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Abstract: As the globe becomes more urban, the question how much natural biodiversity can subsist
in cities becomes increasingly urgent to answer, and also how is urban diversity structured? To
contribute to an answer, we studied the metacommunity of bees in a North European metropolitan
area. The system consisted of 13 sites in the city of Aarhus, Denmark, censused from April to Sep-
tember during one year. Bees were sampled monthly in pan traps and a set of traits was related to
their presence. In total, 40 species were collected—29 solitary species (40% of all sampled individu-
als), ten Bombus species (28%), and Apis mellifera (32%). Most sampled bees were soil-nesting, pollen
generalists, and relatively common. Habitat diversity within a set of concentric circles with trap as
centre and radius from 50 m to 1000 m was related to bee a diversity per site (total bee spp. with
and without honeybee, solitary bees, and bumblebees). The relationship was only significant within
the 1,000 m circle, and solitary bee diversity did not even correlate with habitat diversity at this large
spatial scale level. The bee-site (space) and bee-month (time) networks were analyzed with respect
to nestedness, modularity, and spatio-temporal g diversity. The two networks were weakly nested
and strongly modular, being composed of five and six modules of tightly linked bees. Total g diver-
sity, froral, is the sum of species turnover, frurn, and species loss/gain or nestedness, fxest; and for
both space and time, frurn was more important than fesr. Furthermore, froraL was higher than
season froraL. Thus, the urban bee metacommunity was well-structured in both space and time and
the high frurn indicated, that the network was strongly modular. We suggest the main reason is the
high spatio-temporal patchiness of habitats, sustaining many unique species.
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1. Introduction

Growth of urban areas is certainly one of the most severe encroachments of nature
and alongside, many species and their biotic interactions disappear (Seto et al. 2012). Loss
and change in species composition due to urbanization, in general, are now fairly well
understood. However, the questions go deeper, because urban areas are highly hetero-
genous. Recent reviews even suggest that urban areas can become novel ecosystems and
should be considered as specific habitats for animal and plant life and not just degraded
versions of former natural habitats (Hall et al. 2016). Urban areas represent a patchy mo-
saic of habitats, spanning from concrete deserts to green spaces of high biodiversity. The
complex spatio-temporal dynamics of species and the metacommunities inhabiting these
mosaics must certainly be significant components and drivers of urban diversity (Leibold
et al. 2004). If true, green spaces of high biodiversity cannot be separated from their more
“hostile” surrounding neighbourhoods. Thus, like any fragmented landscape, the biota of
urban green spaces has to be understood within their dynamic matrix context (Ahrne ef
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al. 2009), i.e. an important quality of a green space becomes the surrounding landscape
(Tew et al. 2022).

Here, we studied how bees (Hymenoptera, Apoidea) as an ecological guild respond
to urban patchiness. The quality of a habitat patch for bees obviously must depend on its
flower richness and suitability for nesting, but food and nesting sites might often be lo-
cated in different patches. The estimated influence of these two drivers (flowers, nesting
sites) of bee diversity varies in different studies and has made further generalizations dif-
ficult (Steffan-Dewenter ef al. 2002, Kleijn & van Langevelde 2006).

Bees are a key element in natural habitats, but also in urban areas (Baldock et al. 2015).
They constitute a heterogeneous group, being not just rich in species, but also in ecology
(Gathmann & Tscarntke 2002, Westphal et al. 2006, Greenleaf et al. 2007, Zurbuchen
2010ab, Baldock et al. 2015). At our study sites in a North European metropolitan region,
bees make up a diverse community, from tiny, short-range, solitary species, to large, far-
flying bumblebees and the ubiquitous honeybee, in addition to the cleptoparasites. These
functional groups, but also their individual species members, are all expected to respond
to urban patchiness according to their own specific ecology.

Here, we describe species diversity and estimate spatio-temporal modularity of bees
in a North European cityscape. We focus upon the dynamics in species richness in a set of
sites during an entire season and relate this to ecology of the species. By spatial and tem-
poral modularity, we mean non-random, spatial association between bee groups and sites
and temporal association between bee groups and months, respectively (Hagen et al.
2012). Finally, based on an analysis of the f diversity of our study system, we briefly dis-
cuss strategies for bee diversity conservation.

2. Material and methods
2.1. Study sites

The bee fauna was sampled at 13 sites along a NE-SW line crossing the city of Aarhus,
Denmark, including suburban and satellite areas (Figure 1). The entire municipality cov-
ered a 468 km?urban area with ¢. 331.000 inhabitants in the study year of 2016 (Aarhus i
tal 2022). The sites encompassed a diverse cityscape of parks, residential areas, private
gardens etc.

Since maximum flight range of most solitary bees is < 1 km (Gathmann & Tscharntke
2002, Darvill et al. 2004, Zurbuchen et al. 2010ab) and in order to reduce most effects of
spatial autocorrelation, sites were separated by at least 2 km. However, many small spe-
cies fly considerably shorter distances, when provisioning for their nests (Greenleaf et al.
2007).

2.2. Traps

At each site, bees were sampled using pan traps. Each trap consisted of three semi-
spherical bowls, a white-coloured, a blue, and a yellow one (radius 6.5 cm). This tricol-
oured palette is well known to attract a wide range of bees (Leong & Thorp 1999, Campbell
& Hanula 2007). Each bowl contained 250 ml of a 1:10 aqueous solution of Rodalon©. The
latter was added in order to conserve trapped insects and to break water surface tension
in order to reduce the ability of bees to escape traps. Bowls were placed on a metal plate
mounted on a wooden stake with a height at level with surrounding vegetation. At each
site, traps were positioned near to the most abundant type of vegetation, preferably plants
in flower. However, owners of private gardens decided the exact location of the trap. In
public areas, traps were placed at the edge of lawns or in open space.

The study was carried out in 2016 and traps were installed for a 5-day continuous
period once a month: viz. 16-21 April, 15-20 May, 17-22 June, 16-21 July, 16-21 August, and
14-18 September; deviations were due to extended periods of rain. Samples from traps
were stored in 70% ethanol. First, we discarded non-bee insects and subsequently all bees
(Hymenoptera, Apiformes, Apoidea) were identified to species. However, as Bombus
cryptarum, B. lucorum, B. magnus, and B. terrestris are difficult to distinguish, they were
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lumped into a ‘Bombus terrestris species complex’ (Williams ef al. 2012). Bombus magnus
and probably also B. cryptarum might be ignored as options, because they were not known
to the region.

2.3. Traits

For each species, a set of ecological traits was compiled from literature and our data:
1, soil nesting vs. cavity nesting vs. parasitic (Madsen & Dupont 2013); 2, oligolecty vs.
polylecty, i.e. a few or many sources of pollen, respectively (Amiet et al. 1999, 2001, 2004,
2007, 2010); 3, active most of the season (April to September) vs. only in early season (June
or earlier) vs. only in late season (May and onwards) (data from Rasmussen et al. 2016);

and finally 4, univoltine vs. bivoltine, i.e. one or two annual generations, respectively (Am-
iet et al. 1999, 2001, 2004, 2007, 2010; data from Rasmussen et al. 2016); social species were
regarded as univoltine (Dupont & Madsen 2010).

2.4. Habitat diversity and bee species diversity

At each site, we estimated habitat type diversity within a set of concentric circles with
trap as centre and radii of 50 m, 100 m, 200 m, 500 m, and 1000 m, i.e. the ‘landscape
dimension’. This was done in ArcGIS Pro 2.5.1. Habitat type classification followed Base-
map02 (Levin et al. 2017): 1 urban/residential area, 2 forest/park, 3 industrial area, 4 roads,
5 railway, 6 recreational area, 7 farmland, 8 natural vegetation, 9 water bodies, and 10
others. Area of each type was calculated for each circle and site. Input data were from
May-September 2016, except farmland area data (type 7), which were from 2011.

Using the Shannon-Wiener diversity function H (Good 1953), we analyzed, if habitat
type diversity and bee species diversity per site, i.e. a diversity, were correlated. H was
used both as a habitat type and bee a diversity index: H = — ZpiIn pi, where pi was either
the proportion of the area of each habitat type i at a site and concentric circle or the abun-
dance of each bee species i in the sample at a site. In general, H ranges from 1.5 to 3.5.

2.5. Networks and spatio-temporal modularity (S diversity)

Firstly, we constructed bee-space and bee-time networks as presence-absence matri-
ces, where columns represented bee species and rows represented sites or months, respec-
tively. A link was present, if a bee species was found at a site or during a month or absent
if not.

Secondly, we estimated how distinct the two link patterns, nestedness and modular-
ity, were, using R > maxnodf, R > Igraph > Generalized Louvain (Figure 2; Olesen 2022), and
R > bipartite, respectively.

Thirdly, we calculated the regional and seasonal species diversities of the bee meta-
community, i.e. the #diversity for bees across all 13 study sites and across all six months.
As measure, we used total gdiversity frotaL = (b + ¢)/(2a + b + c), where a is number of
shared species between two sites or months, b is number of unique species at one site or
month, and ¢ is number of unique species at another site or month.

proraL is further composed of two components with strong implications for manage-
ment and planning of urban biodiversity (Figure 2) (Baselga & Orme 2012, Carstensen et
al. 2014): (1) spatial or temporal turnover of species frurn between one site or month and
another site or month, and (2) spatial or temporal nestedness fesr, i.e. species loss and
gain at a site or month compared to the other sites or months. f\est measures the extent to
which poorer species assemblages are subsets of richer ones. Thus, froraL = frurn + SNEsT.
We obtained estimates of all three indices, using R > betapart > beta.multi, (Baselga & Orme
2012).

Notice, that in Baselga & Orme (2012), frorat, frurn, and faest are called fsor, fsiv, and
[BNE, Tespectively.
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3. Results
3.1. Metacommunity of the urban bees in space and time

A total of 313 individuals of bees belonging to 40 species were collected, viz. 124 sol-
itary bees belonging to 29 species, 89 bumblebees (Bombus spp.) belonging to ten species,
and 100 honeybees (Apis mellifera) (Supplemental Material 1). Thus, 40% of all sampled
bee individuals were solitary bees, 28% were bumblebees, and 32% were honeybees.

Frequency distributions of number of bee species S and individuals B per site were
right skewed. B ranged from only three at site L (dominated by gardens, Table 1) to 57 at
site H (the main university campus with its green spaces and lakes), and S ranged from
three species at site L to 17 species at site M (a university college-campus park with nearby
industry and railway). B and S were significantly correlated (Figure 3). Bee diversity H at
a site, i.e. a diversity, ranged from 1.10 at site L to 2.42 at site B (Table 1). Site H, however,
was an outlier, because of relatively high abundances of Apis mellifera and Andrena haem-
orrhoa.

Table 1. Total bee species abundance per site B, bee species richness per site S, and local or a diver-
sity H of bee species per site. Sites are sorted according to decreasing H.

Main habitat types within a radius of 50 m

Site B S H
from trap
B industry, roads 36 14 2.42
M campus, industry, railway 47 17 224
] gardens, railway, roads 37 12 2.05
H campus, roads, lakes 57 11 1.88
G gardens, park, roads 13 8 1.84
A gardens, roads 16 8 1.84
C recreational, roads, lake 19 7 1.77
K roads, industry, railway 31 11 1.70
I park, roads 12 6 1.58
D gardens, roads, lakes 12 6 1.56
E gardens, park, railway 13 6 1.41
F gardens, roads, park 17 6 1.38
L gardens, roads 3 3 1.10

During the study period of six months, traps at all 13 sites were sampled monthly,
i.e. adding up to a total of 78 trap samples. Mean numbers of bee individuals and species
per trap sample and their standard deviation were 4.01 + 4.83 individuals (range 0-21,
median 2) and 2.19 * 2.08 species (range 0-10, median 2). Twenty-three percent (18 traps)
of all 78 trap samples were empty.

The total bee metacommunity included 12 genera, the three most species-rich genera
being Andrena (11 spp.), Bombus (10 spp.), and Lasioglossum (7 spp.). Remaining genera
were represented by only one or two species each (Supplementary Material 1).

Pooling data from all sites, monthly number of sampled bee species (honeybee in-
cluded) varied from two in September to 23 in July (Figure 4A, Supplemental Material 2),
and monthly number of sampled bee individuals, all sites pooled, varied from 13 in Sep-
tember to 97 in July (Figure 4B). This seasonal variation is partly driven by specific phe-
nology differences. Average temporal species persistence T, i.e. average number of active
months per species, was only 2.1 months. Andrena species peaked in April-May witha T
= 1.2. Lasioglossum peaked in June-July with a T = 2.4 months, and bumblebees being al-
most omnipresent with T = 2.9 months.

3.2. Ecological traits of the urban bees

Data on ecological traits of the collected species are found in (Table 2A) and Supple-
mental Material 3.

d0i:10.20944/preprints202212.0462.v1
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Table 2. A. Distribution of ecological traits. N, no. species (Supplemental Material 3).

1 Nesting site N Pct.
1 soil-nesting 29 82.9
2 cavity-nesting 6 17.1
3 clepto-parasitism 5
40 100
2 Pollen diet N Pct.
1 oligolecty 5 14.3
2 polylecty 30 85.7
3 clepto-parasitism 5
40 100
3 Acticity period N Pct.
1 early season 13 325
2 late season 18 45.0
3 most of season 9 22.5
40 100
4 Generations N Pct.
1 univoltine 37 92.5
2 bivoltine 3 7.5
40 100

1-Almost all species were nest-builders, although the fauna included three social,
parasitic Bombus spp. (B. bohemicus, B. norvegicus, and B. vestalis) and two clepto-parasitic
species (Sphecodes geoffrellus and S. miniatus). Among solitary nest builders, 29 species
were soil nesters and six were cavity nesters, e.g. Anthidium manicatum, Chelostoma rapun-
culi, and H. hyalinatus.

2—-Almost all (30) species of the nest-builders were polylectic, only five were oligo-
lectic: Andrena praecox on Salix, Chelostoma rapunculi on Campanula, Colletes daviesanus and
Dasypoda hirtipes on Asteraceae, and Megachile lapponica on Epilobium.

3-Most species were either active in early (13 species) or mid-late season (18 species).

4-Almost all (37) species were univoltine, except Andrena bicolor, A. flavipes, and A.
minutula. Social species were regarded as univoltine.

Most traits were not significantly associated, except (1) nesting site—activity period,
(b) number of study sites (proxy of regional species distribution)-activity period, (c) num-
ber of study sites—number of generations (Table 2B).
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Table 2. B. Associations among ecological traits (excluding Red List status) based on Cramer’s V
(association test of categorical variables). Upper-right matrix triangle: Cramer’s V (positively asso-
ciated, if sienna-coloured; negatively, if blue); lower-left matrix triangle: P-values. If P > 0.05 in a
cell, the two corresponding variables were not significantly associated (grey). If P < 0.05, the cell is
red. For variables, see text. Cramer’s V is a measure of the strength of an association between two
nominal variables; ‘0’, no association between variables, and ‘1’.

Nes.ting Pollen diet Acti.vity No.. No..study
site period generations sites
0.25 0.42 0.17 0.42 Nesting site
0.41 0.34 0.26 0.40 Pollen diet
7 BE 0.30 0.6 Activity period
0.62 0.31 0.19 0.60 No. generations

3.3. Habitat diversity and bee species o diversity

All sites and their surroundings were a complicated mosaic of habitat types (Supple-
mental Material 4). We analysed, if habitat type diversity at each of the 13 sites and circle
sizes was correlated with bee a diversity at sites (Supplemental Figure 1). Wild bee (Apis
mellifera excluded), total bee, and Bombus o diversities H were all positively correlated
with habitat type diversity within the largest radius of 1000 m, but never within any
smaller circle. Solitary bee H was not correlated with habitat diversity at all. These find-
ings are summarized in Figure 5, where the F-statistics of the correlation analyses are plot-
ted against landscape dimension. Only at the largest landscape circle did we see an effect
of habitat diversity on bee a diversity.

3.4. Spatio-temporal network structure

From a network analytical point of view, bees and sites/months represent two sets of
interacting nodes, and links represent bee presence at sites or in months. The linkage pat-
tern of these two-mode networks (Figure 6). The 40 urban bees (S), their 13 sites, six
months activity period, and 115 links (I) gave the networks a connectance csite = 115 -
100/(40 - 13) = 22% and cmonth = 115 - 100/(40 - 6) = 35%, i.e. the percent observed bee species
presences out of the total potential presences, if present at all sites and in all months.

In general, ecological networks are both nested (Bascompte et al. 2003, Dupont et al.
2003, Almeida-Neto et al. 2008) and modular (Olesen et al. 2007, Olesen 2022) (see Figure
2 above for a textbook example), but to a varying extent, depending on history and present
ecological settings. In our two-mode bee-site network, NODF = 0.35" (R > bipartite) and
modularity level = 0.32% (R > Generalized Louvain; five modules; Figure 6) and in the bee-
month network, NODF = 0.48" and M = 0.31* (six modules; Figure 6).

One of the bee-site modules covered five sites in the North-western part of the city,
all being gardens; the other bee-site modules included two sites each. Each site module
included 1-3 bumblebees and 1-3 Andrena spp. and all site modules had representatives
from 5-6 of the month modules, i.e. each site module consisted of a temporal sequence of
species.

Each month had its own module in the bee-month network. Andrena spp. were only
present in the April and May modules (except the later A. fulvida), and all Lasioglossum
spp. were only found in the May and June modules. Thus, space and time not only
strongly structured the bee metacommunity, but they also did it in different ways. How-
ever, any site module x month module combination included only 0-3 species (Supple-
mental Material 5).

3.5. Regional and seasonal bee f diversity

Regional or among sites, total £ diversity froraL = frurx + fhest < 0.85 = 0.77 + 0.08,
i.e. species turnover (frurn) contributed much more to the g diversity than species
loss/gain (fnest) (frurn: fiest = 9.6; Figure 7). Species turnover (frurn) favours modularity,
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whereas species loss/gain favours nestedness (fest). Turnover was high, because more
than half of all species were unique to their site (Supplemental Material 1). Although
weak, nestedness—and thus spatio-temporal autocorrelation-was partly driven by the
three link-rich hubs (Apis mellifera, Bombus terrestris species complex, and site M).

Seasonal total B diversity froraL = frurn + fnest <> 0.74 = 0.58 + 0.16, i.e. species turno-
ver (frurn) contributed again more to g diversity than species loss/gain (/A\est) (Srurn : Siest
=3.2). Hence, total g diversity of the urban bee metacommunity in Aarhus was character-
ized by a high turnover of species among both sites and months.

4. Discussion

Many studies of the influence of urbanization on bee diversity show a negative effect,
e.g. Hernandez et al. (2009), Bates ef al. (2011), Banaszak-Cibicka (2012), and Deguines et
al. (2012). However, this obviously depends on what the comparison is: agricultural,
buildings, or natural areas (Theodorou ef al. 2017). We did not test this here, because all
study sites were within a metropolitan area. In stead we focused upon the structure of an
urban bee metacommunity in space and time.

In our study, the urban bee fauna included 40 species in 12 genera. Seventy percent
of the species belonged to Andrena, Bombus, and Lasioglossum. Slightly more than 1/3 (40%)
of all sampled bee individuals were solitary species, slightly less than 1/3 (28%) were bum-
blebees, and ~1/3 (32%) were honey bees. The relative abundances of these major bee
groups differ from a study of bees in large British cities, the figures were here 14%, 62%,
and 24%, respectively (Baldock et al. 2019),

About 40% of the area in our study was residential areas and private gardens, a some-
what comparable figure for the study in Britain, where the area of gardens was 24-36%
(Baldock et al. 2019). Thus, in Aarhus the diversity of solitary bees was 3-4 times higher
than in the British studies. This difference cannot be explained by national differences,
because the bee fauna in the two country is somewhat similar in size (296 for Denmark
and ~270 for Britain). However, the pan trap method used in the current study, has been
reported to have a better coverage and generally detects higher species richness of bees,
compared to transect walks (e.g. Westphal et al. 2008), which was the sampling method of
the British study. Another study of the bee-plant networks of a large British town and
nearby nature reserves (Sirohi et al. 2022) observed 29 non-parasitic solitary bees com-
pared to 26 here. The two studies had 13 species in common. This study suggests that the
explanation of the high diversity of solitary bees might be the many native plant species,
sustaining oligolectic species.

In our study, most urban bees were soil-nesting, polylectic (food generalized), uni-
voltine, and relatively common species, being active in either early or mid-late season.
Baldock et al. (2015, 2019) also observed a preponderance of generalist species. However,
other studies find, that specialist bees also thrive in cities, e.g. Casanelles-Abella et al.
(2021) and da Rocha-Filho et al. (2021). Some studies find more cavity-nesting bees, which
they suggest is caused by the high tarmacked surface cover, being an obstacle to soil-nest-
ing species (Cane 2006, Hernandez ef al. 2009).

The diversity of urban bees is influenced by a long list of external factors, e.g. urban
temperature (the urban heat island effect; Oke 1973, McCune ef al. 2019), habitat hetero-
geneity (the mosaic), green space, “impervious” surface area (Geslin et al. 2016), food
plant-nesting site distance (Walther-Hellwig & Frankl 2000, Chapman 2003, Wolf &
Moritz 2008, Zurbuchen 2010ab, Hofmann et al. 2020), flowering season length for social
bees (Bengtson & Bredesen 2014), pesticide pressure (differential response from insecti-
cide and herbicide; Muratet & Fontaine 2015), heavy metal pollution (Sivakoff 2019), light
pollution (Gaston 2013, Isaksson 2015), high honey bee hive density (Ropar et al. 2019),
and the proportions of exotic and natural flora (Sirohi et al. 2022, Tew 2022), but also in-
ternal factors such as phenotypic plasticity (diet switching) of the bees matters (Saure
1996, Gaston 2010).
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The relationship between local bee or a diversity and habitat diversity was analysed
at five spatial scales (from 50 m to 1,000 m radius). At the largest scale, i.e. within a circle
of a radius of 1,000 m and with the trap as centre, we found a positive relationship between
habitat type diversity and both total bee and bumblebee o diversity. Solitary bee a diver-
sity, however, did not correlate with habitat diversity at any of the five spatial scale levels.
Some species of Andrena and Bombus, two of the largest genera in our study and in Den-
mark, are known to forage over distances larger than 1000 m from their nest (Wolf &
Moritz 2008, Zurbuchen et al. 2010ab), whereas other bees fly considerably shorter dis-
tances (Gathmann & Tscharntke 2002, Darvill et al. 2004). In a Swedish study of bumblebee
diversity along an urban gradient, Ahrne et al. (2009) used three concentric circles 330, 500,
and 1000 m to describe the cityscape and also found the strongest correlation between
bumble bee diversity and proportion of suitable surface at a radius of 1000 m.

In a large British study, encompassing sites in cities, farmland and nature, communal
allotments and gardens had the highest bee diversity (Baldock et al. 2015). Two of “our”
gardens were devoid of honey bees, but it was unclear, how this affected wild bee diver-
sity, because one had the lowest and the other the highest wild bee diversity of all gardens.
However, the bee quality of a garden and its surroundings is intricate and complicated to
estimate; e.g. nectar availability and pollen diversity are important (Tew et al. 2022) and
differential responses to habitat quality by solitary and social bees.

The literature presents many studies of bee communities in urban areas, but no
strong consensus is achieved about which generalizations to be expected (Hernandez et
al. 2009). The reason is obvious-the world has many cities and bees and both vary. How-
ever, the analysis of bee § diversity among sites and months did show, that diversity in
our study city was driven by spatio-temporal species replacement (the turnover compo-
nent), especially of solitary bees, but only poorly by species gain or loss (the nestedness
component). This high turnover in species diversity has also been observed by Tew et al.
(2022). Thus, every green patch in a city seems to matter to diversity, and so does the
quality of the entire season, because each patch and time of the year are expected to sus-
tain at least some unique species. This is especially the case, if a green patch is embedded
in a landscape of high habitat diversity. Hence, as our overall message to conservation
managers, we conclude that our results suggest, that in terms of regional or  biodiversity,
especially of the solitary bee fauna, a few large areas may not compensate for the loss of
several small ones (however, see Stewart ef al. 2018). Thus, establishment and protection
of many small green patches with a long bee “friendly” season is recommended.
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