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Abstract A mismatch of resource availability in certain
periods can lead to spillover of insects between habitats,
resulting in temporal differences in insect diversity. Urban
gardens are important anthropogenic habitats but it is
unknown whether, when and why spillover of beneficial
insects occurs between gardens and agricultural habitats.
We used trap nests for Hymenoptera to monthly monitor
bee and wasp abundance and species richness in 12 gardens
and 12 rapeseed fields. Half of the gardens and rapeseed
fields were located in the urban—rural interface and bor-
dered each other (a garden paired with a rapeseed field) and
the other half were isolated in the rural landscape (isolated
rapeseed fields) and in the urban city centre (isolated gar-
dens). In general, gardens in the urban—rural interface
comprised the highest richness of bees and wasps. The
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abundance of bees but not of wasps was highest in paired
habitats and peaked at full rapeseed blooming, indicating
that mass-flowering rapeseed offers foraging resources for
bees nesting in adjacent gardens. Thus, bees nest and
increase their populations in both areas, benefiting from the
mass-flowering resource in the agricultural habitat as well
as the nesting resources from gardens, suggesting spillover
of bees but not of wasps between paired gardens and
rapeseed fields. Our study highlights the value of gardens
in the urban-rural interface for the biodiversity of func-
tionally important insects. Implementing urban gardening
and small-scale agriculture in cities and suburban habitats
can promote local pollinator populations and benefit adja-
cent croplands.

Keywords Gardens - Hymenoptera - Mass-flowering
crop - Pollinators - Predators - Rapeseed

Introduction

Urbanization and agricultural intensification lead to an
increase of anthropogenic landscapes and a simultaneous
loss of natural and semi-natural habitats (Grimm et al.
2008; Rand et al. 2006; Samnegard et al. 2011). Many
studies investigated the effects of urbanization on popula-
tion changes between urbanized and natural ecosystems of
various animal taxa (e.g. Croci et al. 2008; Kadlec et al.
2008; Magura et al. 2009; Schiiepp et al. 2011; Staniforth
2002; Zanette et al. 2005). These studies show that
urbanization can either increase or decrease species rich-
ness depending on the taxonomic group, spatial scale or
intensity of urbanization (McKinney 2008).

A negative effect of urbanization and destruction of
natural habitat was observed for bees and wasps (Grimm
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et al. 2008; Samnegard et al. 2011; Saure 1996; Steffan-
Dewenter 2002), which are important insects for pollina-
tion and predation services (biological control) (Steffan-
Dewenter 2002). However, some studies in urban land-
scapes showed that even in a densely populated urban area,
valuable resources for these functionally important insects
are available (Fetridge et al. 2008; McIntyre and Hostetler
2001; Saure 1996; Zanette et al. 2005). This highlights the
importance of urban green spaces for biodiversity conser-
vation (Fetridge et al. 2008; Matteson and Langellotto
2011).

Anthropogenic landscapes are mosaics of habitats with
different qualities, for example agricultural fields in rural
areas bordering natural or semi-natural habitats. Shared
boundaries between these habitats increase steadily
through fragmentation caused by urban expansion and
agricultural land-use intensification (Watling and Orrock
2010). The flow of organisms between different habitats
across these boundaries can have important effects on food
web dynamics (Blitzer et al. 2012; Tscharntke et al. 2005).
The cross-edge flow of insects due to high productivity and
availability of resources in one of the two adjacent habitats
in certain time periods is termed spillover of insects (Rand
et al. 2006). Spillover leads to temporally variable and
distinct diversity and abundance of insects in each habitat,
which may influence ecosystem functions mediated by
insects such as herbivory, parasitism, pollination and pre-
dation (Blitzer et al. 2012; Rand and Louda 2006; Rand
et al. 2006).

On the one hand, natural and semi-natural habitats
enhance insect diversity and their ecological functions in
adjacent agricultural fields by offering diverse forage
resources and nest sites that are not available in crop
monocultures (Bianchi et al. 2008; Garibaldi et al. 2011;
Rand and Louda 2006; Samnegérd et al. 2011; Steffan-
Dewenter 2002). On the other hand, the availability of
resources in crop fields at certain times of the year can also
benefit insect diversity in the surrounding landscape
(Tscharntke et al. 2005). Especially mass-flowering crops
like rapeseed (Brassica napus L.) provide substantial for-
age resources for flower-visiting and pollinating insects
during bloom (Hoyle et al. 2007), therefore benefiting for
example population growth of bumblebees (Westphal et al.
2009). Goulson et al. (2010) showed that the positive
influence of gardens on populations of three bumblebee
species extended at least 1 km into the surrounding farm-
land. However, spillover of trap-nesting bees and wasps in
the urban-rural interface (i.e. between agricultural land-
scapes and urban areas) has so far not been investigated.

Urban landscapes are characterized by densely built-up
areas with high levels of paved surfaces, buildings and few
green spaces with generally low plant diversity. Rural
landscapes are dominated by large, monoculture crop fields
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interspersed with semi-natural habitat such as forests and
hedges. Urban and rural landscapes connect in the urban—
rural interface, creating a mixture of both landscape types
with different habitats such as residential gardens, urban
green spaces, buildings, paved surfaces, crop fields and
semi-natural and natural habitats.

Gardens at city margins are part of the urban—rural
interface and their diversity of ornamental, vegetable but
also native plants may play a positive role for the diversity
of insects (Goulson et al. 2002). Pawelek et al. (2009)
could show that bee species richness increased when gar-
dens were specifically designed to harbour plant species
that benefitted wild bees. Gardens can therefore enhance
ecosystem services such as pollination by bees and pre-
dation by wasps (Fetridge et al. 2008; Goddard et al. 2010;
Goulson et al. 2010; Pawelek et al. 2009; Samnegard et al.
2011).

To investigate the role of different habitats for the
diversity of solitary bees and wasps in an urban—rural
interface, we focused on the spillover of trap-nesting bees
and wasps between paired gardens and rapeseed fields,
addressing the following hypotheses:

(1) Gardens and rapeseed fields in the urban-rural
interface comprise higher diversity of bees and
wasps than isolated gardens (in the city centre) and
isolated rapeseed fields (isolated from urban areas);

(2) Bees and wasps spill over from paired gardens to
rapeseed fields in the urban—rural interface, due to
the mass-flowering of rapeseed fields in late spring;

(3) Landscape and site variables influence bee and wasp
abundance and species richness differently, during
and after the peak of rapeseed blooming.

We chose trap-nesting bees and wasps as target organ-
isms since they play a functional role as pollinators or
predators in many ecosystems and because they are bio-
indicators, limited by the availability of nesting and for-
aging resources, making them sensitive to habitat changes
(Gathmann and Tscharntke 1999; Klein et al. 2006).

Materials and methods
Study area and site selection

The study was conducted in the city of Liineburg (Lower-
Saxony, northern Germany) and its surrounding landscape
(53°15'9"N, 10°24'52"E) (Fig. 1). The city of Liineburg
comprises around 73,000 citizens with a density of 1,045
inhabitants per km?® (Landesbetrieb fiir Statistik und Kom-
munikationstechnologie Niedersachsen—Bevolkerungsforts-
chreibung). Liineburg encompasses approximately 70 km?
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Fig. 1 Map of the study area
and locations of sites along the
urban—rural gradient in
Liineburg, Germany. Isolated
gardens are located in the city
centre; paired gardens and fields
are gardens and rapeseed fields
as part of the urban—rural
interface; isolated fields are
rapeseed fields located in rural
area, isolated from the city

and includes a variety of small (50 m?) to medium sized
(600 m?) private gardens with grassy areas, ornamental and
vegetable plants. Gardens at the edge of the city are simi-
larly managed to gardens in the urban city centre but are
generally larger in size (600-2,000 m?) and are often bor-
dering the rural landscape directly. The rural landscape can
be described as a mosaic of pine and mixed beech forests,
arable fields dominated by oilseed rape and grasslands
including heathland with several villages interspersed.

Gardens and rapeseed fields were selected as habitat
types (Fig. 1). They were either isolated from each other or
paired (bordering each other directly). Isolated gardens
(N = 6) were located in the urban city centre and isolated
rapeseed fields (N = 6) were located in the rural landscape
2-3 km away from the urban area and surrounded by other
crop fields. The paired gardens (N = 6) and rapeseed fields
(N = 6) were part of the urban-rural interface. These
paired habitats were chosen to investigate spillover
between these habitats. For now on we will refer to paired
gardens as the component gardens, and paired rapeseed
fields, as the component rapeseed fields, of the paired
habitats. All pairs and isolated sites were separated from
each other with a minimum distance of 1 km (Fig. 1).
Brassica napus L. (rapeseed) was selected as our target
crop field because it provides mass resources like pollen
and nectar for many insects during its peak flowering
period.
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Landscape and site characteristics

Landscape variables that characterize the surrounding
landscape for each of the 24 study sites were calculated for
a radius of 1 km using ArcGIS (ESRI 2011). This distance
was selected because the average foraging distance of trap-
nesting species is less than 1 km (Gathmann and
Tscharntke 2002). Landscape variables were expressed as
the percentage quantity within the 1 km radius. The fol-
lowing three landscape variables were considered: (1)
percentage of arable fields, (2) percentage of sealed areas
(paved surfaces) and (3) percentage of forests. The degree
of urbanization was defined using the percentage of sealed
areas, where high percentages equalled a high degree of
urbanization.

The following three site variables were measured to
characterize each study site: (1) age of the site in years, (2)
size of the site (size of the connected garden area and size
of each rapeseed field) in m? and (3) number of flowering
plant species per month. The size of each site was mea-
sured using ArcGIS. Size of the gardens was determined as
the size of the entire joint area of gardens in the neigh-
bourhood, limited by roads, buildings or agricultural fields.
The age of each garden was determined by interviewing the
garden owners to establish the time when the area was
converted into a garden. Because rapeseed is an annual
crop, the age of rapeseed fields was set to be 1 year.
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The number of flowering plant species in gardens per
month and study site was determined by identifying all
plant species within a 5 m radius around each of the two
trap-nest poles in June 2011. We chose the 5 m radius
because the vegetative areas of some gardens, especially in
the city center, were small and this radius around each trap
nest already comprised the entire vegetative garden size. In
order to estimate their flowering times, the LEDA trait
database was used (Kleyer et al. 2008).

Trap nests for bees and wasps

Eight standardized trap nests for bees and wasps were
exposed in each of the 24 study sites (total of 192 trap
nests) from 15 April to 30 October 2011. Trap nests were
made of a 10.5 cm diameter plastic tube filled with
approximately 150 internodes (21 cm long) of common
reed Phragmites australis (Cav.) Trin. The diameters of the
internodes varied between 2 and 20 mm to cover nesting
requirements for a wide range of species (Gathmann and
Tscharntke 1999; Holzschuh et al. 2010). Four traps were
fixed on one wooden post, 1.0-1.2 m above ground level.
In each study site, two posts with four trap nests were
exposed in an east—west orientation, with a distance of
approximately 10 m between the posts.

Occupied nests were collected every 4 weeks from the
end of April until the end of October in 2011. Nests were
identified as occupied internodes (internodes closed with
material such as sand, clay or resin containing bee and
wasp nests). After each monthly collection in 2011, nests
were kept at room temperature (around 22 °C) in the lab-
oratory to rear the specimens until the early autumn 2011.
For overwintering species, nests were placed at 4 °C cold
storage (Steffan-Dewenter and Leschke 2003; Steffan-
Dewenter and Schiele 2008). In early spring 2012 (March),
nests were warmed up to room temperature for hatching
and species identification. The monthly collections also
avoided risking the loss of individuals of bivoltine species.
The collected filled internodes (nests) were replaced with
empty reed internodes directly in the field. In October, the
nests were collected in the beginning of the second week
(as part of the monthly collection cycle) and the traps were
completely removed from the sites between 25 and 30
October. All remaining reed internodes were opened to
detect additional nests and found nests were treated as
described above.

For each internode containing a nest, the number of
brood cells was determined, reflecting the abundance of
species. After rearing, bees and wasps were determined to
species level. When no adults emerged, specimen was
identified to genus level using nest characteristics (Gath-
mann and Tscharntke 1999). The species were determined
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using Gathmann and Tscharntke (1999) and the reference
collection for trap-nesting bees and wasps of the Agroe-
cology group of the University of Gottingen, Germany.
Further literature used for species identifications were
Ascher and Pickering (2014), Bellmann (2005), Miiller
et al. (1997), Schmid-Egger (2004) and Westrich (2011).
The abundance and richness analyses for October included
all nests collected in the beginning and at the end of the
month.

Statistical analyses

Statistical analyses were performed using the software “R”
(R Development Core Team 2012). To test whether
abundance and species richness of bees and wasps differed
between habitat types and location, and to identify specific
differences between the landscape characteristics (Liow
et al. 2001) non-linear Kruskal-Wallis comparisons and
subsequent multiple comparison post hoc tests were per-
formed separately for each month and with the selected
landscape and site variables (pgirmess package) (Girau-
doux 2012).

All landscape and site variables, habitat type and loca-
tion were tested for correlations using Spearman rank
correlation for continuous variables (Crawley 2007) and
Chi squared tests for categorical variables (Crawley 2007).

Effects on the abundance and species richness of bees
and wasps were analysed separately for each month, using
generalized linear mixed models. The glmmADMB pack-
age (Bolker et al. 2012; Skaug et al. 2012) was used to
accommodate for zero inflated and overdispersed distri-
bution of the abundance and species richness of bees and
wasps (Crawley 2007). According to Crawley (2007) and
Devroye (1986) a negative binomial distribution was used.
Study sites were used as random factor and habitat types,
habitat location, landscape and site explanatory variables
as fixed effects.

Because most variables were correlated (Online
Resource 1), separate models for each variable were used
when testing bee and wasp abundance and richness per
month. The variables habitat type, location and number of
flowering plant species were not correlated with each other.
These variables were then analysed together, to investigate
if they play a role on bee and wasp abundance and species
richness. This model was reduced to determine which
variable showed the strongest influence. Statistical signif-
icance of model improvement compared to the null model
was tested using restricted maximum likelihood tests
(Crawley 2007). The best model fit was determined when
the explanatory variable was significantly better than the
intercept and the model significantly improved from the
null model (Crawley 2007).
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Results

Trap-nesting bee and wasp communities
along the urban—rural gradient

In total, 3,842 nests were sampled with a total of 12,248
brood cells collected from 192 trap nests (occupancy of
>13 %) over the entire study period. The samples included
20 bee species (8 111 brood cells) and 44 wasp species
(4,137 brood cells), with bees comprising 66 % and wasps
33 % of the total number of brood cells. The bee com-
munity included 12 species of Megachilidae (leaf-cutting
bees) and 8 species of Colletidae (plasterer bees) (Table 1).
The wasp community included 20 species of Eumenidae
(mason wasps), 22 species of Crabronidae (mud wasps) and
2 species of Pompilidae (spider wasps) (Table 1). The most
abundant bee species was Osmia rufa Linnaeus, 1758
(70 %), followed by Heriades truncorum (Linnaeus, 1758)
(18 %), Osmia caerulescens Linnaeus, 1758 (2.7 %) and
Hylaeus communis Nylander, 1852 (2.5 %). The most
abundant wasp species was Ancistrocerus nigricornis
(Curtis, 1826) (26 %), followed by Passaloecus corniger
Schuckard, 1837 (9 %) and Ancistrocerus gazella (Panzer,
1798) (4 %). The caterpillar-predating species (Eumeni-
nae) comprised 62.12 % of the wasp individuals.

During the peak of the rapeseed bloom in May, bees
were much more abundant in paired compared to isolated
habitats, with over 73 times more bee brood cells in paired
gardens than in isolated gardens and on average only one
bee brood cell in isolated rapeseed sites (Fig. 2a; Table 2).
Towards the end of the rapeseed bloom in June, bee
abundance decreased in paired gardens to almost half the
number of brood cells but was still significantly higher in
paired habitats compared to isolated habitats. After the
rapeseed blooming, in July and August, bee abundance was
higher in paired gardens than in paired rapeseed fields
(Table 2). After the disappearance of the rapeseed flower
resources, bees rely solely on the resources of the paired
gardens adjacent to the rapeseed fields. Towards the end of
the season in September and October, bee abundance was
similar in all habitat types and locations (Fig. 2a; Table 2).

During the peak of rapeseed bloom in May, wasp
abundance was highest in paired gardens, but did not differ
between paired and isolated rapeseed fields (Fig. 2b;
Table 2). In July, August and September, wasp abundance
was similar in all habitat types and locations (Fig. 2b;
Table 2). In October, wasp abundance was lowest in iso-
lated rapeseed fields (Table 2).

Bee species richness was overall low. In May, highest
species numbers were observed in paired habitats
(Table 2). In July, a peak in species richness was found in
paired gardens. However, in the following months, bee

species richness was similar in all habitat types (Fig. 2c;
Table 2).

Wasp species richness was highest in paired gardens in
June, but varied over the other months and different habitat
types, with peaks of six or seven species in July in isolated
gardens and October in paired gardens, respectively
(Fig. 2d; Table 2).

Comparisons of landscape and site variables

The number of flowering plant species and habitat type
were independent from the habitat location (Online
Resource 1). However, all other site and landscape vari-
ables were correlated.

Gardens and rapeseed fields in the urban—rural inter-
face were similar in all landscape characteristics. Along
the urban—rural gradient, isolated gardens have the
highest percentage of sealed areas; paired gardens and
rapeseed fields have similar intermediate values of sealed
areas, whilst isolated rapeseed fields have the lowest
percentages of sealed areas, within a 1 km radius
(Table 3).

Isolated and paired gardens were similar regarding their
age and the number of flowering plant species, but gardens
in the urban—rural interface were on average three times as
large as isolated gardens in the urban city centre. Gardens
were significantly older than rapeseed fields but smaller in
size, holding also a much higher richness of flowering plant
species than rapeseed fields (Table 3).

Spillover and temporal effects on bee and wasp
abundance and species richness

In May during the peak of rapeseed bloom, bee abundance
was influenced by habitat location (paired compared to
isolated) (Table 4), when highest bee abundances were
found in paired habitats (see also Fig. 2a for a visualiza-
tion). Towards the end of the rapeseed bloom in June, bee
abundance was still significantly influenced by habitat
location. After the rapeseed bloom in July and August, bee
abundance decreased with increasing size of the sites
(Table 4).

Wasp abundance increased from May to July but then
decreased again, with low abundances in September
(Fig. 2b). In May and July, the abundance of wasps was
positively influenced by habitat location, which was high-
est in paired habitats. However, in June, wasp abundance
was influenced by habitat type, being highest in gardens,
compared to rapeseed fields (Table 4).

In May and June, bee species richness was highest in
paired habitats, while in July, it was influenced by habitat
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Table 1 Trap-nesting bee and

Bee species Wasp species

wasp species found along an

urban—rural gradient"in and Colletidae Vespidae (Eumeninae)

aGr:rumngnt;e city of Liineburg, Hylaeus annulatus (Linnaeus, 1758) Allodynerus delphinalis (Giraud, 1866)
Hylaeus angustatus (Schenck, 1861) Allodynerus rossii (Lepeletier, 1841)
Hylaeus communis (Nylander, 1852) Ancistrocerus antilope (Panzer, 1798)
Hylaeus confusus (Nylander, 1852) Ancistrocerus claripennis (Giordani Soika, 1970)
Hylaeus difformis (Eversmann, 1852) Ancistrocerus gazella (Panzer, 1798)
Hylaeus pictipes (Nylander, 1852) Ancistrocerus nigricornis (Curtis, 1826)
Hylaeus punctatus (Brullé, 1832) Ancistrocerus parietum (Linnaeus, 1758)
Hylaeus sp. Ancistrocerus trifasciatus (Miiller, 1776)

Ancistrocerus sp.

Megachilidae Crossocerus sp.
Chelostoma rapunculi (Lepeletier, 1841) Euodynerus quadrifasciatus (Fabricius, 1793)
Heriades truncorum (Linnaeus, 1758) Euodynerus sp.
Megachile alpicola (Alfken, 1924) Microdynerus timidus (Saussure, 1856)
Megachile rotundata (Fabricius, 1787) Symmorphus bifasciatus (Linnaeus, 1761)
Megachile lapponica (Thomson, 1872) Symmorphus crassicornis (Panzer, 1798)
Megachile sp. Symmorphus fuscipes (Herrich-Schaeffer, 1838)
Megachile versicolor (Smith, 1844) Symmorphus gracilis (Brullé, 1832)
Osmia brevicornis (Fabricius, 1798) Symmorphus murarius (Linnaeus, 1758)
Osmia caerulescens (Linnaeus, 1758) Symmorphus sp. 1
Osmia leaiana (Kirby, 1802) Symmorphus sp. 2
Osmia rufa (Linnaeus, 1758)
Osmia sp. Pompilidae

Dipogon subintermedius (Magretti, 1886)
Dipogon sp.

Crabronidae

Nitela borealis (Valkeila, 1974)

Nitela sp.

Passaloecus cornirger (Shuckard, 1837)
Passaloecus eremita (Kohl, 1893)
Passaloecus gracilis (Curtis, 1834)
Passaloecus insignis (Vander Linden, 1829)
Passaloecus monilicornis (Dahlbom, 1842)
Passaloecus singularis (Dahlbom, 1844)
Passaloecus turionum (Dahlbom, 1844)
Passaloecus sp.

Passaloecus vandeli (Ribaut, 1952)
Pemphredon lugens (Dahlbom, 1842)
Pemphredon sp.

Pesenulus fuscipennis (Vikberg, 1986)
Pesenulus pallipes (Panzer, 1798)
Pesenulus sp.

Spilomena mocsaryi (Kohl, 1898)
Spilomena sp.

Trypoxylon clavicerum (Lepeletier & Serville, 1828)
Trypoxylon figulus (Linneaus, 1758)
Tryploxylon minus (de Beaumont, 1945)
Trypoxylon sp.
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Fig. 2 Temporal patterns of (a)

bee abundance (i.e. median 400 -
number of brood cells) (a), bee
species richness (i.e. median
number of species) (¢), wasp
abundance (b) and wasp species
richness (d) in two habitat
types: garden and rapeseed field,
in different habitat locations:
paired and isolated, from April
until October 2011. The shaded
area represents the period of
rapeseed flowering with the
darker grey representing the
peak of mass flowering. The tick
marks at the x-axis represent the 0 -

middle of the month. Given are ! ! ! !

300 -

200 ~

100 -

Median number of broodcells

median and median absolute 04 05 06 07

deviations (MAD). Note that
each graphic is given in a
different scale (C)

Median number of species

Month

type and habitat location, being highest in isolated and
paired gardens and paired rapeseed fields (Table 4).

Wasp species richness was influenced by habitat loca-
tion in May, which was highest in paired habitats and in
June by habitat type and location, being highest in gardens
and paired habitats (Table 4). Number of flowering plant
species had a positive influence on wasp richness in July
(Table 4).

Discussion

Trap-nesting bee and wasp communities
along an urban—rural gradient

In comparison to other trap-nesting studies in cultural
landscapes (Schiiepp et al. 2011; Steffan-Dewenter 2002),
our results showed considerably higher species richness
and abundance of bees and wasps. Almost three times as
many bee species and nearly twice as many wasp species
were found compared to Schiiepp et al. (2011), and nearly

Bees

(b) Wasps
150 -
O Urban garden

® Paired garden
® Paired field

O Rural field

100

50

(d)

10

08 09 10 04 05 06 07 08 09 10

Month

twice as many bee species and more than three times the
number of wasp species observed by Steffan-Dewenter
(2002). However, these studies were conducted in agri-
cultural mosaic landscapes and did not include urban and
suburban areas, where most of the species in the present
study were found. In contrast to the studies in agricultural
landscapes, Fetridge et al. (2008) observed 110 bee spe-
cies in 21 residential gardens in New York City in a
3 years survey, where bee flower visitors were sampled
using pan traps and hand collection. In our study, bee
species numbers observed in isolated gardens in the urban
city centre were not as high as observed by Fetridge et al.
(2008), because we only sampled trap-nesting communi-
ties in a 1 year period. But the significant differences of
species numbers between paired gardens and rapeseed
fields we detected highlight the importance of residential
gardens for bee and wasp diversity that was also shown
by Fetridge et al. (2008) and Matteson and Langellotto
(2011).

Even though rapeseed fields were considerably larger
than garden sites, they provided only scarce provisioning
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Table 2 Monthly comparisons
of bee and wasp abundance and
species richness between

Urban

Isolated garden

Interface Rural

Paired garden Paired rapeseed Isolated rapeseed

different landscape types and

their locations using Kruskal— Bee abundance

Wallis test and post hoc May 04+ 0*
multiple comparison tests June 0 + 0%
July 12 £ 17.79%
August 18.5 + 9.63*
September 0+0*
October 9 + 13.34%
Wasp abundance
May 0+ 0*
June 32.5 & 38.54%°
July 16 + 12.60%
August 19.5 4 28.91*
September 17 £ 19.27*
October 22 + 16.30°
Bee species richness
May 0+ 0%
June 0+ 0%
July 1 =+ 1.48%
August 3+ 0.74*
September 0+0*
October 1.5 £2.22°
Wasp species richness
May 0+ 0*
June 1.5 + 0.74*
Given are median and median July 4£5.18°
absolute deviation (MAD). The August 4 +593°
significant differences September 2.5 + 2.22%
(p < 0.05) are indicated with October 4 4 2.0

different lower case letters

205.5 + 169.75° 99 + 86.73" 0+0°
1475 £ 91.17° 66 + 67.45" 0+ 0°
40.5 + 23.72% 24 2.96* 0+ 0°
76.5 + 83.02° 2.5 + 3.70° 2 + 2.96°
57.5 + 55.59* 0+ 0° 3.5 +5.18°
18.5 + 8.15° 5.5 + 8.15° 8 + 5.18°
71.5 + 26.68° 10 + 14.82" 0+ 0%
23.5 + 7.41% 27 + 40.03% 0+ 0°
19 + 7.41° 22 + 22.23% 56 + 45.21%
18 + 16.30* 554 222° 5+ 7.41%
15 + 15.56" 0+0° 0+ 0°
25.5 + 15.56° 6.5 + 9.63° 31 + 29.65%
1+0° 1+0° 0+ 0°
1+0° 1+0° 04 0°
3.5 +0.74° 0.5 &+ 0.74® 0+ 0°
2.5 £ 0.74% 0.5 & 0.74* 0.5 £ 0.74
1.5 4+ 2.22° 0+0° 0.5 + 0.74°
3 + 1.48° 14148 1.5 4+ 0.74*
240° 1 4+ 0.74° 0+ 0™
34 0.74° 1.5 & 1.48° 0+ 0°
45 +0.74 2.5 +0.74° 2.5+ 1.48%
45 +220% 1+ 148" 1.5 £ 2.22%
4 4074 0+0° 0=+ 0°
5.5 + 1.48° 2 +222° 3 4+ 2.22%

resources for bees in the period after the rapeseed bloom-
ing. In contrast, gardens might provide different nesting
and provisioning resources due to their heterogeneity
(Goddard et al. 2010; Loram et al. 2011; Samnegard et al.
2011) over a long time period. Connected garden areas in
the urban-rural interface were on average three times as
large as connected garden areas in the urban landscape.
Loram et al. (2008) showed that garden size is positively
related to land-cover heterogeneity (including the number
of trees and ponds), which might explain the differences in
bee diversity we detected between gardens in urban areas
and in urban—rural interface.

The majority of studies on solitary bees and wasps in
urban areas were focused on highly urbanized landscapes
(Matteson et al. 2008; McFrederick and Le Buhn 2006;
Mclntyre and Hostetler 2001; Saure 1996; Smith et al.
2006a, b; Zanette et al. 2005) whereas the urban-rural
interface is still not well investigated (but see Fetridge et al.
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2008, Samnegard et al. 2011). Gardens in the urban-rural
interface are unique in their combination of structural and
resource heterogeneity at the local scale (within the gar-
dens) (Goddard et al. 2010; Loram et al. 2008) and also at
the landscape level (Holzschuh et al. 2010; Samnegard
et al. 2011). This combination of structural and resources
heterogeneity at local and landscape levels describe resi-
dential gardens in the urban—rural interface as important for
biodiversity of beneficial insects (Goulson et al. 2002).
Another aspect that might greatly influence the structure
of the gardens and hence the abundance and diversity of
bees and wasps is the social status of the garden owners.
Urban gardens in this study were owned by people who
were mostly full-time students or employees and the gar-
dens were usually less cared for, not well maintained and
exhibited lower plant species diversity and fewer structural
elements such as trees, shrubs or hedges. In contrast, most
gardens in the urban—rural interface were larger than urban
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Table 3 Comparison of Urban Interface Rural
landscape and site
characteristics along an urban— Isolated Paired Paired Isolated
rural gradient using Kruskal— gardens gardens rapeseed rapeseed
Wallis tests and post hoc
multiple comparison tests Landscape variables
Agricultural area 1+23° 39.8 £ 11.1° 43.1 + 14.5° 63.7 & 14.4°
(%)
Sealed areas (%) 79.1 £+ 4.1° 40.2 £ 4.6° 37.8 + 8.4° 54 5°
Forest (%) 1.5+ 1.9* 11 + 8° 12.1 + 8.3° 254 £+ 14.3°
Site variables
Given are mean and standard Size of site (m?) 6,860 £ 4,117% 18,817 & 8442° 3,572,505 + 188,595 327,343 + 141,239°
deviation. The significant Age of site (years)  34.83 + 18.4° 22 £ 14.2° 1+0° 1+0°
differences (P < 0.05) are #Flowering plants 157 + 10.5° 146 + 6.9° 1 +0P 1+0°
indicated with different lower .
species
case letters
Table 4 Summary of the Significant models LRT
effects on bee and wasp
abundance and species richness Explanatory variables Log(L) npar Deviance df P value
in trap nests along an urban—
rural gradient Bee abundance
May Habitat location —-97.837 4 39.386 1 <0.001
June Habitat location —97.162 5 4.4906 1 <0.05
July Size of site —82.507 5 10.082 1 <0.01
August Size of site —98.837 5 37.781 1 <0.001
September Null model —66.171 3
October Null model —87.37 3
Wasp abundance
May Habitat location —76.202 3 <0.01
June Habitat type —86.332 4 3.4908 0 <0.0001
July Habitat location —113.75 4 4.072 1 <0.05
August Size of site —86.040 4 4.505 1 <0.05
September Size of site —65.955 4 68.911 0 <0.001
October Null model —95.533 3
Bee species richness
May Habitat location —18.818 4 10.121 1 <0.01
June Habitat location —26.784 4 13.432 1 <0.001
July Habitat type + habitat location —34.684 5 6.1422 1 <0.05
August Size of site —31.765 4 2.3566 0 <0.001
September Null model —34.303 3
The first column shows the October o Null model —48.368 3
response variable for the Wasp species richness
respective time. Only significant May Habitat location —23.671 4 8.701 1 <0.01
mocllels are givenbvlvith the June Habitat type + habitat location 29538 5 7.7534 1 <001
explanatory variables, Log . . _
Likelihood (Log(L)) and July Flowering plant species 50.844 4 10.803 1 <0.001
number of parameters (npar). August Size of site —51.465 4 5.8248 1 <0.05
Differences to the Null model September  Size of site —38.887 4 5.6436 0 <0.001
were tested using the Likelihood October Habitat type 51282 5 52538 1 <005

ratio test (LRT)
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gardens and were owned by retirees who dedicated more
time to maintaining their gardens, making it a daily task.
Therefore, gardens in the urban—rural interface exhibited
higher plant species richness, more structural features like
trees, hedges, shrubs or pond vegetation, providing more
resources for bees and wasps (Pereira-Peixoto, personal
communication).

In the urban—rural interface, gardens seemed to be a
status symbol, confirming Gross and Lane (2007) and
reflecting a personal relationship with nature, corroborating
Goddard et al. (2010).

Spillover of bees and the role of mass flowering crops
in the urban—rural interface

Our findings indicate a spillover of bees between paired
gardens and rapeseed fields during the mass flowering of
rapeseed, but not at other times in the study period, with
exceptionally high bee abundance across the urban—rural
interface. The overall abundance of bees in the urban—rural
interface (paired gardens and rapeseed fields) indicates that
bees from paired gardens are attracted to the adjacent mass-
flowering resource and build their nests in the paired
rapeseed field, resulting in an increase of the local bee
population in the field. Therefore, bees benefit from the
diversity of plant and nesting resources in gardens and the
mass-flowering resource from the rapeseed in the blooming
period. This highlights that in paired habitats, spillover is
mediated by an overabundance of feeding resources in one
habitat (i.e. rapeseed fields), benefiting bee populations in
the other habitat without this feeding resource (i.e. garden).
In turn, gardens contain a much higher diversity of plants
and structural elements, therefore providing a high abun-
dance of nesting resources compared to the rapeseed fields
in the habitat pairs. Furthermore, the trap nests in the
gardens might even supplement garden nesting resources.
It is important to point out that we provided artificial nests
which were not in the rapeseed fields before. Usually bees
would not nest in the rapeseed fields (due to a lack of
available cavities) but in the gardens. However, they would
still spill over to the rapeseed fields for feeding resources
and would return to their nesting site. By providing nesting
resources in the rapeseed field, we captured a part of the
pollinator community that had not started building nests in
the garden but might originate from there. The increased
pollinator populations in both adjacent habitat types can
enhance pollination in the nearby paired rapeseed fields
(Samnegard et al. 2011; Stanley et al. 2013), potentially
leading to higher yield in some rapeseed varieties (Hude-
wenz et al. 2013).

After the rapeseed blooming, bee abundance consider-
ably decreased in paired gardens and rapeseed fields but
maintained the same levels in isolated gardens and isolated
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rapeseed fields. The strong decline in the paired habitats
followed the disappearance of the overabundance of pollen
and nectar provided by the mass flowering rapeseed field.
Even though rapeseed flowering also ceased in the isolated
rapeseed fields, population levels did not drop significantly
because they were already at low levels. The resources still
being provided by other plants (e.g. weeds or herbs in the
surrounding semi-natural habitat) might have been suffi-
cient to maintain the existing bee populations.

A spillover of wasps across the urban—rural interface in
response to the mass flowering of rapeseed fields was not
observed. In the paired habitats, wasp abundance was only
high in gardens and did not extend across the urban—rural
interface into the rapeseed fields. Solitary wasps are known
to cover distances of up to 750 m (Krewenka et al. 2010).
Thus, even though wasps might benefit from feeding
resources in the neighbouring rapeseed fields, they may
prefer nesting in more heterogenic habitats such as gardens.
In addition, wasps do not collect pollen for feeding their
offspring, therefore they do not depend on the mass pollen
production of rapeseed fields. However, because of the
wasps’ flight capacity, gardens in the urban—rural interface
could still be a potential source of predator wasps for
rapeseed fields in the urban-rural interface, which might
promote natural pest control in crops (Matteson and
Langellotto 2011; Thies et al. 2005). Wasp species diver-
sity was positively influenced by flowering plant species
richness in July, which was provided by gardens rather than
rapeseed fields. Most of the wasp species we identified feed
on herbivorous insects and herbivores may rely on more
diverse plant resources compared to monocultures (Scher-
ber et al. 20006).

Our results show that bees spill over from gardens to
adjacent rapeseed fields during rapeseed bloom and from
rapeseed fields to adjacent gardens for flower and nesting
resources after the period of rapeseed blooming. These
results also support Goulson et al. (2010), who show that
crops cultivated within 1 km of gardens are likely to
receive more visits from bumblebees, whose nests are in
these gardens. Some site characteristics (age of the sites
and number of flowering plant species) were more similar
in similarly managed habitats (i.e. gardens versus rapeseed
fields), whereas landscape characteristics (percentage of
arable fields, percentage of sealed areas and percentage of
forests) were more similar in paired than in isolated habi-
tats. Hennig and Ghazoul (2012) found that at the land-
scape scale in urban areas, spatial factors like edge density
and the extent of green area had a positive impact on bee
diversity, potentially influencing their foraging behaviour
and therefore potential services to plant species within the
urban environment. At the local scale, plant diversity and
flower abundance influenced diversity and visits of bees.
The influence of habitat location on bee and wasp
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abundance and richness might therefore be an indirect
combined effect of landscape and site characteristics
(Loram et al. 2008; Wojcik and McBride 2011).

In July, the period after blooming, one isolated rapeseed
field site showed a peak in wasp abundance. Most wasp
species we identified from trap nests in this field were
wasps feeding on caterpillars. This particular field site was
located close to a small semi-natural area of trees, shrubs
and grassland, which might have provided abundant prey
and nest conditions, explaining the high wasp abundance.

Our study shows that gardens and rapeseed fields in the
urban—rural interface both serve as source of nesting and
provisioning resources for bees at different times. For wasps,
rapeseed fields were of minor importance as nesting and
provisioning resource, compared to gardens. We highlight
the occurrence of spillover of bees in the urban—rural
interface due to the mismatch of nesting and feeding
resources during the mass flowering of an agricultural crop.
Bee populations in the urban—rural interface benefit from the
mass flowering in rapeseed fields as well as the nesting
resources provided from gardens paired with rapeseed fields.

Gardens, as heterogeneous habitat, support crop pollin-
ators especially after the harvest of the crop fields. Hence,
gardens in the urban—rural interface play an invaluable role
for biodiversity and also provide important ecosystem
services like pollination or natural pest control, benefiting
not only the garden owner but also nearby agricultural
Crops.
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