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Abstract
To counteract the decline of biodiversity in intensively used agricultural landscapes, a 
diversity of local conservation interventions, including on-field measures, such as ex-
tensification of cereal production, and off-field measures, such as flower strips, is taken. 
Pollinators, among which wild bees are of particular importance, are a focal group of 
biodiversity conservation. Although several studies have shown positive local effects of 
conservation interventions on wild bees, it remains unclear whether these lead to a real 
increase of wild beess at landscape level. Therefore, we surveyed wild bees in 18 agri-
cultural landscape sections  (1 × 1  km) distributed over nine agricultural regions across 
Germany. In one of the paired landscapes per region, local conservation interventions 
were implemented, while they were largely absent in the others. We recorded wild bees 
with a stratified transect sampling on 1000 × 4  m² per landscape where transect sections 
were distributed proportionally across the edges of all major land-cover types. Further, we 
conducted GIS-based landscape analyses to calculate the area of conservation interven-
tions and additional landscape metrics, e.g., area of semi natural habitats and edge density. 
Then, we modelled the effects on landscape-level species richness and abundance of wild 
bees. Thereby, we also grouped bee species by taxonomy and frequency of occurrence. 
We found that the area of local conservation interventions was positively related to rich-
ness and abundance of solitary bees and rare bees. The abundance of bumble bees and 
frequent wild bees was positively influenced by crop richness or evenness. In contrast, 
semi-natural habitats and edge density had no significant effects in the studied landscapes. 
Our results show that local conservation interventions can promote wild bees at landscape 
level already few years after their implementation.

Keywords  Agri-environment schemes · Pollinators · Land use · Landscape 
configuration · Crop diversity · Transect walks
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Introduction

Nearly 40% of Europe’s land is exploited for agricultural purposes (EEA 2017). The Euro-
pean Environment Agency estimates that about 50% of all animal and plant species in 
Europe depend on agricultural land (EEA 2006). Therefore, agriculture has a special respon-
sibility for the conservation of biodiversity. Of particular importance are habitats that can be 
attributed to extensive land-use types (Henle et al. 2008; Kleijn and van Langevelde 2006). 
In the last century, the transformation of extensively used habitats into intensively managed 
agricultural land has been omnipresent (Robinson and Sutherland 2002; Vanbergen et al. 
2020). This resulted in an increasing homogenization of the landscapes in Europe, which in 
turn led to the progressive decline of farmland biodiversity (Kleijn et al. 2011; Seibold et al. 
2019; Wesche et al. 2012). In particular, the diversity of wild bees (Hymenoptera, Apoidea) 
declined most severely in farmland compared to other land-use types in Central European 
agricultural landscapes (Potts et al. 2010, 2016).

Thus, land-use intensification and loss of natural and seminatural habitats are seen as 
causes for the decline of wild bee diversity and abundance across Europe (Goulson et al. 
2008; Kovács-Hostyánszki et al. 2017; Potts et al. 2010; Xiao et al. 2016). Especially in 
intensively managed agricultural landscapes, available nesting sites, corresponding nest-
ing material, sufficient food resources and their connectivity are often lacking throughout 
the activity period of the bees (Kleijn and van Langevelde 2006; Westrich 2019). This is 
alarming, also for agricultural food production, because wild bees belong to one of the most 
important pollinator groups. Moreover, they not only play an important role for wild plants, 
but are also the most important pollinators of cultivated plants (Garibaldi et al. 2013; Oller-
ton et al. 2011; Winfree 2010).

The conflict between maximizing yields and reducing costs of agricultural production and 
the need to conserve biodiversity urgently requires a solution (Butsic et al. 2020; Mouys-
set 2014). For this, agricultural transformative change, addressing biodiversity decline is 
urgently required (Mupepele et al. 2021). For diversity of wild bees, such change would 
have to include an increase of floral resource richness (Dicks et al. 2015). The promo-
tion of floral resources in cultivated habitats is one of the most common interventions for 
the conservation of wild bees (Bretagnolle and Gaba 2015). It is known that the area of 
flower-providing habitats can positively affect pollinators (Diekötter et al. 2014), but also 
the diversity of habitats is important because different habitats often provide different floral 
resources, nest sites and nest materials for wild bee species (Steffan-Dewenter et al. 2002; 
Westrich 2019). Most of them nest in the ground which is why lack of soil disturbance and 
also the availability of bare ground are vital for providing nesting and overwintering habitat 
in agricultural landscapes (Gardein et al. 2022; Roulston and Goodell 2011; Westrich 2019).

Conservation interventions actively taken by farmers and other land users to support 
biodiversity are diverse and include on-field measures, such as extensification of produc-
tion (e.g. wider rows between crop plants, less pesticide application, fallow periods) and 
diversification of cropping (e.g. mixed cropping, wider crop rotations), as well as off-field 
measures, such as flower strips, beetle banks, extensively managed field margins or planting 
of hedgerows (Klebl et al. 2024). Local conservation interventions, such as flower strips, 
temporary fallows or extensive grain production, may be particularly important in inten-
sively managed landscapes, often lacking food resources and nesting habitats for wild bees 
(Dicks et al. 2013). Local conservation interventions in agricultural areas, targeting wild 
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bees and other pollinators, have shown positive effects depending on the type of measure, 
local management of fields and also on landscape structure, i.e., composition and configura-
tion of the landscape (Alignier et al. 2020; Geppert et al. 2020; Hass et al. 2018; Kleijn and 
van Langevelde 2006; Martin et al. 2019). Thus, the same types of measures may vary in 
their effectiveness depending on local agricultural practices, combinations of interventions 
and surrounding landscape structure (Kleijn et al. 2018; Schubert et al. 2022; Czechofsky et 
al. 2025). Low effectiveness of interventions can arise from the development of undesired 
plant communities, including weeds (Kirmer et al. 2018), but also from missing comple-
mentary resources within the landscapes, such as nesting sites (Czechofsky et al. 2025).

Seminatural habitats can provide suitable nesting and foraging sites for pollinators 
throughout the year (Holzschuh et al. 2012; Kremen et al. 2002; Steffan-Dewenter et al. 
2002) and increasing the amount of such habitats in a landscape may have positive effects 
on pollinators (Blaauw and Isaacs 2014; Ricketts et al. 2008). Also, mass-flowering crops 
can enhance the abundance of wild bees (Westphal et al. 2003; Beyer et al. 2020; but see 
Shaw et al. 2020). Especially solitary bee species can be promoted by mass-flowering crops 
when also seminatural habitats are present in the landscape (Holzschuh et al. 2013).

Regarding landscape structure, small fields and heterogeneous land use lead to a high 
proportion of field boundaries and edge habitats, which may supply important nesting and 
foraging resources (Holzschuh et al. 2009; Rands and Whitney 2011). Wild bees also use 
field boundaries and edge habitats for dispersing across landscapes (Hass et al. 2018). In 
addition, increasing crop diversity has been proposed as a strategy to support higher pol-
linator densities as different crop types may provide different food and nesting resources 
(Aguilera et al. 2020; Fahrig et al. 2010). However, there is no common understanding of 
the effects of crop diversity on bee species richness and abundance, and some studies even 
report negative effects (Hass et al. 2018; Martin et al. 2020) or no effects at all (Aguilera 
et al. 2020). Still, there is a lack of understanding, to what extent the effectiveness of local 
conservation interventions for pollinators may be mediated by the composition and configu-
ration of the landscape they are embedded in (Pérez-Sánchez et al. 2023).

The aim of our study was to assess the effects of the amount and quality of local con-
servation interventions on the abundance and richness of wild bees at landscape level in 
intensively used agricultural landscapes, while controlling for the effects of landscape com-
position (crop diversity, area of seminatural habitat and mass-flowering crops) and land-
scape configuration (edge density). For this purpose, we used a landscape-level sampling 
approach based on stratified transects in landscape sections of 1 × 1 km².

Species of wild bees differ greatly in foraging distances and life-history traits and, hence, 
do not respond equally to habitat types, food resources, and landscape structure (Westrich 
2019). The differences are most pronounced between bumblebees and solitary bees, but also 
within those two groups bee species differ in traits, such as body size or food preferences 
(Beyer et al. 2021). Based on this, we expected that different groups of wild bees would 
respond differently to local conservation interventions and landscape parameters (Carrié 
et al. 2017; Coutinho et al. 2021; Fründ et al. 2010; Osborne et al. 1999). Therefore, the 
sampled wild bee species were classified into six groups based on taxonomy and on com-
monness of occurrence.

In general, we hypothesized that both abundance and richness of wild bees increase with 
higher amount and quality of local conservation interventions. We expected that particularly 
common wild bee species would benefit from local conservation interventions, while rare 
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species would benefit less. Further we hypothesized that crop diversity (richness and even-
ness), semi-natural habitats, mass-flowering crops and edge density would have additional 
positive effects on wild bee abundance and richness in agricultural landscapes.

Materials and methods

Study design

Study regions

The study was conducted in 2017 and 2018 in nine intensively managed agricultural regions 
within eight federal states of Germany (Fig. 1, Table S1, Table S2). The regions were chosen 
because they represent different agricultural farming systems of above average land-use 
intensity and, moreover, differed in landscape composition and configuration (Budde-von 
Beust 2020). The focus was on landscapes and farms where a limited number of local con-
servation interventions had been implemented in the past. Our selection of study regions, 
therefore, mirrors the realistic situation in many agricultural landscapes across Europe with 
very little effective measures implemented and little improvement of habitat conditions for 
farmland fauna and flora (European Court of Auditors 2020; Pe’er et al. 2020). The selection 
of study landscapes within the regions was guided by farmers who were willing to implement 
farm-adapted conservation interventions on their land. In each of the nine regions, one farm 
was collaborating with the project by implementing standard agri-environmental measures 
from the respective agri-environmental programs as well as some ‘farm adapted’ interven-
tions which were developed by the project and tailored to the economic and environmental 
characteristics of the respective farms (Budde-von Beust 2020). The farmers participating 
in the project were and had to be open for innovation and environmental improvement of 
their farming practices but did not differ from their colleagues in their perspectives about 
economic restrictions and their reticence in implementing conservation interventions due to 
the risks of control and sanctioning (Joormann and Schmidt 2017).

Local conservation interventions

Up to the start of their involvement in the project, few agri-environment measures had been 
established by the collaborating farmers on their farmland. By joining the project, farm-
ers agreed to establish both standard agri-environmental measures according to the federal 
states’ agri-environmental schemes (AES) and, on top of those, specific farm-adapted mea-
sures (not eligible in AES) which were designed or adapted to the needs of the particular 
farms (Beyer et al. 2023; Stupak and Sanders 2021). In the following, we refer to all imple-
mented measures as ‘local conservation interventions’.

Implementation of local conservation interventions or bundles of such interventions 
varied between regions because the types and number of interventions depended on the 
local settings of the individual farms, such as farm type and choice of crops, but also on 
exposition and landscape features. The interventions aimed at increasing farmland biodi-
versity in general and were not specifically designed to benefit bees or other pollinating 
insects. Nevertheless, most of them provided additional floral resources, some of them also 
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Fig. 1  A) Map of Germany with all study regions, B) land-cover map of the ‘treatment’ study area in the 
region Hohenlohe with overlay of locations of transect sections for sampling wild bees
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nesting sites (Table 1). The following conservation interventions were implemented during 
the study period: structural flower strips, perennial flowering strips, extensive grain crops, 
extensive grain with undersowing of flowers, flowering headland, fallow land, extensifica-
tion of grassland, topsoil removal, maize-bean intercropping, clover and alfalfa cultivation 
(for a detailed description of measures see Table 1).

Treatment and control landscapes

To test the effects of local conservation interventions on wild bees at the landscape level, we 
used a paired experimental design by rigorously matching pairs of ‘treatment’ and ‘control’ 
landscapes with respect to their composition and soil characteristics, each covering an area of 
1 km² (see below). The ‘treatment’ landscapes included fields of the farms cooperating with 
our project, whereas the ‘control’ landscape represented the ‘normal’ land use of the respec-
tive regions. Both ‘treatment’ and ‘control’ landscapes could include agri-environmental 
and climate measures, contractual nature conservation measures and greening measures of 
the common agricultural policy (CAP) of the EU, which were implemented by farmers inde-
pendently of our project. However, in the ‘treatment’ landscapes, the amount of local con-
servation interventions was substantially increased compared to ‘control’ landscapes due to 
implementation of additional project-specific measures (Table S3). The interventions varied 
among the treatment landscapes in terms of number, spatial extent and quality, depending 
on the structural and economic specificities of the respective participating farms. Most or all 
of the land within the landscapes was managed conventionally although we cannot exclude 
that some fields may have been managed organically.

We chose a distance of at least 3 km and up to 9 km between the respective ‘treatment’ 
and ‘control’ landscapes to secure independence of sampling, considering the relatively 
large foraging distances of some wild bees, especially of bumblebees (Westphal et al. 2006). 
‘Control’ landscapes were selected so that landscape composition and soil characteristics 
were similar to the ‘treatment’ landscapes (Beyer et al. 2020). For this purpose, we analyzed 
the composition of all ‘treatment’ landscapes and their wider surroundings (9 km²) based on 
official land-cover maps (ATKIS - Official Topographic Cartographic Information System 
© GeoBasis-DE/BKG 2018; information of this digital map is based on the content of the 
1:25,000 topographic map, but has a higher positional accuracy (the aim is ± 3 m) for point 
and linear objects). Landscape composition was described as proportions of arable land, 
grassland, forest and urban infrastructure. Then, we conducted a semi-automated selec-
tion of the ‘control’ landscapes within ring buffers around the treatment landscapes with an 
inner radius of 3 km and a width of 6 km. Within these buffers, a similarity measure based 
on Euclidean distance was calculated for all possible candidate landscapes using the data 
described above. Three landscapes that were most similar to the ‘treatment’ landscape were 
selected as ‘control’ candidates. In consultation with locally knowledgeable farm advisors, 
sourcing their local knowledge on comparability of farming types, crop rotations and their 
consent to bee sampling on their land, one ‘control’ landscape per region was ultimately 
selected.
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F.R.A.N.Z. 
measures

Code Definition

Structural 
flower strip
F/N

1a Perennial measure (target duration 5 years), fall or spring sowing (before May 
31), no use of pesticides or fertilizers on the entire strip. Driving on the area of 
the measure is not allowed. The strip is divided crosswise into two parts, which 
are alternately tilled with flower mixture, turned over and reseeded.

Perennial 
flower strip
F/N

1b Perennial measure (target duration 5 years), fall or spring sowing (before May 
31), no use of pesticides or fertilizers on the whole strip. If the strip is culti-
vated with a biogas seed mixture, organic fertilization is allowed.

Extensive 
grain
F

2a No mineral fertilizers, liming or pesticides allowed, double row spacing and 
50% of normal seed rate, different options for harvesting: (i) normal harvest 
and plowing, (ii) normal harvest and stubble fallow over winter, (iii) no harvest 
(grain standing over winter)

Extensive 
grain with 
undersowing 
of flowers
F

2b Undersowing of at least four flowering species, double row spacing and 50% 
of normal seed rate, no mineral fertilization or application of plant protection 
products after sowing, grain is harvested normally, use of the undersown mate-
rial is allowed.

Flowering 
headland
F

3a Cultivation with a small-grain legume mixture of at least four species, no fertil-
izer or pesticides, access to the area remains guaranteed, mulching or mowing 
and use of the grown legumes is permitted, plowing is possible after August 31

Fallow land
F

3b Fallow strips with annual tillage, optional greening by seeding in autumn in the 
first year, no pesticides, no fertilization, mowing and removal of plant material 
in autumn

Extensive 
grassland
F/N

6b Perennial measure (target duration: 10 years), no fertilization or pesticides, 1–2 
cuts/year with removal of mown material, no cultivation (no mowing, rolling 
or dragging) for eight weeks between May 10 and July 5

Topsoil 
removal
F/N

6c Topsoil, incl. vegetation, is scraped off to a depth of approx. 10–15(–20) cm 
and removed from the area, width approx. 5–10 m, removal: September/
October or March/April, depending on the location, area can be sown with 
hay transfer or meadow-flower mixture or left to self-vegetate, maintenance 
requirements like old-grass strips

Maize-bean 
intercropping
F

7 Area of mixed cultivation, use of pesticides only before cultivating beans, no 
mineral fertilizers (fertilizers up to 80 kg N/ha possible), sowing can be done 
simultaneously (one row of corn and one row of bean at a distance of 37.5 cm) 
or successively, seed strength: 50% climbing beans and 50% corn (6.5–7.5 
grains/m² of bean and corn seeds), preferred varieties: Annellino Verde, Annel-
lino Giallo for beans, and a stable corn variety (e.g. KWS Figaro)

Non-
F.R.A.N.Z. 
measures

Code Definition

Flower strip
F/(N*)

1 Flower strip as local conservation intervention implemented in the frame of 
agri-environmental schemes (AES) or contractual nature conservation. Exact 
requirements for implementation not known

Extensive 
grain
F

2 Extensive grain as local conservation intervention implemented in the frame of 
AES or contractual nature conservation. Exact requirements for implementa-
tion not known

Fallow land
F/(N*)

3 Fallow land as local conservation intervention implemented in the frame of 
AES or contractual nature conservation. Exact requirements for implementa-
tion not known

Table 1  Definition of all local conservation interventions included in the study. ‘F.R.A.N.Z. Measures’ are 
novel measures that were implemented in the study landscapes in the framework of the F.R.A.N.Z. Proj-
ect (https://www.franz-projekt.de/). ‘Non-F.R.A.N.Z. Measures’ are agri-environmental measures that were 
implemented by farmers in the study landscapes independent of the Project. F: intervention is providing food 
resources (nectar and pollen) for wild bees; N: intervention is providing nesting habitat for wild bees
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Landscape analysis

We produced land-cover maps of all 1 × 1 km landscapes (both treatment and control) based 
on digital topographic maps (ATKIS) distinguishing arable land, grassland, forest, settle-
ment, roads and further infrastructure. In addition, local conservation interventions and lin-
ear landscape elements, such as hedgerows and field margins, were manually digitized into 
the land-cover maps based on digital orthophotos and on-site mapping. The crop types of 
all arable fields were also mapped on site during the cropping season (Table S4). The spatial 
resolution of our land-cover maps was approx. 5 × 5 m for areal objects and min. 2 m width 
for linear landscape elements. The land-cover data were processed with ArcMap 10.7.1 
(ESRI, USA).

To characterize the eighteen landscapes in terms of quantity and quality of implemented 
conservation interventions and landscape structure, we calculated seven landscape metrics 
to serve as predictor variables in statistical data analyses: (1) area of conservation interven-
tions, (2) quality index of conservation interventions, (3) area of mass-flowering crops, (4) 
crop richness, (5) crop evenness (6) area of semi natural habitats and (7) edge density (see 
Table 2 for summary of descriptive statistics).

We calculated a quality index of the interventions to account for the differences between 
the types and bundles of measures implemented in the respective landscapes (Jönsson et 
al. 2015). To calculate this quality index, each intervention was evaluated by five attri-
butes which represented relevant quality indicators of wild bee habitats: (1) flower diversity 
(number of species), (2) flowering period (period from first to last flowering day), (3) food 

Landscape metric Treatment, N = 17 Control, 
N = 17

P-value

Area of cons. interv. (ha) 3.01 (1.60, 6.35) 0.00 (0.00, 
0.00)

< 0.001

Quality index of cons. 
interv.

2.07 (0.19, 4.91) 0.00 (0.00, 
0.00)

< 0.001

Crop richness 5.00 (4.00, 5.50) 5.00 (4.00, 
5.00)

0.6

Crop evenness 0.79 (0.70, 0.83) 0.69 (0.49, 
0.74)

0.001

Mass-flowering crops 
(ha)

4 (0, 18) 6 (0, 20) 0.8

Seminatural habitats (ha) 4.13 (2.53, 8.55) 4.26 (3.43, 
6.07)

0.6

Edge density (km/km²) 15 (11, 19) 15 (11, 19) 0.5

Table 2  Statistics (medians, 
quartiles) of landscape metrics 
in ‘treatment’ and ‘control’ 
landscapes in the years 2017 
and 2018. Differences between 
treatment and control landscapes 
were tested with Wilcoxon rank 
sum tests

 

F.R.A.N.Z. 
measures

Code Definition

Clover
F

8 Cultivation of different varieties of clover on fields in the form of strips or 
wider areas, for example red clover or incarnate clover. Exact requirements for 
implementation not known

Alfalfa
F

9 Cultivation of alfalfa on fields in the form of strips or wider areas. Exact 
requirements for implementation not known

* only valid for perennial interventions

Table 1  (continued) 
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quantity (cover percentage of flowering plants), (4) provisioning of nest and overwinter-
ing habitats (based on lack of soil disturbance, ‘yes’ or ‘no’) and (5) the duration of mea-
sures (‘annual’ or ‘biennial’). Information on the different attributes was collected during 
the project and obtained from Flora Web (https://www.floraweb.de/). For each measure, we 
assigned specific weighting factors to the five attributes reflecting the putative strengths of 
positive effects on wild bees (Table S5). To calculate the quality index, the areas of the dif-
ferent types of measures were multiplied by the mean of their five weighting factors and, 
then, summed up per landscape using the formula:

	 quality index = log(
∑

(areameasuretype *mean (weighting factorsn=5))) + 1

For crop richness, we calculated the total number of different crop-type categories per land-
scape (Table S5). Crop evenness was measured as Pielou index. The Pielou index is defined 
as J′ = H′ /ln (S) where H’ is the Shannon-Wiener diversity index and S is the crop 
richness (Pielou 1966). If all crop types are represented in equal numbers in the sample, then 
J′ = 1. If one crop type dominates, J′ is close to zero. For calculating the variable ‘mass-
flowering crops’, we summed up the area (in ha) of all occurring crops with flowers that can 
be used as food resource by bees, including Brassica napus (oilseed rape), Trifolium spp. 
(clover), Vicia faba (faba bean), and Pisum sativum (peas). The area of semi natural habitats 
(SNH) was summed up (in ha) across the habitat types hedges, field margins, orchards, 
woody elements, ditches, waters and ponds, and streamsides. Edge density was calculated 
as the sum of the lengths (km) of boundaries between all distinguished land-cover types 
(Table S4) per 1 km².

The landscape analysis confirmed a significant difference in area of local conservation 
interventions between treatment and control landscapes (Wilcoxon rank sum test, p < 0.001). 
Apart from that, the paired landscapes differed only in crop evenness (p = 0.001), but not in 
other landscape metrics (Table 2).

Sampling of wild bees

To record the abundance and richness of wild bees at landscape level, we conducted transect 
walks along edges of multiple land-cover types within the landscapes. Transects had a width 
of 4 m and a total length of 1000 m, which was subdivided into sections that were distrib-
uted among the major land-use types (forest, field, grassland, orchard), local conservation 
interventions and linear landscape elements proportionally to the lengths of their respective 
edges within the 1 km² landscapes. For this purpose, we classified all edges by the two 
adjacent land-cover types (e.g. arable field-forest or arable field-arable field or grassland-
flower strip). Then, we calculated the proportions of the total edge length for each occurring 
edge class and multiplied these proportions with the total transect length of 1000 m in order 
to determine the class-specific lengths of the transect sections per landscape which ranged 
between 3 m (min.) and 484 m (max.) with a mean of 129 m. However, we excluded all edge 
classes that comprised aquatic habitats, settlements and traffic infrastructure from these cal-
culations because we focused on farmed landscape components. Transect sections were 
distributed across the real landscapes as follows: during fieldwork, all mapped edge types 
and their corresponding edge areas were examined and the most appropriate ones were 
selected based on ranking of flower availability (i.e. visual assessment of cover of potential 
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foraging plants for wild bees), spatial distribution of other transects and accessibility. The 
4-m wide transect sections were equally divided up between the two bordering habitat types. 
Depending on the width of the respective edges between the habitat types, the border of the 
more flower-rich habitat type defined the location of the transect section. Hence, 2 m of the 
respective transect sections covered the most flower-rich habitat type (e.g., flowering crop, 
conservation intervention), and 2 m covered the habitat type directly adjacent to the flower-
rich habitat (e.g., field margin, dirt track, ditch, other crop or grassland). The locations of 
transect sections remained the same throughout the study.

The sampling took place during suitable weather conditions for pollinators (minimum of 
17 °C, low wind, no rain and dry vegetation) from May to August 2017 and 2018 (Supple-
mentary Material, Table S6). Bees (Apiformes) were recorded during three sampling periods 
over the sampling season (‘early’, ‘mid’ and ‘late’ season). All regions were sampled by 
the same person to avoid observer bias. Transects were walked along their center line. All 
observed bees (flying, resting, foraging) were caught with an insect net. For every 10 m 
of the transects, bees were observed for 1 min. While bees were captured and stored, time 
was stopped to standardize both sampling area and observation time (Westphal et al. 2008). 
Landscape pairs (treatment and control) were sampled on two consecutive days if weather 
conditions were suitable. Transect sections were sampled in a random order. All bees were 
collected for subsequent identification in the laboratory. All insects were processed, nee-
dled, and all bumblebee species (Bombus spp.) were identified. Solitary bees were identified 
by an external expert (Dr. Daniela Warzecha, Senckenberg Research Institute and Natural 
History Museum).

Classification of bee groups

As response variables for statistical analyses, we calculated species richness and abundance 
summed up across all transect sections per landscape of six bee groups: (I) all wild bees, 
(II) bumblebees and (III) solitary bees and, further, (IV) frequent, (V) common or (VI) rare 
bees. All recorded species that Westrich (2019) classified as ‘very frequent’ were assigned 
to the group ‘frequent bees’, while the group of ‘common bees’ comprised all species with 
Westrich’s status ‘frequent’ and ‘moderately frequent’ and the group ‘rare species’ included 
species with the status ‘rare’ or ‘very rare’ (Table 3). Honey bees were not included, as their 
abundance is related to the presence of bee keepers in the landscapes, for which we had no 
information, and honey bees also cover longer flight distances (up to 10 km) and thus the 
independence of treatment and control landscapes would not be ensured. We analyzed dif-
ferent bee groups separately because they have specific traits and, thus, may respond differ-
ently to changes in land use (Forrest et al. 2015).

Statistical analysis

We analyzed whether species richness or abundance of bees were affected by characteristics 
of the landscapes (the seven landscape metrics described above) with Generalized Linear 
Mixed Models (GLMM), modelling each bee group separately. For this purpose, we used 
the glmmTMB package in R version 4.0.3. As the number of predictor variables was high 
in proportion to the sample size, we chose to conduct best-subset modelling and subsequent 
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model averaging (multi-model inference) for estimating the effect sizes and testing signifi-
cance using the MuMIn package (Barton and Barton 2020).

First, we constructed global models for each response variable (abundance or richness of 
the respective six bee groups) that contained all seven predictors to be tested and additional 
covariates of weather conditions during the sampling, i.e., sunshine duration, wind speed, 
and temperature, as well as a random intercept for the nine study regions. To derive weather 
data for the sampling per landscape and sampling season, we calculated the means of daily 
mean temperature, sunshine duration per hour and mean wind speed over the actual days 
of sampling using data from the nearest weather stations of the German Meteorological 
Service (Deutscher Wetterdienst, DWD). Additionally, we included the predictor variables 
‘sampling season’ and ‘landscape type’ (treatment or control) in the global models, if they 
improved model fit as assessed by Akaike’s Information Criterion (AIC). Following this 
approach, a specific global model was found for each response variable (Supplementary 
Material, Table S7). The global models were set up with Poisson distribution or, in case of 
significant overdispersion as evaluated with the ‘overdisp_fun’ function by Bolker (​h​t​t​p​:​/​​/​
b​b​o​l​​k​e​r​.​g​i​​t​h​u​b​​.​i​o​/​m​​i​x​e​d​m​​o​d​e​l​s​-​​m​i​s​c​​/​g​l​m​m​F​A​Q​.​h​t​m​l), with negative binomial distribution 
(Supplementary Material, Table S7). In all cases, logarithm was used as link function. To 
check for linearity, we used the cumres-function from the package ‘gof’ (Lin et al. 2002). 
Further, we calculated Variance Inflation Factors (VIF) to assess multicollinearity of the 
predictor variables with ‘vif’ function from the package ‘car’ (Fox and Weisberg 2019).

In the second step, we conducted best-subset modelling using the dredge function (pack-
age MuMIn) to generate a model selection table. The candidate models included at maxi-
mum two fixed effects and, additionally, the random intercept of ‘region’. Further, we set the 
constraint that models could only contain one of the predictors conservation interventions 
index or area of conservation interventions because of collinearity of these variables. Fol-
lowing this approach, models with all eligible two-way combinations of predictors were 
fitted to the data.

Finally, parameter estimation and significance testing were conducted by averaging all 
models for which the difference of the corrected Akaike’s information criterion (AICc) 
(Burnham and Anderson 2002) compared to the best model was smaller than 4 (ΔAICc < 4) 
(Barton and Barton 2020). For this purpose, we used the function ‘model.avg’ from package 
MuMIn on the fitted models (option ‘fit = TRUE’).

Results

In total, 1731 individuals of 117 wild bee species were recorded (Supplementary Material, 
Table S8). Of those, 857 (49%) were bumblebee individuals from 18 (15%) species and 
874 (51%) individuals were solitary bees from 99 (85%) species. Most of the species were 
usual crop-visiting species (Kleijn et al. 2015) classified as frequent (514 (29.7%) individu-
als, 12 (10.3%) species) or common (1104 (63.8%) individuals, 81 (69.2%) species). Bees 
classified as ‘rare’ occurred in small numbers (90 (5.2%) individuals, 20 (17.1%) species; 
see Table 3 for regional differences). Four species could not be assigned to any group due to 
insufficient data (Westrich 2019). According to the Red Data List of Germany (Westrich et 
al. 2011), 85 wild bee species recorded in this study were listed as not endangered, 14 spe-
cies as near-threatened, 10 species as endangered and four species as critically endangered. 
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For two species their endangerment is unknown and for two more species there was insuf-
ficient knowledge to assess the status.

In the ‘treatment’ landscapes, abundance and richness of all bees and of common bees as 
well as richness of bumblebees were significantly higher compared to ‘control’ landscapes 
(Table 4). Still, both quantity and quality of local conservation interventions varied consid-
erably between and among treatment and control landscapes (Table S3). Hence, we further 
considered the potential effects of area and of quality index of conservation interventions 
in our models. Solitary bee abundance and richness were positively affected by area of 
conservation interventions and, the former, also by quality index of conservation interven-
tions (Fig. 2; Table 4). Likewise, abundance and richness of rare bees were significantly 
positively affected by area of conservation interventions and quality index of conservation 
interventions (Fig. 2; Table 4). Richness of common bees was also positively affected by 
area of conservation interventions (Fig. 2; Table 4).

The other landscape metrics also showed some importance in the models, with crop 
evenness, in particular, positively affecting abundances of bumblebees and frequent bees 
and richness of common bees (Figs. 2 and 3; Table 4). Crop-type richness had a significant 
positive effect on total bee abundance (Fig. 2; Table 4). Surprisingly, area of mass-flowering 
crops only showed a significantly negative effect on the abundance of frequent bees, but no 
positive effects (Fig. 3; Table 4). Further, we could not detect any effects of edge density or 
area of semi-natural habitats on any of the bee groups.

Discussion

Landscape-level effects of local conservation interventions

Several studies demonstrated that environmental measures, including many agri-environ-
ment schemes (AES), can benefit species richness and abundance of wild bees at both field 
and farm scale (Doublet et al. 2022; Hellwig et al. 2022; Klatt et al. 2020; Klaus et al. 
2021; Scheper et al. 2015). Meta-analyses showed that the local effects of agri-environmen-
tal measures on pollinators in Europe increase with the quality of the measures regarding 
food (nectar, pollen) supply and with the ecological contrast in floral resources between 
the measures and control sites in studies of local abundance and richness (Scheper et al. 
2013; Pérez-Sánchez et al. 2023). The finding that ecological contrast is a key driver of 
the local effect size of measures on pollinators may be explained by an attraction process 
in combination with the small scale of implementation (Scheper et al. 2013; Veddeler et 
al. 2006). Hence, the question remains whether local conservation interventions have only 
local effects through attracting pollinators from the surroundings and, thus, only spatially 
redistribute individuals from otherwise unaffected populations or whether they also result in 
increased pollinator abundance and richness at the landscape level and long-term population 
effects (Kleijn et al. 2018). Thus far, there is still scarce evidence for such landscape-level 
effects of local conservation interventions on wild bees (Beyer et al. 2021; Jönsson et al. 
2015).

The results of our study suggest that local conservation interventions have positive land-
scape-level effects on wild bees already shortly after their implementation. Besides enhanc-
ing floral resources, the conservation interventions may benefit pollinators by providing 
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Table 4  Summaries of averaged models of effects of local conservation interventions and other landscape 
metrics on different target variables of wild bee abundance and richness. Only significant predictors are 
shown, excluding covariates of weather and sampling season. For complete summaries see supplementary 
Material, Table S9 and for best-subset selection tables see Table S10
Target Predictor Estimate Std. Error Adjusted SE Z value P
Total bee abundance

Intercept 3.1215 0.1138 0.1166 26.7722 < 0.001
Landscape type 0.5846 0.1357 0.1389 4.2101 < 0.001
Crop richness 0.1448 0.0638 0.0654 2.2148 0.027

Total bee richness
Intercept 2.1927 0.1142 0.1169 18.7555 < 0.001
Landscape type 0.3432 0.0882 0.0904 3.7988 < 0.001

Bumblebee abundance
Intercept 2.6118 0.2056 0.2083 12.5401 < 0.001
Crop evenness 0.3218 0.1235 0.1264 2.5462 0.011

Bumblebee richness
Intercept 1.2277 0.1421 0.1447 8.4872 < 0.001
Landscape type 0.3120 0.1469 0.1505 2.0733 0.038

Solitary-bees abundance
Intercept 2.5444 0.2175 0.2231 11.4070 < 0.001
Area of conservation interventions 0.2605 0.0828 0.0849 3.0669 0.002
Conservation interventions index index 0.2522 0.0896 0.0918 2.7467 0.006

Solitary-bees richness
Intercept 1.7444 0.1331 0.1365 12.7802 < 0.001
Area of conservation interventions 0.1820 0.0720 0.0738 2.4667 0.014

Rare-bees abundance
Conservation interventions index index 0.5509 0.1321 0.1354 4.0680 < 0.001
Mean temperature −0.4004 0.1140 0.1168 3.4283 < 0.001
Area of conservation interventions 0.4407 0.1042 0.1068 4.1258 < 0.001

Rare-bees richness
Area of conservation interventions 0.3872 0.1558 0.1596 2.4263 0.015

Common-bees abundance
Intercept 2.5692 0.1725 0.1769 14.5251 < 0.001
Landscape type 0.6527 0.1582 0.1621 4.0256 < 0.001

Common-bees richness
Intercept 1.7697 0.1251 0.1274 13.8930 < 0.001
Landscape type 0.3183 0.1128 0.1154 2.7575 0.006
Crop evenness 0.1405 0.0642 0.0658 2.1362 0.033
Area of conservation interventions 0.1175 0.0570 0.0585 2.0109 0.044

Frequent-bees abundance
Intercept 2.1721 0.1134 0.1163 18.6814 < 0.001
Crop evenness 0.2512 0.1043 0.1069 2.3486 0.019
Mass-flowering crops −0.3538 0.1378 0.1412 2.5048 0.012

Frequent-bees richness
Intercept 0.8051 0.1118 0.1141 7.0539 < 0.001
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nesting sites or reduced exposure to pesticides (Scheper et al. 2013). Some local conser-
vation interventions, such as perennial flower strips, can remain undisturbed for a longer 
period of time. Ground-nesting species can, therefore, find suitable nesting sites on flower 
strips and also on fallows and other perennial measures that are not disturbed by tillage 
(Pfiffner et al. 2018). Lack of soil disturbance and, as a result, potential nest and overwin-
tering habitat is crucial for the survival of primarily ground-nesting bee species (Westrich 
2019).

Previous studies showed that local conservation interventions seem to be particularly 
valuable for common species of broad floral diets because the measures often include plant 
species that are visited by generalist pollinators, such as bumblebees and honeybees (Bän-
sch et al. 2020; Wood et al. 2015). In line with this, we found positive effects of the land-
scapes with increased area of local conservation interventions (‘treatment’ landscapes) on 
the species groups of bumblebees and common wild bees. However, in contrast to previous 

Fig. 2  Total bee abundance (A), bumblebee abundance (B), solitary bee abundance (C-D), and solitary 
bee richness (E) relative to the significant predictors of each, as indicated by multimodel inference. Re-
gression lines were built from coefficients of averaged models (intercept and slope of x-variable). If ‘land-
scape type’ (treatment vs. reference landscape) was significant in the averaged model, half of the amount 
of its estimate was added to the intercept in order to display an average regression curve
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research, we found stronger effects of increasing area of local conservation interventions on 
solitary bees and rare bees, whereas we found no effects on the most frequent bee species.

Although the local conservation interventions within our study landscapes of 1 × 1 km 
cover only 2 ha on average (range 0 ha to 7.7 ha), they have a significant effect on the rich-
ness of common bees and on the richness and abundance of solitary bees and rare bees. 
According to the model of solitary bees, each hectare of local conservation intervention 

Fig. 3  Frequent bee abundance (A-B), common bee richness (C-D), rare bee abundance (E-F) and rare 
bee richness (G) relative to the significant predictors of each, as indicated by multimodel inference. For 
details see Fig. 2
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increases the abundance by the factor 1.10, and 7 ha of local conservation interventions per 
square kilometer yield a doubling of the abundance compared to agricultural landscapes 
without any measures. For rare bees, the effect size of the area of local conservation inter-
ventions is even larger with a factor of 1.18 per hectare and a doubling of the abundance at 
4 hectares. For comparison, the model of all wild bees together predicts 1.8 times higher 
abundances in the treatment landscapes that had a median area of local conservation inter-
ventions of 3 ha compared to control landscapes with virtually no measures.

Enhanced solitary bee abundance at the landscape level in response to sown wildflower 
fields was also reported by Kleijn et al. (2018), where introducing wildflower fields signifi-
cantly enhanced abundances of solitary bees in an area of 10–26 ha. Kleijn et al. (2018) 
concluded that positive large-scale effects on solitary bee abundance can be explained by 
the fact that the sown wildflower fields in their study mostly replaced crop monocultures.

As expected, we generally found only very few individuals and species of the rare group. 
Rare species often have very specific requirements with respect to both food and nesting 
sites. Thus, a possible explanation for the significant relationship between abundance and 
richness of rare bees and the area of local conservation interventions could be that the mea-
sures include flower types or microhabitats for specialized species that are largely missing 
in the agricultural landscapes of our study areas. When those rare species do occur, they 
probably react particularly sensitively to the implementation of measures, as these often 
represent the only food source in addition to semi-natural habitats, which are often of poor 
quality with respect to flower diversity and abundance in our study areas. However, most 
of the rare species that we found are polylectic, while only five species, represented by 
22 individuals, actually depend on specific plant families. They feed on Brassicaceae and 
Asteraceae, which are present in the most frequently implemented measure type, i.e., peren-
nial flower strips. Additionally, the local conservation interventions included plant families 
for several oligolectic bee species, e.g., Apiaceae, Asteraceae, Boraginaceae, Brassicaceae, 
Fabaceae and Resedaceae. Altogether, it appears that some rare bee species can benefit 
from local conservation interventions in agricultural landscapes with low flower diversity 
in semi-natural habitats, but it is unlikely that the measures are sufficient to sustain all rare 
bee species.

Surprisingly, our study did not show an effect of area of measures on bumblebee abun-
dance and richness. Bumblebees have a larger flight radius and are, accordingly, less depen-
dent on resources in the close neighborhood compared to solitary bees (Osborne et al. 2008a, 
b). One reason why bumblebees and frequent bees (the majority of this group consists of 
bumblebees) generally benefit from measures, but do not achieve significantly higher abun-
dance or richness in our study is possibly their ability to access more distant food sources 
so that they are less dependent on additional food or nesting resources provided by local 
conservation interventions. Also, social bees often prefer mass-flowering resources while 
many solitary bees exploit more sparsely distributed flowers (Bänsch et al. 2021).

With the quality index, inspired by (Jönsson et al. 2015), we aimed to better represent 
the habitat qualities for wild bees of different types of measures in terms of floral resources 
(quantity, diversity, flowering period) and nesting sites. Not all measures improved flo-
ral abundance in the landscapes, because they were not specifically designed to benefit 
bees, but to increase biodiversity in general. Therefore, we expected a stronger relationship 
between the quality index of conservation interventions and the abundance and species rich-
ness of wild bee groups compared to the area of local conservation interventions. In fact, the 
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quality index showed similar results as the area of measures, but did not perform better in 
the models. A possible explanation might be that we had to assess the quality of measures 
based on the sown seed mixtures, as precise records of the actually established and flower-
ing plant species on the plots of the measures were not available. However, the realized 
plant composition may deviate substantially from the sown seed mixture (Warzecha et al. 
2021). Further, the quality of floral resources, e.g., specific flower types or plant families 
and genera, may be more important than quantity of flowers and overall species richness 
of flowering plants. Thus, for future studies, the quality index of conservation interven-
tions should be improved so as to include the number of different flower types and plant 
diversity at the family/genera level and it should be calculated based on field records of 
the established plants on each measure. Alternatively, the quality of the measures may not 
have been more important than their quantity in our studied landscapes because they are of 
comparatively low structural complexity. Fijen et al. (2025a) found that increasing habitat 
quantity was by far the most effective approach for boosting pollinator populations in sim-
ple landscapes, whereas in more complex agricultural landscapes, characterized by cover of 
seminatural habitat above 15%, improving habitat quality increased pollinator populations 
more effectively than increasing habitat quantity.

Implications for implementation of local conservation interventions

Wood et al. (2016) found that bee species occurring in agricultural fields varied widely in 
their pollen choices and that species with the widest foraging range were the most abundant. 
They advised increasing plant diversity as part of local conservation interventions to pro-
vide a wider range of pollen resources to promote diverse bee communities on agricultural 
land (Wood et al. 2016). Essential for the provision of floral resources for bees is not only 
plant diversity but also the cover of particular plant species (Potts et al. 2010). Sutter et al. 
(2017) suggested that key plant species, e.g., Origanum vulgare and Achillea millefolium, 
which are visited by all groups, should receive special attention as part of local conserva-
tion interventions and to promote also rare species. According to Warzecha et al. (2018), 
the quality of seed mixtures is not dependent on the number of plant species, but can be 
increased by selecting a few key plant species during the flowering period.

Our models of solitary and rare bees suggest that increasing area of local conservation 
interventions has continuous positive log-linear effects on wild bees that do not seem to 
level off within the studied range of 0–7.7 ha. Hence, there does not seem to be a minimum 
required area of local conservation interventions, but already a single hectare has some 
effect. However, it is not possible to identify an optimal area that would be most cost-effec-
tive based on our data. If the goal was to increase the abundance of rare and solitary bees by 
30%, our models suggest that 1.6/2.7 ha of local conservation interventions were required. 
However, the quality of measures and the surrounding landscape will also play a role and, 
therefore, these values cannot be easily transferred to other settings.

Crop richness and crop evenness

A higher number of different crops in the landscapes (crop richness) had a substantial posi-
tive effect on the overall abundance of wild bees. Further, crop evenness had a positive 
effect on the abundance of bumblebees and of frequent bees as well as on the richness 
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of common bees (Fig. 2). Crop richness and evenness can be essential as each crop type 
is associated with a typical accompanying vegetation. If there is an equal distribution of 
the different crop types, it is more likely that the crops that are providing resources for 
wild bees, such as legumes, are also better distributed and, thus, more accessible to spe-
cies with shorter foraging ranges. Additionally, increased crop richness and evenness may 
imply greater resource continuity across seasons for pollinators in the landscape (Fahrig et 
al. 2011). Moreover, crop rotation and management affect the flower-plant communities in 
field margins, which are important for bumblebees (Marja et al. 2018). Sirami et al. (2019) 
found that greater crop heterogeneity can be an effective way to increase biodiversity in 
agricultural landscapes without having to take land out of agricultural production. Such 
positive effects of crop diversification on pollinating insects were corroborated by Fijen 
et al. (2025b). In contrast, other studies have found no effects or even negative effects of 
crop diversity. Hass et al. (2018) detected a decreased abundance of bees and argued that 
high crop diversity (Shannon index) may be due to an increase in crops with particularly 
intensive management, highlighting the importance of crop identity. Further, Kleijn et al. 
(2018) argued that observed pollinator densities at a given sampling location and time are 
influenced by variation in the availability of co-flowering resources from other crops and 
semi-natural habitats across the landscape and, thus, the effects of crop diversity on pollina-
tors may also vary.

Mass-flowering crops

For most bee groups, our results indicate that abundance and species richness in the land-
scape are not affected by availability of mass-flowering crops (Table 4). We even found that 
the abundance of frequent bees is negatively affected by increasing area of mass-flowering 
crops. This is in contrast to previous studies showing that mass-flowering crops can increase 
wild bee abundance at the landscape level by providing more resources, i.e., pollen and nec-
tar, over the time span of their respective flowering period (Diekötter et al. 2014; Holzschuh 
et al. 2013; Rundlöf et al. 2014; Westphal et al. 2003). Especially, oilseed rape is one of the 
most important mass-flowering crops and can promote pollinators, e.g., the growth of bum-
blebee colonies (Westphal et al. 2009). Furthermore, oilseed rape can also be important for 
population growth of solitary bees, which can reproduce in the early seasons when oilseed 
rape is flowering (Diekötter et al. 2014; Jauker et al. 2012). However, the floral resources 
of oilseed rape are only available for a relatively short period of time. Therefore, pollina-
tors also need other complementary food sources throughout the season (Marja et al. 2018; 
Riedinger et al. 2015; Westphal et al. 2009; Williams et al. 2012).

As all surveys were carried by the same observer, there were time lags between the 
surveys in different regions. The earliest sampling took place in early May, while the lat-
est sampling period of the early season was in late June (Supplementary Material, Table 
S6). Although we considered the phenological differences within Germany in the order of 
sampling, certain early wild-bee species with short activity periods that potentially benefit 
from oilseed rape and other early mass-flowering crops may have been missed during the 
transect walks in study areas where sampling started comparatively late. However, there 
was a strong negative correlation between the date of earliest sampling (day of year) and 
area of mass-flowering crops, which would rather bias our data towards a positive effect. 
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Therefore, the lack of positive effect of mass-flowering crops does not appear to be due to 
the sampling scheme.

Agricultural management should also focus on growing flower-morphologically diverse 
mass-flowering crops, which increases functional plant diversity and, as a consequence, 
improves pollinator diversity (Beyer et al. 2020, 2021; Sutter et al. 2017). In addition to 
oilseed rape, very small areas of field bean, pea, clover and alfalfa were cultivated in indi-
vidual regions during the surveys. Especially Fabaceae, like clover, field bean and pea, that 
produce high protein pollen, are important for social species, like bumblebees (Beyer et al. 
2021; Goulson et al. 2005). Consistent with our results, Holzschuh et al. (2016) found a sim-
ilar dilution effect, i.e., a negative relationship between the cover of mass-flowering crops 
and pollinator densities in fields across Europe. Beyer et al. (2021) also found that a high 
proportion of oilseed rape in the surrounding landscape had a slightly negative effect on the 
proportion of social bees. They argue that single mass-flowering crops cannot maintain a 
functionally diverse wild bee community in agricultural landscapes because the additional 
availability of nesting sites and the continuity of floral resources after the end of mass-
flowering is of enormous importance (Potts et al. 2005; Riedinger et al. 2015; Rundlöf et al. 
2014). Alternatively, our selection of transect sections only covered the edges of some of 
the mass-flowering crops and the effects on the more frequent bees may have been underes-
timated due to the aforementioned dilution effect.

Seminatural habitats

We did not find effects of the area of semi-natural habitats on abundance or richness of any 
of the bee groups. This is in contrast to previous studies, which generally showed that a 
higher proportion of semi-natural habitats increases species richness and abundance of wild 
bees (Meyer et al. 2009; Ricketts et al. 2008; Steffan-Dewenter et al. 2002). For example, 
bee species richness in wildflower strips on cropland increased with the proportion of semi-
natural habitats in the landscape (Krimmer et al. 2019; Scheper et al. 2015). Beyond species 
richness, also flower-visitation rates and overall pollination service decrease with distance 
from (semi-)natural habitats (Garibaldi et al. 2011; Kennedy et al. 2013; Ricketts et al. 
2008). In general, semi-natural habitats provide nesting and overwintering sites (Goulson 
2003; Kells et al. 2001) as well as nectar and pollen via flowering plants (Hicks et al. 2016; 
Kraemer and Favi 2005) which often are insufficient in managed agricultural landscapes.

Hass et al. (2018) suggested that limited variation of the area of semi-natural habitats 
among study areas in intensively used agricultural landscapes may explain the lack of statis-
tically significant relationship with pollinator abundance and richness. In our study, the area 
of semi-natural habitats ranged between 1.1 and 12.2% of the study areas (cf. also Table 2) 
and there was not the slightest tendency towards a positive relationship. This suggests that 
the lack of positive effect is rather not a statistical issue.

The environmental conditions and local management of semi-natural habitats are impor-
tant determinants of their habitat quality (Byrne and DelBarco-Trillo 2019). In our study, the 
semi-natural habitats included many field margins, ditches and similar linear landscape ele-
ments, which often are not very diverse and may be affected by agrochemicals (pesticides, 
fertilizer) from adjoining crops in intensive agricultural landscapes (Holland et al. 2016). 
However, there were very few hedgerows, which are important foraging and nesting sites 
for pollinators (Osborne et al. 2008a, b), and also very few extensive grasslands and groves. 
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Altogether, it appears that low habitat quality of the semi-natural habitats in our study due 
to intensive agricultural land use is a likely explanation for not finding a positive effect on 
pollinators.

Edge density

For none of the wild bee groups, we detected effects of edge density. This contradicts our 
expectations and the literature showing beneficial effect of higher edge densities on pollina-
tor abundance (Fahrig 2017; Gayer et al. 2021; Martin et al. 2019). We expected that espe-
cially solitary bees would benefit from higher edge density as they rely on small-structured 
habitats and short distances to nesting and foraging sites due to their limited flight capacities 
compared to bumblebees (Westrich 2019; Zurbuchen et al. 2010). However, solitary cavity-
nesting bee species do not seem to respond to dispersion and connectivity of habitats in the 
landscape (Holzschuh et al. 2009; Steckel et al. 2014).

It appears unlikely that the lack of effect of edge density was due to the sampling design, 
i.e., recording wild bees along transects on the edges of the major land-use and land-cover 
types. If our sampling had favoured bee species that preferentially occur in edge habitats, 
the relationship between edge density and species richness and abundance should have 
become even stronger. We assume that the specific landscape settings in our study areas are 
the cause for finding no effects of edge density.

In our study, we did not distinguish between the types and qualities of edges. Often linear 
elements, such as field margins, are of poor quality, with few available food and nesting 
sites. Thus, the missing effect of edge density might be explained by low habitat quality of 
the edges. Another reason may be that landscapes did not differ sufficiently in terms of field 
sizes and edge densities. Hass et al. (2018) demonstrated effects of edge density on pollina-
tors using more than 200 agricultural landscapes and a much longer gradient of 68–625 m/
ha) compared to our study with 37–289 m/ha.

Conclusions

We found that local conservation interventions in intensively managed agricultural land-
scapes can have positive effects on bee abundance and richness at landscape level already 
shortly after their implementation. Besides common bee species and bumblebees, particu-
larly solitary bees and rare bees can benefit from increased area and quality of local con-
servation interventions. Already few hectares of local conservation interventions per square 
kilometer can have substantial effect on the abundance of wild bees in intensively managed 
and structurally simple agricultural landscapes (30% increase of abundance of rare and soli-
tary bees at 1.6 and 2.7 ha of local conservation interventions, respectively). Beyond local 
conservation interventions, crop richness and evenness have positive influence on abun-
dance and richness of wild bees, while semi-natural habitats (here: mostly field margins) 
and edge density appear to be less important in the studied landscape settings. Mass-flower-
ing crops do not seem to be a vital alternative to local conservation interventions for promot-
ing wild bees at landscape level. Hence, local conservation interventions which increase the 
availability of floral resources and may serve as habitat for ground-nesting species, together 

1 3

4873



Biodiversity and Conservation (2025) 34:4853–4880

with crop diversification could be part of the solution for pollinator conservation in inten-
sive agricultural landscapes.

Supplementary Information  The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​1​0​0​7​/​s​1​0​5​3​1​-​0​2​5​-​0​3​1​8​3​-​x​​​​​.​​

Acknowledgements  We thank all farmers and landowners for their permission to conduct our study on their 
land. We thank all students and colleagues who supported field and lab work. We also thank Dr. Daniela War-
zecha (Senckenberg Research Institute, Department of Terrestrial Zoology) for the species identifications. 
Field and lab work was supported by Laura Rinne, Katja Steininger, Janine Beckmann, Carina Trenkler, 
Andrea Kremling and Anke Führer. Study site selection and GIS work was supported by Stefan Mecke. 
This study was undertaken as part of the project Future Resources, Agriculture & Nature Conservation (Für 
Ressourcen, Agrarwirtschaft & Naturschutz mit Zukunft, F.R.A.N.Z.). This project was funded by the Land-
wirtschaftliche Rentenbank (817759) with special support from the Federal Ministry of Food and Agriculture 
(Bundesministerium für Ernährung und Landwirtschaft, BMEL) and the Federal Office for Agriculture and 
Food (Bundesanstalt für Landwirtschaft und Ernährung, BLE). C.W. is grateful for funding by the Deutsche 
Forschungsgemeinschaft (DFG) (Project number 493487387). Last but not least, we thank two anonymous 
reviewers for their helpful comments on an earlier version of the manuscript.

Author contributions  JD developed the conception and design of the study. JD and JK selected the study 
landscapes. JK performed the field research. JT supported statistical and landscape analyses. JK analyzed the 
data and wrote the first draft of the manuscript. All authors contributed to the final version of the manuscript.

Funding  Open Access funding enabled and organized by Projekt DEAL. This study was undertaken as part 
of the project Future Resources, Agriculture & Nature Conservation (Für Ressourcen, Agrarwirtschaft & 
Naturschutz mit Zukunft, F.R.A.N.Z.). This project was funded by the Landwirtschaftliche Rentenbank 
(817759) with special support from the Federal Ministry of Food and Agriculture (Bundesministerium für 
Landwirtschaft und Ernährung, BMEL) and the Federal Office for Agriculture and Food (Bundesanstalt für 
Landwirtschaft und Ernährung, BLE).

Data availability  Data are available from the corresponding author on reasonable request.

Declarations

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as 
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons 
licence, and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. 
If material is not included in the article’s Creative Commons licence and your intended use is not permitted 
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aguilera G, Roslin T, Miller K, Tamburini G, Birkhofer K, Caballero-Lopez B, Lindström SA, M, Öckinger 
E, Rundlöf M, Rusch A, Smith HG, Bommarco R (2020) Crop diversity benefits carabid and pollinator 
communities in landscapes with semi-natural habitats. J Appl Ecol 57(11):2170–2179. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​
1​0​.​1​1​1​1​/​1​3​6​5​-​2​6​6​4​.​1​3​7​1​2​​​​​​​

Alignier A, Solé-Senan XO, Robleño I, Baraibar B, Fahrig L, Giralt D, Gross N, Martin JL, Recasens J, 
Sirami C, Siriwardena G, Bosem Baillod A, Bertrand C, Carrié R, Hass A, Henckel L, Miguet P, Baden-
hausser I, Baudry J, Batáry P (2020) Configurational crop heterogeneity increases within-field plant 
diversity. J Appl Ecol 57(4):654–663. https://doi.org/10.1111/1365-2664.13585

1 3

4874

https://doi.org/10.1007/s10531-025-03183-x
https://doi.org/10.1007/s10531-025-03183-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/1365-2664.13712
https://doi.org/10.1111/1365-2664.13712
https://doi.org/10.1111/1365-2664.13585


Biodiversity and Conservation (2025) 34:4853–4880

Bänsch S, Tscharntke T, Gabriel D, Westphal C (2021) Crop pollination services: complementary resource 
use by social vs solitary bees facing crops with contrasting flower supply. J Appl Ecol 58(3):476–485. 
https://doi.org/10.1111/1365-2664.13777

Bänsch S, Tscharntke T, Wünschiers R, Netter L, Brenig B, Gabriel D, Westphal C (2020) Using ITS2 metab-
arcoding and microscopy to analyse shifts in pollen diets of honey bees and bumble bees along a mass- 
flowering crop gradient. Mol Ecol 29:5003–5018. https://doi.org/10.1111/mec.15675

Barton K, Barton MK (2020) MuMIn: Multi-Model Inference. R package version 1.43.17. Version 1(1) 18
Beyer N, Gabriel D, Kirsch F, Schulz-Kesting K, Dauber J, Westphal C (2020) Functional groups of wild bees 

respond differently to Faba bean vicia faba L. cultivation at landscape scale. J Appl Ecol 57(12):2499–
2508. https://doi.org/10.1111/1365-2664.13745

Beyer N, Kirsch F, Gabriel D, Westphal C (2021) Identity of mass-flowering crops moderates functional trait 
composition of pollinator communities. Land Ecol 36(9):2657–2671. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​0​9​8​0​-​0​
2​1​-​0​1​2​6​1​-​3​​​​​​​

Beyer N, Kulow J, Dauber J (2023) The contrasting response of cavity-nesting bees, wasps and their natural 
enemies to biodiversity conservation measures. Insect Conserv Divers 16(4):468–482. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​
1​0​.​1​1​1​1​/​i​c​a​d​.​1​2​6​3​8​​​​​​​

Blaauw BR, 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. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​1​6​/​j​.​b​a​a​e​.​2​0​1​4​.​1​0​.​0​0​1​​​​​​​

Bretagnolle V, Gaba S (2015) Weeds for bees? A review. Agron Sustain Dev 35(3):891–909. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​
1​0​.​1​0​0​7​/​s​1​3​5​9​3​-​0​1​5​-​0​3​0​2​-​5​​​​​​​

Budde-von Beust M (2020) Darstellung der regionalen und strukturellen Rahmenbedingungen der 
F.R.A.N.Z.-Betriebe. Thünen Institute of Rural Studies, Braunschweig

Burnham KP, Anderson DR (2002) Model selection and multimodel inference. Technometrics 45(2):181–
181. https://doi.org/10.1198/tech.2003.s146

Butsic V, Kuemmerle T, Pallud L, Helmstedt KJ, Macchi L, Potts MD (2020) Aligning biodiversity conserva-
tion and agricultural production in heterogeneous landscapes. Ecol Appl 30(3):1–12. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​0​2​/​e​a​p​.​2​0​5​7​​​​​​​

Byrne F, DelBarco-Trillo J (2019) The effect of management practices on bumblebee densities in hedgerow 
and grassland habitats. Basic Appl Ecol 35:28–33. https://doi.org/10.1016/j.baae.2018.11.004

Carrié R, Andrieu E, Ouin A, Steffan-Dewenter I (2017) Interactive effects of landscape-wide intensity of 
farming practices and landscape complexity on wild bee diversity. Land Ecol 32(8):1631–1642. ​h​t​t​p​s​:​/​
/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​0​9​8​0​-​0​1​7​-​0​5​3​0​-​y​​​​​​​

Coutinho JGE, Hipólito J, Santos RLS, Moreira EF, Boscolo D, Viana BF (2021) Landscape structure is a 
major driver of bee functional diversity in crops. Front Ecol Evol 9:1–13. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​8​9​/​f​e​v​o​
.​2​0​2​1​.​6​2​4​8​3​5​​​​​​​

Czechofsky K, Westphal C, Paxton RJ, Hass AL (2025) Landscape-level synergistic and antagonistic effects 
among conservation measures drive wild bee densities and species richness. J Appl Ecol 62:1706–1717. 
https://doi.org/10.1111/1365-2664.70074

Dicks LV, Abrahams A, Atkinson J, Biesmeijer J, Bourn N, Brown C, Brown MJF, Carvell C, Connolly C, 
Cresswell JE, Croft P, Darvill B, De Zylva P, Effingham P, Fountain M, Goggin A, Harding D, Harding 
T, Hartfield C, Sutherland WJ (2013) Identifying key knowledge needs for evidence-based conservation 
of wild insect pollinators: a collaborative cross-sectoral exercise. Insect Conserv Divers 6(3):435–446. ​
h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​7​5​2​-​​4​5​9​8​.​2​​0​1​2​.​​0​0​2​2​1​.​x

 Dicks LV, Baude M, Roberts SPM, Phillips J, Green M, Carvell C (2015) How much flower-rich habitat is 
enough for wild pollinators? Answering a key policy question with incomplete knowledge. Ecological 
Entomology 40 (Suppl. 1):22-35. https://doi.org/10.1111/een.12226 https://doi.org/10.1111/een.12226

Diekötter T, Peter F, Jauker B, Wolters V, Jauker F (2014) Mass-flowering crops increase richness of cavity-
nesting bees and wasps in modern agro-ecosystems. GCB Bioenergy 6(3):219–226. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​
.​1​1​1​1​/​g​c​b​b​.​1​2​0​8​0​​​​​​​

Doublet V, Doyle T, Refoy I, Hedges S, Carvell C, Brown MJF, Wilfert L (2022) Increasing flower species 
richness in agricultural landscapes alters insect pollinator networks: implications for bee health and 
competition. Ecol Evol 12:e9442. https://doi.org/10.1002/ece3.9442

EEA (2006) Annual Report. European Environment Agency, Copenhagen
EEA (2017) Food in a green light: a systems approach to sustainable food. European Environment Agency, 

Copenhagen. https://doi.org/10.2800/884986
European Court of Auditors (2020) Biodiversity on farmland. https://doi.org/10.2865/336742
Fahrig L (2017) Ecological responses to habitat fragmentation per se. Annu Rev Ecol Evol Syst 48:1–23. ​h​t​t​

p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​4​6​/​a​n​​n​u​r​e​v​​-​e​c​o​l​s​​y​s​-​1​​1​0​3​1​6​-​0​2​2​6​1​2

1 3

4875

https://doi.org/10.1111/1365-2664.13777
https://doi.org/10.1111/mec.15675
https://doi.org/10.1111/1365-2664.13745
https://doi.org/10.1007/s10980-021-01261-3
https://doi.org/10.1007/s10980-021-01261-3
https://doi.org/10.1111/icad.12638
https://doi.org/10.1111/icad.12638
https://doi.org/10.1016/j.baae.2014.10.001
https://doi.org/10.1016/j.baae.2014.10.001
https://doi.org/10.1007/s13593-015-0302-5
https://doi.org/10.1007/s13593-015-0302-5
https://doi.org/10.1198/tech.2003.s146
https://doi.org/10.1002/eap.2057
https://doi.org/10.1002/eap.2057
https://doi.org/10.1016/j.baae.2018.11.004
https://doi.org/10.1007/s10980-017-0530-y
https://doi.org/10.1007/s10980-017-0530-y
https://doi.org/10.3389/fevo.2021.624835
https://doi.org/10.3389/fevo.2021.624835
https://doi.org/10.1111/1365-2664.70074
https://doi.org/10.1111/j.1752-4598.2012.00221.x
https://doi.org/10.1111/j.1752-4598.2012.00221.x
https://doi.org/10.1111/een.12226
https://doi.org/10.1111/een.12226
https://doi.org/10.1111/gcbb.12080
https://doi.org/10.1111/gcbb.12080
https://doi.org/10.1002/ece3.9442
https://doi.org/10.2800/884986
https://doi.org/10.2865/336742
https://doi.org/10.1146/annurev-ecolsys-110316-022612
https://doi.org/10.1146/annurev-ecolsys-110316-022612


Biodiversity and Conservation (2025) 34:4853–4880

Fahrig L, Baudry J, Brotons L, Burel FG, Crist TO, Fuller RJ, Sirami C, Siriwardena GM, Martin JL (2010) 
Functional landscape heterogeneity and animal biodiversity in agricultural landscapes. Ecol Lett 
14(2):101–112. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​4​6​1​-​​0​2​4​8​.​2​​0​1​0​.​​0​1​5​5​9​.​x

Fahrig L, Baudry J, Brotons L, Burel FG, Crist TO, Fuller RJ, Sirami C, Siriwardena GM, Martin JL (2011) 
Functional landscape heterogeneity and animal biodiversity in agricultural landscapes. Ecol Lett 
14(2):101–112. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​4​6​1​-​​0​2​4​8​.​2​​0​1​0​.​​0​1​5​5​9​.​x

Fijen TPM, Bishop GA, Ganuza C, Scheper J, Kleijn D (2025a) Analyzing the relative importance of habi-
tat quantity and quality for boosting pollinator populations in agricultural landscapes. Conserv Biol 
39:e14317. https://doi.org/10.1111/cobi.14317

Fijen TPM, Eeraerts M, Osterman J, Beyer N, Hass A, Lundin O, Westphal C (2025b) Crop diversification for 
pollinator conservation. Landscape Ecol 40:19. https://doi.org/10.1007/s10980-024-02027-3

Forrest JRK, Thorp RW, Kremen C, Williams NM (2015) Contrasting patterns in species and functional-trait 
diversity of bees in an agricultural landscape. J Appl Ecol 52(3):706–715. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​1​3​6​
5​-​2​6​6​4​.​1​2​4​3​3​​​​​​​

Fox J, Weisberg S (2019) An R companion to applied regression, Third edition. Sage, Thousand Oaks, CA
Fründ J, Linsenmair KE, Blüthgen N (2010) Pollinator diversity and specialization in relation to flower diver-

sity. Oikos 119(10):1581–1590. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​6​0​0​-​​0​7​0​6​.​2​​0​1​0​.​​1​8​4​5​0​.​x
Gardein H, Fabian Y, Westphal C, Tscharntke T, Hass A (2022) Ground-nesting bees prefer bare ground areas 

on calcareous grasslands. Glob Ecol Conserv 39:e02289. https://doi.org/10.1016/j.gecco.2022.e02289
Garibaldi LA, Steffan-Dewenter I, Kremen C, Morales JM, Bommarco R, Cunningham SA, Carvalheiro LG, 

Chacoff NP, Dudenhöffer JH, Greenleaf SS, Holzschuh A, Isaacs R, Krewenka K, Mandelik Y, Mayfield 
MM, Morandin LA, Potts SG, Ricketts TH, Szentgyörgyi H, Klein AM (2011) Stability of pollination 
services decreases with isolation from natural areas despite honey bee visits. Ecol Lett 14(10):1062–
1072. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​4​6​1​-​​0​2​4​8​.​2​​0​1​1​.​​0​1​6​6​9​.​x

Garibaldi LA, Steffan-Dewenter I, Winfree R, Aizen MA, Bommarco R, Cunningham SA, Kremen C, Carv-
alheiro LG, Harder LD, Afik O, Bartomeus I, Benjamin F, Boreux V, Cariveau D, Chacoff NP, Duden-
höffer JH, Freitas BM, Ghazoul J, Greenleaf S, Klein AM (2013) Wild pollinators enhance fruit set of 
crops regardless of honey bee abundance. Science 340(6127):1608–1611. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​2​6​/​s​c​i​e​
n​c​e​.​1​2​3​0​2​0​0​​​​​​​

Gayer C, Berger J, Dieterich M, Gallé R, Reidl K, Witty R, Woodcock BA, Batáry P (2021) Flowering fields 
organic farming and edge habitats promote diversity of plants and arthropods on arable land. J Appl 
Ecol 58(6):1155–1166. https://doi.org/10.1111/1365-2664.13851

Geppert C, Hass A, Földesi R, Donkó B, Akter A, Tscharntke T, Batáry P (2020) Agri-environment schemes 
enhance pollinator richness and abundance but bumblebee reproduction depends on field size. J Appl 
Ecol 57(9):1818–1828. https://doi.org/10.1111/1365-2664.13682

Goulson D (2003) Effects of introduced bees on native ecosystems. Annu Rev Ecol Evol Syst 34:1–26. ​h​t​t​p​s​
:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​4​6​/​a​n​​n​u​r​e​v​​.​e​c​o​l​s​​y​s​.​3​​4​.​0​1​1​8​0​2​.​1​3​2​3​5​5

Goulson D, Hanley ME, Darvill B, Ellis JS, Knight ME (2005) Causes of rarity in bumblebees. Biol Conserv 
122(1):1–8. https://doi.org/10.1016/j.biocon.2004.06.017

Goulson D, Lye GC, Darvill B (2008) Decline and conservation of bumble bees. Annu Rev Entomol 53:191–
208. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​4​6​/​a​n​​n​u​r​e​v​​.​e​n​t​o​.​​5​3​.​1​​0​3​1​0​6​.​0​9​3​4​5​4

Hass AL, Kormann UG, Tscharntke T, Clough Y, Baillod AB, Sirami C, Fahrig L, Martin JL, Baudry J, Ber-
trand C, Bosch J, Brotons L, Bure F, Georges R, Giralt D, Marcos-García M, Ricarte A, Siriwardena G, 
Batáry P (2018) Landscape configurational heterogeneity by small-scale agriculture not crop diversity 
maintains pollinators and plant reproduction in Western Europe. Proc R Soc B 285:20172242. ​h​t​t​p​s​:​/​/​d​
o​i​.​o​r​g​/​1​0​.​1​0​9​8​/​r​s​p​b​.​2​0​1​7​.​2​2​4​2​​​​​​​

Hellwig N, Schubert LF, Kirmer A, Tischew S, Dieker P (2022) Effects of wildflower strips landscape struc-
ture and agricultural practices on wild bee assemblages – a matter of data resolution and spatial scale? 
Agr Ecosyst Environ 326:107764. https://doi.org/10.1016/j.agee.2021.107764

Henle K, Alard D, Clitherow J, Cobb P, Firbank L, Kull T, McCracken D, Moritz RFA, Niemelä J, Rebane 
M, Wascher D, Watt A, Young J (2008) Identifying and managing the conflicts between agriculture and 
biodiversity conservation in Europe – a review. Agr Ecosyst Environ 124(1–2):60–71. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​1​6​/​j​.​a​g​e​e​.​2​0​0​7​.​0​9​.​0​0​5​​​​​​​

Hicks DM, Ouvrard P, Baldock KCR, Baude M, Goddard MA, Kunin WE, Mitschunas N, Memmott J, Morse 
H, Nikolitsi M, Osgathorpe LM, Potts SG, Robertson KM, Scott AV, Sinclair F, Westbury DB, Stone 
GN (2016) Food for pollinators: quantifying the nectar and pollen resources of urban flower meadows. 
PLoS ONE 11(6):1–37. https://doi.org/10.1371/journal.pone.0158117

Holland JM, Bianchi FJ, Entling MH, Moonen AC, Smith BM, Jeanneret P (2016) Structure function and 
management of semi-natural habitats for conservation biological control: a review of European studies. 
Pest Manag Sci 72(9):1638–1651. https://doi.org/10.1002/ps.4318

1 3

4876

https://doi.org/10.1111/j.1461-0248.2010.01559.x
https://doi.org/10.1111/j.1461-0248.2010.01559.x
https://doi.org/10.1111/cobi.14317
https://doi.org/10.1007/s10980-024-02027-3
https://doi.org/10.1111/1365-2664.12433
https://doi.org/10.1111/1365-2664.12433
https://doi.org/10.1111/j.1600-0706.2010.18450.x
https://doi.org/10.1016/j.gecco.2022.e02289
https://doi.org/10.1111/j.1461-0248.2011.01669.x
https://doi.org/10.1126/science.1230200
https://doi.org/10.1126/science.1230200
https://doi.org/10.1111/1365-2664.13851
https://doi.org/10.1111/1365-2664.13682
https://doi.org/10.1146/annurev.ecolsys.34.011802.132355
https://doi.org/10.1146/annurev.ecolsys.34.011802.132355
https://doi.org/10.1016/j.biocon.2004.06.017
https://doi.org/10.1146/annurev.ento.53.103106.093454
https://doi.org/10.1098/rspb.2017.2242
https://doi.org/10.1098/rspb.2017.2242
https://doi.org/10.1016/j.agee.2021.107764
https://doi.org/10.1016/j.agee.2007.09.005
https://doi.org/10.1016/j.agee.2007.09.005
https://doi.org/10.1371/journal.pone.0158117
https://doi.org/10.1002/ps.4318


Biodiversity and Conservation (2025) 34:4853–4880

Holzschuh A, Dainese M, González-Varo JP, Mudri-Stojnić S, Riedinger V, Rundlöf M, Scheper J, Wickens 
JB, Wickens VJ, Bommarco R, Kleijn D, Potts SG, Roberts SPM, Smith HG, Vilà M, Vujić A, Steffan-
Dewenter I (2016) Mass-flowering crops dilute pollinator abundance in agricultural landscapes across 
Europe. Ecol Lett 19(10):1228–1236. https://doi.org/10.1111/ele.12657

Holzschuh A, Dormann CF, Tscharntke T, Steffan-Dewenter I (2013) Mass-flowering crops enhance wild bee 
abundance. Oecologia 172(2):477–484. https://doi.org/10.1007/s00442-012-2515-5

Holzschuh A, Dudenhöffer J, Tscharntke T (2012) Landscapes with wild bee habitats enhance pollination fruit 
set and yield of sweet cherry. Biol Conserv 153:101–107. https://doi.org/10.1016/j.biocon.2012.04.032

Holzschuh A, Steffan-Dewenter I, Tscharntke T (2009) Grass strip corridors in agricultural landscapes enhance 
nest-site colonization by solitary wasps. Ecol Appl 19(1):123–132. https://doi.org/10.1890/08-0384.1

Jauker F, Bondarenko B, Becker HC, Steffan-Dewenter I (2012) Pollination efficiency of wild bees and 
hoverflies provided to oilseed rape. Agric For Entomol 14:81–87. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​4​6​1​-​​9​5​6​3​
.​2​​0​1​1​.​​0​0​5​4​1​.​x

Jönsson AM, Ekroos J, Dänhardt J, Andersson GKS, Olsson O, Smith HG (2015) Sown flower strips in 
Southern Sweden increase abundances of wild bees and hoverflies in the wider landscape. Biol Conserv 
184:51–58. https://doi.org/10.1016/j.biocon.2014.12.027

Joormann I, Schmidt T (2017) F.R.A.N.Z.-Studie – Hindernisse und perspektiven für mehr Biodiversität 
in der agrarlandschaft. Thünen Working Paper 75. https://doi.org/10.3220/WP1503042751000. (in 
German)

Kells AR, Holland JM, Goulson D (2001) The value of uncropped field margins for foraging bumblebees. J 
Insect Conserv 5(4):283–291. https://doi.org/10.1023/A:1013307822575

Kennedy CM, Lonsdorf E, Neel MC, Williams NM, Ricketts TH, Winfree R, Bommarco R, Brittain C, 
Burley AL, Cariveau D, Carvalheiro LG, Chacoff NP, Cunningham SA, Danforth BN, Dudenhöffer JH, 
Elle E, Gaines HR, Garibaldi LA, Gratton C, Kremen C (2013) A global quantitative synthesis of local 
and landscape effects on wild bee pollinators in agroecosystems. Ecol Lett 16(5):584–599. ​h​t​t​p​s​:​/​/​d​o​i​.​
o​r​g​/​1​0​.​1​1​1​1​/​e​l​e​.​1​2​0​8​2​​​​​​​

Kirmer A, Rydgren K, Tischew S (2018) Smart management is key for successful diversification of field 
margins in highly productive farmland. Agric Ecosyst Environ 251:88–98. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​a​
g​e​e​.​2​0​1​7​.​0​9​.​0​2​8​​​​​​​

Klatt K, Nilsson L, Smith HG, Klatt BK, Nilsson L, Smith HG (2020) Annual flowers strips benefit bumble 
bee colony growth and reproduction. Biol Conserv 252:108814. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​b​i​o​c​o​n​.​2​0​2​0​
.​1​0​8​8​1​4​​​​​​​

Klaus F, Tscharntke T, Bischoff G, Grass I (2021) Floral resource diversification promotes solitary bee repro-
duction and may offset insecticide effects – evidence from a semi-field experiment. Ecol Lett 24:668–
675. https://doi.org/10.1111/ele.13683

Klebl F, Feindt PH, Piorr A (2024) Farmers’ behavioural determinants of on-farm biodiversity management 
in europe: a systematic review. Agric Hum Values 41:831–861. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​0​4​6​0​-​0​2​3​-​1​
0​5​0​5​-​8​​​​​​​

Kleijn D, Linders TEW, Stip A, Biesmeijer JC, Wäckers FL, Bukovinszky T (2018) Scaling up effects of 
measures mitigating pollinator loss from local- to landscape-level population responses. Methods Ecol 
Evol 9(7):1727–1738. https://doi.org/10.1111/2041-210X.13017

Kleijn D, Rundlöf M, Scheper J, Smith HG, Tscharntke T (2011) Does conservation on farmland contribute 
to halting the biodiversity decline? Trends Ecol Evol 26(9):474–481. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​t​r​e​e​.​2​0​
1​1​.​0​5​.​0​0​9​​​​​​​

Kleijn D, van Langevelde F (2006) Interacting effects of landscape context and habitat quality on flower 
visiting insects in agricultural landscapes. Basic Appl Ecol 7(3):201–214. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​b​a​
a​e​.​2​0​0​5​.​0​7​.​0​1​1​​​​​​​

Kleijn D, Winfree R, Bartomeus I, Carvalheiro LG, Henry M, Isaacs R, Klein AM, Kremen C, M’Gonigle 
LK, Rader R, Ricketts TH, Williams NM, Lee Adamson N, Ascher JS, Báldi A, Batáry P, Benjamin 
F, Biesmeijer JC, Blitzer EJ, Potts SG (2015) Delivery of crop pollination services is an insufficient 
argument for wild pollinator conservation. Nat Commun 6:7414. https://doi.org/10.1038/ncomms8414

Kovács-Hostyánszki A, Espíndola A, Vanbergen AJ, Settele J, Kremen C, Dicks LV (2017) Ecological inten-
sification to mitigate impacts of conventional intensive land use on pollinators and pollination. Ecol Lett 
20(5):673–689. https://doi.org/10.1111/ele.12762

Kraemer ME, Favi FD (2005) Flower phenology and pollen choice of osmia lignaria (Hymenoptera: Mega-
chilidae) in central Virginia. Environ Entomol 34(6):1593–1605. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​6​0​3​/​0​0​4​6​-​2​2​5​X​-​3​
4​.​6​.​1​5​9​3​​​​​​​

Kremen C, Williams NM, Thorp RW (2002) Crop pollination from native bees at risk from agricultural inten-
sification. Proc Natl Acad Sci U S A 99(26):16812–16816. https://doi.org/10.1073/pnas.262413599

1 3

4877

https://doi.org/10.1111/ele.12657
https://doi.org/10.1007/s00442-012-2515-5
https://doi.org/10.1016/j.biocon.2012.04.032
https://doi.org/10.1890/08-0384.1
https://doi.org/10.1111/j.1461-9563.2011.00541.x
https://doi.org/10.1111/j.1461-9563.2011.00541.x
https://doi.org/10.1016/j.biocon.2014.12.027
https://doi.org/10.3220/WP1503042751000
https://doi.org/10.1023/A:1013307822575
https://doi.org/10.1111/ele.12082
https://doi.org/10.1111/ele.12082
https://doi.org/10.1016/j.agee.2017.09.028
https://doi.org/10.1016/j.agee.2017.09.028
https://doi.org/10.1016/j.biocon.2020.108814
https://doi.org/10.1016/j.biocon.2020.108814
https://doi.org/10.1111/ele.13683
https://doi.org/10.1007/s10460-023-10505-8
https://doi.org/10.1007/s10460-023-10505-8
https://doi.org/10.1111/2041-210X.13017
https://doi.org/10.1016/j.tree.2011.05.009
https://doi.org/10.1016/j.tree.2011.05.009
https://doi.org/10.1016/j.baae.2005.07.011
https://doi.org/10.1016/j.baae.2005.07.011
https://doi.org/10.1038/ncomms8414
https://doi.org/10.1111/ele.12762
https://doi.org/10.1603/0046-225X-34.6.1593
https://doi.org/10.1603/0046-225X-34.6.1593
https://doi.org/10.1073/pnas.262413599


Biodiversity and Conservation (2025) 34:4853–4880

Krimmer E, Martin EA, Krauss J, Holzschuh A, Steffan-Dewenter I (2019) Size age and surrounding semi-nat-
ural habitats modulate the effectiveness of flower-rich agri-environment schemes to promote pollinator 
visitation in crop fields. Agr Ecosyst Environ 284:106590. https://doi.org/10.1016/j.agee.2019.106590

Lin DY, Wei LJ, Ying Z (2002) Model-checking techniques based on cumulative residuals. Biometrics 
58(1):1–12. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​0​0​0​6​-​​3​4​1​X​.​2​​0​0​2​.​​0​0​0​0​1​.​x

Marja R, Viik E, Mänd M, Phillips J, Klein AM, Batáry P (2018) Crop rotation and agri-environment schemes 
determine bumblebee communities via flower resources. J Appl Ecol 55(4):1714–1724. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​1​1​1​1​/​1​3​6​5​-​2​6​6​4​.​1​3​1​1​9​​​​​​​

Martin AE, Collins SJ, Crowe S, Girard J, Naujokaitis-Lewis I, Smith AC, Lindsay K, Mitchell S, Fahrig L 
(2020) Effects of farmland heterogeneity on biodiversity are similar to – or even larger than – the effects 
of farming practices. Agr Ecosyst Environ 288:106698. https://doi.org/10.1016/j.agee.2019.106698

Martin EA, Dainese M, Clough Y, Báldi A, Bommarco R, Gagic V, Garratt MPD, Holzschuh A, Kleijn D, 
Kovács-Hostyánszki A, Marini L, Potts SG, Smith HG, Al Hassan D, Albrecht M, Andersson GKS, Asís 
JD, Aviron S, Balzan MV, Steffan-Dewenter I (2019) The interplay of landscape composition and con-
figuration: new pathways to manage functional biodiversity and agroecosystem services across Europe. 
Ecol Lett 22(7):1083–1094. https://doi.org/10.1111/ele.13265

Meyer B, Jauker F, Steffan-Dewenter I (2009) Contrasting resource-dependent responses of hoverfly rich-
ness and density to landscape structure. Basic Appl Ecol 10(2):178–186. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​b​a​a​
e​.​2​0​0​8​.​0​1​.​0​0​1​​​​​​​

Mouysset L (2014) Agricultural public policy: green or sustainable? Ecol Econ 102:15–23. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​
0​.​1​0​​1​6​/​j​.​​e​c​o​l​e​​c​o​n​.​2​0​​1​4​.​0​​3​.​0​0​4

Mupepele AC, Bruelheide H, Brühl C, Dauber J, Fenske M, Freibauer A, Gerowitt B, Krüß A, Lakner S, 
Plieninger T, Potthast T, Schlacke S, Seppelt R, Stützel H, Weisser W, Wägele W, Böhning-Gaese K, 
Klein AM (2021) Biodiversity in European agricultural landscapes: transformative societal changes 
needed. Trends Ecol Evol 36(12):1067–1070. https://doi.org/10.1016/j.tree.2021.08.014

Ollerton J, Winfree R, Tarrant S (2011) How many flowering plants are pollinated by animals? Oikos 
120(3):321–326. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​6​0​0​-​​0​7​0​6​.​2​​0​1​0​.​​1​8​6​4​4​.​x

Osborne JL, Clark SJ, Morris RJ, Williams IH, Riley JR, Smith AD, Reynolds DR, Edwards AS (1999) A 
landscape-scale study of bumble bee foraging range and constancy using harmonic radar. J Appl Ecol 
36(4):519–533. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​4​6​/​j​.​​1​3​6​5​-​​2​6​6​4​.​1​​9​9​9​.​​0​0​4​2​8​.​x

Osborne JL, Martin AP, Carreck NL, Swain JL, Knight ME, Goulson D, Hale RJ, Sanderson RA (2008a) 
Bumblebee flight distances in relation to the forage landscape. J Anim Ecol 77(2):406–415. ​h​t​t​p​s​:​​/​/​d​o​i​​.​
o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​3​6​5​-​​2​6​5​6​.​2​​0​0​7​.​​0​1​3​3​3​.​x

Osborne JL, Martin AP, Shortall CR, Todd AD, Goulson D, Knight ME, Hale RJ, Sanderson RA (2008b) 
Quantifying and comparing bumblebee nest densities in gardens and countryside habitats. J Appl Ecol 
45(3):784–792. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​3​6​5​-​​2​6​6​4​.​2​​0​0​7​.​​0​1​3​5​9​.​x

Pe’er G, Birkenstock M, Röder N (2020) The Common Agricultural Policy post-2020: Views and recommen-
dations from scienists to improve performance for biodiversity, Vol. 3 – Policy Brief. Thünen Working 
Paper 175

Pérez-Sánchez AJ, Schröder B, Dauber J, Hellwig N (2023) Flower strip effectiveness for pollinating insects 
in agricultural landscapes depends on established contrast in habitat quality: a meta-analysis. Ecol Solut 
Evid 4:e12261. https://doi.org/10.1002/2688-8319.12261

Pfiffner L, Ostermaier M, Stoeckli S, Müller A (2018) Wild bees respond complementarily to ‘high-quality’ 
perennial and annual habitats of organic farms in a complex landscape. J Insect Conserv 22(3–4):551–
562. https://doi.org/10.1007/s10841-018-0084-6

Pielou EC (1966) The measurement of diversity in different types of biological collections. J Theor Biol 
13:131–144

Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin WE (2010) Global pollinator declines: 
trends impacts and drivers. Trends Ecol Evol 25(6):345–353. https://doi.org/10.1016/j.tree.2010.01.007

Potts SG, Imperatriz-Fonseca V, Ngo HT, Aizen MA, Biesmeijer JC, Breeze TD, Dicks LV, Garibaldi LA, 
Hill R, Settele J, Vanbergen AJ (2016) Safeguarding pollinators and their values to human well-being. 
Nature 540(7632):220–229. https://doi.org/10.1038/nature20588

Potts SG, Vulliamy B, Roberts S, O’Toole C, Dafni A, Ne’eman G, Willmer P (2005) Role of nesting resources 
in organising diverse bee communities in a mediterranean landscape. Ecol Entomol 30(1):78–85. ​h​t​t​p​s​
:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​0​3​0​7​-​​6​9​4​6​.​2​​0​0​5​.​​0​0​6​6​2​.​x

Rands SA, Whitney HM (2011) Field margins foraging distances and their impacts on nesting pollinator suc-
cess. PLoS ONE 6(10):e25971. https://doi.org/10.1371/journal.pone.0025971

Ricketts TH, Regetz J, Steffan-Dewenter I, Cunningham SA, Kremen C, Bogdanski A, Gemmill-Herren B, 
Greenleaf SS, Klein AM, Mayfield MM, Morandin LA, Ochieng’ A, Viana BF (2008) Landscape effects 
on crop pollination services: are there general patterns? Ecol Lett 11(5):499–515. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​
1​1​/​j​.​​1​4​6​1​-​​0​2​4​8​.​2​​0​0​8​.​​0​1​1​5​7​.​x

1 3

4878

https://doi.org/10.1016/j.agee.2019.106590
https://doi.org/10.1111/j.0006-341X.2002.00001.x
https://doi.org/10.1111/1365-2664.13119
https://doi.org/10.1111/1365-2664.13119
https://doi.org/10.1016/j.agee.2019.106698
https://doi.org/10.1111/ele.13265
https://doi.org/10.1016/j.baae.2008.01.001
https://doi.org/10.1016/j.baae.2008.01.001
https://doi.org/10.1016/j.ecolecon.2014.03.004
https://doi.org/10.1016/j.ecolecon.2014.03.004
https://doi.org/10.1016/j.tree.2021.08.014
https://doi.org/10.1111/j.1600-0706.2010.18644.x
https://doi.org/10.1046/j.1365-2664.1999.00428.x
https://doi.org/10.1111/j.1365-2656.2007.01333.x
https://doi.org/10.1111/j.1365-2656.2007.01333.x
https://doi.org/10.1111/j.1365-2664.2007.01359.x
https://doi.org/10.1002/2688-8319.12261
https://doi.org/10.1007/s10841-018-0084-6
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1038/nature20588
https://doi.org/10.1111/j.0307-6946.2005.00662.x
https://doi.org/10.1111/j.0307-6946.2005.00662.x
https://doi.org/10.1371/journal.pone.0025971
https://doi.org/10.1111/j.1461-0248.2008.01157.x
https://doi.org/10.1111/j.1461-0248.2008.01157.x


Biodiversity and Conservation (2025) 34:4853–4880

Riedinger V, Mitesser O, Hovestadt T, Steffan-Dewenter I, Holzschuh A, Rosenheim JA (2015) Annual 
dynamics of wild bee densities: attractiveness and productivity effects of oilseed rape. Ecology 
96(5):1351–1360. https://doi.org/10.1890/14-1124.1

Robinson RA, Sutherland WJ (2002) Post-war changes in arable farming and biodiversity in Great Britain. J 
Appl Ecol 39(1):157–176. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​4​6​/​j​.​​1​3​6​5​-​​2​6​6​4​.​2​​0​0​2​.​​0​0​6​9​5​.​x

Roulston TH, Goodell K (2011) The role of resources and risks in regulating wild bee populations. Annu Rev 
Entomol 56:293–312. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​4​6​/​a​n​​n​u​r​e​v​​-​e​n​t​o​-​​1​2​0​7​​0​9​-​1​4​4​8​0​2

Rundlöf M, Persson AS, Smith HG, Bommarco R (2014) Late-season mass-flowering red clover increases 
bumble bee queen and male densities. Biol Conserv 172:138–145. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​b​i​o​c​o​n​.​2​0​
1​4​.​0​2​.​0​2​7​​​​​​​

Scheper J, Bommarco R, Holzschuh A, Potts SG, Riedinger V, Roberts SPM, Rundlöf M, Smith HG, Steffan-
Dewenter I, Wickens JB, Wickens VJ, Kleijn D (2015) Local and landscape-level floral resources explain 
effects of wildflower strips on wild bees across four European countries. J Appl Ecol 52(5):1165–1175. 
https://doi.org/10.1111/1365-2664.12479

Scheper J, Holzschuh A, Kuussaari M, Potts S, G, Rundlöf M, Smith HG, Kleijn D (2013) Environmental 
factors driving the effectiveness of European agri-environmental measures in mitigating pollinator loss 
- a meta-analysis. Ecol Lett 16(7):912–920. https://doi.org/10.1111/ele.12128

Schubert LF, Hellwig N, Kirmer A, Schmid-Egger C, Schmidt A, Dieker P, Tischew S (2022) Habitat qual-
ity and surrounding landscape structures influence wild bee occurrence in perennial wildflower strips. 
Basic Appl Ecol 60:76–86. https://doi.org/10.1016/j.baae.2021.12.007

Seibold S, Gossner MM, Simons NK, Blüthgen N, Müller J, Ambarlı D, Ammer C, Bauhus J, Fischer M, 
Habel JC, Linsenmair KE, Nauss T, Penone C, Prati D, Schall P, Schulze ED, Vogt J, Wöllauer S, 
Weisser WW (2019) Arthropod decline in grasslands and forests is associated with landscape-level 
drivers. Nature 574(7780):671–674. https://doi.org/10.1038/s41586-019-1684-3

Shaw RF, Phillips BB, Doyle T et al (2020) Mass-flowering crops have a greater impact than semi-natural 
habitat on crop pollinators and pollen deposition. Landsc Ecol 35:513–527. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​
0​9​8​0​-​0​1​9​-​0​0​9​6​2​-​0​​​​​​​

Sirami C, Gross N, Baillod AB, Bertrand C, Carrié R, Hass A, Henckel L, Miguet P, Vuillot C, Alignier A, 
Girard J, Batáry P, Clough Y, Violle C, Giralt D, Bota G, Badenhausser I, Lefebvre G, Gauffre B, Fahrig 
L (2019) Increasing crop heterogeneity enhances multitrophic diversity across agricultural regions. P 
Natl Acad Sci USA 116(33):16442–16447. https://doi.org/10.1073/pnas.1906419116

Steckel J, Westphal C, Peters MK, Bellach M, Rothenwoehrer C, Erasmi S, Scherber C, Tscharntke T, Stef-
fan-Dewenter I (2014) Landscape composition and configuration differently affect trap-nesting bees 
wasps and their antagonists. Biol Conserv 172:56–64. https://doi.org/10.1016/j.biocon.2014.02.015

Steffan-Dewenter I, Munzenberg U, Burger C, Thies C, Tscharntke T (2002) Scale-dependent effects of land-
scape context on three pollinator guilds. Ecology 83(5):1421. https://doi.org/10.2307/3071954

Stupak N, Sanders J (2021) Auswirkungen biodiversitätsfördernder Maßnahmen auf andere Umweltgüter. 
Thünen Working Paper

Sutter L, Jeanneret P, Bartual AM, Bocci G, Albrecht M (2017) Enhancing plant diversity in agricultural land-
scapes promotes both rare bees and dominant crop-pollinating bees through complementary increase in 
key floral resources. J Appl Ecol 54(6):1856–1864. https://doi.org/10.1111/1365-2664.12907

Vanbergen AJ, Aizen MA, Cordeau S, Garibaldi LA, Garratt MPD, Kovács-Hostyánszki A, Lecuyer L, Ngo 
HG, Potts SG, Settele J, Skrimizea E, Young JC (2020) Chapter six - Transformation of agricultural 
landscapes in the anthropocene: nature’s contributions to people agriculture and food security. Adv Ecol 
Res 63:193–253. https://doi.org/10.1016/bs.aecr.2020.08.002

Veddeler D, Klein A, Tscharntke T (2006) Contrasting responses of bee communities to coffee flowering at 
different spatial scales. Oikos 112:594–601. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​0​0​3​0​-​​1​2​9​9​.​2​​0​0​6​.​​1​4​1​1​1​.​x

Warzecha D, Diekötter T, Wolters V, Jauker F (2018) Attractiveness of wildflower mixtures for wild bees and 
hoverflies depends on some key plant species. Insect Conserv Divers 11(1):32–41. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
1​1​1​/​i​c​a​d​.​1​2​2​6​4​​​​​​​

Warzecha D, Diekötter T, Wolters V, Jauker F (2021) Spatial configuration and landscape context of wild-
flower areas determine their benefits to pollinator α- and β-diversity. Basic Appl Ecol 56:335–344. 
https://doi.org/10.1016/j.baae.2021.08.001

Wesche K, Krause B, Culmsee H, Leuschner C (2012) Fifty years of change in central European grassland 
vegetation: large losses in species richness and animal-pollinated plants. Biol Conserv 150(1):76–85. 
https://doi.org/10.1016/j.biocon.2012.02.015

Westphal C, Bommarco R, Carré G, Lamborn E, Morison N, Petanidou T, Potts SG, Roberts SPM, Szent-
györgyi H, Tscheulin T, Vaissière BE, Woyciechowski M, Biesmeijer JC, Kunin WE, Settele J, Steffan-
Dewenter I (2008) Measuring bee diversity in different European habitats and biogeographical regions. 
Ecol Monogr 78(4):653–671. https://doi.org/10.1890/07-1292.1

1 3

4879

https://doi.org/10.1890/14-1124.1
https://doi.org/10.1046/j.1365-2664.2002.00695.x
https://doi.org/10.1146/annurev-ento-120709-144802
https://doi.org/10.1016/j.biocon.2014.02.027
https://doi.org/10.1016/j.biocon.2014.02.027
https://doi.org/10.1111/1365-2664.12479
https://doi.org/10.1111/ele.12128
https://doi.org/10.1016/j.baae.2021.12.007
https://doi.org/10.1038/s41586-019-1684-3
https://doi.org/10.1007/s10980-019-00962-0
https://doi.org/10.1007/s10980-019-00962-0
https://doi.org/10.1073/pnas.1906419116
https://doi.org/10.1016/j.biocon.2014.02.015
https://doi.org/10.2307/3071954
https://doi.org/10.1111/1365-2664.12907
https://doi.org/10.1016/bs.aecr.2020.08.002
https://doi.org/10.1111/j.0030-1299.2006.14111.x
https://doi.org/10.1111/icad.12264
https://doi.org/10.1111/icad.12264
https://doi.org/10.1016/j.baae.2021.08.001
https://doi.org/10.1016/j.biocon.2012.02.015
https://doi.org/10.1890/07-1292.1


Biodiversity and Conservation (2025) 34:4853–4880

Westphal C, Steffan-Dewenter I, Tscharntke T (2003) Mass flowering crops enhance pollinator densities at a 
landscape scale. Ecol Lett 6(11):961–965. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​4​6​/​j​.​​1​4​6​1​-​​0​2​4​8​.​2​​0​0​3​.​​0​0​5​2​3​.​x

Westphal C, Steffan-Dewenter I, Tscharntke T (2006) Bumblebees experience landscapes at different spatial 
scales: possible implications for coexistence. Oecologia 149(2):289–300. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​0​0​4​
4​2​-​0​0​6​-​0​4​4​8​-​6​​​​​​​

Westphal C, Steffan-Dewenter I, Tscharntke T (2009) Mass flowering oilseed rape improves early colony 
growth but not sexual reproduction of bumblebees. J Appl Ecol 46(1):187–193. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​
/​j​.​​1​3​6​5​-​​2​6​6​4​.​2​​0​0​8​.​​0​1​5​8​0​.​x

Westrich P (2019) Die Wildbienen Deutschlands, 2nd edn. Ulmer, Stuttgart
Westrich P, Frommer U, Mandery K, Riemann H, Ruhnke H, Saure C, Voith J (2011) Rote Liste und Gesam-

tartenliste der Bienen (Hymenoptera, Apidae) Deutschlands. Naturschutz Biol Vielfalt 70(3):373–416
Williams NM, Regetz J, Kremen C (2012) Landscape-scale resources promote colony growth but not repro-

ductive performance of bumble bees. Ecology 93(5):1049–1058. https://doi.org/10.1890/11-1006.1
Winfree R (2010) The conservation and restoration of wild bees. Ann N Y Acad Sci 1195:169–197. ​h​t​t​p​s​:​​​/​​/​d​

o​​i​.​o​r​​g​/​​1​0​.​​1​1​​1​​1​​/​j​.​1​​7​​4​9​-​​6​6​​3​2​.​​2​​0​1​0​.​​0​5​4​4​9​.​x
Wood TJ, Holland JM, Goulson D (2016) Diet characterisation of solitary bees on farmland: dietary specialisa-

tion predicts rarity. Biodivers Conserv 25(13):2655–2671. https://doi.org/10.1007/s10531-016-1191-x
Wood TJ, Holland JM, Hughes WOH, Goulson D (2015) Targeted agri-environment schemes significantly 

improve the population size of common farmland bumblebee species. Mol Ecol 24(8):1668–1680. 
https://doi.org/10.1111/mec.13144

Xiao Y, Li X, Cao Y, Dong M (2016) The diverse effects of habitat fragmentation on plant–pollinator interac-
tions. Plant Ecol 217(7):857–868. https://doi.org/10.1007/s11258-016-0608-7

Zurbuchen A, Landert L, Klaiber J, Müller A, Hein S, Dorn S (2010) Maximum foraging ranges in soli-
tary bees: only few individuals have the capability to cover long foraging distances. Biol Conserv 
143(3):669–676. https://doi.org/10.1016/j.biocon.2009.12.003

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Authors and Affiliations

Josephine Kulow1,2 · Jan Thiele1,4  · Catrin Westphal2,3  · Jens Dauber1,4

1	 Thünen Institute of Biodiversity, Bundesallee 65, 38116 Braunschweig, Germany
2	 Functional Agrobiodiversity & Agroecology, Department of Crop Sciences, University of 

Göttingen, Grisebachstraße 6, 37077 Göttingen, Germany
3	 Centre of Biodiversity and Sustainable Land Use (CBL), University of Göttingen,  

37077 Goettingen, Germany
4	 Biodiversity of Agricultural Landscapes, Institute of Geoecology, Technische Universität 

Braunschweig, Langer Kamp 19c, 38106 Braunschweig, Germany

1 3

4880

https://doi.org/10.1046/j.1461-0248.2003.00523.x
https://doi.org/10.1007/s00442-006-0448-6
https://doi.org/10.1007/s00442-006-0448-6
https://doi.org/10.1111/j.1365-2664.2008.01580.x
https://doi.org/10.1111/j.1365-2664.2008.01580.x
https://doi.org/10.1890/11-1006.1
https://doi.org/10.1111/j.1749-6632.2010.05449.x
https://doi.org/10.1111/j.1749-6632.2010.05449.x
https://doi.org/10.1007/s10531-016-1191-x
https://doi.org/10.1111/mec.13144
https://doi.org/10.1007/s11258-016-0608-7
https://doi.org/10.1016/j.biocon.2009.12.003
http://orcid.org/0000-0002-5649-6397
http://orcid.org/0000-0002-2615-1339
http://orcid.org/0000-0002-3420-0380

	﻿Landscape-level effects of local conservation interventions on the abundance and diversity of wild bees in agricultural landscapes of Germany
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study design
	﻿Study regions
	﻿Local conservation interventions
	﻿Treatment and control landscapes
	﻿Landscape analysis


	﻿Sampling of wild bees
	﻿Classification of bee groups
	﻿Statistical analysis
	﻿Results
	﻿Discussion
	﻿Landscape-level effects of local conservation interventions
	﻿Implications for implementation of local conservation interventions
	﻿Crop richness and crop evenness
	﻿Mass-flowering crops
	﻿Seminatural habitats
	﻿Edge density

	﻿Conclusions
	﻿References


