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The ability of insects to persist in urban greenspace depends on their ability to usefully
interact with available plant resources. Greenspace design influences plant–insect
interactions by: (1) limiting the plant-species pool available for interaction through plant
choice, (2) limiting the insects that are available for interaction through site-occupancy
dynamics, and (3) mediating insect preferences based on the context of particular plant–
insect interactions through structural barriers, microclimatic changes or competition. We
designed an experiment to measure the effect of greenspace design attributes on site
occupancy and insect preferences while keeping plant availability constant. Using a set
of five functionally distinct flowering plant species (“phytometres”), we used occupancy-
detection modelling to test factors affecting probability of visitation for eight groups of
pollinating insects (ants, beetles, butterflies, bumblebees, honeybees, small bees, and
hoverflies amend other flies) across 102 urban squares in Munich, Germany. We found
that the probability of detecting an interaction was low for most functional groups, and
situational factors, such as weather or competition from co-occurring flowers, were the
primary drivers of visitation. Increasing the proportion of unsealed surfaces and quantity
or diversity of flowers on the site had a positive influence on the probability of interaction,
and, to a lesser extent, on probability of occupancy. Landscape connectivity and site
area were important for only a few groups. Together, our results suggest that small-
scale habitat conditions are more important than site context for influencing pollinator
visitation. Designers can encourage interaction through contiguous provision of floral
resources and unsealed surfaces while limiting internal barriers.

Keywords: pollinator, greenspace design, detection, occupancy, floral resources, interaction

INTRODUCTION

With increasing concern about declines of biodiversity in rural and natural habitats (IPBES,
2019), urban green spaces are being increasingly investigated for their potential to provide habitat
resources for wildlife (Garrard et al., 2018). While the process of urbanisation is well known to lead
to habitat loss and species extinctions (Faeth et al., 2011), studies show that rare and threatened
insect species can use urban habitats (Kadas, 2006; Jones and Leather, 2013). This has led to a focus
on designing green space for the benefit of biodiversity and much research has been undertaken
to understand which factors influence the persistence and maintenance of animals in urban green
spaces [reviewed in Jones and Leather (2013) and Beninde et al. (2015)].
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Of particular focus have been pollinators, whose charisma
has won the hearts of many city dwellers, and for which floral
resources can be readily provided even in small greenspace
areas (Harrison and Winfree, 2015; Hall et al., 2017). Due to
the consistent availability of floral resources, the abundance
of pollinators in urban areas can be quite high (Lowenstein
et al., 2014) but is mediated by landscape context (Steffan-
Dewenter et al., 2002) and provision of appropriate nesting
resources (Murray et al., 2009; Lowenstein et al., 2014; Theodorou
et al., 2016). Urban areas may also offer refuge from the
negative impacts of high pesticide use agricultural areas (Hall
et al., 2017), but not all pollinators are able to take advantage
of these abundant resources (Theodorou et al., 2020). For
example, large-bodied beetles with low dispersal ability, and
pollinators with more specialised diets are particularly susceptible
to the negative impacts of urbanisation (Jones and Leather,
2013). For bees, it is small-bodied individuals, and open-
flower specialists that decrease in abundance and richness in
highly urbanised areas (Geslin et al., 2013). Loss of habitat,
particularly nesting resources, still drives the decline of many
species in urban areas (Theodorou et al., 2020) suggesting
these abundant resources may not be appropriately catering for
pollinator requirements.

Urbanisation not only influences the prevalence of pollinators
in urban green spaces but may have flow-on effects for
the structure and functioning of plant–pollinator interaction
networks (Harrison and Winfree, 2015). As a result of high
plant diversity, urban pollinators forage on a greater diversity of
plant species compared to rural counterparts (Geslin et al., 2013;
Jedrzejewska-Szmek and Zych, 2013), but are likely to forage on a
smaller proportion of the total available plant species (Baldock
et al., 2015). Fragmentation of urban habitats may disrupt
dispersal between habitat patches and tends to favour species with
small home ranges or high dispersal capacity (Jones and Leather,
2013; Hall et al., 2017). These changes to interaction patterns
can influence provision of pollination services. For example,
Pellissier et al. (2012) found lower pollination success in urban
areas related to negative impacts of fragmentation on pollinator
visitation. Similarly, a decrease in diversity of pollinators in
urban gardens has been linked to decreased fruit and seed sets
(Lowenstein et al., 2015).

Understanding the factors influencing changes in plant–
pollinator interactions in urban greenspaces is useful for
understanding how to enhance diversity and function of
pollinators in newly created greenspaces (Harrison and Winfree,
2015; Daniels et al., 2020). Creation of greenspaces without
consideration of these factors runs the risk of making functionally
useless spaces for pollinators, either because they cannot or
will not interact with them. In addition, it is through the
interaction of plants and insects that many ecosystem services
are achieved (e.g., pollination, pest control, and decomposition).
Many insect species will not be present at a site without
their specific plant hosts, nor plants without their specific
pollinators (Bascompte and Jordano, 2007). It is thus a goal of
urban green space design to create and maintain networks of
interacting species for two reasons: ecosystem service provision
and biodiversity conservation.

Different greenspace designs encourage different
combinations of plant–insect interactions. For a given pollinator
to successfully utilise green space resources, it must be able to
persist on site or to disperse to it; the plants must provide a
viable resource the pollinator can use; and the pollinator must
choose to use those plant resources (Harrison and Winfree,
2015). Thus, green space design can influence plant–pollinator
interactions via changes to plant availability, pollinator presence,
or pollinator preferences (Figure 1). Presence of plants on site
is directly influenced by plant choice and weed management by
landscape designers. Presence of insects on site is affected by site
design and landscape context (Mata et al., 2014; Threlfall et al.,
2015; Threlfall et al., 2017) and may be modulated by retention
or provision of habitat as a result of plant selection (e.g., presence
of flowering plants, or nesting resources). Insects available on
a site may also depend on the local species pool, which can be
modified by historical land use changes (Alberti, 2015).

The joint presence of a given insect and plant on a site does not
guarantee an interaction will occur. The probability that a given
plant and insect on site interact depends on the match between
plant traits and insect requirements and may be modulated
by relative competition from co-occurring plants (Lázaro and
Totland, 2010; Hennig and Ghazoul, 2011) and other insects
(Prendergast et al., 2021). Pollinator activity is also influenced by
climatic conditions or microclimatic factors such as temperature
or wind (Corbet et al., 1993; Inouye et al., 2015), that may be
controlled for by careful design of shading or wind breaks. For
example, direct radiation increases pollinator visitation (Clarke
and Robert, 2018), and areas that are too shaded, or too cold may
have lower visitation despite presence of abundant resources.

Teasing apart the different processes affecting plant–insect
interactions is difficult due to the inherent variability of urban
study sites such that no two sites are alike. This can be
somewhat countered by high levels of site replication, but that
is often difficult to achieve in highly urbanised areas (Mühlbauer
et al., 2021). Alternatively, experimental approaches using plant
“phytometres” can account for variation in plant availability and
narrow the scope of study to only insect-dependent processes
(Figure 1). Plant “phytometres” or “biomonitors” (Lower et al.,
1997; Dietrich et al., 2013) involve the use of plants as tools to
measure environmental changes, through monitoring changes in
the plant traits or physiology. Phytometres are usually selected to
control for traits of interest, including use of genetically identical
clones when trying to understand influence of environmental
variables on plant growth (Dietrich et al., 2013). This approach
has been increasingly used to provide a constant flowering
resource across sites to measure pollinator activity (Lowenstein
et al., 2014), pollinator limitation (Williams and Winfree, 2013;
Holt et al., 2014) and pollination services (Albrecht et al., 2007;
Woodcock et al., 2014) in agricultural, rural and urban contexts
(Supplementary Table 1).

Despite its increasing popularity, phytometre techniques
have been underutilised in greenspace design contexts.
Experimentation with different plant assemblages can be
expensive and risky for local governments, and phytometre
methods allow for temporary installation of plants to test
hypotheses about insect community dynamics and resource
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FIGURE 1 | Processes influencing plant–insect interactions in urban greenspaces, and design interventions that can influence these processes (left-hand text).
Greenspace design can influence the availability of plants and insects on a site, through plant choice, design and management practices. The presence of both
insect and plant does not guarantee an interaction and is influenced by the match between plant traits and insect preferences but may also be mediated by site
variables that affect internal movement patterns or competition for resources, as well as climatic conditions that influence insect activity.

preferences. For example, phytometres can be used to measure
the activity and diversity of the pollinator community (e.g.,
Geslin et al., 2013) and relate visitation rates to landscape
attributes (e.g., fragmentation, Hennig and Ghazoul, 2011)
or functional outcomes, i.e., measures of fruit production
(Pellissier et al., 2012), seed set (Albrecht et al., 2007), or other
surrogates for pollination efficiency. Alternatively, phytometres
can be used to measure changes in pollinator preferences and
behaviour (Lázaro and Totland, 2010) in relation to changes in
the plant community. This includes using network approaches
to understand patterns of generalism, competition between
co-occurring plant species, or changes to network structure
(Geslin et al., 2013; Daniels et al., 2020).

Pollinator visitation, as measured on a phytometre, is actually
the result of two processes: the presence or not of the
insect on the site as a result of site and landscape context
factors, and the preference for the insect to utilise phytometre
resources in relation to the competitive environment and insect
activity. Thus, there is some probability that you may not
detect an insect on a phytometre despite its presence on a
site. Detection probability is a central issue in observational
approaches to plant–insect interactions, and drives space for
time trade-offs for pollination ecology methods (Westphal
et al., 2008). Not accounting for detection probability may
lead to incorrect inferences about pollinator behaviour or site
preferences (Guillera-Arroita et al., 2014), especially because
resource use is a probabilistically driven event that relies on
encountering a given resource (Lele et al., 2013). While a number
of studies have used phytometres to compare pollinator diversity
and abundance in relation to landscape (Hennig and Ghazoul,
2011; Pellissier et al., 2012; Lowenstein et al., 2014) and site
attributes (Williams and Winfree, 2013; Theodorou et al., 2016),
phytometre techniques have yet to be integrated with occupancy-
detection modelling approaches.

Here, we use occupancy-detection modelling combined with a
phytometre approach to investigate local and landscape factors

influencing pollinator visitation in public squares of Munich.
As in previous studies, we expect that pollinators will be more
likely to exist on sites with highly diverse flowers, more nesting
resources (Theodorou et al., 2016), and in locations with a
greater proportion of surrounding greenspace (Hennig and
Ghazoul, 2011). The probability we will observe an interaction
will depend on the presence of the insect on the site but
will be higher when there is greater insect activity, e.g., on
sunny days with moderate temperatures, or areas with direct
sunlight (Corbet et al., 1993; Inouye et al., 2015). Detection of
an interaction will also depend on the preference of the insect
to utilise phytometre resources in relation to the competitive
environment (Lázaro and Totland, 2010; Hennig and Ghazoul,
2011), i.e., the diversity and abundance of other floral resources
in the vicinity.

MATERIALS AND METHODS

Study Sites
Study sites were located in public squares (“Plätze”) in Munich,
the third largest city in Germany. There are over 800 public
squares present across Munich. A subset of these public squares
have been characterised and studied for the effect of structural
and contextual attributes on bird diversity (Mühlbauer et al.,
2021). Sites were selected that (i) had a formal name (so are
a formally recognised unit in planning), and (ii) varied in
their landscape context (e.g., distance from the city centre, and
surrounding greenspace) and physical attributes (e.g., area, floral
displays, shrub volume, tree diversity and abundance, unsealed
surface proportion). Our study samples pollinator visitation
across 102 of these sites.

Experimental Design
Temporary experimental plots consisting of five flowering plants
(each of a different plant species) were used to generate an
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artificial but comparable plant community “phytometre” (Lower
et al., 1997) across the 102 sites. This experimental approach
was favoured over observing existing plant–pollinator networks
because some squares contained no vegetation, and the large
seasonality of flowering plants in Munich, including ongoing
maintenance to change flower beds, meant that the same plants
might not be able to be sampled more than once per square.
Also, controlling for plant identity across squares allows for
separation of the influence of structural attributes and presence
of particular plant species.

The phytometre set consisted of five plant species (Table 1)
representing different plant families and a variety of flower types
to attract a wide breadth of pollinators. Plant species were chosen
on the basis of their morphological features rather than their
origin status (i.e., native or exotic) and were severely limited
by commercial nursery availability. All plants included in the
study were not historically present (i.e., are exotic) to the Munich
region, but this was not by design. Combinations of flower
shape and colour were chosen after reviewing the literature on
pollination syndromes (Fenster et al., 2004; Faegri and Van Der
Pijl, 2013), to offer attractive options to pollinators with different
flower preferences. This is similar to pan trap approaches where
varying colour is used to maximise the diversity of insects
collected (Vrdoljak, 2012). Flower shape was varied such that
half of the flowers contained either open (easily accessible floral
resources) or tubular flowers (which select for insects with longer
mouthparts), to attract pollinators with varied flower handling
strategies (Geslin et al., 2013). Flower colour was then matched
to these shapes according to expected pollinator preferences.
Unfortunately, after the first round of sampling all individuals
of one species (Lobularia maritima) were affected by weevil
infestation and were no longer available as mature flowering
plants in local nurseries. As phytometres were chosen using
functional types, a replacement species was chosen within similar

flower morphology (small, white, open flower) and expected
pollinator compatibility.

Due to the variation in floral form and shape, standardisation
of floral resources per plant was difficult. Visual assessment of
floral coverage was used in selection of plant individuals for use
during a given sampling period with the goal of choosing healthy
plants with newly open flowers. In all cases, the total number of
distinct floral units was counted to account for variations in floral
offering. These units were considered as the unit of attraction
for a pollinator and varied per species, i.e., this consisted of
individual flowers for large simple flowers like Nicotiana and
Lobelia, composite flower heads for Sanvitalia, and single flowers
on an inflorescence of Salvia, Lobularia, and Euphorbia.

Data Collection
All sites were sampled for pollinators on three occasions between
May and July 2018 (approximately once per month over a period
of 10 weeks). Plant phytometres were placed on the site in a
straight row (Figure 2) in a random order, approximately 25 cm
apart. Placement on the site was decided using the following
placement rules:

(1) As close to the centre as possible.
(2) Shift to the nearest open space (no tree cover).
(3) Place in sunny position.

Sun was prioritised over sky view such that plants could
be placed under edge of canopy of trees depending on the
angle of the sun and shadow coverage. Considering time
of day, prevailing shadow and individual interpretation in
the placement, the placement was slightly different on each
sampling occasion.

Plants were acclimatised for a period of 30 min before
beginning a 30-min observation period. All flower visitors
attracted to the phytometre plants within the observation period

TABLE 1 | Plant species selected as phytometres.

Species Family Flower shape Flower colour Flower unit Plant origin** Expected pollinator groups

Euphorbia hypericifolia* Euphorbiaceae Open White Individual Tropical and
subtropical America

Small bodied bees, ants, bugs,
beetles, and flies

Lobularia maritima* Brassicaceae Open White Individual West and Central
Mediterranean to Sinai

Small bees, ants, bugs, beetles,
and flies

Sanvitalia procumbens Asteraceae Open Yellow Composite Mexico to
Guatemala

All kinds of bees and wasps

Lobelia erinus Campanulaceae Tubular Blue Individual Tropical and
South Africa

All kinds of bees and butterflies

Nicotiana sanderae Solanaceae Tubular Pink Individual Artificial hybrid Bumblebees (long tongued) and
butterflies

Salvia procumbens Lamiaceae Tubular Purple Individual South Florida to Caribbean,
Mexico to Western South
America

All kinds of bees

Species were selected based on flower morphology and were primarily distinguished between open flowers (shaded grey), and tubular shaped flowers which
describe accessibility of floral resources to pollinators. All species are ornamental species commercially available and commonly used for planting in gardens and on
balconies in Munich.
*Only one white open flower was used in each round. L. maritima was used in the first round of sampling, and E. hypericifolia was used in the latter two rounds.
**None of the plants historically occur within Munich, and are considered exotic to this region, but many are naturalised on continental Europe. Plant origin after Royal
Botanic Gardens Kew; www.plantsoftheworldonline.org.
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FIGURE 2 | Placement of plant phytometres in Munich Squares. Plants were placed equal distances apart, but the wide-angle lens may distort configuration as
pictured here. Only one white flowered plant was used in each sampling period. Lobularia was used in the first round of sampling and was then replaced with
Euphorbia in the latter two rounds. Placement order was randomised for each site.

were recorded, and classified into the following eight functional
groups based on their flower type preferences and flower
handling strategies: beetles (Coleoptera), true bugs (Heteroptera),
wasps (Vespidae), large bees (the Bumblebee group, including
Bombus spp. and members of the Megachillidae family), medium
sized bees (the “Honeybee” group, including the European
honeybee, Apis melifera, and similar sized species such as
Andrenidae which are easy to mistake for honeybees), small bees
(e.g., sweat bees, family Halictidae, and white-faced bees, Hylaeus
sp.), hoverflies (Syrphidae), and “Other flies” (other Diptera).
These groups are akin to those used previously in the literature
(e.g., Geslin et al., 2013) and are thought to represent ecologically
relevant distinctions for selection pressure on flower morphology
(pers. comm. Dr. Andreas Fleischmann). A “pollination visit”
was defined as the insect being observed touching or handling
the sexual parts of the flower, as documented in previous
studies of plant–pollinator networks (e.g., Geslin et al., 2013).
Plants were also monitored during the initial acclimatisation to
record the first pollinator to arrive, its functional group and
plant preference.

During each sampling event, the visitation frequency of each
pollinator group was recorded together with weather variables
such as temperature and humidity (Table 2), which were taken
using a handheld weather device. The floral abundance and
richness of local flowering plants was measured within a 3-m
diameter from the central plant in the phytometre set. The local
attributes of the urban squares have been previously characterised
(Mühlbauer et al., 2021). For use in our analysis, we selected
variables related to habitat quantity (site size, unsealed surface
proportion) or quality (tree richness and abundance, shrub
volume, presence of water) and landscape context (distance to
city centre and NDVI within 1,000 m). The floral information
in this dataset was not complete, and three new variables related
to floral resources were derived using site photos and landscape
imagery. First, the presence of any kind of floral resources was
recorded (“Any Flowers”), and then split into separate categories
for presence of formal flower beds or pots (“Formal Flowers”),
and grass-dwelling flowering weeds (“Grass Flowers”). More
information and units for each of the final explanatory variables
are given in Table 2.
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TABLE 2 | Variables used in occupancy-detection modelling, the category of
variation they explain and whether they are expected to influence probability of
interaction (detection) or occupancy on the phytometre.

Variable Units Category Influences

Size Log10 (m2) Habitat/landscape
context

Occupancy

Proportion of
unsealed
surfaces

% Habitat Occupancy

Shrub volume m3/m2 Habitat Occupancy

Tree richness Number of species Habitat Occupancy

Any flowers 1 = flowers present,
0 = none

Habitat Occupancy

Grass flowers 1 = grass flowers present,
0 = none

Habitat Occupancy

Formal flowers 1 = flower beds present,
0 = none

Habitat Occupancy

Green buffer Proportion of vegetation
within a 1,000 m buffer
around centre of the site

Landscape context Occupancy

Flower
abundance

Log10 (count) Floral competition Detection

Flower richness Number of species Floral competition Detection

Floral offer Sum of floral units on the
phytometre

Floral competition Detection

Temperature Degrees Celsius Weather Detection

Cloud cover Overcast = complete cloud
cover

Weather Detection

Partly = some cloud, some
sun

Sun ≤5% of the sky is
clouds (none visible)

Average wind m/s at chest height Weather Detection

Placement Surface where phytometre
was placed:

Observation bias Detection

Sealed = concrete or
sealed cobblestone

Unsealed = grass, gravel,
sand

Person Observer identity; AF or KB Observation bias Detection

Hour Integer Observation bias Detection

Sampling round Integer Observation bias Detection

“Habitat” variables influence the presence or availability of nesting and foraging
resources on a site; “Landscape Context” variables describe the distribution of
resources across the landscape in relation to the site; “Floral Competition” variables
describe the floral resources within 3 m of the phytometre.

Statistical Analyses
Pollinator Preferences
To compare whether our plant phytometres performed as
expected given plant pollinator syndrome literature, we
calculated the proportion of interactions for a given plant–
pollinator pair across all sites. The density of associations was
visualised as an adjacency matrix calculated using the igraph
package (Csardi and Nepusz, 2006).

Occupancy-Detection Models
Data exploration was carried out according to the protocol in
Zuur et al. (2010). This initial exploration included checking for

normality, variance, outliers, and collinearity (r > 0.7) among
explanatory variables. Where multiple explanatory variables were
correlated, only one was chosen to be included in the final models.
Variables that were excluded from further analysis during this
process were: tree abundance, diversity and density (correlated
with tree richness); humidity (correlated with temperature);
NDVI of the site, sealed and grass surface proportion (correlated
with unsealed surface proportion); and presence of water
(not enough sites contained water). Similarly, flower richness
and abundance were correlated, but considered to represent
different aspect of flower competition. Both were included in
the modelling process, but models including both variables were
considered to be overfitted.

Single season, occupancy-detection models were built for each
pollinator group to model the probability of visitation in relation
to local and landscape attributes. Since we are likely to have
observed the same individual across multiple plants, we pooled
visitation across all plant phytometres to calculate occupancy. We
assume that this pooled occupancy is equivalent to occupancy on
the site, since interaction with any of our phytometres indicates it
is present on the site as a whole. Considering our acclimatisation
period is short, we may include presence of transient visitors in
our occupancy estimates. Thus, we use occupancy of a site in the
broad sense of presence on site, and not to indicate residency.
We acknowledge that there may be false negatives given there
is a probability that the pollinator is present but not interacting
with our phytometre plants. Hence, we include probability of
detection in our models.

We take the probability of visitation to our phytometre on
a given site (yij) to be a function of the existence of an insect
on site (zi) and the probability of an interaction occurring given
that the insect is present (pij; Eq. 1). The binary existence of the
insect on the site is related to its probability of occupancy. We
modelled the probability of occupancy (9 i) of a given pollinator
group as a function of habitat resources and context of the site
within the landscape (Eq. 2). We modelled the probability of the
insect interacting with our phytometre as a function of sampling
weather, and the density and diversity of local floral resources
(Eq. 3), which are expected to influence activity patterns and
competition for visitation (Theodorou et al., 2016), respectively.
Sampling biases may influence our ability to detect an interaction
(e.g., observer effects, Johnston et al., 2018), so we included co-
variates such as placement surface, time of day, and sampling
round. A schematic of the model formulae is given below, and
categories of covariates are used for simplicity. Further details of
explanatory variables are given in Table 2.

yij=Bernoulli(zi+ pij) (1)

zi=Bernoulli(9 i)

logit (φi) = α0+ β1×Habitat+ β2× Landscape Context (2)

logit (pi)= α0+ β1×Observer Bias+ β2× Floral Resources

+ β3×Weather (3)

All data exploration and analyses were carried out in R 4.0.2
(R Core Team, 2020). Data-wrangling and pre-processing was
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carried out using dplyr (Wickham et al., 2020) and reshape
2 (Wickham, 2007) packages. Occupancy models were built
using the occu function in the unmarked package (Fiske and
Chandler, 2011). To avoid testing all possible combinations,
we used a multi-step hypothesis driven approach. First, we
built detection-only models to select the variables that best
explained probability of interaction (pi) for each functional group
and held this constant for subsequent testing of site variables.
In the second stage, we examined single-variable occupancy
models for biologically relevant variation in occupancy (crossing
the 0.5 threshold), and used these variables to build multi-
variate models under three broad concepts: (1) a Local Habitat
Model – including floral resources, area; (2) a Landscape Context
Model – including site area, distance to the city and surrounding
greenspace; and (3) a Full Model combining all local and
landscape variables.

Models were compared using Akaike’s Information Criterion
(AIC) and R2, and the best model for each functional group
was selected as the model with the highest R2 within 12 of the
model with the lowest AIC. Model fit was then confirmed using
the MacKenzie-Bailey Goodness of Fit test (MacKenzie et al.,
2005), as well as visual inspection of residuals for normality and
homoscedasticity. Goodness of fit tests and model comparisons
were performed using the AICcmodavg package (Mazerolle,
2020). Dunn-Smyth residuals were constructed separately for
occupancy and detection components of the model using code
modified from Warton et al. (2017).

RESULTS

A total of 2,654 interactions were observed across all sites and
all three sampling rounds. Most pollinator taxa were observed to
interact at least once with each plant type, with few exceptions.
Ants and bugs never interacted with Nicotiana, bumblebees
did not interact with either white flowered plant, and bugs
and butterflies were not observed on Lobelia. Some interactions
occurred at only one site, such as beetles interacting with Saliva or
butterflies interacting with Nicotiana (Supplementary Table 2).

Consistent plant preferences (i.e., a high density of
interactions between certain plant–pollinator pairs) were
observed for several taxa (Figure 3). For example, beetles were
only ever seen as adults on white flowers of Lobularia, but larvae
were occasionally observed to interact with flowers on Lobelia.
Ants were also most commonly observed on both species of the
white plant functional class. All bees, in particular small bees,
showed strong associations with Lobelia and Salvia.

Detection rate was low for all functional groups, with a high
number of single detections for each group at a given site, and
some groups having only a handful of detections across the
whole sampling period (Supplementary Table 3). Small bees
were the most commonly observed functional group (96% of
sites), followed by hoverflies (85%) and honeybees (67%). Both
beetles (Coleoptera) and bugs (Heteroptera) were only detected
once on any given site, and butterflies were only detected twice on
one occasion. Due to low detection, occupancy-detection models
were unable to be built for bugs (Heteroptera).

Occupancy models explained between 15 and 53% of
variation in pollinator visitation. All final models passed
goodness of fit checks (statistics reported in Figure 4), and
there were no patterns visible in the residuals. Main effects
are highlighted in Figures 4, 5, but additional information
on coefficients and their standard deviation (Supplementary
Table 4), graphs for each functional group across all variables
(Supplementary Figures 1, 2) and predicted occupancy and
interaction probability (Supplementary Figure 3) can be found
in the Supplementary Material.

Changes in Occupancy Across Sites
Provision of unsealed surface, and presence of floral resources
increased the probability of occupancy for almost half of the
insect groups: hoverflies, wasps, butterflies and “other flies”
(Figure 4). While butterflies responded to the presence of
any flower, “other flies” specifically increased in response to
presence of grass flowers (Figures 5A,B, respectively). Only two
taxa showed strong relationships with site area: hoverflies were
more prevalent on larger sites, but ants showed the opposite
relationship. Wasps were the only group to have shrub volume
included in the final model. Tree richness was not included
in the final models for any functional group, but trends were
present for ants and wasps since it was highly correlated
(∼r = 0.6) with unsealed surface proportion and shrub volume.
Very few taxa responded to landscape context variables, and
those that did showed contrasting results. While beetles and
butterflies increased probability of occupancy with increasing
proportion of vegetation, the probability of occupancy declined
for honeybees (Figure 4).

For all groups, there was a stronger influence of site context
on variation in probability of interaction rather than changes
in occupancy, such that some groups (including bumblebees
and small bees) were predicted to occur across all sites
(Supplementary Figure 3). For those that showed strong
relationships with site variables, often there were low thresholds.
For example, wasps increased in occupancy with increasing shrub
volume but reached 100% occupancy probability with very low
increases in shrub volume of 0.1 m2/m3 (Figure 5C). Wasps
are also predicted to occur on sites with >25% unsealed surface
proportion (Figure 5D). Similarly, beetles reached a maximum
probability of occupancy when proportion of green was above
25%, respectively (Figure 5E).

Factors Affecting Interaction Probability
Overall, placement on unsealed surfaces with abundant
and diverse flowers in the surrounding 3 m increased the
probability of interaction for all taxa, excluding butterflies, which
only responded to floral resources on the phytometre itself
(Figures 4, 5F–H). Butterflies and hoverflies decreased their
probability of detecting an interaction as the floral abundance
on the phytometre increased, likely as a result of search identity
issues. The probability of detecting an interaction for ants and
beetles was highest during the first round of sampling when the
floral offer was also highest.

Honeybees and bumblebees were not influenced by
temperature, wind or time of day, but were more likely to
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FIGURE 3 | Meta-network of plant–insect interactions across all sites. Weighting of each pairing is given using the number of sites at which the pair was observed to
interact, the darker the colour the more consistent the interaction.

be seen interacting on days with at least partial sun (i.e., limited
cloud cover). Small bees were more likely to be seen interacting
on warmer days, but hoverflies were more often detected
interacting in colder temperatures (Figures 5I,J). Wind speed
did not appear in the final models for most taxa but had a
significant negative influence on probability of detection an
interaction for butterflies and “other flies.”

All groups showed variation in detection probability across
sampling rounds. Beetles, ants, and “other flies” were primarily
observed during the first round of sampling. Bumblebees
increased detection probability over the sampling season, with
each subsequent round having higher detection than the last,
whereas hoverflies and butterflies were more likely to be detected
on second round of sampling (Supplementary Figure 2).

DISCUSSION

We have generated a substantial dataset investigating the
influence of greenspace design and landscape context on plant–
insect interactions in urban squares, yet there is much variation
in insect visitation that we could not explain. Changes in
interaction probability were more important in predicting
pollinator visitation than larger scale site factors that influence
occupancy, suggesting small scale microhabitat effects on
plant–insect interactions might be the dominant mechanism
of attraction to floral resources. Unsealed surfaces increased
both probability of occupancy and probability of detection for
pollinators, indicating that plant–insect interactions are limited
by proportion of greenspace on a site. Floral resources were
also important for increasing occupancy for some groups, but
generally had a greater influence on interaction probability,
suggesting a local facilitative effect. Below we discuss factors
affecting probability of occupancy at a site, and those affecting

the probability of interaction, as well as the implications of
these findings for designing greenspaces to encourage plant–
insect interactions.

Changes in Occupancy Across Sites
Although it is well known that the diversity of insects on a site is
related to habitat quality [reviewed in Beninde et al. (2015)], we
found that presence or absence of foraging resources at the site-
scale had limited effects on occupancy of pollinators. Increases in
site area and unsealed surface proportion, which are expected to
correlate with increased habitat and nesting availability (Beninde
et al., 2015), positively influenced the presence of wasps, syrphids,
and other flies, but not other groups. A lack of strong habitat
effects might be due to our use of functional groups rather than
species. While there may have been a high probability that at
least one species of hoverfly was present on a given site, there
may be turnover in species that we were unable to detect (Geslin
et al., 2013). Additionally, historical filtering may make observed
pollinators already urban adapted (Williams and Winfree, 2013),
and capable of persisting within urban habitats or the urban
matrix. Thus, the effects of site variables may not have been easily
observable in our study.

Alternatively, our phytometre method may be only capable
of measuring occupancy at a very local scale rather than
truly representative of site occupancy. Previous studies have
used phytometres as an indication of abundance or richness,
rather than occupancy, and are commonly used on much
smaller residential or community garden scales (e.g., Lowenstein
et al., 2015) or have been replicated across different habitats
within parks (Daniels et al., 2020) to account for heterogeneity.
Here, we assumed the centre of the site to be representative,
but several sites had green patches that were dissected by
paths and even whole roads. Internal barriers like roads
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FIGURE 4 | Main effects and model fit for the final models for each functional group. All models assume additive effects, and shading indicates whether the
relationship is positive (green) or negative (orange). All models passed the g.o.f. test (p > 0.05). Cloud cover: the relationship is “negative” if there was higher
detection on sunny days. Observer: positive indicates that more experienced surveyors were more likely to detect interactions. Placement: positive relationship
indicates the taxa was more likely to be detected on unsealed surfaces. Round was shaded as negative if the detection probability decreased after the first round.
Further graphs are in Supplementary Figures 1, 2.

might contribute to patchiness in distribution of insects
across a site and decrease the probability that an insect
present on the site would encounter and interact with the
phytometre set. False negatives like these are likely given
our extremely low detection rates and may also arise from
extreme competition where pollinators prefer other resources
existing on site.

There are two lines of evidence that suggest an influence of
within-site heterogeneity. First, we found a negative effect of
site area on occupancy for particularly low mobility functional
groups like ants, but a positive effect for hoverflies. This result
may be an artefact of detection probability interacting with
within-site heterogeneity and internal barriers that we did not
measure (Tylianakis et al., 2008). That is, low mobility groups
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FIGURE 5 | Selected examples of main effects for various pollinator taxa on occupancy probability (A–E) or probability of interaction (F–J). The pollinator taxa are
indicated by the silhouette on the top right of the graph. Figure 4 demonstrates the variables that are significant for each taxon, but for further graphs see
Supplementary Figures 1, 2.

may have a patchy within-site distribution and only interact with
the phytometre if it is placed in a section of the site they can
access. They may be relatively unresponsive to increases in total
habitat because of this internal fragmentation, and the effect may
be exacerbated on larger sites or where the centre of the site

(the only location we sampled) is not necessarily representative.
Second, placement in areas with existing habitat increases the
probability of interaction, but there was a limited influence of
unsealed surface proportion at the site scale. The difference
in effect of unsealed surfaces at different scales may indicate
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that internal dynamics are more important that total quantity
of habitat. Future studies would benefit from quantification of
within site habitat heterogeneity and whether this acts in a similar
way to distribution of resources at a landscape scale.

In a similar way, heterogeneity in the distribution and relative
scarcity of resources across the landscape is expected to affect the
frequency with which insects encounter certain resources (Lele
et al., 2013), depending on dispersal capacity (Baguette et al.,
2013; Diniz et al., 2020). However, we find very little evidence
of the influence of landscape context on pollinator visitation.
Typically, fragmentation effects are stronger for low mobility
taxa and they respond at smaller scales (Steffan-Dewenter et al.,
2002; Williams and Winfree, 2013). Despite having low dispersal
capacity (Zurbuchen et al., 2010), small bees are relatively
ubiquitous throughout our sample sites. Contrastingly, beetles
and butterflies, insects, which have relatively higher dispersal
capacity, responded positively to increasing proportion (and
anticipated connectivity) of greenspace in the landscape. The
difference in these results may be the result of the scale of
measurement of landscape context, or differences in responses
between taxa that are typically residents or transient visitors in
their foraging behaviour. For example, Steffan-Dewenter et al.
(2002) found that wild bees responded to connectivity at smaller
scales (250–750 m) than honeybees (3,000 m). Similarly, Williams
and Winfree (2013) found that pollinator abundance increased
with woodland connectivity, but measured connectivity at a
very local scale (200 m). Here, we measured landscape context
at a relatively large scale (1,000 m), and low mobility taxa
such as small bees or ants may not respond to landscape
connectivity at this scale.

In addition, small bees were more often the first recruited
to our phytometre (Frank, 2018) and may reside on our sites
more frequently than expected. Their persistence may instead
be linked to provision of potential nesting habitat (Theodorou
et al., 2016), which is possible even on small sites (Williams
and Winfree, 2013) as many wild bees are known to be ground
nesters (Harmon-Threatt, 2020) with short foraging distances
(Zurbuchen et al., 2010). Conversely, taxa with higher dispersal
capacity, like adult butterflies, are likely to be transient visitors
that make use of foraging resources rather than nesting sites.
The probability of encountering our phytometre, while being
present on the site to forage, may be more likely to be related
to landscape connectivity since they are actively seeking out
resources at a greater distance. Similarly, Honeybees may have
foraging behaviours that are decoupled from landscape habitat
provision, due to the prevalence of managed artificial hives
in urban areas (Steffan-Dewenter et al., 2002). The observed
decrease in prevalence of honeybees in relation to greenspace
quantity may be related to a higher than expected density of hives
in the inner-city areas with low greenspace availability.

Local Effects on Interaction Probability
As in previous studies (Lázaro and Totland, 2010; Hennig and
Ghazoul, 2011), we show that the richness and abundance of
flowers surrounding a focal species influences the probability that
it is visited by pollinators. Here, we find a facilitative effect, where
the presence and diversity of flowers increases the probability

of interaction with our focal species. Previous literature has
shown both facilitative effects, through increased abundance of
pollinators at sites with high floral richness (Theodorou et al.,
2016), and competitive effects that decrease visitation (Hennig
and Ghazoul, 2011). The reason for these mixed effects is likely
due to differences in the attraction of pollinators in-general at the
patch-scale, and consistency of individual pollinator preferences,
once present. Patches of diverse or abundant flowers (Lázaro
and Totland, 2010) may attract a species rich and diverse suite
of pollinators, that are then available for interaction (Albrecht
et al., 2007; Hennig and Ghazoul, 2011; Lowenstein et al.,
2014; Theodorou et al., 2016). However, pollinators are relatively
consistent in their preferences (Lázaro and Totland, 2010) and
the relative attractiveness of different plant species may generate
competition within a patch (Hennig and Ghazoul, 2011). For
example, Lowenstein et al. (2015) found little influence of local
context on visitation but focal plants were consistently visited by
pollinator groups specific to each plant species. Similarly, Lázaro
and Totland (2010) found that Bumblebee preferences for Saliva
plants were driving visitation to their experimental plots.

Pollinator preferences were also visible in our study, in the way
the pollinators interacted with different plants in our phytometre.
For example, ants and beetles were predominantly found to
utilise the white-flowered plants, and particularly during the
first round with the original species palette. This difference was
expected based on the design of our phytometre set, similar to
pan-trap studies where the colour of the pan trap determines
the subset of insects that are attracted (Vrdoljak, 2012). Other
phytometre studies (Daniels et al., 2020) have also found that
pollinators interacted with plants as predicted by plant–pollinator
syndromes. Despite our attempts to select a diverse phytometre
set, our phytometre selection contained more plants that were
attractive to bees, with relatively fewer plants attractive to ants,
beetles and bugs. Previous studies involving cultivated plants
attractive to insects have also shown visitation to be dominated by
bees (Garbuzov and Ratnieks, 2014; Rollings and Goulson, 2019),
potentially indicating a trend for nurseries to select plants that
are more beneficial for bees than other pollinator taxa. Indeed,
a focus on bees, particularly honeybees as conservation targets
has been heavily criticised (Pearson, 2015; Rader et al., 2016),
but these are the pollinators that are most often in the public
awareness (Smith and Saunders, 2016). This bias in our plant
selection might explain the very low detection of other pollinator
groups, and the relatively high presence of small bees.

Pollinator behaviour may also be driven by weather which
determines activity patterns (Corbet et al., 1993). Insects regulate
their activity in order to maintain thermal optimum for flying
(Corbet et al., 1993; Kasper et al., 2008) and metabolic needs
(Inouye et al., 2015), but the relative optimum may differ between
species. For example, hoverflies, for which some species are
known to be endothermic (Inouye et al., 2015), appear to be
capable of maintaining activity at much lower temperatures than
bees, and were more likely to interact with the phytometres at
lower temperatures in our study. Our findings also concur with
studies that show the activity of flies is significantly decreased
during high winds (Inouye et al., 2015), but bees appear to
be less affected (Polatto et al., 2014). Many taxa also prefer

Frontiers in Ecology and Evolution | www.frontiersin.org 11 September 2021 | Volume 9 | Article 703311

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-703311 August 26, 2021 Time: 12:12 # 12

Berthon et al. Pollinator Visitation in Urban Squares

direct irradiation (i.e., full sun positions; Herrera, 1995; Inouye
et al., 2015; Clarke and Robert, 2018), explaining the increase in
detection we observed on sunny days. Differences in detection
probability across the sampling season were prevalent across all
functional groups, indicating the potential of complementarity
between species and the importance of optimal sampling
weather, and accounting for seasonal fluctuations in activity.
Taken together, our results suggest that optimal sampling
times might differ for different pollinator groups. In particular,
avoiding sampling on traditionally “bad” sampling days in cold
temperatures may miss activity of syrphids and other flies that
are more active on these days.

Implications for Greenspace Design to
Encourage Plant Insect Interactions
Our results suggest that small-scale habitat conditions that
influence the probability of interaction are more important than
site context for influencing pollinator visitation. This emphasises
that habitats and resources are likely to be used by pollinators,
even when provided in small and isolated areas in a dense urban
matrix, if pollinator preferences and specific habitat requirements
are considered in the design. In general, these findings add to
discussions in the literature on the importance of the quality of
habitat as well as quantity in the urban landscape [see reviews
by Beninde et al. (2015) and Lepczyk et al. (2017)]. There is a
real risk of generating greenspaces that attract pollinators without
providing viable resources, often referred to as the creation of
ecological traps (Lepczyk et al., 2017). Lack of consideration
of ecological interaction can, therefore, lead to higher overall
maintenance and biodiversity costs associated with urbanisation.

Within greenspaces, designers can encourage interaction
by provision of floral resources and unsealed surfaces, which
provide nesting habitat or foraging resources for pollinators.
Multiple pollinator groups showed sharp increases in occupancy
at very low thresholds, indicating that even small amounts of
greening can have a positive influence on biodiversity. Small-
range insects such as bees in the Halictidae family may be
capable of living their entire lives on a small site (Antoine
and Forrest, 2021), and for some herbivores a single plant
may be its entire habitat. In addition, traditionally weedy and
unmanaged sections of greenspaces can have a large positive
influence for encouraging pollinator visitation. Much of the
floral abundance and diversity measured surrounding the plant
phytometres on unsealed surfaces were grass flowering weeds,
which supports previous research on the importance of weeds in
urban landscapes (Lowenstein et al., 2019). High insect activity in
these patches facilitated increased pollinator visitation.

However, attention must be paid to the internal distribution
and connectivity of resources, particularly on very large sites.
Placement of the phytometre set on sealed surfaces decreased
detection of insects, indicating not only that sealed areas can
decrease available resources, but these may also form barriers to
accessing provided resources. Internal barriers such as roads and
paths may dissect the resource landscape in unexpected ways,
particularly for small range species. Provision of contiguous areas
of unsealed surfaces with abundant floral resources maximises

the attraction and quality of habitat compared to the same
amount of resources dispersed over a larger area. Therefore,
internal dynamics, which are readily influenced by the interface
of landscape design and architecture, are an important area
of future study.

Similarly, spatial placement of nesting habitat within reach
of floral or other food resources is important, and the two
cannot be treated in isolation. For many small-range species,
this will mean having both resources co-located within the
same site, but for some long-range foraging species, the spatial
arrangement of habitat patches within the broader landscape
will also be important. In our study, the latter was true for
adult butterflies and beetles, which responded positively to
increased connectivity. Co-location of resources will require
coordination both within a site that has multiple functions, and
between sites across a city landscape. On the topic of habitat
co-ordination, the idea of “habitat zoning” has been previously
proposed to increase the total contiguous habitat area in a city
(Goddard et al., 2010).

The microclimate of a site is also important for influencing
pollinator activity and had a significant impact on detection of
pollinators on our phytometre set. Designers should be aware of
how structural changes to greenspace designs can influence local
climatic conditions and be careful to ensure that floral resources
are provided in sunny and wind-sheltered positions to encourage
higher pollinator interaction. Habitat structure is important
for creating shelter for many bird and insect species (Beninde
et al., 2015), but the impact of different structural vegetation
designs on connectivity and discoverability of resources is much
less well known.

Finally, plant identity has an impact on the probability of
interaction, and designers should be aware of the different
requirements of pollinators with different preferences. We
have used several commonly planted exotic and commercially
available species but using native plants may encourage a more
diverse range of pollinator interactions (Berthon et al., 2021),
based on catering for locally evolved preferences and specialised
relationships (Bascompte and Jordano, 2007). However, this
study has focused on functional relationships, and, as in
other studies, our results suggest that pollination syndromes
can be a useful guide for designing for a diverse range of
pollinator species (Geslin et al., 2013; Daniels et al., 2020).
Informative consideration of pollinator syndromes combined
with an understanding of local pollinator preferences should be
factors shaping plant choice decisions in cities. This includes
accounting for shifting preferences at different life stages, e.g.,
host plants for butterfly larvae (Jain et al., 2021). In circumstances
where knowledge of specific interactions or preferences are
lacking or design decisions are not targeting particular species
but a diverse pollinator community the use of a wide variety of
flowers with differing pollinator syndromes is encouraged.
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