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A B S T R A C T   

The decline of bees compromises pollination services and connectivity of plant populations, both wild and 
domesticated. The aim of this study was to evaluate bee diversity in natural wetland island-like habitats — called 
kettle holes — embedded in an agricultural landscape and its relationship with spatial parameters (kettle-hole 
area, isolation, neighboring land-use diversity), as well as further bee relevant and local factors (flower, vege-
tation, and tree cover). We sampled 36 kettle holes in an agricultural landscape north of Berlin, Germany, using 
color traps and identified 77 bee species, representing ca. 20% of the total diversity of the region. Our results 
showed that neither kettle-hole area nor density of neighboring kettle holes (isolation) alone affected bee di-
versity; however, the combination of both did: larger and less isolated kettle holes enhanced bee diversity. In 
addition, habitat quality (i.e. higher flower availability) within the kettle holes positively influenced bee di-
versity. These results suggested that flowering plants occurring in the kettle holes are an important foraging 
resource for bee species. Bee communities respond differently to the environment depending on their functional 
traits related to sociality. In particular eusocial bee abundance was negatively affected by land-use types at 100 
and 500 m distance, as well as vegetation cover, area and isolation, suggesting that eusocial bees might depend 
more on the quality of the habitat within and surrounding the kettle holes than solitary bees. Surprisingly, bee 
body size was not associated with any environmental factor tested. Our study identified that a combination of 
large, high-quality kettle holes providing a high cover of insect pollinated flowers within a high density network 
of kettle holes, enhances bee diversity in intensively managed agricultural landscapes.   

1. Introduction 

The worldwide decline of the terrestrial entomofauna is mainly 
driven by habitat loss and conversion to intensive agriculture and ur-
banization (IPBES, 2019; Klink et al., 2020; Sánchez-Bayo and 

Wyckhuys, 2019). This decrease of insect species-richness and biomass 
is tied to a reduction of ecosystem services (e.g., pest control, pollina-
tion, dung burial, maintenance of diversity of higher trophic levels; Reid 
et al., 2005) and a resulting economic loss (Gallai et al., 2009; Losey and 
Vaughan, 2006; Potts et al., 2010). Among insects, bees are the world’s 
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dominant pollinators for insect-pollinated wild plants as well as for 
agricultural crops (Dicks et al., 2016; IPBES, 2016). A positive rela-
tionship between bee diversity and crop yield has been demonstrated 
repeatedly by e.g., Klein et al. (2003), Hoehn et al. (2008), Garibaldi 
et al. (2014), and Woodcock et al. (2019). However, bee populations 
depend on floral resources and suitable habitats for nesting and foraging 
(Roulston and Goodell, 2011) and are therefore vulnerable to landscape 
fragmentation and habitat degradation increasing their exposure to 
pesticide and vulnerability to pathogens and parasites. In addition, the 
interaction with such stressors is not isolated. Often simultaneous in-
teractions with multiple stressors occur causing a more harmful com-
bined effect than one stressor alone (Goulson et al., 2015). 

In agroecosystems, higher density and larger size of natural habitats 
near croplands were shown to enhance bee diversity at a local scale 
(Kremen et al., 2004; Steffan-Dewenter and Tscharntke, 1999). These 
habitats also provide sufficient floral resources for foraging and suitable 
conditions for nesting (bare soil and cavities) (Roulston and Goodell, 
2011). Hence the spatial configuration of natural habitats can affect 
species interactions and the architecture of plant-pollinator networks (e. 
g., Hass et al., 2018b) enhancing pollination services due to high 
interaction diversity (Schleuning et al., 2015) in both cropland and wild 
plant species. 

Other studies have reported negative effects of landscape composi-
tion (especially habitat loss) on bee communities (Bommarco et al., 
2010) and bee life-history trait distributions within communities, 
especially with regard to activity range, bee-body size, sociality, and 
nesting type. For instance, Ekroos et al. (2013) showed that social bees 
forming small colonies restrict themselves to move short distances only 
to forage in local suitable habitats; Klein et al. (2003) found that light 
intensity is a main factor driving solitary belowground nesting bees, and 
Ngo et al. (2013) reported that open areas (bare soil) can enhance 
abundance of belowground nesting species. Therefore, bee species 
differing in sociality and nesting behavior show different responses to 
habitat change in agricultural areas. 

The agricultural landscape of north-eastern Germany is character-
ized by a fluvio-glacial landscape with a high density (up to 2 per km2) of 
small water bodies — called kettle holes — remnants of the last glaci-
ation period (Kalettka et al., 2001). These kettle holes harbor many plant 
and animal species, enhancing the biodiversity at the landscape level 
(Céréghino et al., 2012; Lozada-Gobilard et al., 2019; Pätzig et al., 
2012). However, this biodiversity is threatened by structural degrada-
tion, erosion, drainage, and pollution by pesticides due to intensive 
agricultural practices (Céréghino et al., 2008; Frielinghaus and Vahrson, 
1998; Kalettka et al., 2001; Lorenz et al., 2017). 

Kettle holes are isolated, ecological wetland islands surrounded by 
intensively managed agricultural areas consisting of large fields and 
hardly any other (semi-)natural habitats beneficial for bees such as 
hedgerows with adjacent strips of extensively managed grassland, 
species-rich meadows, or pastures (Figuerola and Green, 2002; Raatz 
et al., 2019). Thus, in these landscapes, kettle holes serve as hotspots of 
biodiversity (e.g., Oertli et al., 2002; Céréghino et al., 2012; Pätzig et al., 
2012; Platen et al., 2016; Lozada-Gobilard et al., 2019) and may also 
serve as diverse high-quality habitats to harbor wild bee communities 
due to their species-rich and specialized plant communities (e.g., mac-
rophytes) in comparison to the surrounding agricultural landscape 
(Lozada-Gobilard et al., 2019; Pätzig et al., 2012). Therefore, a higher 
density of these kettle holes should increase bee species diversity and 
abundance enhancing pollination services of natural plant populations 
and the surrounding croplands. 

The role of wetlands as potential habitats for bees has been under-
studied (but see Settele et al., 2008; Vickruck et al., 2019) because most 
abundant and diverse species of bees occur in warm temperate xeric 
regions and habitats (Michener, 1979). Previous studies focused on 
connectivity patterns and species composition of plant communities 
occurring in these kettle holes (see Pätzig et al., 2012; Lozada-Gobilard 
et al., 2019; Schöpke et al., 2019), but no studies focusing on pollinators 

within kettle holes have been reported yet (Vasić et al., 2020). 
In the present study we aim to understand how the spatial distribu-

tion as well as local parameters of kettle holes affect bee diversity and 
bee functional traits. Specifically, we address the following questions: 
(1) Do kettle-hole size and density (degree of isolation) have an effect on 
bee diversity and bee functional traits? (2) How do landscape parame-
ters in terms of land-use diversity affect bee diversity and bee functional 
traits? And (3) how do local parameters of flower, vegetation and tree 
cover affect bee diversity and bee functional traits? 

We hypothesized (1a) an increase in bee diversity with increasing 
size of the kettle-hole habitats, assuming that larger areas provide more 
niches and (1b) a decrease in bee diversity with a lower density of kettle- 
holes within the agricultural landscape (i.e., with a high degree of 
isolation). Bee body sizes of bees reflect their capability for distance 
flights to forage (Greenleaf et al., 2007), such that small and medium 
sized species mainly forage locally, while large bees are able to fly long 
distances to forage. Based on this assumption, we expected (1c) a 
negative effect of density of kettle-holes on bees’ average body size. 
Regarding the influence of landscape patterns, we expected (2a) sur-
rounding land-use diversity to be positively correlated with bee diversity 
because high land-use diversity might provide more niches in terms of 
food and nesting resources (Hennig and Ghazoul, 2011; Kremen et al., 
2018; Moroń et al., 2014; Öckinger and Smith, 2007). In addition, (2b) 
surrounding crops such as rapeseed might offer nectar or pollen which 
could also enhance bee diversity (Westphal et al., 2003). 

Kettle holes have been previously identified as potential key nesting 
and foraging habitats for wild bees within an intensively managed 
agricultural matrix based on the plant diversity occurring there (Loz-
ada-Gobilard et al., 2019). Flower availability, vegetation cover, and 
trees may enhance bee diversity by providing foraging and nesting sites 
(Kratschmer et al., 2018; Williams et al., 2015; Wilson et al., 2018) and 
therefore we expect positive relationship between bee diversity and (3a) 
vegetation (3b) tree and (c) flower cover. Finally, responses of bees to 
environmental conditions may be species- or functional group specific 
regarding certain functional traits (Potts et al., 2005; Williams et al., 
2010). Eusocial bee species were previously found to be more vulnerable 
to habitat fragmentation than solitary ones; while aboveground nesting 
species were more susceptible to isolation and intensive land use than 
belowground ones (Kratschmer et al., 2019; Williams et al., 2010). 
Therefore, a clearer effect of kettle-hole area and isolation, as well as 
neighboring land-use diversity and further local parameters on eusocial 
and aboveground nesting species was expected. 

2. Methods 

2.1. Study area 

Our study area was located in the “AgroScapeLab Quillow”, an 
agricultural landscape laboratory in the Quillow catchment area, which 
was established by the Leibniz Centre for Agricultural Landscape 
Research (ZALF) e.V. approx. 100 km North of Berlin (Germany, Bran-
denburg). This area comprises ca. 168 km2 of small kettle holes from 
0.01 to 3 ha that are highly dense (40 per km2) with episodic to (semi) 
permanent water regimes (Kalettka and Rudat, 2006; Pätzig et al., 2012,  
Fig. 1). The predominant land use of this area is intensive agriculture 
with maize (Zea mays L.), wheat (Triticum aestivum L), and rapeseed 
(Brassica napus L.) as the main crops. The water regime of the kettle 
holes in this region is influenced by a sub-humid climate with precipi-
tation of 450–600 mm year-1 and potential evapotranspiration of 
600–650 mm year-1 (Kalettka and Rudat, 2006). Within this landscape, 
we selected 36 kettle-holes with a size of 0.26 ± 0.19 ha (average ± SD; 
min = 0.03 ha, max = 0.72 ha) within a mean distance between each 
other of 7.2 ± 4.3 km (average ± SD; min = 70 m, max = 15.6 km). 
They are distributed in localities named after the closest villages where 
previous agreement with local farmers facilitated our studies (Table 1, 
Fig. 1), and located within a long-term monitoring project operated 
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since 2013 by the Leibniz-Zentrum für Agrarlandschaftsforschung 
(ZALF), Müncheberg, Germany. 

2.2. Bee collection and identification 

To assess bee diversity, we used pan-traps, an efficient and cost- 
effective method in agricultural and semi natural habitats (Westphal 
et al., 2008). In 36 kettle holes, we positioned four sets of color traps 
facing north, south, east, and west at the beginning of June. Each trap 
consisted of two randomly paired yellow, blue, and white pans; arranged 
at three levels approximately at 30, 50, and 70 cm from the ground, 
respectively (Supplementary Material: Fig. S1). All pans were 16 cm in 
diameter, 5 cm high (total volume 400 ml), sprayed with UV-reflecting 
color and filled with water (~200 ml) containing 3–4 drops of dish-
washing detergent. For 2 months, starting from the beginning of June 
until the end of July 2017, we emptied all traps every 48 h in the field, 
kept the sampled insects in 70% EtOH and renewed the water with 
dishwashing detergent. In total, we collected bees from 144 traps, which 
were finally pooled to one sample per kettle hole. 

From the sampled insects, bees and bumble bees were separated, 
dried, and pinned. Identification of specimens was performed by C. 
Sauer (MNF Berlin) and K. Rupik (University of Bielefeld) following 
common identification keys (Amiet, 2014, 1996; Amiet et al., 2010, 
2007, 2004, 2001; Dathe et al., 2006; Scheuchl, 1996, 1995; 
Schmid-Egger and Scheuchl, 1997). The repository collection of the bees 
is stored at the University of Potsdam, Unit of Evolutionary Bio-
logy/Systematic Zoology during ongoing research. 

2.3. Bee functional traits 

Bee species were classified according to social behavior (solitary/ 
eusocial/parasite), nesting site (below/aboveground), and degree of 
specialization for pollen foraging plants (polylecty/oligolecty) based on 
literature (Amiet et al., 2001, 2004, 2007, 2010; Hagen and Aichhorn, 
2014; Scheuchl and Willner, 2016; Westrich, 2018). Solitary bees are 

Fig. 1. Study area. The Agricultural Landscape Laboratory “AgroScapeLab Quillow” (www.bbib.org/experimental-platform.html) in the Quillow catchment area 
located in North-eastern Germany (Brandenburg). This agricultural landscape is characterized by a high density of kettle holes. Black points denote our 36 selected 
kettle holes. Land use in the area consists of 65% cropland, 17% forest, 9% grassland, 5% water, and 4% urban. 

Table 1 
Summary of response and landscape explanatory variables per kettle hole. 
Response variables included total abundances and species richness of solitary 
and eusocial bees, as well as body size measured as intertegular distances (ITD) 
summarized in community weighted means (CWM). Landscape explanatory 
variables included area of the kettle hole, density of neighboring kettle holes at 
different radii (100–2000 m) summarized in a PCA (variance of the first 
component is shown), Shannon Habitat Diversity Index (SHDI) at 100 and 500 
m, respectively, vegetation, tree and flower cover within the kettle holes, and 
surrounding land use types.  

Variables  Mean ± SD Min Max 

Response Abundance Total 37.8 ± 36.6  6  161   
Solitary 26.1 ± 24.7  3  147   
Eusocial 9.2 ± 19.9  0  101  

Species Richness Total 11.2 ± 4.6  3  25   
Solitary 7.1 ± 2.9  2  15   
Eusocial 2.4 ± 1.6  0  6  

Body size [ITD] CWM 6.2 ± 0.7  4.1  7.9 
Explanatory Area ha 0.26 ± 0.19  0.03  0.72  

Density 
(isolation) 

PCA PC1: 0.66, PC2: 0.20  

SHDI 100 m 0.33 ± 0.22  0  0.97   
500 m 0.74 ± 0.32  0.21  1.25  

Vegetation 
cover 

% 102.01 ±
28.37  

36.9  165.1  

Tree cover % 18.84 ±
32.41  

0  103.2  

Flower cover None 9 (kettle holes)   
Low 5   
Medium 11   
High 11  

Land use Maize 7   
Cereal 19   
Rapeseed 6   
Grassland 4  
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those species whose females establish their own nest while eusocial ones 
live in societies, and parasitic bees lay eggs in nests of specific hosts 
(Michener, 2007). Belowground nesting bee species form their nest in 
the ground; while aboveground ones make their nest in pre-existing 
cavities (i.e., plant stems, dead wood). Oligolectic bee species are 
those that collect pollen from one plant taxon or from few closely related 
plant taxa; while polylectic bees collect pollen form more than one 
taxon. To analyze bee body-size, we randomly selected 10–15 in-
dividuals per species whenever possible, assigning computer-generated 
random numbers to specimens. From the selected specimens, we 
measured the intertegular distance (ITD), defined as the distance be-
tween the wings, as a body-size estimation (Cane, 1987). This was done 
by taking pictures of the individuals with a stereomicroscope and 
measuring them using ImageJ software (Schneider et al., 2012). Female 
and male individuals were considered equally during the randomiza-
tion, such that the prevalence of females (96% of total individuals) was 
also reflected in our measurements. Functional traits per species are 
provided in Supplementary Material: Table S1 and defined in Table S4. 

2.4. Spatial parameters: kettle-hole area and density (isolation) 

We measured kettle-hole area and the density of neighboring kettle 
holes within the agricultural landscape; the later as an approximation of 
the degree of isolation. Density of kettle holes was measured within nine 
different radii: 100, 150, 200, 300, 500, 700, 1000, 1500, and 2000 m 
using ArcGIS 10 (ESRI 2011) on ZALF official maps of the sites surveyed 
in 2016. We selected this range based on reported forage distances from 
100 to 300 m of solitary bees (Zurbuchen et al., 2010) up to 2 km in 
bumble bees (Hagen et al., 2011; Osborne et al., 2008). Area was 
calculated from the maps using ArcGIS again. 

2.5. Spatial parameter: neighboring land-use diversity 

In our study, land-use diversity includes the number of habitats 
surrounding the kettle holes at different radii (habitat diversity) and the 
type of cropland around the kettle holes. Within the same nine radii, we 
calculated habitat diversity represented by the SHDI (Shannon Habitat 
Diversity Index; Eiden et al., 2000) using the map for biotopes of 
Brandenburg (2013) for the study area (excluding kettle holes). The 
Shannon Habitat Diversity Index (SHDI) is based on the relative cover 
(area) of different habitats or biotopes. To calculate SHDI we included 
eight biotopes. (i) Croplands referred to cultivars of maize, cereals and 
rapeseed, (ii) forest included natural and managed forest, (iii) grasslands 
included meadows and pastures, (iv) water included ponds, streams and 
lakes, (v) bogs referred to peatlands, (vi) urban referred to sealed roads 
and buildings, (vii) urban green open spaces referred to gardens and 
parks, and (viii) hedges included hedges, shrubs, and trees in natural 
corridors between fields and artificial corridors in avenues. SHDI was 
calculated with the packages “raster”, “units”, “maptools” and “rgdal” 
on R version 3.5.2. (R Core Team, 2019). All calculations were per-
formed using a biotope map of the study area (BTLN 2009). Raw data of 
kettle-hole density and SHDI at the nine radii is shown in Supplementary 
Material Fig. S7. 

2.6. Local parameters: flower, vegetation and tree cover 

Vegetation cover of all vascular plants was assessed for the entire 
kettle-hole area accessing the inundated area with chest waders. Plant- 
species cover was determined in 1–5% steps in situ by first identifying all 
plant species (including trees), second estimating the coverage of all 
dominant species and third determining the cover of all other plant 
species. Finally, we converted the data into the 14-part Londo scale 
(Londo, 1976). Due to a large number of species-cover entries with one 
percent or less, we included an additional class “0.1” for coverage values 
below 1% and assigned the 1%-plant-species coverage to the Londo scale 
“1” (Supplementary Material: Table S3). This was necessary to avoid an 

overestimation of total vegetation cover by rare species. Since vegeta-
tion cover was estimated for four different vegetation layers, e.g. sub-
mersed and floating-leaf plants, or herb and tree layer, it could exceed 
100%. For logistic reasons, vegetation cover could only be assessed for 
28 of the 36 kettle holes (Supplementary Material: Table S2). 

To assess flower availability, during the sampling of the bee speci-
mens, we roughly estimated the cover of flowering plant species (in 
percentage) in the kettle holes. Flower cover estimations were divided 
into four cover classes: “none” (~0%), “low” (less than 20%), “medium” 
(over 20%, below 50%) and “high” (≥ 50%). Tree cover was extracted 
from the vegetation assessment (see above). Trees were mainly located 
at the border of the kettle hole, example of kettle holes with and without 
trees can be found in Fig. S1. We recorded the type of land use that was 
completely surrounding the kettle holes: grassland vs. cropland. Crop-
land was categorized as a monoculture of maize (Zea mays L.), wheat 
(Triticum aestivum L), or rapeseed (Brassica napus L.). 

2.7. Statistical analysis 

We characterized bee diversity as total abundances and species 
richness represented by the total number of individuals and species, 
respectively detected in each kettle hole, including honeybees. To 
evaluate the effect of sampling size (here: number of kettle holes), we 
calculated a rarefaction curve based on 9999 permutations following 
Gotelli and Colwell (2001). 

2.7.1. Data preparation 

2.7.1.1. Response variables. The response variables included body size, 
total as well as solitary and eusocial abundance and bee species richness. 
We selected body size and sociality as the only functional traits because 
they showed a significant association to the PCA vector fitting. 
Following Kratschmer et al. (2019), we summarized body size measured 
as intertegular distances (ITD) in Community Weighted Means (CWM) 
by using the “dbFD” function from the FD R package for functional di-
versity analyses (Laliberté et al., 2015). The other functional traits (so-
ciality, nesting type, and lecty) were also summarized in CWMs and then 
fitted onto a PCA by vector fitting with the “envfit” function of the vegan 
R package (Oksanen, 2013). This function calculates the correlation and 
associated P-values (α ≤ 0.05) between the ordination of species 
assemblage per site using random permutations (n = 9999). Sociality 
(solitary and eusocial only) as well as body size CWMs showed a sig-
nificant association (Supplementary Material: Table S5). 

2.7.1.2. Explanatory variables. Explanatory variables included (i) area 
of the kettle holes, (ii) density of neighboring kettle holes (degree of 
isolation), (iii) land-use diversity, (iv) surrounding land-use, (v) vege-
tation cover, (vi) flower cover, and (vii) tree cover. Density of neigh-
boring kettle holes was calculated at nine different radii (100, 150, 200, 
300, 500, 700, 1000, 1500, and 2000 m, respectively). Neighboring 
land-use diversity was quantified as Shannon Habitat Diversity Index 
(SHDI) in all nine radii. The type land-use surrounding the kettle holes 
was classified into type of cropland (maize, rapeseed or cereal) or 
grassland. Local parameters considered were flower, vegetation and tree 
cover (in %) inside the kettle hole. The density of kettle holes and the 
SHDI at different radii were evaluated by vector fitting onto a PCA based 
on bee abundance and presence-absence matrix using random permu-
tations (n = 9999). Since the PCA did not show any significant kettle 
holes associated to any radius (buffers 100–2000 m), we assumed that 
all buffers might be equally important and we took the first component 
which explained up to 66% of the total variation, as a proxy for con-
nectivity. In the case of SHDI, PCA showed a significant association 
between bee community and SHDI at 100 and 500 m radii and therefore 
only these radii were further selected for analyses (Supplementary Ma-
terial: Table S5). To test for collinearity among these variables, we 
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calculated Variance Inflation Factor (VIF) using the “vif” function from 
the car R package (Fox and Monette, 1992). Since no variable showed a 
collinearity effect (Supplementary Material: Table S6), all of them were 
included in the full models (see below). 

2.7.2. Data analyses 
We implemented Generalized Linear Models (GLMs) due to lack of 

normality for both species richness and abundance. For species richness 
(total, eusocial and solitary), a Poisson residuals fitting distribution was 
applied; whereas a quasi-Poisson distribution was implemented for bee 
abundances (total, eusocial and solitary) due to overdispersion. A 
Gaussian distribution was applied for ITD (CWM) as a measure of body 
size due to normality of residuals. We initially fitted a full model 
considering all explanatory variables up to two interactions and per-
formed then a model selection following the AICc criterion on species 
richness for small sample size The model with the lowest AICc values 
(most parsimonious model) was selected and single and interaction 
terms retained and further evaluated. Model selection was performed 
using a modification of the stepAIC function from the “MASS” R package 
stepAICc function customized and provided by Christoph Scherber. 
Significant associations of terms were evaluated independently in all 
response variables using Chi square tests in R (R Core Team, 2019). 
Multiple group-mean comparisons of bee richness and abundance 
among flower cover classes and surrounding land-use types were per-
formed with Kruskal-Wallis tests and pairwise Wilcoxon tests to identify 
differences within the groups. All calculations were performed using R 
version 3.5.2. (R Core Team, 2019). An overview of all variables is 
shown in Table 1 and an overview of statistical steps can be found in 
Supplementary Material: Fig. S8. 

3. Results 

3.1. Bee diversity and community composition 

We sampled a total of 1377 insect individuals belonging to 77 species 
including Apis mellifera (Western honey bee; see species list in Supple-
mentary Material: Table S1). Apis mellifera individuals represented 2.8% 
of the total bee count. Andrena haemorrhoa was the most abundant 
species with 237 individuals (17.2%), followed by A. nigroaenea with 
189 individuals (13.7%), and Lasioglossum pauxillum with 156 in-
dividuals (11.3%). A total of 29 bee species were represented by one 
individual only. 

The saturation observed in our accumulation rarefaction curve 
(Supplementary Material: Fig. S2), suggest that the sampling effort was 
sufficient to yield reliable estimates. In general, we detected a mean 
abundance of 37.8 ± 36.6 individuals and a species richness of 
11.2 ± 4.6 species per kettle hole (Mean ± SD, Table 1). CWM (com-
munity weighted means) based on intertegular distances as a measure 
for body size varied from 4.1 to 7.9 mm (6.2 ± 0.7) (Mean ± SD, 
Table 1). More than half of the species were solitary (57%; 44 species), 
followed by eusocial 22% (17 species), and finally parasitic bees 16% 
(12 species); the remaining 5% (4 species) correspond to species with no 
information. Up to 87% of the species were polylectic (67 species) and 
only 8% oligolectic (6 species). A total of 53 species build their nest 
belowground (69%) and only eight species aboveground (10%), 5% 
correspond to species with no information and the rest 16% are parasitic 
species bound to belowground nesting host species (Supplementary 
Material: Fig. S3). 

3.2. Spatial parameters: kettle-hole area and density 

The area of the kettle holes varied from to 0.03–0.7 ha (Table 1) and 
was not significantly related to bee species-richness (P > 0.8; Table 2). 
The first two Principal Components of density of surrounding kettle 
holes (degree of isolation) explained 86% of the total spatial isolation of 
the kettle holes (Table 1). The interaction between kettle-hole area and 
the number of neighboring kettle holes (PC1) was significantly associ-
ated with total and with solitary bee-species richness and abundance, 
but no effect on eusocial bee species or different bee-body sizes was 
detected (Table 2). When the interactions of kettle-hole area with the 
number of neighboring kettle holes within different radii (100–2000 m) 
were tested individually, 500 m had a significant effect on bee abun-
dance; while 500–1000 m had an effect on species-richness (Supple-
mentary Material: Table S7, Fig. S5). Bee-species richness especially 
increased in large and better connected sites with higher number of 
neighboring kettle holes (Fig. 2). 

3.2.1. Spatial parameters: neighboring land-use diversity 
Shannon Habitat Diversity Index (SHDI) at 100 and 500 m distances, 

respectively, was significantly selected by the vector fitting (Supple-
mentary Material: Table S5), and model selection based on AICc, SHDI at 
a 100-m radius showed a significant effect, being negatively correlated 
with the abundance of bees (Table 2, Fig. 3A). The abundance of euso-
cial bees was also affected by SHDI at 500 m, while SHDI at 100 and 

Table 2 
Effect of landscape and habitat structure on bee diversity and body size. Bee diversity includes abundances and richness of all individuals of solitary and eusocial bee 
species. Body size was measured as intertegular distances (ITD) calculated as community weighted mean (CWM). Landscape explanatory variables include area and 
density of neighboring kettle holes (isolation), Shannon Index for habitat diversity (SHDI), and land use surrounding the kettle holes. Habitat structure includes 
vegetation cover, flower cover, and tree cover. Df = Degrees of freedom, Dev = Mean Deviance, P = p-value. PC1 = Principal Component 1. Asterisks represent 
significance levels: ***P < 0.001, **P < 0.01, *P < 0.05, (*) P < 0.1 of the corresponding GLMs.    

Abundance Richness CWM   

Total Solitary Eusocial Total Solitary Eusocial ITD  

Df Dev P Dev P Dev P Dev P Dev P Dev P Dev P 

Area (log)  1  1.38 0.797  4.69 0.499  40.74 0.023*  0.05 0.827  0.02 0.880  0.29  0.590  0.00  0.940 
Isolation (PC1)  1  67.87 0.072  116.93 0.001**  2.18 0.599  0.51 0.473  0.16 0.692  0.96  0.327  0.05  0.689 
SHDI 100 m  1  82.05 0.048*  59.29 0.016*  36.81 0.031*  3.10 0.078  1.54 0.214  2.73  0.098  0.03  0.778 
SHDI 500 m  1  27.00 0.256  3.47 0.561  88.44 0.001**  0.05 0.829  0.29 0.589  2.57  0.109  0.05  0.703 
Vegetation cover  1  17.56 0.359  0.59 0.811  81.22 0.001**  0.33 0.567  0.58 0.445  0.03  0.861  0.36  0.299 
Tree cover  1  6.43 0.579  26.64 0.107  8.51 0.299  0.43 0.510  0.10 0.752  0.06  0.807  0.51  0.215 
Land use  3  129.46 0.103  33.31 0.355  155.55 0.352  4.11 0.250  2.19 0.535  4.04  0.257  0.25  0.861 
Flower cover  3  170.73 0.043*  66.48 0.090  103.38 0.004**  20.77 < 0.001***  11.19 0.011*  2.83  0.419  0.30  0.826 
Area × Isolation  1  129.14 0.013*  83.10 0.004*  41.81 0.021*  4.44 0.035*  6.15 0.013*  1.07  0.301  0.00  0.958 
Area × SHDI 100 m  1  11.14 0.465  0.00 0.990  11.95 0.218  0.56 0.456  0.19 0.666  1.67  0.196  0.13  0.538 
Area × SHDI 500 m  1  10.66 0.475  5.52 0.463  3.22 0.523  1.65 0.199  1.74 0.187  0.28  0.596  0.00  0.915 
Area × Veg cover  1  1.51 0.788  0.07 0.934  0.37 0.828  1.07 0.300  0.05 0.821  2.72  0.099  0.01  0.838 
Area × Tree cover  1  23.94 0.284  20.06 0.162  5.62 0.398  0.00 0.958  0.08 0.777  0.85  0.358  0.08  0.632 
Area × Land use  3  16.78 0.849  7.53 0.865  35.92 0.207  5.26 0.154  3.91 0.271  2.83  0.419  0.15  0.931 
Area × Flower cover  3  47.06 0.522  25.64 0.475  19.31 0.485  8.84 0.032*  3.20 0.361  5.10  0.165  0.19  0.903  
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500 m distances had no effect on bee species richness (Table 2). The 
individual types of land use surrounding the kettle holes did not show 
any significant effect with any response variable (Table 2, Fig. 3C). 

3.3. Local parameters: flower, vegetation and tree cover 

Bee abundance and richness was significantly positively associated 
with flower cover (Table 2) and increased with floral resources (Fig. 3D). 
Solitary bees showed the strongest response to floral resources: there 
was a significantly higher number of total and solitary bee species in 
kettle holes with medium and high flower cover compared to those with 
none or low flower cover, while no differences were found in species 
richness of eusocial species (Table 2, Fig. 3D, Fig. S6). Vegetation cover 
(102.01 ± 28.37 Mean ± SD) had a significant negative effect on euso-
cial bee abundance (Table 2, Fig. 3B) but no effect on species richness, 
and average body size. Tree cover did not have a significant effect on 
abundance, species richness or body size (Table 2). We found in total 14 
species of trees (Supplementary Material: Table S8), from which only 
two species were flowering in the sampling period (Sambucus nigra and 
Crataegus monogyna). Most of the kettle holes with trees had at least one 
of the flowering tree species (14/18, Table S2), yet there was no effect 
on bee species richness or bee abundance (Supplementary Material: 
Fig. S9). 

4. Discussion 

The main objective of this study was to assess how spatial patterns, 
land-use diversity, and local vegetation variables affect bee diversity and 
functional traits in natural wetland habitats — kettle holes — embedded 
in an intensive agricultural landscape. Our results showed that spatial 
patterns, i.e. the area and the density of kettle holes are important for 
bee diversity. The combination of larger habitats with a higher number 
of neighboring kettle holes had a positive effect on bee-species richness. 
The diversity of agricultural land-use types was negatively associated 
with abundance of bees within a 100 m radius, but total bee diversity 
did not differ depending on the individual type of cropland surrounding 
the kettle hole. Flower cover enhanced bee diversity whereas eusocial 
bee abundance was negatively affected by vegetation cover. 

4.1. Diversity patterns 

Of the total 384 bee species reported in the state of Brandenburg in 
north-eastern Germany (Dathe and Saure, 2000), we found 77 species 
with a mean of 11.2 ± 4.6 species per kettle hole in our relatively small 
study area (~200 km2) and within a restricted sampling time. Since 
most of the species (96%) reported in Brandenburg are active during our 
sampling period between June and July (See Supplementary Table S9), 
the total bee species occurring in the kettle holes corresponds to 19% of 
the total bee diversity found in north-eastern Germany. Andrena anthrisci 
is a new record for Brandenburg, as well as Nomada cf. minuscula (if 
considered as N. minuscula). Even though bee diversity is very well 
studied in agricultural landscapes (e.g., Oertli et al., 2005; Hass et al., 
2018a), little attention had been previously given to wetlands as 
important ecosystems for wild bees (but see Settele et al., 2008; Vickruck 
et al., 2019) and no previous study had focused specifically on kettle 
holes (Vasić et al., 2020). In this study we quantified the bee diversity in 
kettle holes, and our results highlight the importance of these wetlands 
to harbor and maintain bee diversity in these agricultural landscapes. 

4.2. Spatial patterns: kettle-hole area and isolation 

In accordance with our expectations, both area and degree of isola-
tion combined affected bee diversity. The interaction between area and 
isolation influenced bee abundance and richness. It is known that 
habitat fragmentation and isolation not only affect bee species richness, 
but also have a negative effect on plant-pollinator interactions causing 
extinctions and degradations of the entire ecosystem (Aizen et al., 
2016). Local habitat heterogeneity within a certain area can enhance 
biodiversity under the assumption that the more heterogeneous habitats 
are, the more resources and higher quality of habitats they provide to 
more species (Fahrig et al., 2011). Previous studies in wetland habitats 
have shown that area alone is not always relevant, as both area and 
habitat heterogeneity influence plant-species richness (Schöpke et al., 
2019; Shi et al., 2010) and macroinvertebrates (Hamerlík et al., 2014). 
Indeed, our results provide evidence that not only the size of kettle 
holes, but also how well they are connected to neighboring kettle holes 
is important to enhance bee diversity. 

Fig. 2. Bee-species richness related to kettle-hole area and degree of connectedness. Bee species-richness was neither associated with area nor number of neighboring 
kettle holes alone; however, the interaction had an effect. Panel A shows the interaction of kettle-hole area with PC1 (including all radii from 300 to 2000 m) and B 
shows the interaction of bee species-richness, habitat area and the number of neighboring kettle holes within a 1000 m radius. Dots represent individual kettle 
holes (N = 36). 
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4.3. Local parameters: vegetation, flower, and tree cover 

In agroecosystems, an increase of semi-natural habitats and vegeta-
tion composition enhances bee diversity (Kennedy et al., 2013; Miljanic 
et al., 2018) and has a stronger effect at local than at landscape scale 
(Coutinho et al., 2018). The low bee diversity found in this study in 
low-quality kettle holes lacking flowers (no nectar availability) em-
phasizes the importance of habitat quality for bee diversity in the kettle 
holes. However, functional traits such as body size, nesting type, or 
sociality can cause bees to respond in different ways to habitat hetero-
geneity, as it was shown by Coutinho et al. (2018). In their study, habitat 
heterogeneity had a positive effect on species richness of social bees, 
while abundance of belowground nesting bees was negatively affected 
in agricultural landscapes (Coutinho et al., 2018). 

In our study, an increase of flower cover showed a positive effect on 
total and solitary species-richness and total and eusocial bee abun-
dances. Eusocial bee abundance was negatively related to SHDI at 100 
and 500 m distance, as well as with vegetation cover, area, and isolation, 
suggesting that eusocial bee abundances might mainly depend on the 
quality of the habitat within and surrounding the kettle holes. Indeed, 
eusocial bees have been previously identified to be more vulnerable to 
disturbances and intensive vegetation management compared to solitary 
bees (Kratschmer et al., 2019; Williams et al., 2010), because eusocial 
bees highly depend on a continuous supply of nectar and pollen for their 
reproduction and establishment of colony (Westphal et al., 2009). 

Most of the observed species in our kettle hole ecosystems were 
belowground nesting bees (87%) that need open soil to excavate or 
might nest in the surroundings such as in pastures (Carré et al., 2009) or 
even in urban habitats (Choate et al., 2018). Although agricultural 
intensification can have a negative effect on nesting and sociality re-
sponses (Coutinho et al., 2018), a higher crop diversification could 

increase flower availability enhancing both honey bee and wild bee 
diversity, (Evans et al., 2018). In addition, agricultural landscapes can 
offer warmer and drier climates that are preferred by certain species of 
insects (Waldock et al., 2020). But more relevant is the occurrence of 
natural habitats such as grasslands, woodlands or wetlands which pro-
vide with more suitable nesting and forage sites (Evans et al., 2018). 

4.4. Landscape parameters: habitat diversity and land-use type 

Under the same assumption that more heterogeneous habitats pro-
vide more resources in terms of food, nesting type or dispersal routes 
required by many species (Fahrig et al., 2011), we expected to find a 
positive relation between bee diversity and surrounding habitat di-
versity given by the composition of semi-natural habitats in the land-
scape. However, we found a negative association of land-use diversity 
(SHDI) at 100 m with bee diversity, in contrast to Tscharntke et al. 
(2005), but in accordance with Steffan-Dewenter (2003) and Carré et al. 
(2009). Our results showed that the habitat diversity in terms of land-use 
types surrounding the kettle holes up to 100 m negatively affected bee 
abundance. These results suggest that more heterogeneous landscapes 
do not provide with more suitable patches for bees, but rather more 
heterogeneity is related to less quality habitats, with probably none or 
very low foraging (flowers) or favorable nesting conditions. In addition, 
the quality of the immediate surrounding habitats up to 100 m buffer are 
crucial to enhance bee diversity within the kettle holes. 

In contrasts to our expectations, we found no differences in bee di-
versity (total and differentiated by sociality) in relation to individual 
surrounding land use type such as rapeseed. In agroecosystems, density 
of bumble bees was found to be positively associated with highly 
rewarding mass flowering crops (i.e. rapeseed) at a landscape scale 
(Westphal et al., 2003). Even though almost half of eusocial bees in our 

Fig. 3. Bee diversity related to local and landscape parameters. Landscape parameters included habitat diversity measured as Shannon Habitat Diversity Index 
(SHDI) at different distances from 100 to 2000 m radii and the surrounding land use type including cropland (maize, cereal, rapeseed) or grassland. Local parameters 
included flower, vegetation cover, and tree cover inside the kettle holes. SHDI (within a 100 m radius) was significantly negatively related to bee abundance, 
measured as total number of individuals per kettle hole (A), and a significant decrease of eusocial individuals with increasing vegetation cover (B) and no significant 
difference in bee abundance related to individual land-use types (C). There was a positive relationship between flower cover and total as well as solitary bee species- 
richness, but not in eusocial bees (D). Letters represent differences of pairwise comparison according to Wilcoxon test for non-parametric data. 
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study were bumble bees (47%), the type of cropland did not influence 
eusocial or solitary bees. A possible explanation for this might be that 
pollen instead of nectar is the limiting factor for bees (Vaudo et al., 
2020). Pollen might be provided by a higher diversity of flowering 
plants occurring inside the kettle holes during longer periods of time. 
This might be supported by the high proportion of polylectic species 
(86%) that collect pollen from a variety of plant taxa. Because of the 
relative low number of kettle holes surrounded by rapeseed (6/36, 
Table 1), our study could not clarify whether rapeseed flowers constitute 
a significant reward relative to the plants in the kettle holes. More 
specific studies are needed in the future to test whether surrounding 
rapeseed croplands indeed serve as a relevant resource for bees 
compared to the kettle holes and other semi-natural habitats. 

4.5. Body size had no relation with environmental conditions 

Based on the assumption that body size can be used as an approxi-
mation of foraging distances as it was demonstrated by many studies (e. 
g., van Nieuwstadt and Ruano Iraheta, 1996; Tscharntke and Gathmann, 
2002; Westphal et al., 2006; Greenleaf et al., 2007), we expected body 
size to be related to kettle hole area and isolation influencing bees ability 
to colonize new habitats. However, body size is not always a good in-
dicator to infer flight distances, as it was shown in small to medium 
solitary bees (Zurbuchen et al., 2010) or bumble bees (Knight et al., 
2005). Additionally, flight distances can vary among species and can be 
highly affected by the distribution of resource habitats (Öckinger and 
Smith, 2007) and landscape configuration (Cresswell et al., 1995). 

In contrast to our expectations, body size was not related to any 
environmental factor. Similar results were previously reported by Wil-
liams et al. (2010), who argued that the effect of body size might be 
masked by other traits, such as nesting behavior. Williams et al. (2010) 
found only large-bodied bees that nest aboveground being affected by 
isolation. In our system, we found that most aboveground nesting spe-
cies are significantly larger (Supplementary Material: Fig. S4B) and 
therefore these species might have been affected by isolation. However, 
this was not evaluated since nesting types were not significantly asso-
ciated with the PCA (Supplementary Material: Table S5) and therefore 
not further analyzed with GLMs. 

4.6. Kettle holes as shelters for pollinators 

Most studies compared bee diversity of semi-natural habitats such as 
xeric grasslands associated to croplands, but other habitats such as mesic 
grasslands can also be suitable habitats for a diverse bee community 
(Settele et al., 2008). Thus, wetland habitats in agricultural landscapes 
may provide essential resources for native pollinators, as it was shown 
by Vickruck et al. (2019) in potholes in Canada. In the present study, we 
revalidate the importance of such wetland habitats. Kettle holes harbor 
high bee diversity and therefore may increase the pollination services in 
the respective agricultural landscapes benefiting not only natural plant 
populations, but also croplands such as rapeseed. From a total of 21 bee 
species that were observed pollinating flowers of rapeseed (Brassica 
napus) in previous field observations (Hausmann unpublished), 18 were 
found in the kettle holes, accounting for 24% of the species found in total 
(Supplementary Material: Table S1 marked with an *). Further 18 bee 
species found in the kettle holes have been observed on B. napus crops in 
other studies (Westrich, 2018; Supplementary Material: Table S1 
marked with a †). Although our study did not specifically focus on the 
comparison of kettle holes with croplands, these observations indicate 
that at least 47% (n = 36) of the species found in the kettle holes might 
contribute to cropland pollination providing farmers with a motivation 
beyond conservation to protect these kettle holes. 

4.7. Sampling limitations and further research 

We found 77 species of bees occurring in kettle holes within an 

intensively managed agricultural area. A parallel study in the same area 
that also assessed bee diversity in grasslands using the same method but 
conducting three sampling campaigns in 1 year (June, July, August 
2017), showed a slightly higher total number (80 vs. 77), but a low 
percentage (38%) of species in common (Sittel, 2019). Similar numbers 
of species found in both studies suggest that our higher spatial sampling 
density (four traps per kettle hole) might have compensated for our 
seasonally restricted sampling, i.e., only one monitoring period. Differ-
ences in sampling strategy may account for the low percentage of 
common species among the two studies, but at the same time, this 
interpretation would point towards adaptation of species to different 
habitats and season, rendering species composition highly variable in 
space and time. In addition, almost all of the total bee-species richness 
present in Brandenburg (Dathe and Saure, 2000) are active between 
June and July (Table S9), and therefore there was not a clear temporal 
bias associated to seasonality during sampling. Our study found ca. 20% 
of all bee species richness present in Brandenburg (Rote Liste) occurring 
in the kettle holes, plus two new records for the region (Andrena 
anthrisici and Nomada cf. minuscula). 

Pan traps are easy to set up, but they can also be biased in terms of 
bee abundance, taxonomic composition and bee body size. Apart from 
the number of flowers at the sampling location and the overall local bee 
density and species richness, the bee fauna captured depends on the 
trap’s height aboveground, its color and size (Cane et al., 2000; Gon-
zalez et al., 2016; Roulston et al., 2007; Wilson et al., 2008). Certain 
heights or color might attract specific taxa. Therefore, pan traps are 
usually used as a complementary method to other methods such as 
netting. In our study, our pan traps had three different colors (white, 
blue and yellow) and were standing at different heights (30, 50, 70 cm 
from the ground) to account for some of these caveats. This method 
might bring about some biases to our inference of the bee community 
composition. However, we used the same sampling design over a 
representative selection of habitats within one landscape, such that 
these biases do not invalidate the diversity patterns revealed by our 
study. More studies are needed to further investigate not only bees but 
also other pollinators groups in kettle holes at a larger spatio-temporal 
scale in these agricultural landscapes (Ssymank et al., 2008; Walton 
et al., 2020). 

5. Conclusion 

Kettle holes harbor at least 77 bee species representing ca. 20% of the 
total diversity of the region and putatively enhancing pollination ser-
vices for local croplands and potentially connecting natural plant com-
munities. The size and the distance among natural remnant habitats had 
strong effects on bee species diversity and functional traits related to 
social behavior. Especially, flower cover within the kettle-holes had a 
positive effect on bee abundance and bee species richness. These results 
suggest that the occurrence of large high-quality habitats is not enough 
to increase bee diversity in fragmented landscapes, but also the spatial 
distribution of these habitats matter. Therefore, several stepping-stones 
of high quality natural habitats are needed for the conservation of bee 
diversity and their pollination services in these intensively managed 
agricultural landscapes. We highly recommend the preservation and 
protection of these kettle holes since they play an important role in the 
functioning of these agricultural landscapes. 

Authors’ Contributions 

SLG and CMLA designed the study. SLG, CMLA, MP collected the 
data in the field. SLG and CMLA analyzed the data. SLG, KBR, CMLA, SH, 
RT and JJ discussed the results. SLG and JJ led the writing and all au-
thors contributed critically to the drafts and gave final approval for 
publication. 

S. Lozada-Gobilard et al.                                                                                                                                                                                                                      



Agriculture, Ecosystems and Environment 319 (2021) 107525

9

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

We would like to thank Carlos Acame and Gabriela Onandia for their 
valuable help in the field. K. Rupik (University of Bielefeld), C. Sauer 
(MNF Berlin), and F. Fahr for taxonomical identification. Larissa Raatz 
for her valuable help with GIS and Kolja Bergholz for sharing his R code 
to analyze landscape heterogeneity. We are very grateful with the sug-
gestions and comments of two anonymous reviewers. This work was 
supported by Deutsche Forschungsgemeinschaft (DFG), in the frame-
work of the BioMove Research training group (DFG-GRK 2118/1). 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.agee.2021.107525. 

References 

Aizen, M.A., Gleiser, G., Sabatino, M., Gilarranz, L.J., Bascompte, J., Verdú, M., 2016. 
The phylogenetic structure of plant-pollinator networks increases with habitat size 
and isolation. Ecol. Lett. 19, 29–36. https://doi.org/10.1111/ele.12539. 

Amiet, F., 1996. Hymenoptera Apidae, 1. Teil. Allgemeiner Teil, Gattungsschlüssel, Die 
Gattungen Apis, Bombus und Psithyrus. Insecta Helvetica Bd. 12. 

Amiet, F., 2014. Apidae 2. Colletes, Dufourea, Hylaeus, Nomia, Nomioides, 
Rhophitoides, Rophites, Sphecodes, Systropha. Fauna Helvetica 4. 

Amiet, F., Herrmann, M., Müller, A., Neumeyer, R., 2001. Apidae 3. Halictus, 
Lasioglossum. Fauna Helvetica 6. 

Amiet, F., Herrmann, M., Müller, A., Neumeyer, R., 2004. Apidae 4. Anthidium, 
Chelostoma, Coelioxys, Dioxys, Heriades, Lithurgus, Megachile, Osmia, Stelis. Fauna 
Helvetica 9. 

Amiet, F., Herrmann, M., Müller, A., Neumeyer, R., 2007. Apidae 5. Ammobates, 
Ammobatoides, Anthophora, Biastes, Ceratina, Dasypoda, Epeoloides, Epeolus, 
Eucera, Macropis, Melecta, Melitta, Nomada, Pasites, Tetralonia, Thyreus, Xylocopa. 
Fauna Helvetica 20. 

Amiet, F., Herrmann, M., Müller, A., Neumeyer, R., 2010. Apidae 6. Andrena, Melitturga, 
Panurginus, Panurgus. Fauna Helvetica 26. 

Bommarco, R., Biesmeijer, J.C., Meyer, B., Potts, S.G., Pöyry, J., Roberts, S.P.M., Steffan- 
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Hommel, B., Schäfer, R.B., 2017. Specifics and challenges of assessing exposure and 
effects of pesticides in small water bodies. Hydrobiologia 793, 213–224. https://doi. 
org/10.1007/s10750-016-2973-6. 

Losey, J.E., Vaughan, M., 2006. The economic value of ecological services provided by 
insects. Bioscience 56, 311–323. 

Lozada-Gobilard, S., Stang, S., Pirhofer-Walzl, K., Kalettka, T., Heinken, T., Schröder, B., 
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Österreichs. Band I: Schlüssel der Gattungen und der Arten der Familie 
Anthophoridae. Velden (Selbstverlag). 

Scheuchl, E., 1996. Illustrierte Bestimmungstabellen der Wildbienen Deutschlands und 
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