007. Comparing 
the efficacy of agri-environment schemes to enhance bumble bee abundance and 
diversity on arable field margins. J. Appl. Ecol. 44 (1), 29–40. https://doi.org/ 
10.1111/j.1365-2664.2006.01249.x. 

Carvell, C., Osborne, L, J., Bourke, G, A.F., Freeman, N, S., Pywell, F, R., Heard, S, M., 
2011. Bumble bee species’ responses to a targeted conservation measure depend on 
landscape context and habitat quality. Ecol. Appl. 21 (5), 1760–1771. 

Carvell, C., Bourke, A.F.G., Osborne, J.L., Heard, M.S., 2015. Effects of an agri- 
environment scheme on bumblebee reproduction at local and landscape scales. Basic 
Appl. Ecol. 16 (6), 519–530. https://doi.org/10.1016/j.baae.2015.05.006. 

Cole, L.J., Kleijn, D., Dicks, L.V., Stout, J.C., Potts, S.G., Albrecht, M., Balzan, M.V., 
Bartomeus, I., Bebeli, P.J., Bevk, D., Biesmeijer, J.C., Chlebo, R., Dautartė, A., 
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