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Abstract

Context Wild bees are important pollinators for
wild and cultivated plants. Besides other causes, their
decline has been linked to land-use change such as
urbanisation. In contrast, urban habitats are discussed
as potential wild bee refuges.

Objectives To expand our understanding of cities
as wild bee habitats, bee responses to urban land-use
types with varying foraging and nesting resources
were analysed.

Methods Wild bees were sampled with pan traps
at 49 study sites in a Central European city. Effects
of land-use types on wild bees were examined at 12
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scales ranging from 50 to 1500 m from sampling
points. For analyses, bees were grouped accord-
ing to their traits (e.g., size, nesting and pollen-col-
lecting behaviour) to account for species-specific
requirements.

Results Land-use types significantly affected wild
bees covering all investigated scales. Anthropogeni-
cally managed flower-rich habitats, i.e., long-term
allotments and cemeteries, were beneficial for most
wild bee groups within varying scales between 200
and 600 m. Impervious surface affected only some
of the investigated wild bee groups, mostly in a uni-
modal manner within a 100 m scale.

Conclusions This study shows that it is recom-
mended for future investigations to take different
scales and different bee traits into account when
assessing urban habitat quality for bees. In particular,
the non-linear response to impervious surface indi-
cates positive edge effects between urban core and
rural areas. Conservation measures and implementa-
tion management to support wild bees in urban areas
should consider the results on scale and land use to
meet species-specific demands effectively.

Keywords Garden - Functional diversity - Life-

history characteristics - Conservation - Landscape
effects - Urban ecology
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Introduction

An increasing number of studies reported a signifi-
cant insect decline (e.g., Hallmann et al. 2017; Sei-
bold et al. 2019). Wild bees as essential pollinators
of many wild and cultivated plants (Klein et al. 2018)
are no exception (Powney et al. 2019; Zattara and
Aizen 2021). Decreasing resource diversity, pesti-
cides, pathogens, and climate change are identified
drivers of wild bee decline (Potts et al. 2010; Wag-
ner 2020). However, land-use change with result-
ing habitat loss and fragmentation are assumed to
be most important (Potts et al. 2010). Urbanisation,
one of the most profound types of land-use change, is
often mentioned to be detrimental to wild bees (Her-
nandez et al. 2009; Bates et al. 2011; Wenzel et al.
2020). Yet, urban areas may also represent refuges for
wild bees (Sirohi et al. 2015; Hall et al. 2017; Theo-
dorou et al. 2020) and a diversity of cultivated crops,
for example, in gardens or long-term allotments may
benefit from a diversity of bees (Matteson and Lang-
ellotto 2009; Lowenstein et al. 2015). To maximise
the potential of cities as wild bee habitat, it is essen-
tial to better understand the effects of urban land-
use types (e.g., long-term allotments, parks, arable
land, and impervious surface) on the urban wild bee
community.

Numerous studies investigated wild bee response
to urbanisation. Besides comparisons between dif-
ferent categories of urbanisation like urban, subur-
ban, and rural areas (e.g., Bates et al. 2011; Sirohi
et al. 2015; Twerd and Banaszak-Cibicka 2019),
some studies used a gradient of increasing urbani-
sation based on land use (e.g., Fortel et al. 2014;
Geslin et al. 2016). Proportions of land-use types
around sampling sites were mostly investigated
within one or few radii (e.g., Fortel et al. 2014;
Geslin et al. 2016; Burdine and McCluney 2019),
or one radius out of many was selected for further
investigations (e.g., Winfree et al. 2007; Theodorou
et al. 2016). For agricultural landscapes, however,
it was shown that different wild bees are affected
by land use at different scales (Steffan-Dewenter
et al. 2002; Tscheulin et al. 2011; Pascual 2022) and
this effect depends on scale and bee trait (Tscheu-
lin et al. 2011; Hellwig et al. 2022). This seems
plausible, as different wild bees require different
resources and vary in their flight and dispersal dis-
tances (Gathmann and Tscharntke 2002; Carvell
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et al. 2017). Therefore, it is likely that wild bees in
urban areas with different traits, such as size, nest-
ing, and pollen-collecting behaviour, also respond
to different land use at different scales.

In urban areas, impervious surface is the most fre-
quently examined land use, often used as a measure
of urbanisation (e.g., Fortel et al. 2014; Geslin et al.
2016; Burdine and McCluney 2019). Mostly it is
tested for a linear response (e.g., Geslin et al. 2016;
Burdine and McCluney 2019; but see Fortel et al.
2014). In urban habitats, the most complex land-
scape is at low to intermediate percentage of imper-
vious surface, which suggests a non-linear unimodal
response of wild bees (cf., Tscharntke et al. 2012).
The findings of Fortel et al. (2014) and Wenzel et al.
(2020) support this hypothesis (but see Bates et al.
2011). Interacting effects are also likely, as Burdine
and McCluney (2019) found an amplification of the
negative effect of impervious surface on wild bee
abundance with increasing canopy and a reduction of
the negative effect of impervious surface on wild bee
diversity with increasing flower abundance.

The research questions addressed in this study are:
(1) At which most important spatial scale do varying
urban land uses affect wild bees with different traits?
(i) Do wild bees with different traits respond in a
non-linear manner to impervious surface? (iii) How
does impervious surface interact with other factors in
shaping local bee communities?

To address these questions, the responses of bees
with different body sizes, nesting, and pollen-collect-
ing behaviour to eight urban land-use types with var-
ying nesting and foraging resources and impervious
surface were examined. Therefore, a data set of bees
captured at 49 study sites in Braunschweig, northern
Germany, was analysed evaluating land-use types at
12 spatial scales ranging from 50 to 1500 m around
sampling points.

Methods

The study was conducted in Braunschweig, Lower
Saxony, Germany (Fig. 1). With almost 250,000
inhabitants and an area of around 193 km? (Stadt
Braunschweig - Referat Stadtentwicklung, Statistik,
Vorhabenplanung 2021), Braunschweig is located
in the northern foreland of the Harz mountains. The
mean annual precipitation is 637 mm and the mean



Landsc Ecol (2023) 38:2981-2999

2983

annual temperature is 9.5 °C (Deutscher Wetterdienst
2020).

Study sites

As study sites, municipally managed sites with veg-
etation ranging from utility and ornamental turf to
landscape lawns and succession areas were selected
to be distributed across the entire administrative area
of Braunschweig and thus maximize urban gradients
across study sites. Site selection was based on a digi-
tal map of municipally managed sites and aerial pho-
tos using a geographic information system (GIS). It
was ensured that a 20X20 m square for the vegeta-
tion survey could be fitted into each site (see “Veg-
etation characteristics” section) to enable comparabil-
ity of local conditions. At each of the 49 study sites,
one sampling point in a sunny spot, preferably remote
from public activity, was surveyed with a handheld
GPS device during first bee sampling. The mean

Fig. 1 Sampling point
locations within Braun-
schweig. Green point in
the inset map shows the
location of Braunschweig
within Germany. City bor-
der and digital orthophoto
(DOP): © GeoBasis-DE /
BKG 2023; Terms of use:
http://sg.geodatenzentrum.
de/web_public/nutzungsbe
dingungen.pdf

minimum distance between sampling points was
941 m (range 158 to 2711 m) (Fig. 1).

Bee sampling

Wild bees were sampled with pan traps of three dif-
ferent colours slightly modified from Krahner et al.
(2021). Pan traps with a diameter of 23 cm and a
volume of 2.3 | were primed with white acrylic resin
paint (sparvar 1315) on both the outside and inside
and afterwards sprayed with blue (sparvar 3107),
yellow (sparvar 3104), respective white (sparvar
3103) fluorescent acrylic resin paint (Spray-Color
GmbH, Merzenich, Germany). At each site, three pan
traps (one in each colour) were installed in a trian-
gle around the sampling point with 3 m distance to
the sampling point and a distance of 4.6 m between
traps. Traps were fixed at the local flower level and
filled with around 1.5 1 soapy water. After 24 h, the
trapping liquid was poured over a sieve with around
1.5 mm mesh size. Bees were sampled three times

& ik
o 7 A =
Source DOP: BKG; Author: M. Weber, JKI; Creation: 2023
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in 2019 covering their main flight period and mini-
mising impacts on bee populations. Sampling of the
sites in each round was split over several days with
the most suitable forecasted weather conditions. The
first sampling (spring) was run from 16 April to 15
May with a daily maximum temperature of at least
15 °C and a sunshine duration of at least 7 h; the
second sampling (early summer) from 13 to 20 June
(daily maximum temperature: at least 24 °C, sun-
shine duration: at least 9 h); and the third sampling
(late summer) from 13 to 21 August (daily maximum
temperature: at least 20 °C, sunshine duration: at least
5 h) (Deutscher Wetterdienst 2021). Separate weather
information for each sampling location could not be
estimated.

Bees were pinned, labelled and identified to spe-
cies level. Taxonomy followed Scheuchl and Willner
(2016). Five specimens (two Andrena, two Lasioglos-
sum, one Hylaeus) could not be identified to species
level and were therefore included only in analyses
where genus information was sufficient. Two speci-
mens differed slightly from Megachile maritima and
could not be identified for sure. This species was
not used in analyses of specialisation (see Online
Resource ESM1 for more details). Honey bees (Apis
mellifera) were excluded from all analyses.

Vegetation characteristics

To take differences of sampling locations into
account, vegetation characteristics recorded during
the vegetation surveys were included in analyses.
Vegetation surveys were conducted once following
each of the three bee samplings at the study site; in
spring from 30 April to 15 May, early summer from
11 June to 10 July and in late summer from 28 August
to 24 September. Due to a high level of public activ-
ity on some sampling sites, an easily reproducible
method without permanent markings was used. Start-
ing from the bee sampling point, 10 m were meas-
ured in each cardinal direction and then completed to
squares. In each of the four resulting 10X 10 m quad-
rants, the proportion of different ground cover was
estimated. Here, the mean proportion of canopy cover
in early summer was used as a measure of shading.

In each of the four quadrants, a sub-square of
1x 1 m was chosen for more detailed vegetation map-
ping. At each vegetation survey, the locations with
the highest species richness of flowering plants and
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the highest flower cover within the quadrants were
selected as sub-squares. Within sub-squares, flower-
ing herbs and shrubs were identified to species level,
using image-based identification books or the Flora
Incognita app (Méder et al. 2021). In data analyses,
two measures based on flowering plant species were
included: (i) Species richness of flowering plants
(herbs and shrubs) accumulated over the three veg-
etation surveys as a measure of resource variety, and
(ii) percentage of flowering plant species with more
than one detection during the three surveys as a meas-
ure of resource constancy. Vegetation structure of the
investigated study sites varied, e.g., depending on
mowing frequency. Therefore, mean percentage of
vegetation cover at 50 to 100 cm height estimated in
the sub-squares in early summer was also included in
analyses.

Landscape data

Landscape data were generated from the vector-based
digital basis landscape model (Basis-DLM) of 2019
(Federal Agency for Cartography and Geodesy 2019)
and from the High Resolution Layer Imperviousness
Density (IMD) of 2018 (Copernicus Land Monitoring
Service 2020), a raster layer providing the percentage
of imperviousness with a resolution of 10 m.

From the Basis-DLM, spatial information on resi-
dential area surface, combined use area, area with
specific functional characteristic, industrial and
commercial area, long-term allotments, parks, pub-
lic parks, cemeteries, arable land, grassland, wood,
copse, heath, and unproductive area were used (trans-
lations according to Afflerbach and Kunze 2006 and
Working Group of State Agencies for Nature Conser-
vation and Landscape Management Working Team
“Landscape reconnaissance” 2002; explanations
are available in German at Arbeitsgemeinschaft der
Vermessungsverwaltungen der Linder der Bun-
desrepublik Deutschland 2018). Due to the low area
coverage of some of the used land-use types (e.g.,
cemeteries), some land-use types were combined:
long-term allotments and cemeteries as anthropogeni-
cally managed flower-rich areas to flower-rich anthro-
pogenic habitats; copse, heath, and unproductive area
as mostly not anthropogenically managed areas domi-
nated by native plants to near-natural habitats; parks
and public parks to parks; and residential area surface,
combined use area, and area with specific functional
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characteristic to residential area (see Online Resource
ESM2 Table ESM2.00.01).

Mean flight distances of wild bees range from 59
to 121 m (Hofmann et al. 2020) and documented
maximal foraging distances of most wild bee species
ranges from 300 to 1500 m (Zurbuchen and Miil-
ler 2012). Therefore, land-use types were evaluated
in 50, 100, 150, 200, 250, 300, 400, 500, 600, 750,
1000, and 1500 m radii around sampling points.

The proportion of different land-use types based
on the Basis-DLM as well as impervious surface
based on the raster layer were calculated with QGIS
3.8.2-Zanzibar (QGIS Development Team 2019).
This software uses regular polygons to approximate
a circular buffer. Here, polygons with 36 edges were
used.

Species traits

Wild bee data were pooled over the whole year. In
addition to wild bee total abundance and species rich-
ness, wild bees were grouped according to their body
size, nesting and pollen-collecting behaviour (Online
Resource ESM1). For each species group, the abun-
dance per sampling point was examined, as declines
caused by habitat changes can be observed earlier in
abundance than in species richness (Hull et al. 2015).
Information on bee species traits were taken from
Westrich (2018) and missing information completed
with Amiet et al. (2001, 2010, 2014) (body size),
Scheuchl and Willner (2016) (nesting and pollen-col-
lecting behaviour), and Hagen and Aichhorn (2003)
(nesting behaviour of bumble bees). As body sizes
are usually given as ranges, bees were categorised as
it follows: small bee species as always being smaller
than 10 mm (4-9 mm), large species as always being
larger than at least 10 mm (10-23 mm), and medium-
sized bees as species whose individuals can range
from smaller than 10 mm up to at least 10 mm (e.g.,
6—10 mm or 9-14 mm). Body size of bumble bees
varies markedly within species (e.g., Bombus hypno-
rum worker 8—18 mm, Hagen and Aichhorn 2003),
thus they were grouped into their own size category.
Regarding nesting behaviour, bee species were
grouped into below-ground nesting, above-ground
nesting, above- and below-ground nesting (species
which can use both opportunities), and parasitic bees
(social parasitic or cleptoparasitic). Parasitic bees
were categorised separately, as they do not depend

on flower resources within a certain radius to collect
food for their offspring and do not need to return to
their nest.

Most of the species in this study which build their
nest in escarpments of loess, of other sediments or in
rock crevices, are cavity-nesting species. These spe-
cies also use wall crevices and nesting boxes, which
are common nesting sites in urban habitats, and were
therefore categorised as above-ground nesting.

For pollen-collecting behaviour, bee species were
grouped into polylectic, oligolectic, and parasitic
bees.

Statistical analyses

Statistical analyses were conducted in R version 3.6.1
(R Core Team 2019). For each response variable
(total wild bee abundance, wild bee species richness
and abundance within each wild bee group), two to
three generalized linear models (GLM) were com-
puted, using the function “glmmTMB” of the pack-
age “glmmTMB” version 1.0.2.1 (Brooks et al. 2017)
(Fig. 2).

In preparation for the first GLM, Pearson correla-
tion coefficients were calculated for the response vari-
able and the proportional area of each of the eight
land-use types based on the Basis-DLM for each of
the twelve radii. For each land-use type, the radius
associated with the largest absolute value of cor-
relation coefficient was selected for the first GLM
(Table 1, Fig. 2, Online Resource ESM2) to identify
the most relevant radius (cf. Steffan-Dewenter et al.
2002). Proportion of land-use types in the selected
radii did not show any collinearity (r<0.7 for all
tests). The most appropriate error distribution for the
first GLM, which contained the proportional area of
the eight land-use types and vegetation characteris-
tics, was chosen according to the findings of Payne
et al. (2018). For all response variables, negative
binomial error distribution with linear parametrisa-
tion was used, except for medium sized bees, where
negative binomial error distribution with quadratic
parametrisation was used.

To determine relevant factors influencing bees at
different scales, the multimodel inference approach
was applied (Burnham and Anderson 2002). There-
fore, a list of candidate models with all possible
model combinations based on the global model was
created with the function “dredge” of the package
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Fig. 2 Flowchart of the
statistical analyses. Two
different methods were used
to find the radius where
different land-use types

or impervious surface had p:

the strongest efect o the Rodic 0, 10, 0,250 250
regarded bee group. For 1500 m

the land-use types based on
the Basis-DLM, correla-
tion tests were used. For
impervious surface based
on IMD, GLMs were used
to also be able to test for
non-linear effects

Land-use types
(based on Basis-DLM)
Types: industrial and commercial
area, arable land, grassland,
wood, flower-rich anthropogenic
habitats, near-natural habitats,
parks, residential area

Radii with the
strongest correlation
for each bee group
and each land use
type (see Table 1)

Correlation tests

First GLM
One GLM for each
bee group with
using multimodel
inference approach

Bee data
Groups: total abundance, species
richness, abundance of small Radii: 50, 100, 150, 200, 250,
bees, medium-sized bees, large 300, 400, 500, 600, 750, 1000,
bees, bumble bees, below-ground 1500 m
nesting bees, above-ground
nesting bees, above- and below-
ground nesting bees, parasitic
bees, polylectic bees, oligolectic
bees

Impervious surface
(based on IMD)

Radii with the lowest
AIC for each bee
group and impervious
surface as linear or
non-linear variable
(see Table 1)

recorded plant species,
canopy cover, vegetation
cover at 50 cm height

Vegetation
characteristics
Measures: species richness of
flowering plants, multiple

Second GLM
One GLM for each
bee group with
using multimodel
inference approach

Third GLM

(computed only if impervious surface was significant
for regarded bee group)
Tests for interactions between impervious
surface and significant variables from first GLM
(see Table 2) with using multimodel inference

approach

“MuMIn” version 1.43.17 (Bartori 2020) and ranked
by Second-order Akaike Information Criterion
(AIC,). All models with a AAIC,<2 to the model
with the lowest AIC, were selected for model aver-
aging (Burnham and Anderson 2002). Model aver-
aging was conducted with the function “model.avg”
of the package “MuMIn” version 1.43.17 (Bartoni
2020) (Online Resource ESM?2). All explanatory vari-
ables with a p-value <0.05 in the more conservative
full average (Grueber et al. 2011) are reported with
p-values and estimates. Importance of significant
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explanatory variables, using the sum of Akaike
weights (Xw;) over all candidate models including
the respective variable, was also calculated (function
“importance” package ‘“MuMIn” version 1.43.17,
Bartori 2020) (Online Resource ESM2).

For the second GLM, 24 GLMs with impervious
surface as a linear variable or with impervious sur-
face as a linear and quadratic variable were run using
the same error distributions as in the first model to
select the explanatory variables for impervious sur-
face (Table 1, Fig. 2, Online Resource ESM2). The
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combination of radius and explanatory variables of
the GLM with the lowest Akaike information crite-
rion (AIC) was used for setting up the second GLM,
which also included the vegetation characteristics.
The model was fitted with the same error distribu-
tion as in the first model, except of the model examin-
ing below-ground nesting bees. Here, overdispersion
occurred and the model was refitted with negative
binomial error distribution with quadratic parameteri-
sation. Relevant factors were identified via the mul-
timodel inference approach (Burnham and Anderson
2002) as described above (Online Resource ESM?2).

The third GLM was created only if impervious
surface showed a significant effect in the second
GLM (Fig. 2). First, all significant explanatory land-
use variables of the first and the second GLM were
tested for collinearity. If r>0.7, the variable from the
first GLM was excluded as the focus was on interac-
tions between impervious surface and other variables.
The error distribution of the first GLM was used here
again. The multimodel inference approach (Burnham
and Anderson 2002) was used as described above. In
no case, a significant interaction was observed in the
full average (Online Resource ESM2).

Figures were created with the original data and
fitted values with 95% confidence intervals com-
puted with the function “allEffects” of the package
“effects” version 4.2-0 (Fox 2003; Fox and Weisberg
2019). For illustration, the model that contained only
the significant explanatory variables was used, if it
had a AAIC <2 to the model with the lowest AIC,,
otherwise the model with the lowest AIC, contain-
ing all significant explanatory variables was used.
This model as well as the two models with the lowest
AIC, were assessed for appropriateness via testing for
zero-inflation with the function “testZerolnflation”,
plotting standardized residuals versus fitted values
with the function “plotResiduals”, and quantile—quan-
tile plots with the function “plotQQunif” (last three:
package “DHARMa” version 0.3.3.0, Hartig 2020).
The models were also tested for spatial autocorrela-
tion of the residuals using the function “Moran.I” of
the package “ape” version 5.4-1 (Paradis and Schliep
2019). Only in two models, examining the eight dif-
ferent land-use types, spatial autocorrelation was
noticed. For bumble bees, the model with the lowest
AIC,, which contained significant explanatory vari-
ables only, showed spatial autocorrelation (p=0.023),
as well as the model for above- and below-ground
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nesting bees, which contained significant variables
only (p=0.004). This suggests a spatial autocorre-
lated factor not considered in both models (Dormann
et al. 2007).

Results

In total, 1589 wild bee specimens of 102 species or
morphospecies belonging to 16 genera were sampled,
representing 30.2% of the wild bee species occur-
ring in Lower Saxony (Theunert 2002). The number
of sampled wild bees varied between spring (1080
specimens), early summer (330 specimens), and late
summer (179 specimens). Mean abundance of wild
bees per sampling point pooled over the whole year
was 32.4 (range 6-121) and mean species richness
was 12.7 (range 1-23) (Fig. 1). Overall, 426 large
bee specimens of 26 species, 697 medium-sized bee
specimens of 30 species, 281 small bee specimens
of 37 species, and 180 bumble bee specimens of 9
species were sampled. Regarding nesting behaviour,
56 species with 1143 specimens were below-ground
nesting, 23 species with 228 specimens were above-
ground nesting, 7 species with 150 specimens use
above- and below-ground nesting sites, and 15 spe-
cies with 61 specimens were parasitic (social para-
sitic or cleptoparasitic). In terms of pollen-collecting
behaviour, 20 species with 213 specimens prefer an
oligolectic diet and 66 species with 1308 specimens
were polylectic (Online Resource ESM1).

Total abundance and species richness

Proportion of flower-rich anthropogenic habitats had
a significant positive effect on both, abundance within
a 250 m radius (Table 2; Fig. 3a) and species richness
within a 400 m radius (Table 2; Fig. 3b).

Proportion of impervious surface had a significant
non-linear unimodal effect on species richness within
a 100 m radius (Table 2; Fig. 4a). There was no inter-
acting effect between impervious surface and land-
use types detectable as well as for all other tested bee
traits (see Online Resource ESM?2).

Body size

For abundance of small bees, only the local veg-
etation characteristic species richness of flowering
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Table 2 Significant effects of proportion of land-use types and
local vegetation characteristics on studied bee groups with spa-
tial scale, estimate, p-value of the full average of model aver-
aging, and sum of Akaike weights (Xwi) (cf. Online Resource

ESM?2). Vegetation characteristics were included in the first
GLM examining the effect of eight different land-use types on
urban wild bees and in the second GLM examining the effect
of impervious surface on bees

Response variable Land-use type Scale  Estimate Zw; p-value
Total abundance Flower-rich anthropogenic 250 m  2.840 0.94 0.001
habitats
Species richness Flower-rich anthropogenic 400 m  2.375 0.97 <0.001
habitats
Impervious surface® 100 m Linear 2.175 Linear 0.80 Linear 0.011
Quadratic -4.116 Quadratic 0.85 Quadratic 0.009
Small bees Species richness of flower- Local  First GLM 0.049 First GLM 0.79 First GLM 0.022
ing plants
Medium-sized bees Flower-rich anthropogenic 200 m  3.524 0.79 0.021
habitats
Parks 300m -3.886 0.80 0.003
Grassland 1500 m -5.322 0.77 0.008
Impervious surface® 100 m  Linear 4.072 Linear 0.62 Linear 0.077
Quadratic -9.140 Quadratic 0.77 Quadratic 0.026
Large bees Flower-rich anthropogenic 400 m  4.148 0.78 0.003
habitats
Bumble bees Residential area 1500 m 2.880 0.93 0.005
Impervious surface® 1500 m 2.637 0.99 <0.001
Canopy cover Local  First GLM -2.468 First GLM 0.79 First GLM 0.039
Second GLM -2.835  Second GLM 0.89 Second GLM 0.024
Below-ground nesting bees  Flower-rich anthropogenic 500 m  4.151 0.71 0.011
habitats
Parks 600 m -3.797 0.74 0.013
Above-ground nesting bees  Flower-rich anthropogenic 250 m  4.913 0.92 <0.001
habitats
Residential area 500m 1.833 0.92 0.002
Impervious surface® 100 m  Linear 8.746 Linear 0.99 Linear 0.001
Quadratic -14.598 Quadratic 0.99 Quadratic 0.007
Above- and below-ground ~ Residential area 1500 m 2.392 0.79 0.007
nesting bees Impervious surface® 1500 m 2.581 0.99 <0.001
Canopy cover Local  First GLM -3.254 First GLM 0.83 First GLM 0.019
Second GLM -3.540  Second GLM 0.95 Second GLM 0.012
Parasitic bees Flower-rich anthropogenic 600 m  6.959 0.75 0.005
habitats
Polylectic bees Flower-rich anthropogenic 250 m  3.158 0.98 <0.001
habitats
Parks 300m -1.748 0.50 0.033
Grassland 1500 m -3.306 0.63 0.007
Oligolectic bees Grassland 1000 m 3.559 0.81 0.023
Impervious surface® 50m  Linear 9.347 Linear 0.84 Linear <0.001
Quadratic -15.747 Quadratic 0.85 Quadratic 0.007
Canopy cover Local  Second GLM -4.090 Second GLM 0.70 Second GLM 0.029

Proportion of impervious surface affected some examined bee groups in a linear* or a unimodal manner®
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cies richness within a 400 m radius; ¢ abundance of small bees
(pale blue); d abundance of medium-sized bees within a 200 m

plants had a significant positive effect (Table 2;
Fig. 3c). Abundance of medium-sized bees
increased with proportion of flower-rich anthro-
pogenic habitat within a 200 m radius (Table 2;

@ Springer

0 10 20 30
Percentage of anthropogenic habitats

radius (light blue), abundance of large bees within a 400 m
radius (blue); e abundance of below-ground nesting bees
within a 500 m radius (dark red), abundance of above-ground
nesting bees within a 250 m radius (orange); f abundance of
polylectic bees within a 250 m radius (green), abundance of
parasitic bees within a 600 m radius (dark green). All y-axis
are log10-transformed except for b

Fig. 3d), and decreased with proportion of parks
within a 300 m radius (Table 2; Fig. 5a), as well as
with proportion of grassland within a 1500 m radius
(Table 2; Fig. 5b). Only proportion of flower-rich
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Fig. 4 Effects of percentage of impervious surface within
different radii on wild bees with 95% confidence intervals. a
Wild bee species richness within a 100 m radius; b abundance
of medium-sized bees within a 100 m radius; ¢ abundance of
bumble bees within a 1500 m radius; d abundance of above-

anthropogenic habitat within a 400 m radius had
a significant positive effect on abundance of large
bees (Table 2; Fig. 3d). Abundance of bumble bees
increased with proportion of residential area within
a 1500 m radius (Table 2; Fig. 5c) and decreased
with the local vegetation characteristic proportion
of canopy cover (Table 2; Fig. 5d).

0 20 40 60
Percentage of impervious surface at 50 m radius

ground nesting bees within a 100 m radius; e abundance of
above- and below-ground nesting bees within a 1500 m radius;
f abundance of oligolectic bees within a 50 m radius. All
y-axis are log10-transformed except for a

Proportion of impervious surface significantly
affected medium-sized bees and bumble bees.
Medium-sized bees showed a non-linear unimodal
response within a 100 m radius (Table 2; Fig. 4b),
while bumble bees were positively affected within a
1500 m radius (Table 2; Fig. 4c). As in the previous
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Percentage of canopy

(light green); ¢ effect of percentage of residential area within
a 500 m radius on abundance of above-ground nesting bees
(orange) and within a 1500 m radius on abundance of bumble
bees (dark blue); d effect of percentage of canopy cover on
abundance of bumble bees (dark blue) and abundance of oli-
golectic bees (light green); e effect of percentage of residen-
tial area within a 1500 m radius on abundance of above- and
below-ground nesting bees (dark orange); f effect of percent-
age of canopy cover on abundance of above- and below-ground
nesting bees (dark orange). All y-axis are log10-transformed
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GLM, proportion of canopy cover was also signifi-
cant for bumble bee abundance (Table 2).

Nesting behaviour

Proportion of flower-rich anthropogenic habitats
had a significant positive effect on the abundance of
below-ground nesting bees within a 500 m radius
(Table 2; Fig. 3e), above-ground nesting bees within
a 250 m radius (Table 2; Fig. 3e), and parasitic bees
within a 600 m radius (Table 2; Fig. 3f). Abundance
of below-ground nesting bees decreased with pro-
portion of parks within a 600 m radius (Table 2;
Fig. 5a). Proportion of residential area had a signifi-
cant positive effect on abundance of above-ground
nesting bees within a 500 m radius (Table 2; Fig. 5c)
and above- and below-ground nesting bees within
a 1500 m radius (Table 2; Fig. 5e). Abundance of
above- and below-ground nesting bees decreased with
proportion of canopy cover (Table 2; Fig. 5f).
Proportion of impervious surface had a non-linear
unimodal effect on abundance of above-ground nest-
ing bees within a 100 m radius (Table 2; Fig. 4d).
Abundance of above- and below-ground nesting
bees increased with proportion of impervious sur-
face within a 1500 m radius (Table 2; Fig. 4e) and
decreased with proportion of canopy cover (Table 2).

Pollen-collecting behaviour

Abundance of polylectic bees increased with propor-
tion of flower-rich anthropogenic habitat within a
250 m radius (Table 2; Fig. 3f) and decreased with
proportion of parks within a 300 m radius (Table 2;
Fig. 5a). Proportion of grassland negatively influ-
enced abundance of polylectic bees within a 1500 m
radius (Table 2; Fig. 5b), but increased abundance
of oligolectic bees within a 1000 m radius (Table 2;
Fig. 5b).

Abundance of oligolectic bees showed a non-linear
unimodal response to proportion of impervious sur-
face within a 50 m radius (Table 2; Fig. 4f) and was
negatively affected by proportion of canopy cover
(Table 2; Fig. 5d).

Discussion

Foraging-dependent effects of land-use types on wild
bees

The most important land-use type supporting the
urban wild bee community was proportion of flower-
rich anthropogenic habitats, composed of long-term
allotments and cemeteries. This factor had a positive
effect on almost all investigated bee groups, showing
the utmost importance of flower-rich anthropogenic
managed habitats for urban wild bees. The positive
effect of allotments for bees has been shown before
(Baldock et al. 2019) with higher abundance of bees
in allotments compared to most other urban land
uses, whereas bee species richness was not affected.
In the current study, both, bee species richness and
total bee abundance, benefited from proportion of
flower-rich anthropogenic habitat within a 400 m and
250 m radius, respectively. The difference in scales
is presumably showing the difference between the
mean dispersal range of the trapped bee species (spe-
cies richness) and the smaller mean foraging range of
the trapped individual bees (abundance). The disper-
sal distance of solitary wild bees is largely unknown
and observations range from sedentary behaviour to
several kilometres even for the same species (Fran-
zén et al. 2009). The maximum foraging distance for
all bees in this study estimated with the formula of
Gathmann and Tscharntke (2002) is 364 m (estimated
mean body size among all bee individuals: 10.9 mm).
As the formula of Gathmann and Tscharntke (2002)
estimates the maximum foraging distance from the
nesting site, it is not surprising that the scale of 250 m
determined here for total wild bee abundance is lower.

The consistency with the results from Gathmann
and Tscharntke (2002) is also evident among bees
of different size. Small bees (estimated mean body
size of all individuals: 6.1 mm; calculated maxi-
mum foraging distance: ~101 m) were not affected
by any examined land-use type. Flower-rich anthro-
pogenic habitats in the current study may have been
too far away for small bees, where short foraging
distances can explain the dependence on the local
vegetation characteristic species richness of flow-
ering plants. Medium-sized bees (estimated mean
body size of all individuals: 10.2 mm; calculated
maximum foraging distance:~326 m) and large
bees (estimated mean body size of all individuals:
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13.1 mm; calculated maximum foraging dis-
tance: ~484 m) were influenced by proportion of
flower-rich anthropogenic habitats within a 200 m
and 400 m radius, respectively. For medium-sized
and large bees again, the calculated foraging ranges
are slightly larger than the scales observed in the
present study. This shows that bees of different sizes
can dwell in urban habitats if sufficient flowers are
available within their flight radius.

The largest relevant radius observed for flower-
rich anthropogenic habitats was 600 m, within
which abundance of parasitic bees increased with
proportion of this land-use type. As parasitic bees
do not need to forage pollen for their offspring and
return to the nest, a larger scale seems realistic.
However, previous studies, based on observation
of marked individuals, showed varying findings
for activity ranges. Sick (1993) assumed a large
range of action for Sphecodes females. For Nomada
females, Gebhardt and Rohr (1987) observed the
same individuals at the same host aggregation on
consecutive days.

While polylectic bees increased in their abundance
with the proportion of flower-rich anthropogenic
habitats within a 250 m radius, oligolectic bees did
not benefit from an increased proportion of this land-
use type. Possibly, the latter, more specialised bees
are not attracted by non-native ornamental and crop
plants often used in long-term allotments (Baldock
et al. 2019) and cemeteries, but favour native flow-
ers of grassland. Thus, oligolectic bees seem unlikely
to benefit from urbanisation. However, the radius of
1000 m, within which the effect of grassland cover
on oligolectic bees was observed, is much larger than
expected, as the foraging ranges of oligolectic bees
do not differ from polylectic bees (Gathmann and
Tscharntke 2002). Nonetheless this scale corresponds
well with the maximum foraging distance experimen-
tally tested for the oligolectic Chelostoma rapunculi
(Zurbuchen et al. 2010) and the findings of Hellwig
et al. (2022), who showed a positive effect of grass-
land within scales between 500 and 5000 m in agri-
cultural areas on Red List solitary wild bee species,
which are often oligolectic.

Another explanation for the positive effect of
grassland on oligolectic bees might be that they are
competitively inferior to polylectic species and thus
displaced to lower quality habitats. This hypothesis
is supported by the negative impact of proportion of
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grassland on polylectic and medium-sized bees within
the 1500 m radius. However, with 19.6% of species
and 13.4% of specimens, the proportion of oligolectic
bees in this study was only slightly lower than on
set-aside fields (20.9% of species, Steffan-Dewenter
and Tscharntke 2001) but higher than in other urban
areas like Poznan (15% of species, 10% of specimens,
Banaszak-Cibicka and Zmihorski 2012).

Nesting-dependent effects of land-use types on wild
bees

Abundance of below-ground nesting, polylectic, and
medium-sized bees were all three negatively affected
by proportion of parks, composed of parks and pub-
lic parks, within a 600 m radius for below-ground
nesting bees and a 300 m radius for polylectic and
medium-sized bees. This was unexpected as espe-
cially below-ground nesting bees can be observed
often nesting at managed green spaces and dominate
the wild bee community of parks in e.g., Paris (Ges-
lin et al. 2015). Possibly, bees using nesting sites in
parks are affected by disturbance like trampling or
mowing (Matteson et al. 2008) so that parks could
be a sink rather than a source for bees and therefore
may currently be less beneficial for below-ground
nesting bees. Disturbance of hosts as a limiting factor
may also explain rarity of parasitic bees in the pre-
sent study, as disturbance within habitats is expected
to be first detectable in cleptoparasite abundance and
diversity (Sheffield et al. 2013). Low proportion of
parasitic bees was also observed in other urban areas
(e.g., New York, Matteson et al. 2008; Paris, Geslin
et al. 2015; Poznan, Banaszak-Cibicka et al. 2018).
In the current study, percentage of parasitic bees with
14.7% of species and 3.8% of specimens was small
compared to semi-natural habitats like calcareous
grassland (26.5% of species, 15.2% of specimens,
Hopfenmiiller et al. 2014), but is comparable in spe-
cies richness and higher in abundance compared to
other European cities like Poznar (12% of species,
0.9% of specimens, Banaszak-Cibicka and Zmihorski
2012) or Lyon (17% of species, Fortel et al. 2014).
However, the low proportion of parasitic species and
specimens in this study might also be attributed to the
sampling method (pan traps). Banaszak-Cibicka et al.
(2018), Banaszak-Cibicka and Zmihorski (2012), and
Fortel et al. (2014) used a combination of pan traps
and hand netting, whereas Hopfenmiiller et al. (2014)
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used hand netting only, a method with which a signif-
icantly larger number of individuals of parasitic spe-
cies can be caught (Krahner et al. 2021).

The positive effect of proportion of residential area
on above-ground nesting bees within a 500 m radius
is consistent with the results of previous studies (e.g.,
Cane et al. 20006; Fitch et al. 2019), where benefit for
cavity-nesting bees is explained with enhanced nest-
ing opportunities in urban matrix. Also most of the
bumble bees and corresponding above- and below-
ground nesting bees recorded in this study (here 98%
of above- and below-ground nesting bee individu-
als were bumble bees) can use nesting sites in urban
landscapes (Hagen and Aichhorn 2003). This may
explain their positive response to the proportion of
residential area, which is consistent with Theodorou
et al. (2016) (but see Ahrné et al. 2009). The largest
radius of 1500 m within both bee groups responded
to residential area is within the known foraging range
of 250 to 3000 m for different bumble bee species
(Westphal et al. 2006). Besides landscape composi-
tion, competition may be another explanation for the
observed scale. Absence of competition with a domi-
nant bumble bee species was one of the main factors
explaining bumble bee species richness within parks
(McFrederick and Lebuhn 2006) and colony density
has been shown to decline with percentage of paved
surface (Conflitti et al. 2022). Therefore, high propor-
tion of residential area might cause isolation and thus
release from competition and may have the strongest
effect on bumble bee abundance at dispersal distance.
The dispersal distance of young bumble bee queens
was found to be about 1000 to 1500 m (Carvell et al.
2017).

Effect of impervious surface on wild bees

In the Basis-DLM used in this study, both, buildings
and surrounding area are not separated and thus the
land use residential area also includes e.g., domes-
tic gardens. However, proportion of residential area
was correlated with proportion of impervious surface
within the 1500 m radius (r=0.79) and there was a
significant positive effect of impervious surface on
bumble bees and correspondingly above- and below-
ground nesting bees within the same radius. Sur-
prisingly, only bumble bees and above- and below-
ground nesting bees showed a significant linear
response to proportion of impervious surface. There

are unexpectedly few other bee groups responding to
this often-investigated land-use type, which are spe-
cies richness and abundance of medium-sized bees,
above-ground nesting bees, and oligolectic bees.
All of them showed a non-linear unimodal response
within the 100 m radius, except for oligolectic bees,
which responded within the 50 m radius. Thus, urban
landscapes may be comparable to agricultural land-
scapes, where high diversity is expected mainly in
complex landscapes (Tscharntke et al. 2012). In con-
trast to the results for proportion of residential area
in the current study and in Geslin et al. (2016), abun-
dance of above-ground nesting bees also showed a
unimodal response to impervious surface, which is
consistent with findings of Fortel et al. (2014). These
findings might be explained by edge effects between
urban and rural habitats where areas of moderate
percentage of impervious surface may act as ecotone
between both habitats, resulting in a non-linear uni-
modal response. Wenzel et al. (2020) highlighted in
their review that suburban habitats or urban sprawl
with 20 to 50% impervious surface favour pollinators.
This was explained by the high proportion and con-
nectivity of beneficial habitats and the intermediate
disturbance hypothesis (Wenzel et al. 2020). There-
fore, preserving or creating unsealed areas in cities
can provide habitats for wild bees.

Scale dependency

The calculated Pearson correlation coefficients and
AIC (Online Resource ESM2) show the importance
of taking different spatial scales into account as
already shown for proportion of seminatural habi-
tats in agricultural areas (Steffan-Dewenter et al.
2002) and Mediterranean olive groves (Tscheulin
et al. 2011). Here, the strongest observed correlation
between wild bee group and proportion of land-use
types ranged from the minimum to the maximum
investigated scale for most land-use types and for
most investigated bee groups (Table 1). Not all of
them showed a significant effect, but also the land-
use types for which a significant effect was found dif-
fered in their scales. For example, bumble bees were
influenced by factors ranging from local vegetation
characteristics up to the 1500 m radius. The radii
within which proportion of flower-rich anthropo-
genic habitats were shown to have significant effects
ranged from 200 to 600 m and also demonstrate the
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importance of examining different scales. In this
study, radii up to 1500 m and only one radius for each
land-use type and bee group were examined, while
studies in agricultural landscapes showed that bees
can be influenced by landscape factors at multiple
scales and up to a 10 km radius (Hellwig et al. 2022),
a scale larger than the city of Braunschweig.

Conclusions

The present study shows that urban areas can be habi-
tats for many different wild bees with anthropogeni-
cally managed flower-rich habitats such as long-term
allotments and cemeteries being the most important
land-use type. Preserving or even increasing anthro-
pogenic flower-rich habitats in cities can support most
wild bee species recorded in this study. Above-ground
nesting bees and bumble bees benefitted from resi-
dential area, presumably due to availability of nest-
ing opportunities. However, the unfavourable effect of
parks on below-ground nesting bees, medium-sized
bees and polylectic bees combined with the low pro-
portion of parasitic bees indicates the need for devel-
oping a park management with less disturbance and
an inclusion of bee supporting measures within this
land-use type.

Not all wild bees showed a response to land-use
types specific to urban areas. Oligolectic bees, for
instance, were positively influenced by proportion of
grassland at a large scale, indicating habitat require-
ments rarely occurring in the city itself.

The scale of land-use composition seems to be a
central factor for urban bee community, as bees with
different traits were affected at different scales rang-
ing from local to the maximum investigated radius.
For supporting measures, all observed scales should
be considered.

Only six of the 12 examined response variables
(see Table 2) were influenced by the proportion of
impervious surface, and most of them responded in a
non-linear manner. This raises doubt whether imper-
vious surface is an appropriate proxy for investigat-
ing the effect of urbanisation, especially if it is used
as a linear variable. The observed unimodal response
within a consistent scale may indicate beneficial
edge effects between the urban core and the rural
surrounding.
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