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Abstract

Municipal authorities around the world have come to recognize the importance of making conservation and restoration a
priority. Multiple urban restoration programs now foster insects and other pollinators through planting and sowing flower-
ing plants, many of them within residential areas. But residents are not only walking next to pollinators visiting flowering
sidewalk grass verges, they are also walking on top of them, nesting in the cracks and interstices of urban pavements.
Combining morphological and molecular monitoring schemes, we conducted a survey of urban pavements at twelve locations
across Berlin and found that pavements can foster a surprising number and quantity of soil dwelling insects—in particular
wild bees and wasps. Pavements located within 200 m to an insect-friendly flower garden were covered with significantly
more nests of wild bees and solitary wasps, and showed higher species richness of these groups, while the degree of sealed
surfaces in the surrounding had no effect per se. This underlines the positive impact that insect-friendly gardens can have
for pollinators and other insects, even in highly sealed areas. Also, it shows the potential of cobbled pavements as valuable
nesting sites in highly sealed urban areas. We provide a list of 55 species of ground-nesting Hymenoptera found in Berlin
pavements, including 28 species of wild bees and 22 apoid wasps. In our study, the molecular approach only detected three
Hymenoptera species and did not yield comparable results to classical monitoring. Nonetheless, using eDNA methods might
be a promising tool for further studying soil nesting insects in the future, and to gain insights into the web of life in urban
pavements.
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Look down!
Listen close! Look down!
Listen close! Look! Look between the concrete slabs that define urban
Look! areas. Look at the hidden life of this pavement crack.
For in the fringes of this human-made world, nature
has formed new bonds, emerging in places that had

For once, walk with your head down. Look beneath your never been intended to harbour the more-than-human.
steps in this bustling city. Can you see it?

Listen!
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Finding refuge in human-made cracks to escape
human-made destruction.

— Susanne Wieland, The Hidden Life of a Pavement
Crack, 2022

Introduction

Each year, world cities are expanding and growing in human
population (UN-DESA 2019). This results in the landscape
conversion of natural habitats into more impervious urban
environments, with profound impacts on local biodiversity
(McKinney 2002 and 2006; Seto et al. 2012; Li et al. 2022).
With more than 50% of the human population globally
already living in urban areas, cities are also often the main
places where people encounter biodiversity. Experiencing
nature can be a source of fascination (Sonti et al. 2020), as
well as health and wellbeing (Marselle et al. 2021). Con-
tact with everyday biodiversity experienced in daily routine
activities or in nearby parks may be especially beneficial
(Hunter et al. 2019), such as encountering street trees (Mar-
selle et al. 2020), garden birds (Cameron 2020), roadside
vegetation (Sdumel et al. 2016) and possibly also pollinating
insects (Klein 2018; Garibaldi et al. 2022).

Although urbanisation poses a major threat to biodiver-
sity (Svenningsen et al. 2022), cities have been described
as ‘sanctuaries’ (Lepczyk et al. 2023) and ‘hotspots™ (Ives
et al. 2016) for specific taxonomic groups and can entail
locally very species rich habitats (Turrini and Knop 2015).
For example, the city of Berlin (Germany) is home to 213
endangered plant species which are mainly distributed in
remnant natural habitats (Planchuelo et al. 2020). In Berlin,
urban ecology research began to flourish in the second half
of the twentieth century, when West Berlin was surrounded
by a wall (Kowarik 2023). Research in Berlin and other cit-
ies has shown that urban nature can thrive in unexpected
places—on wastelands, graveyards, playgrounds, along
streets, and other novel, anthropogenically altered habitats
(Sukopp and Weiler 1988). And sometimes, it can thrive
directly beneath our feet: in the cracks and interstices of the
urban pavement.

Within research on sustainable cities, pavements—apart
from its function as a walkway—have mainly been assessed
with respect to their sealing and heating properties (Fini
et al. 2017). Organisms that inhabit urban pavements must
withstand harsh conditions: Pavements can be subject to
periodic flooding followed by periodic dry stress (Frazer
2005; Chithra et al. 2015), large temperature fluctuations
(Yu and Lu 2014) and periodic or continuous disturbance
from trampling, vehicles, and maintenance work (Cervelli
et al. 2013; Wheather 2020), and can be characterized by
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either a lack (Wheather 2020) or excess of nutrients (Del
Tredici 2014)—depending on the location of the pavement.
Nevertheless, the diversity of plants inhabiting pavements
has repeatedly surprised ecologists. Pescott (2016) recorded
183 plant taxa in the pavements of Sheffield (UK), Jasprica
and Milovic (2020) described 57 plant species between
the cobblestones of Dubrovnik Old City (Croatia), and
Bonthoux et al. (2019) found more than 300 plant species
in, and next to, the urban pavement of Blois (France), speak-
ing of a “neglected element of urban biodiversity”. There are
a number of studies focusing on urban sidewalk vegetation
(Scheuermann and Wein 1938; Pescott 2016; Bonthoux et al.
2019; Jasprica and Milovic 2020; Heikkinen et al. 2023)
and ‘guerrilla botanists’ have sparked a growing awareness
of sidewalk vegetation using the hashtags #morethanweeds
(#krautschau in german) as a collective campaign (https://
theurbanactivist.com/idea/more-than-weeds-rebel-plants-
and-our-obsession-to-control-nature/). Meanwhile, there is
little research and no public awareness of urban pavements
as potential habitat for wild bees and other insects. In a Ger-
man standard textbook on urban ecology, Die Okologie der
Grofistadifauna (Klausnitzer 1987), urban pavements are
described as a potentially preferred habitat (Vorzugshabi-
tar) of aculeate insects. Yet, almost 40 years later, there is
only little research about pavement nesting insects. To our
knowledge, apart from the work of Haeseler (1982) who
described 22 species of pavement nesting bees and wasps
in the city of Oldenburg (Germany), only Noél et al. (2023)
have systematically assessed pavements as habitats for
ground nesting bees and wasps in Brussels (Belgium). Both
studies suggest that urban microclimates beneath pavement
tiles create favourable conditions for aculeate insects (i.e.
bees and wasps, including ants) in cities, when open, sun-
lit soil is rare. The stones paving the sidewalks shield the
underground, and may accumulate heat, leading to elevated
temperatures of the soil below.

Since wild bees and other pollinators depend on the avail-
ability of floral resources, adjacent greenspaces and gardens
play an important role in providing a wide range of foraging
resources and potential nesting sites for urban animals. Such
insect-friendly greenspaces have been shown to increase
the abundance and species diversity of wild bees and other
insects (Delahay et al. 2023). One recent study focusing on
urban grassland sites along an urbanisation gradient showed
that the presence of endangered bee species was associated
with flower abundance — not urbanisation per se (Buch-
holz et al. 2020). Similarly, Lanner et al. (2020) identified
flower abundance in communal gardens as main driver of
species richness in wild bees. This implies that enhancing
even highly sealed urban areas with insect-friendly flower
patches could significantly improve conditions for wild bees.
In Berlin, initiatives such as “Treffpunkt Vielfalt” (Stiftung
Mensch und Umwelt) or “Pilotprojekt Vielfalt Leben”
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(Stiftung Naturschutz Berlin) are cooperating with housing
associations across Berlin to create high quality urban green
spaces with wildlife friendly gardening concepts in residen-
tial areas. Areas and structures within the gardens aim to
support the habitat needs of local wildlife, such as hedge-
hogs, lizards, butterflies and bees, for example through piles
of dead wood, sand or stones, and a diversity of wildflower
plants. These gardens are freely accessible and are used to
educate residents about urban biodiversity.

To assess the potential of urban pavements as nest-
ing habitat for ground-nesting insects, we investigated
their diversity and abundance at twelve compara-
ble pavements in residential areas distributed among
three different location types based on the degree of
surface sealing as well as the presence or absence of
high-quality foraging resources in the vicinity (‘insect-
friendly flower gardens’). Nest counting and classical

Fig.1 Locations of the
sampling sites in Berlin. The
three different categories are
indicated by circles for locations
adjacent to an insect-friendly
flower garden, squares for
medium sealed locations with
no flower garden nearby and
triangles for highly sealed loca-
tions. Detailed views show the
locations of each sampling site
including the 200 m perimeter.
The colours represent the per-
centage of soil surface sealing.
For additional information on

each site, see Online Resource
1, Table S1. Source of map
material: Senatsverwaltung fiir
Stadtentwicklung und Wohnen
(2016)
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monitoring was combined with a molecular analysis of
nest entrance substrate, as identifying ground-nesting
insects that nest beneath the pavement typically involves
hours of careful observation and catching them at the
right moment ( Haeseler 1982; Dijon et al. 2023; Noél
et al. 2023).

The primary goals of our study were (a) to investigate the
species composition of pavement-inhabiting arthropods in
Berlin, Germany, and (b) to assess the impact of soil sealing
and the presence of insect-friendly flower patches near the
pavement on the diversity and abundance of ground dwell-
ing insects. In addition (c), we tested the potential use of
environmental DNA (eDNA) extracted from soil samples
of nest entrances located between pavement tiles to assess
the biodiversity of pavement inhabiting insects and discuss
whether eDNA could potentially complement or replace
classical monitoring techniques.
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Fig.2 a Aggregation of nest entrances from ground-nesting insects
(here: wild bees and wasps) in the sand-filled interstices between
stones of a typical urban sidewalk composed of larger slabs and
smaller cobble stones (‘Bernburger Muster’, upper part of the pic-
ture). Nest entrances can be found in interstices regardless of stone
size, but the diggable surface area is much greater between the
smaller cobble stones. All transects were chosen along pavements
consistently containing both patterns. b Wildflower patch that forms
part of a wildlife friendly garden located near one of the transects
(FelixstraB3e). Piles of dead logs and branches, stacks of stones and
endemic wildflowers provide potential nesting sites, shelter, and for-
aging resources for urban wildlife. Pictures: SL (a) and CW (b)

Materials and Methods
A. Study sites and sampling period

This study was conducted on 12 sampling sites, each of
which was a 200 m length of pavement, within the borders
of Berlin, Germany (Fig. 1). Each sampling site was com-
posed of larger granite tiles, flanked with smaller stones laid
in a mosaic pattern (‘Bernburger Muster’, Fig. 2a), a pattern
typical for sidewalks in Berlin. The gaps between the slabs
and stones are mostly filled with sand, providing potential
nesting habitats for ground dwelling insects (Fig. 2a). Our
sites were all situated in residential areas, with frequent, but
not excessive pedestrian circulation.

We classified each sampling site according to the degree
of soil surface sealing and the presence or absence of high-
quality, insect-friendly flower garden within a radius of
200 m. We defined two degrees of soil surface sealing:
medium sealed (soil surface coverage between 30 and 70%)
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and highly sealed (soil surface coverage of < 80%). Data of
soil surface sealing was retrieved from *Umweltatlas Berlin’
released by the Berlin Senate (https://www.berlin.de/umwel
tatlas/boden/versiegelung/2016/karten). Insect-friendly
flower gardens were chosen from four different neighbour-
hood projects and located in comparable residential areas
across Berlin. All flower gardens had a wide variety of native
wild plants and an ecological mowing concept. Three of the
four gardens were freely accessible. One garden was only
accessible to residents of the surrounding building. In this
case the janitor granted us access so we could inspect the
garden. A list with these sites and references to the respec-
tive projects is provided as supplementary information in
Online Resource 1 (Table S1).

This resulted in three categories of sampling sites: 1)
locations of medium soil surface sealing and the presence
of an insect-friendly flower garden within 200 m of the tran-
sect (medium sealed + flower garden, n=4); 2) locations of
medium sealed soil surface coverage and absence of insect-
friendly flower garden (medium sealed locations, n=4); 3)
locations of high soil surface coverage and absence of insect-
friendly flower garden (highly sealed locations, n=4).

Sampling occurred from July 19 to September 14, 2021,
and from April 13 to June 14, 2022, during the hours of 9
am to 4 pm on days with a minimum temperature of 18 °C
at 10 am, and either clear or partly cloudy skies. All sam-
pling sites were visited once per month during the sampling
period, with approximately four weeks between each visit.

B. Monitoring of nest abundance

Nests on each 200 m pavement transect were mapped on
a detailed printed map of the location. For this, the pave-
ment was walked slowly in a zigzag path. Ant nests were
not included in the analysis, because ant colonies often have
several entrances and cannot be attributed to one nest.

C. Classical monitoring techniques for insect
identification and classification

Insects were collected along a transect during a period of
45 min using an insect collecting net (30 cm diameter). They
were killed on site with ethyl acetate in a killing jar. If target
insects were seen at the opening of the nest entrance, the
insect net, or a drosophila vessel (50X 100 mm) was used
to cover the entrance in order to catch the animal when it
crawled out of the nest. In the first round (July 2021) of sam-
pling, only insects caught at a nest entrance were collected.
The method was subsequently adapted to include insects
crawling on the pavement or flying within a one metre range
(“‘waist-high”) above the pavement stones, as this space was
considered to be part of the pavement habitat. All killed
insects were mounted on insect pins and dried before being
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transferred into an insect collection box. For determination,
a Zeiss Stemi DV4 (magnification power 8X to 32X, zoom
range 4:1) stereo microscope was used. Insect identification
keys are listed in the Supplemental information (see Online
Resource 1, Table S2). A sampling permit was granted by
the Berlin Senate for Urban Mobility, Transport, Climate
and the Environment (Online Resources 3 and 4).

D. Molecular identification of insects
Collection of soil samples for eDNA analysis

At each sampling site, the soil of two transects of 20 m were
sampled in 2021. The sampling method was slightly adapted
during the season: In the first month of the sampling period,
i.e. July 2021 the first nest encountered served as the starting
point for the 20 m sampling transect and a soil sample was
collected from every visible nest or colony entrance. After
completing the first 20 m, the next nest encountered served
as the starting point for the second 20 m transect with the
same sampling approach. In August and September 2021,
only every tenth or twentieth nest (depending on the quan-
tity of nests counted during the mapping conducted prior to
sampling), with a maximum of five, were sampled within
the sampling site. Soil was collected from nests between
pavement tiles with a small spatula (sterilised with ethanol
and flame before each sample collection) from the centre of
the nests. If possible, the upper part of the inner lining of
the nest entrance was also scraped out. The soil was trans-
ferred to a clean 1.5 ml or 2 ml Eppendorf tube, labelled,
and stored in a cryo-box at ambient temperature. At the end
of the sampling day, all samples were stored dry at 4 °C and
DNA extraction was done within 14 days of collection. If
extraction was not possible within this time frame, samples
were stored at -20 °C and defrosted before extraction. All
samples were processed within six weeks after collection.

eDNA Extraction

The extraction of DNA from the soil samples was done using
the DNeasy Power Soil Pro (Qiagenbiodi, Hilden, Germany)
following the manufacturer’s protocol. Samples were homog-
enised using a Tissuelyzer Retsch MM 400. DNA was eluted
from the silica membrane using 50 ul of elution buffer to max-
imise the DNA concentration. DNA was extracted from soil
samples in batches of no more than ten samples at a time.
In the first three extraction batches, autoclaved soil samples
were used as controls. After extraction, DNA concentration
and quality was measured with a NanoDrop 2000 spectropho-
tometer. Genomic DNA was diluted to 30 ng/ul for further
processing. The remaining undiluted samples were stored at
-20 °C. For DNA metabarcoding, a 313-bp fragment of the
COl region was amplified using the primers mICOlintF and

jgHCO2198 (Leray et al. 2013) together with [llumina adapter
sequences. PCR products were run on a 2% agarose gel to
verify the size of the amplicons and exclude contamination.
The autoclaved control samples showed no bands. Paired end
sequencing (2300 bp, 1 Mio reads) was performed on a
MiSeq Illumina system with a MiSeq reagent kit v3 at the Ber-
lin Center for Genomics in Biodiversity Research (BeGenDiv).

E. Data analysis
DNA data processing and analysis

Raw Illumina sequencing files were processed using
VSEARCH v. 2.17.1 (Rognes et al. 2016). The pipeline is
described in more detail in Sickel et al. (2023) and is avail-
able from GitHub (https://github.com/monagrland/MB_Pipel
ine; v.1.0 of the pipeline was used). Briefly, paired reads were
merged, quality filtered, and primer sequences were trimmed.
Remaining reads were clustered to obtain amplicon sequence
variants (ASVs), which were dereplicated and taxonomically
classified as described in Sickel et al. (2023), imported into R
v. 4.2.2 (R Core Team 2022) and analysed using phyloseq v.
1.42.0 McMurdie and Holmes 2013). The data set was sub-
set to include only Eukaryota and Metazoa and the number
of taxonomically classified ASVs was assessed for all taxo-
nomic levels, with a focus on insects and other arthropods. We
assessed the number of arthropod and hymenopteran ASVs
per location type and checked for differences in community
composition between the location types.

Statistical analysis

We used R version 4.3.1. to analyse our dataset from the clas-
sical monitoring. To test the taxa richness (i.e., variable to
explain), regarding the location type category (i.e., biodiversity,
medium sealed and highly sealed) as predictor, a Generalized
Linear Mixed-Model (GLMM) was performed by selecting
Poisson’s error distribution as model family (count data) using
the Ime4 R package (Bates et al. 2015). The sampling site per
collection round and year was set-up as a random effect. The
comparison between the location type category in our mixed
model was performed using glht function of multcomp R pack-
age (Hothorn et al. 2008) with Bonferonni’s correction. Sam-
ple-size-based rarefaction and extrapolation sampling curves
were calculated to show the taxa richness among the location
type category using iNEXT R package (Hsieh et al. 2022). Tax-
onomic groups that were not assessed systematically (Diptera
and Formicidae) were excluded. As the normality of the data
is not met, a Kruskal-Wallis test followed by a non-parametric
post-hoc pairwise comparison using Dunn’s test (Bonferroni
method) was performed on nest counting data.

Figures were generated using ggplot2 R package (Wick-
ham 2016).
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Table 1 List of apoid, pompilid
and chrysid species known to
nest in Berlin pavement cracks.
The majority of species were
recorded during sampling of
transects as part of our project.
The list also includes casual
observation of pavement nesting
specimens outside transects (¥*=
S. Lokatis, **=Stephan Hirtel,
NABU Hymenopterendienst,
#**=Friederike Gromann).
Red list status for Germany
follows Westrich et al. 2011

for bees and Schmid-Egger
2011 for wasps; Red list

status for Berlin follows Saure
2004. V = Vorwarnliste (near
threatened), G = Gefidhrdung
unbekannten Ausmass (possibly
endangered but data deficient),
3 = vulnerable, 2 = endangered,
1 = critically endangered,

0 = extinct. Location type
refers to transect location (e =
flower garden, m = medium
sealed, A = highly sealed).
Lasioglossum sextrigatum and
Cerceris rybyensis were also
identified in the eDNA analysis
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Red list status

Red list status

Location type

(Germany) (Berlin)
APOIDEA: Apiformes
Ground nesting
Andrena barbilabris Bearded miner bee v - A
Andrena Sulva Tawny mining bee - - casual*
Andrena nigroaenea Buffish mining bee - -
Anthophora plumipes Hairy-footed flower bee - - casual*
Colletes hederae Ivy bee - - casual**
Dasypoda hirtipes Pantalon bee \% -
Halictus rubicundus Orange-legged furrow bee - - A
Halictus scabiosae Great banded furrow bee - n.a
Halictus subauratus Golden furrow bee - - A
Hylaeus angustatus Narrowed masked bee - n.n .
Lasioglossum calceatum Common furrow bee - -
Lasiogl intermedii 3 G nA
Lasioglossum laticeps Broad-faced furrow bee - - uA
Lasioglossum lucidulum - - A
Lasioglossum morio Common green furrow bee - - A
Lasioglossum parvulum Smooth-gastered furrow bee v 3
Lasioglossum pauxillum Lobe-spurred furrow bee - - ]
Lasioglossum sexstrigatum Fringe-gastered furrow bee - - u A-eDNA
Panurgus calcaratus Small shaggy-bee - - []
Parasitic
Nomada fulvicornis Orange-horned nomad bee - -
Sphecodes crassus Swollen-thighed blood bee - - uA
Sphecodes ephippius Bare-saddled blood bee - - A
Sphecodes ferruginatus Dull-headed blood bee - - ]
Sphecodes longulus Little sickle-jawed blood bee - - ]
Sphecodes miniatus False margined blood bee - - A
Sphecodes monilicornis Box-headed blood bee - - A
Coelioxys conoidea Large sharp-tail 3 - A
Melecta albifrons Common mourning bee - -
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Table 1 (continued)

APOIDEA: Spheciformes

Ammophila sabulosa
Cerceris arenaria
Cerceris quadricincta
Cerceris quinquefasciata
Cerceris rybyensis
Crabro peltarius
Crossocerus distinguendus
Crossocerus exiguus
Crossocerus quadrimaculatus
Crossocerus varus
Dinetus pictus
Diodontus luperus
Diodontus tristis
Dryudella stigma
Lindenius panzeri
Lindenius pygmaeus
Oxybelus bipunctatus
Oxybelus trispinosus
Passaloecus singularis
Pemphredon mortifer
Philanthus triangulum
Sphex Sfunerarius
POMPILIDAE

Anoplius infuscatus
Auplopus carbonarius
Episyron rufipes
CHRYSIDIDAE

Hedychridium purpurascens
Hedychrum nobile

Red-banded sand wasp

Sand-tailed digger wasp

Four-banded tailed digger wasp

Five banded tailed digger wasp

Ornate-tailed digger wasp

Melancholy black wasp

Bee wolf

Golden digger wasp

Bristle-tailed spider-wasp

Yellow-faced spider wasp

Red-legged spider wasp

u A -eDNA

A

A

mA

casual*
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Fig.3 Bees and wasps inhabiting pavement cracks in Berlin. a Pan-
taloon bee, Dasypoda hirtipes; b parasitoid bee Sphecodes sp., ¢ bee
wolf, Philanthus triangulum digging its characteristic, cone shaped
nest entrance; d fly hunting wasp Oxybelus bipunctatus transporting

Results

A. Diversity and abundance of pavement dwelling
bees and wasps: Results from classical vs. molecular
assessment

Classical monitoring
Sixty-six species belonging to Apoidae, Vespidae, Ichneumoni-

dae, Diptera and Formicidae were identified over the course of
the sampling period and over all sites using classical monitoring

its prey pierced on its abdominal sting; e parasitoid emerald wasp
Hedychrum sp. resting on a cobble stone after inspecting several nest
entrances of Cerceris arenaria; f nest aggregation of Anthophora plu-
mipes between cobble stones. Pictures: SL (a, b, d, e, f) and CW (c)

techniques (see Online Resource 2). All soil-nesting bee and
wasp species are listed in Table 1. Ants and parasitic flies were
observed at all sites, but not identified systematically. See Fig. 3
for examples of species observed at the sites.

Species richness ranged from 5 — 25 at any transect
and was highest at site 7 (Arnulfstrae) with 25 species,
followed by site 6 (Kniephofstrale) with 16 species, both
adjacent to an insect-friendly flower garden. The small-
est number of species were found at site 10 (Borussias-
trale) and site 5 (Malmoer Strafle) with five species each
(see Online Resource 1 and 2).

Fig.4 Sample-size-based
rarefaction and extrapolation
sampling curves of the three
location types: insect-friendly
flower garden (green), medium
sealed (orange) and highly
sealed (purple)

Species diversity
8 3

n
o
L
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Diversity analysis

Sampling sites adjacent to a flower garden significantly
exhibited greater species richness compared to locations
in medium sealed (z-value=-2.713; p-value=0.018) and
highly sealed sites (z-value =-2.573; p-value =0.027). This
is illustrated by a curve depicting higher taxa richness in
flower garden locations (Fig. 4). Sampling sites considered
as medium sealed did not differ significantly from highly
sealed sites (z-value =0.028; p-value = 1.00).

eDNA analysis

Based on 1,021,264 reads (15,473.7 +£6,776.05 reads per
sample), 2,536 ASVs were detected with the VSEARCH
pipeline. Of these, 1,681 ASVs could be taxonomically
classified. The remaining ASVs were of taxa not consid-
ered as target in our classical monitoring approach, includ-
ing 107 insect taxa (i.e. Thysanoptera, n=9; Orthoptera,
n=1; Coleoptera, n=38; Ephemeroptera, n=25; Lepidop-
tera, n=6; Diptera, n=2, Psocoptera, n=2; Phthiraptera,
n=2; Unclassified Insecta, n=52), 82 other Arthropod taxa
(unclassified, n=79; Collembola, n=1, Arachnida, n=2),
and 1,489 other Eukaryota, including fungi, molluscs and
amoebae. We detected 17 of these non-target arthropod taxa
at sites adjacent to an insect-friendly flower garden, and 18
non-target arthropod taxa at medium and highly sealed sites
with no flower garden nearby. The remaining 855 ASVs
remained unclassified. The detected species composition
was very similar across the location types, regardless of soil
sealing intensity. L. sexstrigatum and C. rybyensis were the
only bee and wasp species identified by eDNA analysis and
detected across all location types. Lasius sp. could be identi-
fied to genus level.

B. Abundance of nest entrances at the different
location sites

A total of 6,301 nests entrances (see Fig. 5 for examples)
were recorded during the sampling period on all sites, 3,049
on insect-friendly sites, 1,798 on medium sealed sites and
1,454 on highly sealed sites. A Kruskal-Wallis Test showed
a statistically significant difference (chi-squared =16.229,
df =2, p-value <0.001) among the location types. A post-
hoc pairwise comparison using Dunn’s test indicates signifi-
cantly more nests at locations adjacent to an insect-friendly
flower garden compared to both medium sealed locations
(p=0.013) and highly sealed locations (p-value <0.001),
while the number of nests between lower-quality medium
and highly sealed locations did not differ significantly
(p=0.88) (Fig. 6, left).

Most nest entrances were recorded in June 2022 on insect-
friendly flower garden locations (n=687). The smallest
number of nests was recorded in July 2021 on highly sealed
locations (n=126). Over the whole sampling period most
nests were found at sites adjacent to an insect-friendly flower
garden (n=3,049), followed by medium sealed (n=1,798)
and highly sealed locations (n=1,454). Overall, there was
a wide variance on the number of nest entrances recorded
among the location types and sampling months. The mean
number of nests entrances recorded on insect-friendly flower
garden locations was 127 (SD=74.2), 74.9 (SD=60.4) for
medium sealed locations and 60.6 (SD =56.8) for highly
sealed locations (Fig. 6). Pictures: CW (a—f)

Discussion

Our study showed a diverse insect fauna of urban pavements
with a total of 66 species from different groups of wild bees,
solitary and parasitoid wasps, ants and flies, collected at 12
sites in Berlin (Online Resource 2). We found the highest
number and density of pavement nesting insects, as well as
the highest diversity of species, on the plots next to insect-
friendly flower gardens. Surprisingly, the amount of green
cover had no impact on the number of nest entrances. Floral
resources serve as a source for nectar and pollen, in addition
to hosting insect prey communities, that are susceptible to
predation by insect predators found in this study such as
Cerceris spp. and other hunting wasp species. These findings
underline the importance of greenspace quality over quantity
for sustaining insect populations regardless of surface seal-
ing (Turo and Gardiner 2021), while at the meantime also
showing the potential of pavements as nesting habitat, if flo-
ral resources are abundant. A list of 55 ground-nesting wild
bees and wasp (apoid, pompilid and chrysid species), that
also includes three additional observations, is provided, and
intended as a first repertoire of pavement nesting hymenop-
teran insects in Berlin. Ants were not systematically assessed
throughout the entire sampling period, but were present at all
sites, with Lasius niger, Formica cinerea and Tetramorium
caespitum being the most common species. Ants could be
assessed in a future project, similar to the assessment of
pavement-dwelling ants by Dijon et al. (2023) in Brussels.
In addition, studying the interactions between parasitoid flies
and ground nesting wild bees and wasps could lead to a more
detailed understanding of the urban pavement as a miniature
ecosystem, with its own trophic network.

Berlin is, as are many other cities, undergoing a rapidly
increasing urbanisation process. While many of the pave-
ments are still retained in their original, patchy style, the
formerly sand-filled interstices are being replaced by con-
crete, or larger slabs are installed, reducing the potentially
inhabitable area. Urban pavements can be suited to harbour
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Fig.5 Nest entrances of bees or wasps between pavement tiles. a: Nests of Philanthus triangulum are highly characteristic and can typically be
identified at first sight. b-f: Entrances of nests from different, unknown species. Fresh mounds indicate that a nest is active. Pictures: CW
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Fig.6 Left: Boxplot of number of nest entrances counted on all
locations during all sampling rounds sorted by location type: insect-
friendly flower garden (green), medium sealed (orange) and highly
sealed locations (purple). Asterisks shows significant differences:
** for p-values<0.05, *** for p-values <0.001. Right: Number of

@ Springer

nests counted for all location times and sampling rounds. The num-
ber of nests counted ranged from n=687 in June 2022 over all insect-
friendly flower garden locations to a total of n=126 nests at highly
sealed locations in August 2021. Sampling began in July 2021 and
continued in spring 2022
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a variety of ground nesting insects, including species of con-
servation concern (Noél et al. 2023 and this study) and great
charismatic appeal, such as the pantaloon bee, Dasypoda
hirtipes, that could be well suited for environmental educa-
tion projects. While there is big support in the population to
help wild bees and other insects with “wild bee hotels” and
upright nesting structures (Maclvor 2017), finding a nesting
site in the bare soil can be difficult due to the urban expan-
sion of impervious surface which closes the access to the
soil substrate: Urban areas have repeatedly been shown to
disproportionally favour cavity-nesting wild bees over soil
nesting bees (Neame et al. 2013; Geslin et al. 2016; Buch-
holz and Egerer 2020, Banaszak-Cibicka and Dylewski 2021
and references therein).

Around the nesting sites, the landscape matrix can influ-
ence floral and prey resources as well as foraging distance
(Pardee and Philpott 2014). The integration of evidence-
based urban planning and conservation strategies can
enhance local and landscape-level pollination ecosystem ser-
vices. Under the right conditions, cities can sustain numer-
ous floral resources for wild pollinators such as bees and
wasps. Urban private and community gardens (e.g. Kaluza
et al. 2016), street trees (Somme et al. 2016) and ornamen-
tal patches (Daniels 2020), green roofs (Kratschmer et al.
2018), as well as remnant or novel vegetation patches (Hiils-
mann et al. 2015; Lowenstein et al. 2019) provide pollen and
nectar to bees, wasps, and other pollinating insects. Creating
insect-friendly plant arrangements, understanding additional
habitat needs, and prioritising habitat creation within cit-
ies (Schueller et al. 2023) can support insect communities
(Pfeiffer et al. 2023)—with urban pavement potentially pro-
viding valuable nesting sites for ground-nesting species.

There has recently been a shift from perceiving flora in
pavement cracks as pest (e.g. Melander 2009; Fagot et al.
2011) towards appreciation for the diversity (Bonthoux
et al. 2019) and ecosystem services (Coombes et al. 2021;
Sikorska et al. 2021) provided by spontaneous vegetation in
pavement cracks. It is not known whether hymenopterans
inhabiting the subterranean part of pavements are also pro-
viding ecosystem services, e.g. by increasing permeability
of urban soil and thus add to stormwater control and urban
microclimate. But looking at the size and amount of their
tunnels, this is not unlikely and should be investigated fur-
ther. The need to integrate biodiversity in urban planning has
been recognized by municipalities and city administrations
around the globe (Nilon et al. 2017), not only because of
their responsibility to protect nature (Oke et al. 2021), but
also because urban nature provides a multitude of impor-
tant ecosystem services, and potentially enhances residents’
health and wellbeing (Nieuwenhuijsen 2021).

To study the species nesting in Berlin pavements, we used
classical monitoring techniques and combined it with eDNA
analyses. The classical monitoring techniques involved

visual surveys, sweep netting, and nest entrance counting of
ground-nesting insects in the pavement habitats. We found
that classical techniques were effective in detecting ground-
nesting apoid insects in all three subsets of pavement plots.
In contrast to the findings from Brussels recently reported
by Noél et al. (2023), our investigation revealed three times
as many identified species. Although the number of sites
surveyed was lower in our study, the extended duration of
observation increases the detection of additional species
(McCabe 2012). Furthermore, the application of a repeated
observation protocol at each site, spaced at one-month inter-
vals, further augmented the species detection rate. After
analysing the accumulation curves for the three locations
over multiple sampling events, the observed taxa richness is,
regarding the generated values calculated by Chao's index
(Chao et al. 2005), probably underestimated. The actual spe-
cies richness present in the streets may be more substantial
than currently observed, underscoring the potential of an
increased sampling effort by both classical, and if improved,
also molecular methodologies.

Environmental DNA (eDNA) is a promising tool to comple-
ment traditional monitoring and detection methods (Taberlet
et al. 2012). Recent studies have assessed different substrates
as eDNA sources, including soil, and often report a more
comprehensive assessment of species diversity, as well as an
increased time- and cost-efficiency (Thomsen and Sigsgaard
2019; van der Heyde et al. 2020; Harper et al. 2021; Roger
et al. 2022). Another advantage of eDNA-based species detec-
tion is the minimally invasive nature of sampling (Sickel et al.
2023), which is especially relevant for protected species, such
as bees. Challenges for species detection via eDNA include,
among others, the limited quantity and quality of target DNA
(Bruce et al. 2021), and the occurrence of non-target DNA
sources such as microorganisms (Ritter et al. 2019).

In our study, the eDNA approach only detected three
hymenopteran species, and these were all dominant at the
studied sites. These insufficient detection rates demonstrate
that the method is still in its infancy. It is likely that the
DNA extraction method was suboptimal, and possible that
higher detection rates of ground-nesting insects based on
soil eDNA could be achieved. For detecting ground-nesting
insects based on samples collected from nest entrances, the
target DNA exists as extracellular fragments, which may
adhere to soil particles (Nagler et al. 2018a, b; Bairoliya
et al. 2022). Thus, dissolving extracellular DNA fragments
from soil particles via sample incubation with an alkaline
buffer and submitting the DNA directly to PCR amplifica-
tion (Recorbet et al. 1993; Ascher et al. 2009) may improve
insect detection rates. Regarding PCR, soil as an eDNA sub-
strate includes DNA traces of a variety of micro- and macro-
organisms (Ritter et al. 2019), and the use of universal prim-
ers in this study may have been a sub-optimal choice for
insect detection. We detected a high number of fungal ASVs,

@ Springer



Urban Ecosystems

which demonstrates that non-target DNA was co-amplified
and consequently, target DNA may have been under-ampli-
fied. This has been observed previously (Sickel al. 2023) and
may be avoided by choosing more specific primers (Bleidorn
and Heinze 2021). However, eDNA is known to exist at low
quantity and quality and DNA fragments at nest entrances
are additionally subjected to biotic and abiotic DNA deg-
radation processes. Thus, collecting soil from nest mounts
may not be the ideal sample approach for the detection of
ground-nesting insects, and samples collected from inside
the nest, e.g. by carefully extracting material from further
down may lead to better results. This however needs to be
tested further. The eDNA approach, although of limited suc-
cess in this study, has great potential for insect species detec-
tions (Sickel et al. 2023) and comes with various advantages.
Species can be detected via minimally invasive, non-lethal
sampling, which can also be performed by volunteers (see
Sickel et al. 2023). Taxonomic classification via DNA is
observer-independent and backward compatible (Beentjes
et al. 2019), and DNA metabarcoding has become a cost-
and time-effective detection method.

Conclusion

In conclusion, our pilot study provides insights into the
diversity and distribution of ground-nesting insects, in
particular wild bees and wasps, in pavement habitats in
Berlin. Our findings suggest that classical monitoring
techniques, and nest entrance counting, are still highly
effective in detecting ground-nesting insects, while further
research is needed to refine and optimise the use of eDNA
analysis for insect biodiversity monitoring in pavement
habitats. We found that the proximity of pavement habitats
to an insect-friendly flower garden, rather than the amount
of green cover, was a significant factor in promoting the
diversity and number of pavement nesting insects. Mod-
erately sealed urban pavements, especially in the vicinity
to biodiverse greenspaces, provide important nesting sites
for wild bees and wasps and form an important ecosystem
for urban insect wildlife. Our results are in line with other
studies that show that human settlements can support high
biodiversity (Ives et al. 2016, Hall et al. 2017 for pollina-
tors), and a recently launched iNaturalis-project indicates
that pavements have become a novel habitat for wild bees
and wasps in multiple cities all over the world (https://
www.inaturalist.org/projects/the-hidden-life-of-urban-
pavements-cracks). A buzzing city is also a more liveable
one, and the fluffy pantaloon bee assiduously shovelling
the soil between two pavement tiles calls us to reimagine
how we impact the world around us: it is making itself
a home in the unlikeliest of all habitats—the urban con-
crete, constructed for human needs only. With two million
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species at risk of extinction (Hochkirch et al. 2023), it is
time we rethink the way we reshape our environments, and
include spaces for multispecies coexistence, right next to
our doorsteps.

Supplementary Information The online version contains supplemen-
tary material available athttps://doi.org/10.1007/s11252-024-01569-3.
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