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Introduction

Wild bee species are declining in abundance, species diver-
sity and species richness in various parts of the world (Bies-
meijer et al. 2006; Burkle et al. 2013; Cameron et al. 2011; 
Morales et al. 2013; Rhodes 2018; Williams and Osborne 
2009; Zattara and Aizen 2021). These declines have had a 
direct and negative impact on flowering plant reproduction, 
which in turn has caused cascading effects in ecosystem 
food webs and ultimately a reduction in biodiversity world-
wide (Kaiser-Bunbury et al. 2010; Pauw 2007; Ramos-Jili-
berto et al. 2020; Sánchez-Bayo and Wyckhuys 2019) and 
has adversely affected human food security (Parreño et al. 
2022; van der Sluijs et al. 2016).

Habitat loss and degradation of nesting habitats due to 
agricultural and urban development is considered one of the 
key factors causing pollinator decline worldwide (Potts et al. 
2010; Tilman et al. 2001). Expanding urbanization replaces 
natural habitats and most of the original ecosystems are 

Mats Jonsell and Barbara Locke share senior authorship.

	
 Barbara Locke
barbara.locke@slu.se

Indré Cepukaitè
indre.cepukaite@greensway.se

Anders Björkén
anders.bjorken@slu.se

Lina Ahlbäck Widenfalk
lina@greensway.se

Mats Jonsell
Mats.Jonsell@sle.se

1	 Department of Ecology, Swedish University of Agricultural 
Sciences, Uppsala, Sweden

2	 Greensway AB, Uppsala, Sweden

Abstract
Habitat loss and degradation of nesting habitats due to agricultural and urban development is considered one of the key 
factors causing pollinator decline worldwide. Nesting habitat requirements and availability is a strong determinant to 
which wild bee species are prevailing in urban spaces and knowledge of habitat requirements is therefore fundamental 
for successful conservation management. Although urban environments can host relatively diverse wild bee communities, 
ground-nesting bees and associated cleptoparasitic bees are disadvantaged, primarily due to a scarcity of suitable nesting 
resources. Further, conservation efforts for wild bee habitat (re)creation are largely focused on aerial nesters, despite the 
proportionally greater diversity and higher vulnerability of ground-nesting bees. The aim of this study was to investigate 
how environmental factors, including the age and size of sand patches, sand grain size, soil temperature, and the propor-
tion of ground litter-cover vs. bare ground, have shaped ground-nesting bee community structure in an urban landscape. 
This was done by evaluating wild bee diversity and abundance across various sites with a range of qualities in Uppsala, 
Sweden. This study revealed a drastic 85% loss of suitable sandy habitat over a 75-year period due to urbanization. Based 
on the results of this study, we recommend a conservation approach for urban developers to lessen the negative impacts of 
urbanization on wild bee diversity and abundance. This includes the establishment of numerous bare ground sandy sites 
with medium size sand grain, and periodical management of vegetation to sustain bare sandy soil patches.
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locally lost, resulting in drastic deterioration of biodiversity 
and local extinctions of many native species (McKinney 
2006; Seto et al. 2012). Urban environments can sustain a 
certain degree of biodiversity, especially if it is considered 
in city planning by creating green spaces and if conserva-
tion management is in effect (Bazelet and Samways 2011; 
Beninde et al. 2015; McKinney 2006; Nilon 2011; Pardee 
and Philpott 2014). When it comes to wild bee communi-
ties, knowledge of habitat requirements is fundamental for 
successful biodiversity conservation management and adap-
tation to urban development (Christmann 2019; Threlfall et 
al. 2017).

Wild bees exploit a range of different substrates for nest-
ing; dead wood, plant stem cavities, crevices in stones and 
trees, man-made structures such as buildings and fences, 
empty snail shells, and various types of soil are used by 
different species (Falk, 2015). Depending on their nesting 
requirements, wild bees can thus be divided into aerial and 
ground nesters. Ground nesting bees excavate their own 
underground tunnel systems in the soil (fossorial), and 
account for around 70% of bee species worldwide, which 
nesting behaviours are known (Cane and Neff 2011; Har-
mon-Threatt 2020). Aerial nesting species are most often 
favoured in urban habitats through the so called ‘urban-fil-
tering’, which offers various vertical structures that provide 
ample nesting opportunities (Ayers et al. 2021). In contrast, 
large amounts of impervious surfaces and compressed soils 
associated with urban landscapes have the opposite effect 
and are detrimental to ground-nesting species (Quistberg 
et al. 2016; Threlfall et al. 2017). Cleptoparasitic bees do 
not construct nests and instead invade the nest of a host bee 
species to lay an egg which hatches and consumes the food 
provisioned by the host bee, often killing the host brood in 
the process (Falk, 2015). Cleptoparasitic bees are one level 
up in the trophic web, as they are entirely dependent on, and 
vulnerable to shifts in, the presence and abundance of their 
host species (Finke and Denno 2004). This makes clepto-
parasitic bee species diversity and abundance a potentially 
great bioindicator (Pearson 1994) for the stability of wild 
bee assemblages, even in early stages of habitat disturbances 
(Sheffield et al. 2013). Species diversity and quality of the 
habitat surveyed, can be assessed by the cleptoparasitic load 
(CL), or parasite-to-host ratio (Archer 1995; Calabuig and 
Calabuig 2000), which proposes that a high ratio of clepto-
parasites indicates stability of a bee community (Calabuig 
and Calabuig 2000).

Nesting habitat requirements and availability are strong 
determinants to which wild bee species are prevailing in 
urban space (Buchholz and Egerer 2020; Potts et al. 2005, 
2010). Although some studies reveal that urban environ-
ments can host relatively diverse wild bee communities com-
pared to other human altered landscapes, such as intensified 

agricultural landscapes (Hall et al. 2017; Theodorou et al. 
2020), ground-nesting bees and associated cleptoparasites 
are disadvantaged, primarily due to a scarcity of suitable 
nesting resources in urban landscapes (Beninde et al. 2015; 
López-Uribe et al. 2015; Quistberg et al. 2016; Threlfall et 
al. 2017). Ground cover features (i.e. vegetation, litter cover 
by dead leaves or grass, or exposed bare ground), soil texture 
(e.g. sand grain size), and soil temperature are some of the 
major habitat characteristics influencing preferences of nest 
site selection for ground-nesting bees (Antoine and Forrest 
2021; Cane 1991). Open bare ground, often associated with 
sunny and warm areas, is considered an important attrac-
tive feature for ground-nesting bees (Falk, 2015; Forrest et 
al. 2019; Stone 1994; Weissel et al. 2006). However, such 
structures are not always appreciated by the park managers 
and citizens that wish to cover the ground with either dense 
vegetation or as paved surfaces. Vegetation and dead plant 
matter covering the soil can be attractive to some ground-
nesting bee species and repel others (Breed 1975; Packer 
and Knerer 1986). The specificity of nesting site preferences 
among species stresses the need of existing habitat protec-
tion as well as additional bare sandy soil habitat creation 
in urban spaces to prevent further species decline and local 
extinctions. Habitat restoration and creation for wild bees 
can have a positive effect on their abundance and diversity 
(Tonietto and Larkin 2018), but existing literature on con-
servation efforts for wild bee nesting habitat (re)creation is 
largely focused on aerial nesters, despite the proportionally 
greater diversity and higher vulnerability of ground nesting 
bees (Dicks et al., 2010; Payne et al. 2024).

The aim of this study was to produce knowledge that 
can be beneficially applied to wild bee conservation man-
agement to help increase and/or maintain bee diversity in 
urban landscapes by optimizing nesting habitat qualities, 
specifically for ground-nesting bees. To do this, we evalu-
ated various sandy habitats in an urban environment and 
explore which environmental factors shape bee communi-
ties, including the age and size of the sand patches, sand 
grain texture, soil temperature, and the proportion of ground 
litter-cover versus bare ground. We investigate the temporal 
change in nesting habitat supply in our study area during the 
recent decades, as well as how bee diversity and abundance 
relates to age of present sand patches. Within our study area 
we surveyed ten sand patches, of which five were recently 
created (new sites) by urban developers for conservation 
and five were older (old sites) sandy habitats. We investigate 
how bee diversity and community structure varies between 
these sites of different qualities and evaluate this bee con-
servation management approach. Finally, we assess the con-
cept of employing cleptoparasitic bees as an indicator taxon 
for the stability of ground-nesting bee communities.
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Materials and methods

Study area and site selection

The study was conducted in 2019 in Uppsala, Sweden, a 
city of approximately 17.62 km2 and subject to increasing 
urban development (Fig.  1). The city is within the nemo-
boreal zone, and the surrounding landscape consists of a 
mixture of agricultural fields and forests. The soils in the 
region primarily consist of moraine or rock hills, with post-
glacial clay deposits found in between (Geological Survey 
of Sweden; www.sgu.se). However, through the city there 
is an esker, “Uppsalaåsen” where we placed our study area 
(Fig. 1), because the esker is sandy with several sandy areas 
around it formed after the glaciation.

To locate study sites, and how they have developed dur-
ing the last decades, we searched areas with open bare sand 
from aerial photographs from 1942, 1965, 1992 (greyscale 
analog, scanned and orientated) and 2017 (digital infrared), 
during the spring of 2019. As guidance for imagery inter-
pretation, soil deposit was used (jordart, from Jordartskar-
tansgrundlager produced by Geological Survey of Sweden, 

SGU). Landscape interpretation of aerial images was done 
in stereo mapping using DAT/EM Summit evolution 7.4. 
All bare sand patches were located, systematically mapped, 
and defined by creating polygons in ArcMap 10.5.1. Sites 
were then selected from a map generated by GIS analysis 
interpretations of the most recent orthophoto (year 2017) 
using QGIS 2.18.17. program. The sites were then visited 
for inspection during the spring 2019 to determine suitabil-
ity for the study. Sand patches located within 100 m were 
regarded as one site, since this distance is the shortest flight 
distance of various wild bees between nesting and foraging 
locations (Gathmann and Tscharntke 2002; Hofmann et al. 
2020; Zurbuchen et al. 2010a; Zurbuchen, Landert, Zurbu-
chen et al. 2010a, b).

A total of ten sites were selected for this study (Fig. 1; 
Table 1). Four of the sites had been created by the munici-
pality and urban developers specifically for ground-nesting 
bees and other insects. Three of these sites (N3, N4 and 
N5) were created in August 2016 for conservation of the 
solitary bee Colletes cunicularius and its associated clep-
toparasite blister beetle, Apalus bimaculatus (Widenfalk et 
al. 2018). The fourth site (BP) was established for general 

Fig. 1  The location of the sampling sites in Uppsala, Sweden (left). 
The complete study area is outlined within the red polygon in the south 
of Uppsala (right). Study sites are within the red polygon and marked 

with blue (new sites) or yellow triangles (old sites). Red triangles R1 
and R2 denote external reference sites. A key to the site identification 
codes is found in Table 1
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already gone due to urbanization by year 2019 (ca. 1,222 
m2), were subtracted from the total sand area estimate of 
GIS analysed orthophoto of year 2017 (ca. 16,884 m2). A 
new sand patch in 2019 (Biparken, ca. 522 m2) was added 
to the total value of sand area and the total percentage of 
the sand area for each time-period was estimated. The sand 
patches ranged in size from 32 m2 to 7816.6 m2 (Table 1).

In 2019, for each study site, we collected data on six 
environmental variables: patch size, patch age, sand grain 
size/type, ground temperature, proportion of litter cover 
and proportion of bare sand (Table 1). Each patch size was 
determined using the Feature Manipulation Engine (FME) 
software, utilizing the raster calculator tool with digital ele-
vation models (DEMs) to account for variation in terrain 
slope when calculating the total surface area. The age of 
sand patches was assessed by the aerial photographs from 
GIS analysis from different years (QGIS 2.18.17). They 
were categorized as ‘new’ if they were only present in 2017 
orthophotos or as ‘old’ if they were also present in the 1942 
and/or 1965-year aerial photographs, meaning they were at 
least 52–77 years old (Table 1).

Sand grain size was estimated as an average of two soil 
samples collected from each sand patch at the surface, and 
at a depth of 20 cm below the surface (n = 20 samples). The 
samples were air-dried and sieved through meshes of dif-
ferent sizes (diameter in mm) that correspond to specific 
categories of grain size based on Wentworth size classifi-
cation (Fletcher & Bryan, 1912; Wentworth 1922). Only 
two categories of sand grain size were represented in the 
samples of this study: medium (0.25–0.5 mm) and coarse 
(0.5–1.00 mm; Table 1).

ground-nesting bee diversity preservation purposes in a 
newly built residential area, by translocating frozen blocks 
of sand from a nearby site (SV) in December 2018. Histori-
cally, the SV site was utilized by military practices and is 
known as a particularly rich site for insects associated with 
sandy habitats, particularly bees. All sites, including SV, 
that were present in historical aerial photographs and were 
still present in 2019 were used in this study and categorised 
as ‘old’ sites.

An additional two reference sites ‘R1’ and ‘R2’, were 
selected at sand and gravel quarries located approximately 
10 km north of Uppsala’s developmental area and known 
to be species rich habitats for various ground-nesting bees 
(Fig. 1; Table 1; Cederberg B. & Nilsson A.N., 2002, Diver-
sity of wild bees at Tunåsen and Uppsala mounds, Uppsala, 
unpublished report to Uppsala municipality). These sites 
were included to compare species data from habitats unre-
lated to urban factors, environmental variables were not 
measured there.

Habitat assessment - environmental variables

To assess the patch age and overall temporal change of open 
sandy soil availability from 1942 until present (2017–2019), 
all sand patches in each of the four studied time periods were 
summed to give one value (in m2). An estimate for year 
2019 was made based on field validation, which slightly 
readjusted the estimation acquired from GIS analysis of the 
year 2017 orthophoto. Patches that turned out to be falsely 
identified as sand by GIS analysis (ca. 246 m2), unsuitable 
for ground-nesting insects (volleyball court, ca. 134 m2), or 

Table 1  Descriptive summary of the study sites along with the environmental variables measured
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aerial nesting bees) based on wild bee species life history 
information (Falk, 2015; Westrich 2018).

Data analyses

Only ground-nesting bees and associated cleptoparasitic 
bees were analysed in all analyses. All bees from each patch 
were pooled, giving a single species abundance measure 
per sand patch. Species diversity was calculated with three 
diversity indices: species richness (S), Shannon-Wiener 
(H), and Gini-Simpson’s (1-D) (Heino et al. 2008; Morris et 
al. 2014). To overcome issues with the strong non-linearity 
of Shannon and Gini-Simpson’s indices, they were trans-
formed to the effective number of species (ENS), which is 
the number of equally abundant species necessary to pro-
duce the same value of a diversity measure (Morris et al. 
2014). To examine the completeness of sampled ground-
nesting bee species community, the percentage of singletons 
(species represented by single individuals) was calculated. 
Additionally, an individual-based rarefaction curve was 
generated, although not including species data collected 
from the two reference sites (R1, R2). Diversity metric cal-
culations and conversions were done with Microsoft Excel, 
and rarefaction was generated with Rstudio Team 2019.

Generalized linear models (GLMs) were performed to 
analyse the associations between species diversity measures 
(response variables) and the six environmental (explana-
tory) variables (Table  1) using Rstudio Team 2019. Data 
was visually (Q-Q plots) and statistically (Shapiro-Wilk 
test) inspected for normal distribution. Explanatory vari-
ables that fit the GLMs were selected based on lowest AIC 
(Akaike Information Criterion) values.

Unimodal ordination analyses were performed to explore 
if species composition was affected by the six environmen-
tal variables (Table  1). Species that occurred in only one 
site were eliminated from the analysis. First, unconstrained 
correspondence analysis (CA) was carried out to visualise 
species composition and sand patch relations to each other. 
Constrained (canonical) correspondence analysis (CCA) 
was then performed to analyse which environmental vari-
ables effected species composition. Monte Carlo permu-
tation test was used to test whether these environmental 
variables could explain a significant amount of variation 
(p > 0.05). Significant variables were added to the model by 
forward selection until none of the remining variables could 
contribute significantly.

A Poisson Generalized Linear Model (GLM) was used 
to test whether the number of cleptoparasitic bee species 
predicts the species richness of ground-nesting bees. The 
model was fit using cleptoparasitic species richness as the 
predictor variable and ground-nesting bee species richness 
as the response variable. In addition, cleptoparasitic load 

Ground temperature was measured with a digital ther-
mometer at each sand patch location on four occasions 
(May 22, June 01, June 23, and August 03, 2019) at three 
depth levels in the soil: 0 cm, 10 cm, and 20 cm. The mean 
recorded temperature at 10 cm and 20 cm depth correlated 
to each other significantly (t = 17.8, df = 46, p < 0.001) so 
only the temperature measured at 20 cm depth was used for 
statistical analyses, since most ground nesters excavate their 
nests relatively deep and thus the surface temperature is less 
relevant (Cane and Neff 2011). An average of the tempera-
ture at each sand patch for the four different occasions was 
used in the analyses (Table 1).

The percentage of bare ground availability in sand 
patches, a commonly applied environmental variable when 
studying ground-nesting bees, was estimated using a quad-
rat sampling method on two occasions throughout the sum-
mer coinciding with bee inventories (June 05, and July 05, 
2019). Seven quadrats were used at sites < 250 m2 and 19 
quadrats were used at patches larger than 250 m2. Each 
quadrate (50 × 50 cm) was placed on the sand patches and 
the percentage of total vegetation, litter ground cover and 
bare ground, within each quadrat, was visually estimated 
always by the same observer. Data collected on both sam-
pling occasions were pooled and averaged (Table 1).

Wild bee inventory and species identification

The bees were collected using pan traps (Campbell and 
Hanula 2007; Nielsen et al. 2011). Two sets of pan traps 
were used at each site. Each set included one yellow and one 
white plastic bucket of approx. 11 cm height and 22.5 cm 
diameter (approx. volume of 4,160 ml). They were filled to 
two thirds with water, mixed with a drop of fragrance- and 
colour-free washing detergent to reduce the surface tension. 
The traps were placed at each sand patch in vegetation on 
or near the selected sand patches (within 10 m), and yellow 
and white pan traps were placed 1–2 m apart, setting each 
set of traps as far from each other as reasonably possible 
within the study patch area. The traps were placed in the 
sites for 48–52 h on four occasions ranging from late spring 
to summer (May 21–23; May 30-June 01; June 21–23; 
August 01–03, 2019). In the field, insect samples were col-
lected from the pan traps in tubes with 75% ethanol. Shortly 
after, the bee specimens were dried and pinned for species 
identification.

All bee samples, except for the bumblebees (Bombus 
spp.), were identified to species level using Falk (2015) and 
confirmed using the artportalen.se website which offers up 
to date information on majority of species occurrences in 
Sweden. Each bee species was also assigned to its nesting 
guild (ground-nesting an associated cleptoparasitic bees or 
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Temporal change of available sandy patches

Open sandy soil within the total study area (polygone in 
Fig.  1) has declined substantially over time (Fig.  2). The 
percent of sand habitat that remains is estimated to only 
14.8% of the total sand area that was present in 1942.

Diversity and environmental variables

Sand grain size, size of the sand patch and the litter cover 
significantly explained diversity values within the full 
dataset (Table  3). However, this varied depending on the 
diversity metric used and whether cleptoparasitic bees were 
included or excluded from the dataset (Table 3). For the full 
dataset, sand grain size significantly affected species rich-
ness, which tended to be higher with a ‘medium’ sand grain 
type (Table 3; Fig. 3) The size of the sand patch and the litter 
cover were both negatively associated with the Shannon-
Wiener (H), and Gini-Simpson’s (1-D) diversity metrics 

(CL), which is a parasite-to-host ratio (Archer 1995), was 
calculated for each sand patch.

Results

Bee species composition and diversity

A total of 665 individual bees were collected including 
44 honeybees (Apis mellifera), 107 bumblebees (Bombus 
spp.), and 520 wild solitary bees (Supplementary Table I). 
The latter constituted 57 species, of which 34 species were 
ground-nesting bees (358 individuals), including 7 bee spe-
cies that are exclusively nesting in sand (46 individuals), 
and 9 cleptoparasitic bee species (100 individuals). The 
most abundant ground-nesting bee species were Lasioglos-
sum morio (80 individuals), L. semilucens (48 individuals), 
L. leucopus (38 individuals) as well as the cleptoparasitic 
bee Nomada lathburiana (39 individuals). Three species 
(Andrena bicolor, A. subopaca and Dasypoda hirtipes) were 
only recorded in the reference sites. Therefore, 40 species 
(34 ground-nesting bees + 9 cleptoparasitic bees– 3 species 
found only at reference site = 40) were used in the analyses. 
Twelve species occurred as singletons accounting for 30% 
of species, and one species occurred in only one site (N. 
flavoguttata). The greatest species richness and diversity, 
for ground-nesting bees and associated cleptoparasitic bees, 
was found at the sand patches ’N3’ and ’N5’, respectively, 
while the lowest species richness and diversity was found at 
the ’O4’ sand patch (Table 2).

Table 2  A summary of estimated wild bee species diversity indices at the sand patches: species richness (S), Shannon-Wiener (H), Gini-Simpson 
(1-D), as well as effective number of species (ENS) derived from H and 1-D. The most species rich and diverse sites are coloured in green and the 
least species rich and diverse site is coloured in yellow

Fig. 2  Temporal change, between 1942–2019, of open sandy soil avail-
ability (m2) in the study area in Southern Uppsala, Sweden
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Bee species composition and environmental 
variables

Forward selection in the CCA selected sand grain size, bare 
ground, and litter cover as explanatory environmental vari-
ables of bee species data. Monte Carlo permutation tests 
produced the following p-values: model p = 0.002; CCA axis 
one p = 0.006 and CCA axis two p = 0.014; sand grain size 
p = 0.002, litter cover p = 0.004, and bare ground p = 0.014.

The first two CCA axes together explained 43% of 
the variance in the bee species data (total inertia 1.7959; 
eigenvalues 0.3909 and 0.3761 for CCA axes one and two, 
respectively). The variable-scaled (species-oriented) CCA 
triplot suggests some trends of species alignment along 
selected environmental variables (Fig.  5). Most species 
cluster towards ‘medium’ type of sand with not many spe-
cies cluster near ‘coarse’ sand type and a range of species 
seem to be associate with litter coverage, while just a few 
species were more associated with bare ground (Fig. 5).

Cleptoparasitic bees and indicator taxon

The cleptoparasitic load varied between 0 and 36% indicat-
ing a large variation of parasitic bees in the different sand 
patches (Table 4). There was a statistically significant posi-
tive relationship between species richness of ground-nesting 

(Fig.  4). When the cleptoparasitic bees were excluded 
from the dataset only size of the sand patch and litter cover 
remained significant (Table 3), both were negatively associ-
ated with species richness (Fig. 4).

Table 3  Condensed results from the GLM analysis using either the full wild bee dataset and the dataset without cleptoparasitic bees showing only 
those explanatory variables that could provide statistically significant evidence explaining each species diversity measure (species richness, Shan-
non ENS and Simpson ENS) in each GLM model
Dataset in GLM Species richness Shannon ENS Simpson ENS

Significant variables p-value Significant variables p-value Significant variables p-value
Full dataset Sand grain size 0.014 Patch area size 0.022 Patch area size 0.009

Litter cover 0.017 litter cover 0.008
Without cleptoparasitic bees Patch area size 0.007 Patch area size < 0.001 Patch area size 0.002

Litter cover 0.011

Fig. 4  Distribution of values for litter cover (%) and size of the sand 
patches (logged, m2) plotted against either Shannon ENS, Simpson 
ENS or species richness. The left figures are produced from the data-

set including both ground-nesting and associated cleptoparasitic bees 
and the right figures produced from the dataset including only ground-
nesting bees. Darker grey area represents 95% confidence interval

 

Fig. 3  Box plot illustrating the distribution of species richness values 
in sites with ‘coarse’ and ‘medium’ sand grain size. Lower and upper 
whiskers show the spread of values with red circles representing outli-
ers. Produced from the dataset including cleptoparasitic bees
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Discussion

This study revealed a drastic loss of suitable sandy habitat 
for ground nesting bees in the study area due to urbaniza-
tion over a 75-year period. Historical aerial photographs 
revealed that the available sand area of southern Uppsala 
had decreased by 85% since 1942. The previous sandy areas 
are now covered by buildings and paved roads. A reasonable 
expectation would be that older sand patches can represent 
more diverse bee communities with some relict species that 
have established populations over a long period of time. 
However, the age of the sand patch in this study did not 
explain variation of bee diversity metrics. It seems that bees 
are capable of effectively inhabiting new sand sites and the 
age of nesting habitat is of no obvious importance. Simi-
lar conclusions have been made in studies of bees in Ger-
many and U.K. (Krauss et al. 2009; Potts et al. 2005). This 
is perhaps not surprising as species thriving in these types of 
successional habitats would need to be rather opportunistic. 
(Krauss et al. 2009; Potts et al. 2005). It is therefore more 
likely that the importance of habitat age to bee community 
and diversity depends on the nature of it’s disturbances 
(Cook et al. 2005). Although this study lacks correspond-
ing bee diversity data over time in this region, this dramatic 
reduction in sand area has undoubtedly impacted ground-
nesting bee communities by limiting the availability of suit-
able nesting habitat.

In this study, the smaller sand patches were associ-
ated with the greatest bee diversity and increasing size in 

bees and cleptoparasitic bees (Fig. 6; SE = 0.037, z = 2.98, 
p = 0.00291). The coefficient of cleptoparasitic species rich-
ness was 0.11, suggesting that for each additional clepto-
parasitic bee species, the species richness of ground-nesting 
bees increases by 11.5% (exp(0.11) ≈ 1.115; Fig.  6.). The 
cleptoparasitic load was higher at old sites (35% CL at SV) 
compared with the newest established site (0% CL at BP), 
but was comparatively intermediate at sites that were cre-
ated only 2 years earlier than BP (e.g. CL ranging from 13 
to 20% at N3, N4, and N5; Table 4).

Table 4  A summary of species richness of ground-nesting host bees 
(H) and cleptoparasitic bees (C) at each study site, along with the cal-
culated cleptoparasitic load CL (%)
Site Id No. of hosts (H) No. of cleptopara-

sites (C)
Cleptopara-
sitic LOAD 
(100*C/
(H + C)) %

N1 6 1 14
N2 11 0 0
N3 20 5 20
N4 13 2 13
N5 14 3 18
BP 9 0 0
O1 7 1 13
O3 6 1 14
O4 2 0 0
SV 13 7 35
R1 9 5 36
R2 9 0 0

Fig. 5  CCA triplot of wild bee species composition plotted with spe-
cies-oriented scaling (II), showing axes 1 and 2. Sites are marked as 
green triangles, species are marked as red circles, and the names for the 
abbreviated IDs can found in supplementary Table 1. The environmen-
tal variables explaining the variance in species composition are: sand 

(‘coarse’ and ‘medium’); and litter cover (%) or bare ground (%). Lit-
ter cover and bare ground are presented with arrows, which length rep-
resent the strength of the association. As a categorical variable, sand 
type is presented in the graph without arrows, closeness of species to 
the either sand grain type represents the strength of association
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difficult to assess the full benefits or drawbacks of this envi-
ronmental factor. Studies investigating litter cover and bee 
nesting habitats are scarce and conclusions are generally 
made from species-specific studies (Breed 1975; Brünnert 
et al. 1994; Packer and Knerer 1986).

Bare ground, or sparsely vegetated soil, is often consid-
ered an attractive feature for ground-nesting bees and the 
creation of bare ground has been implicated as a practical 
conservation method (Gregory and Wright 2005; Widenfalk 
et al. 2018). Exposed soil is a defining factor of local pol-
linator diversity as shown repeatedly in other studies (Potts 
et al. 2005; Quistberg et al. 2016; Sardiñas and Kremen 
2014; Severns 2004; Theodorou et al. 2017; Wenzel et al. 
2020), with several species-specific studies observing that 
bees prefer to nest in an open, sparsely vegetated soil (Breed 
1975; Potts and Willmer 1997; Wuellner 1999). However, 
conclusions from studies vary. Removal of vegetation for 
conservation purpose benefited ground nesting alkali bees 
(Nomia melanderi) with an increase in their population by 
300% (Stephen and Evans 1960). In contrast bee diversity 
and bare soil in urban environments, (Twerd and Banaszak-
Cibicka 2019) did not have any associations in another 
study (Twerd and Banaszak-Cibicka 2019). Some species 
may simply have broader nesting habitat preferences (Kim 
et al. 2006), and it is not always clear if bare ground is pref-
erence or an observational bias (Antoine and Forrest 2021; 
Harmon-Threatt 2020). Even though bare ground did not 
explain bee diversity in this study, it was a significant factor 
shaping bee species community, at least for a few species 
(Fig. 5). This result together with supporting evidence from 
other studies suggests that exposed soil should be consid-
ered an important nesting habitat feature. However, more 
experimental studies are necessary to better understand 
how litter-cover or bare-ground affects nesting choices, 

sand patches was related to decreasing bee diversity. This 
is opposite to the expectations of the ecological species-
area relationship (SAR) pattern, which postulates that spe-
cies diversity tends to increase with increasing habitat size 
(Lomolino 2001), and contrasts with previous studies show-
ing patch area size as a primary explanation for bee spe-
cies diversity and abundance (Krauss et al. 2009; Twerd et 
al. 2019). A possible explanation for this disparity could be 
that all four of the small sand patches in this study were 
purposely created to assist ground nesting bees, in contrast 
to the larger sand patches, which were naturally occurring 
or created for recreational purposes without specifically 
having soil nesting insects in mind. Sandy soil is a scarce 
resource for ground-nesting bees, particular in urban envi-
ronments, so smaller patches might be more densely occu-
pied and crowded while bees in larger areas may be more 
spread out leading to unbalanced sampling. Alternatively, 
the same number of pan traps were used at each site regard-
less of the patch size, and while this is considered a reason-
able sampling strategy (Fahrig 2013), it could have led to 
an underestimation of bees in larger patches in this study. 
Despite this unexpected result and its possible explanations, 
it is nevertheless encouraging that small sand patches can 
host a relatively diverse wild bee community. This dem-
onstrates that the creation of numerous but small habitats 
in urban areas could be a feasible conservation approach, 
if they are implemented in connection to floral resources 
for the bees nutritional requirements of pollen and nectar 
(Gathmann and Tscharntke 2002; Hofmann et al. 2020).

Litter cover affected bee diversity negatively in this 
study, suggesting that litter cover is not a particularly attrac-
tive feature for many ground nesting bees. However, litter 
cover was not particularly extensive in this study, ranging 
between the total ground cover of 1.00-13.03% making it 

Fig. 6  Correlation of cleptopara-
sitic and ground-nesting wild bee 
species richness (S) in ten study 
sites and two reference sites 
(total n = 12). The blue points are 
the data points, the red line is 
the predicted relationship from 
the Poisson GLM, showing the 
increase in ground-nesting bee 
species richness as cleptoparasitic 
species richness increases. The 
grey shading is the model fit with 
95% confidence intervals
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rather high. However, the limited data set (locations N = 12), 
and species richness model (disregarding species density 
and evenness), was insufficient to confidently determine the 
role of cleptoparasitic bees as an indicator taxon for assess-
ing bee communities. Therefore, further research is needed 
to answer this question with a more sophisticated statistical 
approach (Sheffield et al. 2013).

Bee diversity and community structure was similar 
between the reference sites in this study and the urban sites 
investigated, with only 3 of the 43 species found only at the 
reference sites. This suggests that the urban sites were fairly 
representative in terms of species diversity in the area.

Implications for conservation

The dramatic loss of sandy soil in the study area since the 
1940’s emphasizes the need for conservation action to assist 
this vulnerable and often over-looked group of wild bees in 
urban landscapes. With such a drastic decline in habitat it is 
likely that some inhabiting species suffer from extinction debt, 
i.e. the habitat amount has already decreased below a threshold 
where the population is sustainable (Tilman et al. 1994). How-
ever, as long populations are still present in the area they might 
survive if habitat amounts are increased (Bulman et al. 2007).

Wild bee abundance and diversity can improve with habitat 
(re)creation (Tonietto and Larkin 2018), but most conserva-
tion efforts for wild bee nesting habitat is largely focused on 
aerial nesters (Dicks et al., 2010). The existing studies spe-
cifically on ground-nesting bee assemblages do however show 
that creation of nesting habitats in human altered landscapes 
has a positive effect on bee abundance and diversity (Gregory 
and Wright 2005; Severns 2004; Wesserling and Tscharntke 
1995). Based on the results of this study, We recommend the 
establishment of numerous bare ground sandy sites across 
urban landscapes with medium sand grain size as a conserva-
tion approach for improving ground-nesting bee diversity and 
abundance. Additionally, vegetation management should be 
implemented periodically to remove colonising plant matter 
from the sandy patches. This study cannot confidently make 
recommendation on the size of soil patches but does show 
that even small size sand patches provide valuable nesting 
resources for diverse wild bee assemblages. As the age of soil 
patches did not seem to be of significance for ground-nesting 
bees in this study, the creation of new patches should be effec-
tive in attracting diverse bee communities for following years. 
Ultimately, the creation and restoration of preferable nesting 
habitats for wild bees should lessen the negative impacts of 
urbanisation and benefit overall wild bee diversity (Vanbergen 
et al. 2013). However, measuring diversity should not be the 
only ‘go-to’ conservation approach. It is essential to consider 
overall habitat heterogeneity and create opportunities for vari-
ous species to find their niche in urban landscapes.

particularly for a wider range of ground-nesting bees or 
to determine if there are potential threshold values, above 
which the amount of bare ground does not explain variation 
in species diversity and abundance.

Higher species richness was found in sand patches with 
medium grain size compared to coarser grain size sand, in 
this study. This was not an unexpected result considering 
that many ground-nesting bee species are associated with a 
softer sandy soil (Cane 1991; Harmon-Threatt 2020; Potts 
and Willmer 1997). Sand grain size affects water retention 
and if the grain size is too small, there is a risk for water-
logging nest cells or fungal infections due to high moisture 
levels, yet if the grain size is too large, the soil could dry out 
potentially causing brood desiccation (Potts and Willmer 
1997). Thus, one could predict that the medium grain sand 
in this study, supporting higher species richness, would be 
preferred as it provides good water drainage, yet also main-
taining a more balanced humidity for the developing brood 
than coarser sand could. Coarse or medium grain sand were 
the only sand types found in this study. Loose sand is gener-
ally not attractive to many bee species since it cannot sup-
port the architectural integrity of a nest, especially for bees 
nesting in aggregations (Antoine and Forrest 2021). The full 
extent to which sand texture determines nesting site selec-
tion for many bee species is still unclear (Fortel et al. 2016), 
but creating nesting habitats using medium grain sand in 
urban environments is likely to benefit bee diversity.

When the statistical analysis was tested with excluding 
cleptoparasitic bees, sand grain size was no longer an impor-
tant variable for species richness. The simple explanation is 
most likely due to the reduction in sample size. Ground-nest-
ing bees and cleptoparasitic bees differ in life-history traits 
but have tightly coevolved and the diversity of cleptopara-
sitic bees is highly associated with the diversity and abun-
dance of their ground-nesting host species (Finke and Denno 
2004). Even though cleptoparasites do not directly choose 
nesting soil, the choice is made by their associated host and 
so nesting habitats such as sand grain size, indirectly affect 
cleptoparasitic bee diversity, as the results of this study show.

The fact that cleptoparasitic bees were present in sites 
that were created only two years earlier suggests that the 
successful colonization of diverse bee assemblages in newly 
created nesting habitats may happen rather rapidly over a 
course of a few years. Factors such as foraging resources, 
connectivity between habitats in a fragmented landscape, 
and the presence of species in surrounding habitats, would 
affect the colonization rate and success of new habi-
tats (Boscolo et al. 2017; Griffin and Haddad 2021). The 
results of this study provide strong support that an increase 
in cleptoparasitic bee species richness is associated with a 
significant increase in ground-nesting bee species richness, 
indicating that relationship between these two bee guilds is 

1 3

   97   Page 10 of 13



Urban Ecosystems           (2025) 28:97 

Landscape Ecol 26(3):341–353. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​0​9​8​​0​-​
0​​1​0​-​9​​5​5​​7​-​Z​/​T​A​B​L​E​S​/​2

Beninde J, Veith M, Hochkirch A (2015) Biodiversity in cities needs 
space: A meta-analysis of factors determining intra-urban biodi-
versity variation. Ecol Lett 18(6):581–592. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​
1​​/​E​L​​E​.​1​2​4​2​7

Biesmeijer JC, Roberts SPM, Reemer M, Ohlemüller R, Edwards 
M, Peeters T, Schaffers AP, Potts SG, Kleukers R, Thomas CD, 
Settele J, Kunin WE (2006) Parallel declines in pollinators and 
insect-pollinated plants in Britain and the Netherlands. Science 
(New York, N.Y.), 313(5785), 351–354. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​/​s​
c​​i​e​n​c​e​.​1​1​2​7​8​6​3

Boscolo D, Tokumoto PM, Ferreira PA, Ribeiro JW, Santos JS (2017) 
dos. Positive responses of flower visiting bees to landscape het-
erogeneity depend on functional connectivity levels. Perspectives 
in Ecology and Conservation, 15(1), 18–24. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​J​.​​P​E​C​O​N​.​2​0​1​7​.​0​3​.​0​0​2

Breed MD (1975) Life cycle and behavior of a primitively social bee, 
lasioglossum Rohweri (Hymenoptera: Halictidae). J Kansas 
Entomol Soc 48(1):64–80. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​j​​s​t​o​​r​.​o​r​​g​/​s​​t​a​b​​l​e​/​2​5​0​8​2​7​1​
5

Brünnert U, Kelber A, Zeil J (1994) Ground-nesting bees determine 
the location of their nest relative to a landmark by other than 
angular size cues. J Comp Physiol A 175(3):363–369. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​1​9​2​9​9​5​/​M​E​T​R​I​C​S

Buchholz S, Egerer MH (2020) Functional ecology of wild bees in cit-
ies: towards a better Understanding of trait-urbanization relation-
ships. Biodivers Conserv 29(9–10):2779–2801. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​0​7​​/​S​1​​0​5​3​​1​-​0​​2​0​-​0​​2​0​​0​3​-​8​/​T​A​B​L​E​S​/​4

Bulman CR, Wilson RJ, Holt AR, Bravo LG, Early RI, Warren MS, 
Thomas CD (2007) Minimum viable metapopulation size, extinc-
tion debt, and the conservation of a declining species. Ecol Appl 
17(5):1460–1473. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​8​9​0​​/​0​6​​-​1​0​3​2​.​1

Burkle LA, Marlin JC, Knight TM (2013) Plant-pollinator interactions 
over 120 years: loss of species, co-occurrence, and function. Sci-
ence 340(6127):1611–1615. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​/​S​C​​I​E​N​​C​E​.​​1​
2​3​2​​7​2​​8​/​S​​U​P​P​L​​_​F​I​​L​E​/​​B​U​R​K​L​E​.​S​M​.​P​D​F

Calabuig I, Calabuig P-TI (2000) Solitary Bees and Bumblebees in a 
Danish Agricultural Landscape. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​r​​e​s​e​​a​r​c​h​​g​a​t​​e​.​n​​e​t​/​​p​u​
b​​l​i​c​a​​t​i​​o​n​/​2​6​8​3​3​7​5​8​6

Cameron SA, Lozier JD, Strange JP, Koch JB, Cordes N, Solter LF, 
Griswold TL (2011) Patterns of widespread decline in North 
American bumble bees. Proc Natl Acad Sci USA 108(2):662–
667. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​3​​/​P​N​​A​S​.​​1​0​1​​4​7​4​3​​1​0​​8​/​-​​/​D​C​S​​U​P​P​​L​E​M​​
E​N​T​A​L​/​S​T​0​6​.​D​O​C

Campbell JW, Hanula JL (2007) Efficiency of malaise traps and col-
ored Pan traps for collecting flower visiting insects from three 
forested ecosystems. J Insect Conserv 11(4):399–408. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​0​8​4​​1​-​0​​0​6​-​9​​0​5​​5​-​4​/​T​A​B​L​E​S​/​6

Cane JH (1991) Soils of Ground-Nesting bees (Hymenoptera: Apoi-
dea): Texture, Moisture, Cell Depth and Climate. J Kansas Ento-
mol Soc 64(4):406–413. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​j​​s​t​o​​r​.​o​r​​g​/​s​​t​a​b​​l​e​/​2​5​0​8​5​3​0​7

Cane JH, Neff JL (2011) Predicted fates of ground-nesting bees in soil 
heated by wildfire: thermal tolerances of life stages and a survey 
of nesting depths. Biol Conserv 144:2631–2636. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​1​6​​/​j​.​​b​i​o​c​o​n​.​2​0​1​1​.​0​7​.​0​1​9

Christmann S (2019) Do we realize the full impact of pollinator loss on 
other ecosystem services and the challenges for any restoration in 
terrestrial areas? Restor Ecol 27(4):720–725. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
1​1​1​​/​R​E​​C​.​1​2​9​5​0

Cook WM, Yao J, Foster BL, Holt RD, Patrick LB (2005) SECOND-
ARY SUCCESSION IN AN EXPERIMENTALLY FRAG-
MENTED LANDSCAPE: COMMUNITY PATTERNS ACROSS 
SPACE AND TIME. Ecology 86(5):1267–1279. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​8​9​0​​/​0​4​​-​0​3​2​0

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​2​5​2​-​0​
2​5​-​0​1​7​0​6​-​6.

Acknowledgements  We wish to thank Anders Nilsson and Flavien 
Ferreira for their invaluable help in species identification and assis-
tance in the field, respectively. We are also sincerely grateful to Björn 
Cederberg for his early contributions to the design and conceptualiza-
tion of this project which laid the foundation for the work that fol-
lowed. Funding was provided to BL by SLU Urban Futures, a strategic 
platform that develops and strengthens transdisciplinary research, edu-
cation, and collaboration in sustainable urban development.

Author contributions  IC designed, performed field surveys, species 
identification and data analysis, AB performed GIS analyses, LAW co-
supervised the project, MJ conceptualized, designed, and supervised 
the project, BL conceptualized, funded and co-supervised the project. 
All authors contributed to the writing with the initial draft produced by 
IC. All authors read and approved the final manuscript.

Funding  Open access funding provided by Swedish University of Ag-
ricultural Sciences.

Data availability  Data is provided within the manuscript or supple-
mentary information files. The datasets used and/or analysed during 
the current study is available from the corresponding author (Barbara.
locke@slu.se) on reasonable request. The dataset will also be stored in 
the Swedish National Data Service repository, [​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​8​7​
8​​/​h​2​​h​c​-​h​5​1​3].

Declarations

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article's Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article's Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

Antoine CM, Forrest JRK (2021) Nesting habitat of ground-nesting 
bees: a review. Ecol Entomol 46(2):143–159. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​1​1​1​​/​E​E​​N​.​1​2​9​8​6

Archer ME (1995) Aculeate wasps and bees (Hymenoptera: Aculeata) 
of blaxton common in watsonian yorkshire with the introduction 
of a new national quality scoring system. Naturalist 120:21–29

Ayers AC, Rehan SM, Koch JB, McCabe LM (2021) Supporting bees 
in cities: how bees are influenced by local and landscape features. 
Insects 2021 12(2):128. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​I​N​​S​E​C​T​S​1​2​0​2​0​
1​2​8. 12

Bazelet CS, Samways MJ (2011) Relative importance of management 
vs. design for implementation of large-scale ecological networks. 

1 3

Page 11 of 13     97 

https://doi.org/10.1007/S10980-010-9557-Z/TABLES/2
https://doi.org/10.1007/S10980-010-9557-Z/TABLES/2
https://doi.org/10.1111/ELE.12427
https://doi.org/10.1111/ELE.12427
https://doi.org/10.1126/science.1127863
https://doi.org/10.1126/science.1127863
https://doi.org/10.1016/J.PECON.2017.03.002
https://doi.org/10.1016/J.PECON.2017.03.002
https://www.jstor.org/stable/25082715
https://www.jstor.org/stable/25082715
https://doi.org/10.1007/BF00192995/METRICS
https://doi.org/10.1007/BF00192995/METRICS
https://doi.org/10.1007/S10531-020-02003-8/TABLES/4
https://doi.org/10.1007/S10531-020-02003-8/TABLES/4
https://doi.org/10.1890/06-1032.1
https://doi.org/10.1126/SCIENCE.1232728/SUPPL_FILE/BURKLE.SM.PDF
https://doi.org/10.1126/SCIENCE.1232728/SUPPL_FILE/BURKLE.SM.PDF
https://www.researchgate.net/publication/268337586
https://www.researchgate.net/publication/268337586
https://doi.org/10.1073/PNAS.1014743108/-/DCSUPPLEMENTAL/ST06.DOC
https://doi.org/10.1073/PNAS.1014743108/-/DCSUPPLEMENTAL/ST06.DOC
https://doi.org/10.1007/S10841-006-9055-4/TABLES/6
https://doi.org/10.1007/S10841-006-9055-4/TABLES/6
https://www.jstor.org/stable/25085307
https://doi.org/10.1016/j.biocon.2011.07.019
https://doi.org/10.1016/j.biocon.2011.07.019
https://doi.org/10.1111/REC.12950
https://doi.org/10.1111/REC.12950
https://doi.org/10.1890/04-0320
https://doi.org/10.1890/04-0320
https://doi.org/10.1007/s11252-025-01706-6
https://doi.org/10.1007/s11252-025-01706-6
https://doi.org/10.5878/h2hc-h513
https://doi.org/10.5878/h2hc-h513
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/EEN.12986
https://doi.org/10.1111/EEN.12986
https://doi.org/10.3390/INSECTS12020128
https://doi.org/10.3390/INSECTS12020128


Urban Ecosystems           (2025) 28:97 

pollinator behaviour. Ecol Lett 13(4):442–452. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​1​1​1​​/​J​.​​1​4​6​​1​-​0​​2​4​8​.​​2​0​​0​9​.​0​1​4​3​7​.​X

Kim J, Williams N, Kremen C (2006) Effects of cultivation and prox-
imity to natural habitat on Ground-nesting native bees in Califor-
nia sunflower fields. 79(4):309–320. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​1​7​​/​0​5​​0​
7​.​1​1​.​1.

Krauss J, Alfert T, Steffan-Dewenter I (2009) Habitat area but not habi-
tat age determines wild bee richness in limestone quarries. J Appl 
Ecol 46(1):194–202. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​J​.​​1​3​6​​5​-​2​​6​6​4​.​​2​0​​0​8​.​0​
1​5​8​2​.​X

Lomolino MV (2001) The species-area relationship: new challenges 
for an old pattern. Progress Phys Geography: Earth Environ 
25(1):1–21. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​7​​/​0​3​​0​9​1​3​3​3​0​1​0​2​5​0​0​1​0​1

López-Uribe MM, Morreale SJ, Santiago CK, Danforth BN (2015) 
Nest suitability, Fine-Scale population structure and Male-Medi-
ated dispersal of a solitary ground nesting bee in an urban land-
scape. PLoS ONE 10(5):e0125719. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​/​J​O​​U​
R​N​A​L​.​P​O​N​E​.​0​1​2​5​7​1​9

McKinney ML (2006) Urbanization as a major cause of biotic homog-
enization. Biol Conserv 127(3):247–260. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​
J​.​​B​I​O​C​O​N​.​2​0​0​5​.​0​9​.​0​0​5

Morales CL, Arbetman MP, Cameron SA, Aizen MA (2013) Rapid 
ecological replacement of a native bumble bee by invasive spe-
cies. Front Ecol Environ 11(10):529–534. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​8​9​
0​​/​1​2​​0​3​2​1

Morris EK, Caruso T, Buscot F, Fischer M, Hancock C, Maier 
TS, Meiners T, Müller C, Obermaier E, Prati D, Socher SA, 
Sonnemann I, Wäschke N, Wubet T, Wurst S, Rillig MC (2014) 
Choosing and using diversity indices: insights for ecological 
applications from the German biodiversity exploratories. Ecol 
Evol 4(18):3514–3524. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​E​C​​E​3​.​1​1​5​5

Nielsen A, Steffan-Dewenter I, Westphal C, Messinger O, Potts SG, 
Roberts SPM, Settele J, Szentgyörgyi H, Vaissière BE, Vaitis M, 
Woyciechowski M, Bazos I, Biesmeijer JC, Bommarco R, Kunin 
WE, Tscheulin T, Lamborn E, Petanidou T (2011) Assessing bee 
species richness in two mediterranean communities: importance 
of habitat type and sampling techniques. Ecol Res 26(5):969–983. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​1​2​8​​4​-​0​​1​1​-​0​​8​5​​2​-​1​/​T​A​B​L​E​S​/​6

Nilon CH (2011) Urban biodiversity and the importance of manage-
ment and conservation. Landscape Ecol Eng 7(1):45–52. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​1​3​5​​5​-​0​​1​0​-​0​​1​4​​6​-​8​/​F​I​G​U​R​E​S​/​3

Packer L, Knerer G (1986) An analysis of variation in the nest archi-
tecture of halictus ligatus in Ontario. Insectes Sociaux 33(2):190–
205. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​2​2​2​4​5​9​7​/​M​E​T​R​I​C​S

Pardee GL, Philpott SM (2014) Native plants are the Bee’s knees: local 
and landscape predictors of bee richness and abundance in back-
yard gardens. Urban Ecosyst 17(3):641–659. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​0​7​​/​S​1​​1​2​5​​2​-​0​​1​4​-​0​​3​4​​9​-​0​/​T​A​B​L​E​S​/​3

Parreño MA, Alaux C, Brunet JL, Buydens L, Filipiak M, Henry M, 
Keller A, Klein AM, Kuhlmann M, Leroy C, Meeus I, Palmer-
Young E, Piot N, Requier F, Ruedenauer F, Smagghe G, Steven-
son PC, Leonhardt SD (2022) Critical links between biodiversity 
and health in wild bee conservation. Trends Ecol Evol 37(4):309–
321. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​T​R​E​E​.​2​0​2​1​.​1​1​.​0​1​3

Pauw A (2007) Collapse of a pollination web in small conservation 
areas. Ecology 88(7):1759–1769. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​8​9​0​​/​0​6​​-​1​3​8​
3​.​1

Payne HE, Mazer SJ, Seltmann KC (2024) Native bee habitat restora-
tion: key ecological considerations from recent North American 
literature. Front Ecol Evol 12:1358621. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​F​
E​​V​O​.​​2​0​2​​4​.​1​3​​5​8​​6​2​1​/​B​I​B​T​E​X

Pearson DL (1994) Selecting indicator taxa for the quantitative assess-
ment of biodiversity. Philosophical Trans Royal Soc Lond Ser B: 
Biol Sci 345(1311):75–79. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​8​​/​R​S​​T​B​.​1​9​9​4​.​0​
0​8​8

Dicks, L. V., Showler, D. A., & Sutherland William J. (2010). Bee 
Conservation: Evidence for the effects of interventions. Pelagic 
Publishing. ​h​t​t​p​​s​:​/​​/​b​o​o​​k​s​​.​g​o​​o​g​l​e​​.​s​e​​/​b​o​​o​k​s​​?​h​l​​=​e​n​%​​2​6​​l​r​=​​%​2​6​i​​d​=​
T​​K​G​-​​U​v​_​​N​O​P​​0​C​%​2​​6​o​​i​=​f​​n​d​%​2​​6​p​g​​=​P​T​​7​%​2​​6​d​q​​=​D​i​c​​k​s​​%​2​B​​e​t​
%​2​​B​a​l​​.​%​2​​B​2​0​​1​0​%​​2​6​o​t​​s​=​​g​o​i​​Z​w​1​M​​L​T​I​​%​2​6​​s​i​g​​=​5​q​​U​n​R​L​​S​R​​J​x​H​​
o​E​v​v​​X​Y​t​​7​G​f​​6​_​R​​T​1​I​​%​2​6​r​​e​d​​i​r​_​​e​s​c​=​​y​#​v​​=​o​n​​e​p​a​​g​e​%​​2​6​q​=​​D​i​​c​k​s​%​
2​0​e​t​%​2​0​a​l​.​%​2​0​2​0​1​0​%​2​6​f​=​f​a​l​s​e

Fahrig L (2013) Rethinking patch size and isolation effects: the habitat 
amount hypothesis. J Biogeogr 40(9):1649–1663. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​1​1​1​​/​J​B​​I​.​1​2​1​3​0

Falk, S. (2015). Field Guide to the Bees of Great Britain and Ireland 
(UK edition). British Wildlife Pub. ​h​t​t​p​​s​:​/​​/​b​o​o​​k​s​​.​g​o​​o​g​l​e​​.​s​e​​/​b​o​​o​k​s​​
?​h​l​​=​e​n​l​​r​=​​i​d​=​​y​d​3​k​​D​w​A​​A​Q​B​​A​J​o​i​=​f​n​d​p​g​=​P​P​1​d​q​=​F​a​l​k​+​2​0​1​5​+​b​e​
e​s​o​t​s​=​r​0​q​E​E​F​h​y​c​m​s​i​g​=​5​b​y​p​T​n​d​n​X​i​A​D​X​i​-​c​h​T​P​o​H​F​8​U​Q​s​I​r​e​d​i​r​
_​e​s​c​=​y​#​v​=​o​n​e​p​a​g​e​q​=​F​a​l​k​2​0​2​0​1​5​2​0​b​e​e​s​f​=​f​a​l​s​e

Finke DL, Denno RF (2004) Predator diversity dampens trophic cas-
cades. Nat 2004 429(6990):407–410. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​a​​t​
u​r​e​0​2​5​5​4. 429

Fletcher, C. C., & Bryan, H. (1912). Modification of the Method of 
Mechanical Soil Analysis. Bulletin of the U.S. Department of 
Agriculture, 84. ​h​t​t​p​​s​:​/​​/​b​o​o​​k​s​​.​g​o​​o​g​l​e​​.​s​e​​/​b​o​​o​k​s​​?​h​l​​=​e​n​l​​r​=​​i​d​=​​s​b​9​
G​​A​Q​A​​A​I​A​​A​J​o​​i​=​f​​n​d​p​g​​=​P​​A​5​d​q​=​F​l​e​t​c​h​e​r​+​%​2​6​+​B​r​y​a​n​,​+​1​9​1​2​o​t​
s​=​X​X​X​T​C​7​z​m​H​e​s​i​g​=​7​e​8​c​q​k​q​U​m​Y​3​3​C​9​I​T​_​7​Q​Z​4​z​7​L​Q​3​w​%​2​6​
r​e​d​i​r​_​e​s​c​=​y​#​v​=​o​n​e​p​a​g​e​q​=​F​l​e​t​c​h​e​r​%​2​0​%​2​6​%​2​0​B​r​y​a​n​%​2​C​%​2​0​
1​9​1​2​f​=​f​a​l​s​e

Forrest JRK, Cross R, Caradonna PJ (2019) Two-year bee, or not two-
year bee? How voltinism is affected by temperature and season 
length in a high-elevation solitary bee. Am Nat 193(4):560–574. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​6​​/​7​0​​1​8​2​​6​/​A​​S​S​E​T​​/​I​​M​A​G​E​S​/​L​A​R​G​E​/​F​G​7​
.​J​P​E​G

Fortel L, Henry M, Guilbaud L, Mouret H, Vaissière BE (2016) Use of 
human-made nesting structures by wild bees in an urban environ-
ment. J Insect Conserv 20(2):239–253. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​
1​​0​8​4​​1​-​0​​1​6​-​9​​8​5​​7​-​Y​/​F​I​G​U​R​E​S​/​5

Gathmann A, Tscharntke T (2002) Foraging ranges of solitary bees. J 
Anim Ecol 71(5):757–764. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​4​6​​/​J​.​​1​3​6​​5​-​2​​6​5​6​.​​
2​0​​0​2​.​0​0​6​4​1​.​X

Gregory S, Wright I (2005) Creation of patches of bare ground to 
enhance the habitat of ground-nesting bees and wasps at shotover 
hill, Oxfordshire, England. Conserv Evid 2:139–141 www.Con-
servationEvidence.com

Griffin SR, Haddad NM (2021) Connectivity and edge effects increase 
bee colonization in an experimentally fragmented landscape. 
Ecography 44(6):919–927. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​E​C​​O​G​.​0​5​2​9​9

Hall DM, Camilo GR, Tonietto RK, Ollerton J, Ahrné K, Arduser M, 
Ascher JS, Baldock KCR, Fowler R, Frankie G, Goulson D, Gun-
narsson B, Hanley ME, Jackson JI, Langellotto G, Lowenstein D, 
Minor ES, Philpott SM, Potts SG, Threlfall CG (2017) The City 
as a refuge for insect pollinators. Conserv Biol 31(1):24–29. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​C​O​​B​I​.​1​2​8​4​0

Harmon-Threatt A (2020) Influence of nesting characteristics on health 
of wild bee communities. Ann Rev Entomol 65:39–56. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​1​4​6​​/​A​N​​N​U​R​​E​V​-​​E​N​T​O​​-​0​​1​1​0​1​9​-​0​2​4​9​5​5

Heino J, Mykrä H, Kotanen J (2008) Weak relationships between land-
scape characteristics and multiple facets of stream macroinver-
tebrate biodiversity in a boreal drainage basin. Landscape Ecol 
23(4):417–426. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​0​9​8​​0​-​0​​0​8​-​9​​1​9​​9​-​6​/​F​I​G​
U​R​E​S​/​1

Hofmann MM, Fleischmann A, Renner SS (2020) Foraging distances 
in six species of solitary bees with body lengths of 6 to 15 mm, 
inferred from individual tagging, suggest 150 m-rule-of-thumb 
for flower strip distances. J Hymenoptera Res 77(105–117):77–
105. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​8​9​7​​/​J​H​​R​.​7​7​.​5​1​1​8​2

Kaiser-Bunbury CN, Muff S, Memmott J, Müller CB, Caflisch A 
(2010) The robustness of pollination networks to the loss of 
species and interactions: a quantitative approach incorporating 

1 3

   97   Page 12 of 13

https://doi.org/10.1111/J.1461-0248.2009.01437.X
https://doi.org/10.1111/J.1461-0248.2009.01437.X
https://doi.org/10.2317/0507.11.1
https://doi.org/10.2317/0507.11.1
https://doi.org/10.1111/J.1365-2664.2008.01582.X
https://doi.org/10.1111/J.1365-2664.2008.01582.X
https://doi.org/10.1177/030913330102500101
https://doi.org/10.1371/JOURNAL.PONE.0125719
https://doi.org/10.1371/JOURNAL.PONE.0125719
https://doi.org/10.1016/J.BIOCON.2005.09.005
https://doi.org/10.1016/J.BIOCON.2005.09.005
https://doi.org/10.1890/120321
https://doi.org/10.1890/120321
https://doi.org/10.1002/ECE3.1155
https://doi.org/10.1007/S11284-011-0852-1/TABLES/6
https://doi.org/10.1007/S11284-011-0852-1/TABLES/6
https://doi.org/10.1007/S11355-010-0146-8/FIGURES/3
https://doi.org/10.1007/S11355-010-0146-8/FIGURES/3
https://doi.org/10.1007/BF02224597/METRICS
https://doi.org/10.1007/S11252-014-0349-0/TABLES/3
https://doi.org/10.1007/S11252-014-0349-0/TABLES/3
https://doi.org/10.1016/J.TREE.2021.11.013
https://doi.org/10.1890/06-1383.1
https://doi.org/10.1890/06-1383.1
https://doi.org/10.3389/FEVO.2024.1358621/BIBTEX
https://doi.org/10.3389/FEVO.2024.1358621/BIBTEX
https://doi.org/10.1098/RSTB.1994.0088
https://doi.org/10.1098/RSTB.1994.0088
https://books.google.se/books?hl=en%26lr=%26id=TKG-Uv_NOP0C%26oi=fnd%26pg=PT7%26dq=Dicks%2Bet%2Bal.%2B2010%26ots=goiZw1MLTI%26sig=5qUnRLSRJxHoEvvXYt7Gf6_RT1I%26redir_esc=y#v=onepage%26q=Dicks%20et%20al.%202010%26f=false
https://books.google.se/books?hl=en%26lr=%26id=TKG-Uv_NOP0C%26oi=fnd%26pg=PT7%26dq=Dicks%2Bet%2Bal.%2B2010%26ots=goiZw1MLTI%26sig=5qUnRLSRJxHoEvvXYt7Gf6_RT1I%26redir_esc=y#v=onepage%26q=Dicks%20et%20al.%202010%26f=false
https://books.google.se/books?hl=en%26lr=%26id=TKG-Uv_NOP0C%26oi=fnd%26pg=PT7%26dq=Dicks%2Bet%2Bal.%2B2010%26ots=goiZw1MLTI%26sig=5qUnRLSRJxHoEvvXYt7Gf6_RT1I%26redir_esc=y#v=onepage%26q=Dicks%20et%20al.%202010%26f=false
https://books.google.se/books?hl=en%26lr=%26id=TKG-Uv_NOP0C%26oi=fnd%26pg=PT7%26dq=Dicks%2Bet%2Bal.%2B2010%26ots=goiZw1MLTI%26sig=5qUnRLSRJxHoEvvXYt7Gf6_RT1I%26redir_esc=y#v=onepage%26q=Dicks%20et%20al.%202010%26f=false
https://books.google.se/books?hl=en%26lr=%26id=TKG-Uv_NOP0C%26oi=fnd%26pg=PT7%26dq=Dicks%2Bet%2Bal.%2B2010%26ots=goiZw1MLTI%26sig=5qUnRLSRJxHoEvvXYt7Gf6_RT1I%26redir_esc=y#v=onepage%26q=Dicks%20et%20al.%202010%26f=false
https://doi.org/10.1111/JBI.12130
https://doi.org/10.1111/JBI.12130
https://books.google.se/books?hl=enlr=id=yd3kDwAAQBAJoi=fndpg=PP1dq=Falk+2015+beesots=r0qEEFhycmsig=5bypTndnXiADXi-chTPoHF8UQsIredir_esc=y#v=onepageq=Falk20201520beesf=false
https://books.google.se/books?hl=enlr=id=yd3kDwAAQBAJoi=fndpg=PP1dq=Falk+2015+beesots=r0qEEFhycmsig=5bypTndnXiADXi-chTPoHF8UQsIredir_esc=y#v=onepageq=Falk20201520beesf=false
https://books.google.se/books?hl=enlr=id=yd3kDwAAQBAJoi=fndpg=PP1dq=Falk+2015+beesots=r0qEEFhycmsig=5bypTndnXiADXi-chTPoHF8UQsIredir_esc=y#v=onepageq=Falk20201520beesf=false
https://books.google.se/books?hl=enlr=id=yd3kDwAAQBAJoi=fndpg=PP1dq=Falk+2015+beesots=r0qEEFhycmsig=5bypTndnXiADXi-chTPoHF8UQsIredir_esc=y#v=onepageq=Falk20201520beesf=false
https://doi.org/10.1038/nature02554
https://doi.org/10.1038/nature02554
https://books.google.se/books?hl=enlr=id=sb9GAQAAIAAJoi=fndpg=PA5dq=Fletcher+%26+Bryan,+1912ots=XXXTC7zmHesig=7e8cqkqUmY33C9IT_7QZ4z7LQ3w%26redir_esc=y#v=onepageq=Fletcher%20%26%20Bryan%2C%201912f=false
https://books.google.se/books?hl=enlr=id=sb9GAQAAIAAJoi=fndpg=PA5dq=Fletcher+%26+Bryan,+1912ots=XXXTC7zmHesig=7e8cqkqUmY33C9IT_7QZ4z7LQ3w%26redir_esc=y#v=onepageq=Fletcher%20%26%20Bryan%2C%201912f=false
https://books.google.se/books?hl=enlr=id=sb9GAQAAIAAJoi=fndpg=PA5dq=Fletcher+%26+Bryan,+1912ots=XXXTC7zmHesig=7e8cqkqUmY33C9IT_7QZ4z7LQ3w%26redir_esc=y#v=onepageq=Fletcher%20%26%20Bryan%2C%201912f=false
https://books.google.se/books?hl=enlr=id=sb9GAQAAIAAJoi=fndpg=PA5dq=Fletcher+%26+Bryan,+1912ots=XXXTC7zmHesig=7e8cqkqUmY33C9IT_7QZ4z7LQ3w%26redir_esc=y#v=onepageq=Fletcher%20%26%20Bryan%2C%201912f=false
https://books.google.se/books?hl=enlr=id=sb9GAQAAIAAJoi=fndpg=PA5dq=Fletcher+%26+Bryan,+1912ots=XXXTC7zmHesig=7e8cqkqUmY33C9IT_7QZ4z7LQ3w%26redir_esc=y#v=onepageq=Fletcher%20%26%20Bryan%2C%201912f=false
https://doi.org/10.1086/701826/ASSET/IMAGES/LARGE/FG7.JPEG
https://doi.org/10.1086/701826/ASSET/IMAGES/LARGE/FG7.JPEG
https://doi.org/10.1086/701826/ASSET/IMAGES/LARGE/FG7.JPEG
https://doi.org/10.1007/S10841-016-9857-Y/FIGURES/5
https://doi.org/10.1007/S10841-016-9857-Y/FIGURES/5
https://doi.org/10.1046/J.1365-2656.2002.00641.X
https://doi.org/10.1046/J.1365-2656.2002.00641.X
https://doi.org/10.1111/ECOG.05299
https://doi.org/10.1111/COBI.12840
https://doi.org/10.1111/COBI.12840
https://doi.org/10.1146/ANNUREV-ENTO-011019-024955
https://doi.org/10.1146/ANNUREV-ENTO-011019-024955
https://doi.org/10.1007/S10980-008-9199-6/FIGURES/1
https://doi.org/10.1007/S10980-008-9199-6/FIGURES/1
https://doi.org/10.3897/JHR.77.51182


Urban Ecosystems           (2025) 28:97 

(2001) Forecasting agriculturally driven global environmental 
change. Science 292(5515):281–284. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​/​S​C​​
I​E​N​​C​E​.​​1​0​5​7​​5​4​​4​/​A​​S​S​E​T​​/​F​3​​8​1​1​​6​C​6​​-​6​3​​3​1​-​4​​9​C​​7​-​9​​B​7​3​-​​4​3​3​​B​3​4​​9​
6​A​​4​0​2​​/​A​S​S​​E​T​​S​/​G​R​A​P​H​I​C​/​S​E​1​4​1​9​3​4​1​0​0​1​.​J​P​E​G

Tonietto RK, Larkin DJ (2018) Habitat restoration benefits wild bees: 
A meta-analysis. J Appl Ecol 55(2):582–590. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
1​1​1​​/​1​3​​6​5​-​2​6​6​4​.​1​3​0​1​2

Twerd L, Banaszak-Cibicka W (2019) Wastelands: their attractiveness 
and importance for preserving the diversity of wild bees in urban 
areas. J Insect Conserv 23(3):573–588. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​
1​​0​8​4​​1​-​0​​1​9​-​0​​0​1​​4​8​-​8​/​T​A​B​L​E​S​/​4

Twerd L, Banaszak-Cibicka W, Sandurska E (2019) What features 
of sand quarries affect their attractiveness for bees? Acta Oecol 
96:56–64. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​A​C​T​A​O​.​2​0​1​9​.​0​3​.​0​0​5

van der Sluijs JP, Vaage NS, van der JeroenSluijs S, J. P (2016) Polli-
nators and global food security: the need for holistic global stew-
ardship. Food Ethics 2016 1:1(1):75–91. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​
S​4​​1​0​5​5​-​0​1​6​-​0​0​0​3​-​Z. 1

Vanbergen AJ, Garratt MP, Vanbergen AJ, Baude M, Biesmeijer JC, 
Britton NF, Brown MJF, Brown M, Bryden J, Budge GE, Bull JC, 
Carvell C, Challinor AJ, Connolly CN, Evans DJ, Feil EJ, Gar-
ratt MP, Greco MK, Heard MS, Wright GA (2013) Threats to an 
ecosystem service: pressures on pollinators. Front Ecol Environ 
11(5):251–259. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​8​9​0​​/​1​2​​0​1​2​6

Weissel N, Mitesser O, Liebig J, Poethke HJ, Strohm E (2006) The 
influence of soil temperature on the nesting cycle of the halictid 
bee lasioglossum malachurum. Insectes Sociaux 53(4):390–398. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​0​​0​0​4​​0​-​0​​0​5​-​0​​8​8​​4​-​7​/​M​E​T​R​I​C​S

Wentworth CK (1922) A scale of grade and class terms for clastic sedi-
ments. 30(5):377–392. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​6​​/​6​2​​2​9​1​0

Wenzel A, Grass I, Belavadi VV, Tscharntke T (2020) How urbaniza-
tion is driving pollinator diversity and pollination– A systematic 
review. Biol Conserv 241:108321. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​B​I​O​
C​O​N​.​2​0​1​9​.​1​0​8​3​2​1

Wesserling J, Tscharntke T (1995) Habitat selection of bees and dig-
ger wasps - experimental management of plots. Commun German 
Soc Gen Appl Entomol 9:697–701

Westrich P (2018) Die Wildbienen Deutschlands. verlag Eugen Ulmer
Widenfalk LA, Sallmén N, Hedin Å, Berggren Å (2018) Translocation 

of a sand-associated blister beetle due to urban development in 
Uppsala, Sweden. In: Global Reintroduction Perspectives: 2018. 
Case studies from around the globe. (P. S. Soorae, Ed.). Abu 
Dhabi: IUCN/SSC Reintroduction Specialist Group. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​2​​3​0​5​​/​I​U​​C​N​.​C​H​.​2​0​1​8​.​0​8​.​e​n

Williams PH, Osborne JL (2009) Bumblebee vulnerability and conser-
vation world-wide. Apidologie 2009 40:3(3):367–387. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​5​1​​/​A​P​​I​D​O​/​2​0​0​9​0​2​5. 40

Wuellner CT (1999) Nest site preference and success in a gregari-
ous, ground-nesting bee dieunomia triangulifera. Ecol Entomol 
24(4):471–479. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​4​6​​/​J​.​​1​3​6​​5​-​2​​3​1​1​.​​1​9​​9​9​.​0​0​2​1​5​
.​X

Zattara EE, Aizen MA (2021) Worldwide occurrence records suggest a 
global decline in bee species richness. One Earth 4(1):114–123. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​O​N​E​E​A​R​.​2​0​2​0​.​1​2​.​0​0​5

Zurbuchen A, Cheesman S, Klaiber J, Müller A, Hein S, Dorn S 
(2010a) Long foraging distances impose high costs on offspring 
production in solitary bees. J Anim Ecol 79(3):674–681. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​J​.​​1​3​6​​5​-​2​​6​5​6​.​​2​0​​1​0​.​0​1​6​7​5​.​X

Zurbuchen A, Landert L, Klaiber J, Müller A, Hein S, Dorn S (2010b) 
Maximum foraging ranges in solitary bees: only few individuals 
have the capability to cover long foraging distances. Biol Con-
serv 143(3):669–676. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​1​0​​​1​​6​​/​J​.​B​I​O​​C​O​N​.​​2​0​0​​9​.​1​
2​.​0​0​3

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

Potts SG, Willmer P (1997) Abiotic and biotic factors influencing nest-
site selection by halictus rubicundus, a ground-nesting halictine 
bee. Ecol Entomol 22(3):319–328. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​4​6​​/​J​.​​1​3​6​​
5​-​2​​3​1​1​.​​1​9​​9​7​.​0​0​0​7​1​.​X

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

Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin 
WE (2010) Global pollinator declines: trends, impacts and driv-
ers. Trends Ecol Evol 25(6):345–353. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​T​
R​E​E​.​2​0​1​0​.​0​1​.​0​0​7

Quistberg RD, Bichier P, Philpott SM (2016) Landscape and local cor-
relates of bee abundance and species richness in urban gardens. 
Environ Entomol 45(3):592–601. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​E​E​​/​N​V​
W​0​2​5

Ramos-Jiliberto R, de Espanés M, P., Vázquez DP (2020) Pollinator 
declines and the stability of plant–pollinator networks. Ecosphere 
11(4):e03069. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​E​C​​S​2​.​3​0​6​9

Rhodes CJ (2018) Pollinator Decline– An ecological calamity in the 
making?? Sci Prog 101(2):121–160. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​1​8​4​​/​0​0​​3​
6​8​​5​0​1​​8​X​1​5​​2​0​​2​5​1​2​8​5​4​5​2​7

Sánchez-Bayo F, Wyckhuys KAG (2019) Worldwide decline of the 
entomofauna: A review of its drivers. Biol Conserv 232:8–27. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​B​I​O​C​O​N​.​2​0​1​9​.​0​1​.​0​2​0

Sardiñas HS, Kremen C (2014) Evaluating nesting microhabitat for 
ground-nesting bees using emergence traps. Basic Appl Ecol 
15(2):161–168. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​B​A​A​E​.​2​0​1​4​.​0​2​.​0​0​4

Seto KC, Güneralp B, Hutyra LR (2012) Global forecasts of urban 
expansion to 2030 and direct impacts on biodiversity and carbon 
pools. Proc Natl Acad Sci USA 109(40):16083–16088. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​3​​/​P​N​​A​S​.​​1​2​1​​1​6​5​8​​1​0​​9​/​S​​U​P​P​L​​_​F​I​​L​E​/​​P​N​A​S​.​2​0​1​2​1​1​
6​5​8​S​I​.​P​D​F

Severns P (2004) Creating bare ground increases presence of native 
pollinators in Kincaid’s lupine seeding plots. Ecol Restor 
109(40):16083–16088

Sheffield CS, Pindar A, Packer L, Kevan PG (2013) The potential of 
cleptoparasitic bees as indicator taxa for assessing bee commu-
nities. Apidologie 44(5):501–510. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​3​5​9​​
2​-​0​​1​3​-​0​​2​0​​0​-​2​/​F​I​G​U​R​E​S​/​3

Stephen WP, Evans DD (1960) Studies in the alkali bee (Nomia 
melanderi Ckll). Agricultural Exp Stn 52:1–39

Stone G (1994) Activity patterns of females of the solitary bee 
anthophora plumipes in relation to temperature, nectar supplies 
and body size. Ecol Entomol 19(2):177–189. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
1​1​1​​/​J​.​​1​3​6​​5​-​2​​3​1​1​.​​1​9​​9​4​.​T​B​0​0​4​0​8​.​X

Theodorou P, Albig K, Radzevičiūtė R, Settele J, Schweiger O, Mur-
ray TE, Paxton RJ (2017) The structure of flower visitor networks 
in relation to pollination across an agricultural to urban gradient. 
Funct Ecol 31(4):838–847. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​1​3​​6​5​-​​2​4​3​​5​.​1​2​​
8​0​​3​/​S​U​P​P​I​N​F​O

Theodorou P, Radzevičiūtė R, Lentendu G, Kahnt B, Husemann M, 
Bleidorn C, Settele J, Schweiger O, Grosse I, Wubet T, Murray 
TE, Paxton RJ (2020) Urban areas as hotspots for bees and pol-
lination but not a panacea for all insects. Nature Communications 
2020 11:1, 11(1), 1–13. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​4​6​7​-​0​2​0​-​1​4​4​
9​6​-​6

Threlfall CG, Mata L, Mackie JA, Hahs AK, Stork NE, Williams NSG, 
Livesley SJ (2017) Increasing biodiversity in urban green spaces 
through simple vegetation interventions. J Appl Ecol 54(6):1874–
1883. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​1​3​​6​5​-​2​6​6​4​.​1​2​8​7​6

Tilman D, May RM, Lehman CL, Nowak MA (1994) Habitat destruc-
tion and the extinction debt. Nat 1994 371(6492):65–66. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​3​7​​1​0​6​5​a​0. 371

Tilman D, Fargione J, Wolff B, D’Antonio C, Dobson A, Howarth 
R, Schindler D, Schlesinger WH, Simberloff D, Swackhamer D 

1 3

Page 13 of 13     97 

https://doi.org/10.1126/SCIENCE.1057544/ASSET/F38116C6-6331-49C7-9B73-433B3496A402/ASSETS/GRAPHIC/SE1419341001.JPEG
https://doi.org/10.1126/SCIENCE.1057544/ASSET/F38116C6-6331-49C7-9B73-433B3496A402/ASSETS/GRAPHIC/SE1419341001.JPEG
https://doi.org/10.1126/SCIENCE.1057544/ASSET/F38116C6-6331-49C7-9B73-433B3496A402/ASSETS/GRAPHIC/SE1419341001.JPEG
https://doi.org/10.1111/1365-2664.13012
https://doi.org/10.1111/1365-2664.13012
https://doi.org/10.1007/S10841-019-00148-8/TABLES/4
https://doi.org/10.1007/S10841-019-00148-8/TABLES/4
https://doi.org/10.1016/J.ACTAO.2019.03.005
https://doi.org/10.1007/S41055-016-0003-Z
https://doi.org/10.1007/S41055-016-0003-Z
https://doi.org/10.1890/120126
https://doi.org/10.1007/S00040-005-0884-7/METRICS
https://doi.org/10.1007/S00040-005-0884-7/METRICS
https://doi.org/10.1086/622910
https://doi.org/10.1016/J.BIOCON.2019.108321
https://doi.org/10.1016/J.BIOCON.2019.108321
https://doi.org/10.2305/IUCN.CH.2018.08.en
https://doi.org/10.2305/IUCN.CH.2018.08.en
https://doi.org/10.1051/APIDO/2009025
https://doi.org/10.1051/APIDO/2009025
https://doi.org/10.1046/J.1365-2311.1999.00215.X
https://doi.org/10.1046/J.1365-2311.1999.00215.X
https://doi.org/10.1016/J.ONEEAR.2020.12.005
https://doi.org/10.1016/J.ONEEAR.2020.12.005
https://doi.org/10.1111/J.1365-2656.2010.01675.X
https://doi.org/10.1111/J.1365-2656.2010.01675.X
https://doi.org/10.1016/J.BIOCON.2009.12.003
https://doi.org/10.1016/J.BIOCON.2009.12.003
https://doi.org/10.1046/J.1365-2311.1997.00071.X
https://doi.org/10.1046/J.1365-2311.1997.00071.X
https://doi.org/10.1111/J.0307-6946.2005.00662.X
https://doi.org/10.1016/J.TREE.2010.01.007
https://doi.org/10.1016/J.TREE.2010.01.007
https://doi.org/10.1093/EE/NVW025
https://doi.org/10.1093/EE/NVW025
https://doi.org/10.1002/ECS2.3069
https://doi.org/10.3184/003685018X15202512854527
https://doi.org/10.3184/003685018X15202512854527
https://doi.org/10.1016/J.BIOCON.2019.01.020
https://doi.org/10.1016/J.BIOCON.2019.01.020
https://doi.org/10.1016/J.BAAE.2014.02.004
https://doi.org/10.1073/PNAS.1211658109/SUPPL_FILE/PNAS.201211658SI.PDF
https://doi.org/10.1073/PNAS.1211658109/SUPPL_FILE/PNAS.201211658SI.PDF
https://doi.org/10.1073/PNAS.1211658109/SUPPL_FILE/PNAS.201211658SI.PDF
https://doi.org/10.1007/S13592-013-0200-2/FIGURES/3
https://doi.org/10.1007/S13592-013-0200-2/FIGURES/3
https://doi.org/10.1111/J.1365-2311.1994.TB00408.X
https://doi.org/10.1111/J.1365-2311.1994.TB00408.X
https://doi.org/10.1111/1365-2435.12803/SUPPINFO
https://doi.org/10.1111/1365-2435.12803/SUPPINFO
https://doi.org/10.1038/s41467-020-14496-6
https://doi.org/10.1038/s41467-020-14496-6
https://doi.org/10.1111/1365-2664.12876
https://doi.org/10.1038/371065a0
https://doi.org/10.1038/371065a0

	﻿Environmental factors influencing ground-nesting bee communities in an urban landscape: implications for conservation
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study area and site selection
	﻿Habitat assessment - environmental variables
	﻿Wild bee inventory and species identification
	﻿Data analyses

	﻿Results
	﻿Bee species composition and diversity
	﻿Temporal change of available sandy patches
	﻿Diversity and environmental variables
	﻿Bee species composition and environmental variables
	﻿Cleptoparasitic bees and indicator taxon

	﻿Discussion
	﻿Implications for conservation

	﻿References


