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Summary

Urbanisation has an important impact on biodiversity, mostly driving changes in species
assemblages, through the replacement of specialist with generalist species, thus leading to
biotic homogenisation. Mobility is also assumed to greatly affect species’ ability to cope in
urban environments. Moreover, specialisation, mobility and their interaction are expected to
greatly influence ecological processes such as metacommunity dynamics and assembly
processes, and consequently the way and the spatial scale at which organisms respond to
urbanisation. Here we investigate urbanisation impacts on distinct characteristics of species
assemblages — namely specialisation degree in resource use, mobility and number of species,
classified according to both characteristics and their combination — for vascular plants,
butterflies and birds, across a range of spatial scales (from 1x1 km plots to 5 km-radius
buffers around them).

We found that the degree of specialisation, mobility and their interaction, greatly influenced
species’ responses to urbanisation, with highly mobile specialist species of all taxonomic
groups being affected most. Two different patterns were found: for plants, urbanisation
induced trait divergence by favouring highly mobile species with narrow habitat ranges. For
birds and butterflies, however, it reduced the number of highly mobile specialist species, thus
driving trait convergence. Mobile organisms, across and within taxonomic groups, tended to
respond at larger spatial scales than those that are poorly mobile. These findings emphasize
the need to take into consideration species’ ecological aspects, as well as a wide range of
spatial scales when evaluating the impact of urbanisation on biodiversity. Our results also
highlight the harmful impact of widespread urban expansion on organisms such as butterflies,
especially highly mobile specialists, which were negatively affected by urban areas even at

great distances.
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Introduction

The exacerbated growth of urban areas since the second half of the 20" century is considered
a main driver of land-use changes and, hence, a major threat to biodiversity worldwide
(Grimm et al. 2008, Elmqvist et al., 2013). Urbanisation has been reported to change the
composition of biological communities. It can particularly lead to biotic homogenisation
through the replacement of non-urban specialist species — which have narrow ranges of
habitat and resource use, and are usually hosted in (semi-)natural areas — with urban adapted,
typically generalist species, which are able to exploit the wide variety of resources and

habitats that urban areas support (Shochat et al. 2006, Lososova et al. 2012, Sol et al. 2014).

Besides the degree of specialisation in the use of resources (i.e., niche width), mobility has
been proposed as a relevant trait in disturbed environments like urban areas (Biichi et al.
2009, Ockinger et al. 2010, Schleicher et al. 2011). Species composition of biological
communities is greatly affected by dispersal processes and metacommunity dynamics, such as
source-sink dynamics, in which species mobility plays a prominent role (see e.g. Dunning et
al. 1992, Leibold et al. 2004, Vellend 2010). In the case of plants, highly mobile species able
to rapidly colonize open sites after disturbances, usually proliferate in urban areas (Kiithn and
Klotz 2006, Lososova et al. 2012). Typically, these are pioneer species associated with early
successional stages. Mobility is also very important for animals, with highly mobile species
being supposed to better cope with urban disturbances (e.g., Devictor et al. 2007). The
maintenance of urban communities may actually rely on the immigration of individuals from

nearby populations from more natural habitats, in which case species dispersal is even more
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relevant (Stefanescu et al. 2004, Shochat et al. 2006). This is generally the case in systems
that suffer recurrent disturbances, such as agricultural land, where biodiversity levels greatly
depend on the species pool hosted by (semi-)natural habitats in their surroundings (Duelli and

Obrist 2003, Tscharntke et al. 2005).

Overall, poorly mobile species are assumed to be more intensively affected by habitat loss
and fragmentation caused by land-use changes, while more mobile species, able to move
among distant habitat fragments, are expected to be less sensitive to this process (Ockinger et
al. 2010, Schleicher et al. 2011). However, more mobile animals usually have larger home
ranges and rely on larger habitat patches as well, and, as a result, they may be more sensitive
to habitat fragmentation (Thomas 2000, Chace and Walsh 2006, Slade et al. 2013). In
addition, more mobile organisms tend to be affected by processes acting at larger scales than
those influencing poorly mobile or sessile organisms (Merckx et al. 2009, Concepcion and
Diaz 2011, Braaker et al. 2014). Despite the relevance of selecting a proper range of spatial
scales to analyse ecological processes affecting diversity patterns for distinct organism types
(Tews et al. 2004, Merckx et al. 2012, Raebel et al. 2012), only a few studies have addressed

this question in relation to urbanisation impacts on biodiversity (see e.g. Braaker et al. 2014).

The relevance of spatial dynamics in biological communities greatly varies depending on
organisms’ degree of specialisation and mobility (Leibold et al. 2004). Every organism may
experience the environment in a different way, and the same landscape can hence be
perceived as heterogeneous by one species and as fragmented by another. Likewise, a
resource-rich patch for one species can be a barrier for another, and this, in addition, depends
on the spatial scale we consider (Tews et al. 2004). For instance, specialist species — with
narrow ranges of resource and habitat requirements (i.e., niche width) — would typically
perceive their habitat as more fragmented than generalists, and would consequently rely more

on their mobility to succeed (Ockinger et al. 2010). Responses to ecological processes that
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shape community assembly also depend on species’ degree of specialisation and mobility.
This can prevent some species from occurring in certain places, where, for instance, their
resource requirements are not fulfilled (i.e., environmental filtering), they are excluded by
stronger competitors (i.e., biotic filtering or limiting similarity), or they are not able to reach
because of dispersal limitations (Mason et al. 2005, Grime 2006). Moreover, these assembly
processes are also expected to be scale-dependent and to act more intensively in disturbed
environments, such as managed grasslands (Mason et al. 2011, de Bello et al. 2013).
However, studies on how urbanisation affects community assembly patterns have appeared

only recently (e.g., Le Viol et al. 2012, Knapp et al. 2012).

Here, we investigate urbanisation impacts on two species characteristics, namely mobility and
the degree of specialisation in resource use, which are primarily involved in metacommunity
dynamics and community assembly processes, and then supposed to be greatly affected by
urbanisation. We explore such impacts for distinct taxonomic groups and across several
spatial scales to address the following research questions: (1) Do the degree of specialisation
and mobility of species assemblages of different taxonomic groups change along the
urbanisation gradient? (2) Which ecological processes are driving these changes? And (3) at
which spatial scale are organisms with different degrees of specialisation and mobility

affected by urbanisation?

Our study focuses on the Swiss Plateau, the largest biogeographic region of Switzerland,
which has undergone significant growth of urban areas in recent decades (Schwick et al.
2012). We considered three taxonomic groups (i.e., birds, butterflies and vascular plants),
which were covered in the Swiss biodiversity monitoring programme at the landscape scale
(1x1 km plots). For each group, we evaluated urban effects on mean community values of
specialisation degree and mobility, as well as on the variation of these characteristics in order

to investigate possible changes in community assembly patterns in response to urbanisation
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(Mason et al. 2005, Grime 2006). We also examined urban effects on the species richness of
distinct ecological groups cross-classified according to specialisation degree and mobility to
test for likely interactions between both species characteristics, which has been largely
unexplored so far (but see Ockinger et al. 2010, Slade et al. 2013). We adopted a multi-scale
approach in our analysis of urbanisation impacts on biodiversity, by considering the
proportion of built-up area in a wide range of spatial scales, including 1x1 km plots and a set
of surrounding buffer areas of 1 to 5 km radius. This enabled us to investigate the spatial

scales at which urbanisation affects diversity most for the different organisms studied.

Methods
1. Study area

We focused our study on the Swiss Plateau (Fig. 1), the central part of Switzerland between
the Alps and the Jura Mountains, delimited according to the definition of Swiss biogeographic
regions (Gonseth et al. 2001). This region has a mean altitude of 540 m a.s.l. (range: 300-940
m a.s.l.), a mean annual temperature of 8.5 °C (6.5-9.5 °C) and a mean annual precipitation of
1,140 mm (730-2,000 mm). The Swiss Plateau is the largest biogeographic region in
Switzerland, with ca. 11,200 km? dominated by agricultural land-uses (around 50% of the
area). This region suffers the strongest growth of urban areas in Switzerland, which have
tripled since the beginning of the 20th century and now cover around 15% of the region

(Schwick et al. 2012).
2. Diversity metrics

We used data on species from three taxonomic groups (vascular plants, butterflies, and birds)
regularly collected in the Swiss biodiversity monitoring programme at the landscape scale

(BDM - Biodiversity Monitoring in Switzerland Coordination Office 2009). We used data
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from 109 plots (1x1 km) which are regularly distributed in the study region, where vascular
plants, butterflies and breeding birds were surveyed between 2006 and 2011 using
standardized methods (i.e., 2.5 km-length transects along paths and roads within 1x1 km plots
for plants and butterflies, and in three visits during the breeding season along fixed routes
within plots for birds; for additional details see Appendix 1). For plants, we included eight
additional plots in the most urbanised areas within the study region, where additional plant

surveys were conducted in 2006.

For each taxonomic group, we evaluated urban effects on the degree of specialisation and
mobility of the co-occurring species in the 1x1 km plots. Species’ characteristics related to the
range of resource use (e.g., diet or habitat use) were used to estimate species’ degree of
specialisation. Specifically, mean standardized range (0-1) of a set of habitat and climatic
preferences (e.g., temperature, light, moisture or nutrients), varying from wide (0) to narrow
(1) ranges of preferences, was used to estimate plant species specialisation. For birds, we used
the mean standardized range of distinct resource use, including food, breeding substrates and
habitat requirements (ranging from 0 — wide — to 1 — narrow). Lastly, the standardized range
(also varying from 0 — wide — to 1 — narrow) of larval food resources, was used as a proxy of
butterflies’ degree of specialisation. Mobility was estimated by means of species’
morphological or life-history traits (functional traits sensu Violle et al. 2007), such as wing
load (g/cm?) for birds and butterflies, and dispersal modes for vascular plants. These metrics
have been found to be associated to longer movements or dispersal ability (see e.g., Newton
2008, Meynard et al. 2011, Luck et al. 2012,for birds, Turlure et al. 2009, for butterflies, and
Vittoz and Engler 2007, for plants). See Table 1, for a detailed description of species

characteristics, and Appendix 2, for specific values of the set of species found in our study.

For each of the two species’ characteristics (i.e., mobility and degree of specialisation) and

taxonomic groups, we calculated two functional metrics: mean community values (MV) and
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standard deviations (SD) per plot, that is, mean and SD of mobility and specialisation degree
of all the species present in each plot. MV was used to investigate possible shifts in mean
dispersal and specialisation values within species assemblages driven by urbanisation (see
e.g., Ricotta and Moretti 2010). On the other hand, SD of species characteristics is a metric of
functional variability (i.e., functional diversity), and was used to explore the relative role of
distinct community assembly processes (e.g., environmental filtering versus limiting
similarity; Mason et al. 2005) in shaping species assemblages along the analysed urbanisation

gradient.

Lastly, richness of distinct groups of species classified according to mobility (i.e., highly and
poorly mobile species), degree of specialisation (i.e., specialist and generalist species) and
their cross combination (i.e., highly mobile specialists, poorly mobile specialists, highly
mobile generalists, and poorly mobile generalists) were also used as dependent variables in
subsequent analyses. We thereby tested explicitly for possible interactions between mobility
and specialisation affecting species’ responses to urbanisation (see Table 1 for group

definitions and classification criteria).

3. Urban and non-urban environmental variables

We used proportion of urban area — defined as built-up or sealed area, i.e., houses, industries,
roads and other infrastructures, but also gardens, parks and other green areas — in 1x1 km
plots and in buffers of 1-, 2-, 3-, 4-, and 5-km radius around those plots to characterize the
degree of urbanisation at different spatial scales. We also calculated a set of non-urban
environmental predictors, which are known to affect biodiversity, such as climate (i.e., annual
precipitation and mean temperature) and topography (i.e., northness and surface roughness)
variables (e.g., Wood and Pullin 2002, Nobis et al. 2009, Lososova et al. 2012), and variables

related to other land-uses (i.e., agricultural land) and landscape heterogeneity (edge density
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within plots; see e.g., Duelli and Obrist 2003), to control for possible confounding effects on

the distinct diversity metrics (see Table 2 for details).
4. Data analyses

To investigate whether the degree of specialisation, mobility and species richness of the
different species groups were significantly affected by urbanisation, and to identify the spatial
scale at which this process showed the strongest effects, we used the analytical approach

described below.

For each diversity metric and taxonomic group, we used a set of generalised linear models
(GLMs), each of which included proportion of urban area at one of the different spatial scales
considered (i.e., from 1x1 km plots to 5 km-radius buffers), together with the other
environmental predictors (i.e., agricultural land, landscape heterogeneity, climate, and
topography) at the plot scale. Response variables for each taxonomic group were mean
community values (MV) and standard deviations (SD) of the degree of specialisation and
mobility, as well as species richness (SR) of the distinct ecological groups classified
according to both features and their cross combination (see above). Then, we used the Akaike
information criterion, corrected for finite sample sizes (AICc; Burnham and Anderson 2002),
to select the best fitted models (i.e., delta AICc < 2) for each response variable. Percentage of
deviance (%D?) explained by the proportion of urban area at different spatial scales was used
to compare the relevance and distance of urbanisation influence for the distinct diversity

metrics and taxonomic groups.

Pearson’s product-moment correlations between predictors included in models were all below
0.7 (Dormann et al. 2013). Linear and quadratic terms of proportion of urban area at each
spatial scale were included in models to account for possible non-linear responses to

urbanisation. We used normal distribution of errors for continuous data on mobility and



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

specialisation degree (MV and SD) and Poisson error distribution for count data on species
richness of the different species groups. Residuals of GLMs were graphically explored to test
for model assumptions (i.e., residual distribution, independence and homoscedasticity). Sites
for which the whole set of predictors were not available (12 for plants and six for birds and
butterflies) were removed from the analyses. Two overly influential points (Cook’s distance
>1) were additionally excluded from the analyses for birds and butterflies, which resulted in
samples of 105 (90%) plots for plants and 101 (93%) plots for birds. Finally, we used partial
residual plots to graphically illustrate significant relationships between distinct diversity
variables and the proportion of urban area at the best fitted scales. Partial residual plots of
models represent relationships between response variables and the explanatory parameter of

interest once the effects of all the other predictors have been accounted for.

All statistical analyses were done with R version 3.0.2 (R Core Team 2014). Urban and other
environmental predictors were calculated using the R package raster (Hijmans and van Etten

2012) and ArcGIS (ESRI 2011).

Results

Proportion of urban area at different spatial scales explained a substantial part of the
variability in mean community values (MV) and variation (SD) of specialisation degree of
plants and birds, and of mobility of butterflies and plants (Fig. 2). Our results also showed
differences in the responses of species richness (SR) to urban area for the distinct groups of
species cross-classified according to the degree of specialisation and mobility. We also found
differences in the spatial scales at which those groups were affected most by urban area across

and within taxa (see Table 3 and Appendix 3 for details).

1. Plants

10



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

MYV of plant specialisation significantly increased with the proportion of urban area in the
whole range of spatial scales (from 1x1 km plots to the largest 5 km-radius buffers), with the
best fitted model being that which included the urban area at the smallest plot scale (Fig. 2a
and 3a). SD of plant specialisation also increased with the proportion of urban area at the plot
scale (Table 3). SR of specialist plants increased with urban area at a wide range of spatial
scales as well, but most at small scales (1 km-radius buffers). In the case of generalist plants,
SR showed curvilinear (i.e., hump-shaped) relationships with urban area, and they mostly

responded at intermediate spatial scales (3 km-radius buffers).

With respect to plant mobility, MV per plot also increased with the proportion of urban area,
especially at the plot scale (Figs. 2b and 3b), but no significant effects were found on SD
(Table 3). Although SR of both highly and poorly mobile plants responded best to urban area
at intermediate spatial scales (3 km-radius buffers), highly mobile species showed significant
curvilinear responses in a wider range of spatial scales (from plots to the largest buffers) than
poorly mobile plant species (Table 3). Likewise, SR of highly mobile specialist plants, though
responding best at small spatial scales (plots and 1 km-radius buffers), significantly increased
with urban area over the whole range of spatial scales (Figs. 2¢ and 5a). In contrast, SR of
poorly mobile specialist plants only showed significant positive responses at the smallest
scales (plots and 1 km-radius buffers). In the case of generalist plants, the differences between
highly and poorly mobile species were less clear, and SR of both responded best to urban area
at intermediate spatial scales (3 km-radius buffers, hump-shaped responses), though SR of
poorly mobile generalists also showed significant responses at smaller scales (plots and 1 km-

radius buffers; Table 3).

2. Birds

MYV of bird specialisation degree decreased with the proportion of urban area over a wide

range of spatial scales (from plots to the largest buffers; Fig. 2a). However, similar to plants,
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they responded best to urban area at small spatial scales (plots and 1 km-radius buffers; Table
3, Fig. 4a). SD of bird specialisation also decreased most with urban area at the plot scale, but
also in small buffers of 1-2 km radius. SR of specialist birds showed similar responses, being
negatively affected by the proportion of urban area in plots and small buffers around them,
whereas SR of generalists showed no significant responses to urban area at any scale (Table
3). Neither MV nor SD of bird mobility were significantly affected by urban area. SR of both
highly and poorly mobile birds did not show significant responses to urban area at any scale.
In addition, only highly mobile specialist birds were negatively affected by the proportion of

urban area at small spatial scales, especially in plots (Table 3, Fig. 5b).

3. Butterflies

The degree of specialisation of butterflies was not significantly affected by urban area, with
SR of both specialist and generalist species decreasing with rising urban area. However, while
specialist butterflies responded to urban area over a range of spatial scales, mostly from
intermediate to the largest buffers (2 to 5 km radius; Table 3), generalist species only showed
significant responses at intermediate scales (2 and 3 km radius). MV of mobility, in contrast,
significantly decreased with the proportion of urban area at a wide range of spatial scales
(from the smallest to the largest buffers around plots, Fig. 2b), but the best-fitted model
included urban area at intermediate scale (3 km-radius buffers; Fig 4b). SD of butterfly

mobility also decreased with the proportion of urban area at this scale (Table 3).

SR of highly mobile butterflies was negatively affected by urban area at a wide range of
spatial scales (from the smallest to the largest buffers around plots), but responded best at
large spatial scales (i.e., 3 to 5 km-radius buffers; Fig. 2c). In contrast, SR of poorly mobile
butterflies only showed significant negative responses to urban area at a smaller spatial scale
(i.e., 2 km-radius buffers; Table 3). Similarly to birds, highly mobile specialist butterflies

were the only group among combined classes of mobility and specialisation degree that

12
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showed significant negative responses to urban area, especially at the largest spatial scale

(Fig. 5¢).

4. Effects of non-urban predictors

Besides urbanisation effects, significant responses to non-urban environmental predictors
were found for the different diversity metrics. Overall, topography and climate had a large
influence on the different diversity metrics, especially for plants, with SR of the distinct
groups of plants decreasing with northness, precipitation and temperature, while increasing
with surface roughness. Proportion of agricultural land in the landscape negatively affected
SR of distinct groups of plants and highly mobile specialist birds and butterflies. In contrast,
landscape heterogeneity (i.e., edge density) increased SR of the different groups analysed,

particularly for birds (see Appendix 4 for details).

Discussion

Overall, our results show the considerable influence that species degree of specialisation and
mobility, as well as their interaction, have on species assemblage responses to urbanisation.
We found different relationships between urbanisation and species richness (SR) of the
distinct ecological groups classified according to specialisation degree, mobility and their
combination, as well as differences in the spatial scales at which those groups responded most

to urbanisation.

1. Degree of specialisation and mobility

Although SR of all functional groups of plants was significantly and positively related to
urbanisation, highly mobile (i.e., able to rapidly colonize cleared sites after disturbances) and
specialist plants (i.e., with a narrow range of habitat preferences), benefitted most. This led to

an increase of specialisation degree and mobility of plant assemblages with a rising
13



313  urbanisation level. The positive response of specialist plants to urbanisation was most likely
314  driven by species within this group that prefer eutrophic habitats, such as early successional
315  species that are highly mobile as well (Kiihn and Klotz 2006, Lososova et al. 2012), rather
316  than rare or threatened specialists from (semi-)natural habitats. Most specialist plants in our
317  study were actually common species that inhabit eutrophic places (around 73% of species
318  occurrences vs. 44% for generalist species), many of them non-natives (28% vs. 9% for

319  generalists), while red-listed species only represented 4% of specialist plants (in contrast to

320 1% for generalist plants).

321  In the case of birds, urbanisation decreased specialisation degree of species assemblages, as
322 SR of specialists decreased, while generalist species were not affected. This confirms

323 previous studies showing the homogenisation of urban bird communities due to the

324  prevalence of generalist species (Chace and Walsh 2006, Devictor et al. 2007, Le Viol et al.
325 2012, Sol et al. 2014). In contrast, for butterflies specialisation degree was not affected. In
326  fact, SR of both specialist and generalist butterflies decreased with urbanisation, which

327  stresses the generally high sensitivity of this taxon to the loss of (semi-)natural habitats (e.g.
328  Wood and Pullin 2002, Stefanescu et al. 2004, Casner et al. 2014). Nonetheless, the stronger
329  decrease in SR of highly mobile butterflies compared to less mobile ones resulted in urban
330  species assemblages that were on average less mobile. Potentially, this indicates that

331  urbanisation might make butterfly assemblages not only less diverse but also more prone to be

332  affected by isolation, and thus more likely to suffer local extinctions (Ockinger et al. 2010).

333  In the cross combination of mobility and specialisation degree, only SR of highly mobile
334  specialist birds and butterflies showed significant decreases as urbanisation level grew. This
335 indicates a likely interaction between specialisation degree and mobility influencing

336  organisms’ responses to urbanisation. In particular, these results indicate that highly mobile

337 and specialist species are more sensitive to the fragmentation of their original habitats, which
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contrast with the traditional view that low mobile specialists are likely to be more intensively

affected by habitat fragmentation (Ockinger et al. 2010, Schleicher et al. 2011).

However, Slade et al. (2013) found similar results of forest fragmentation on mobile forest
specialist moths. Highly mobile specialists might be more vulnerable to habitat loss since they
have larger home ranges and, as a result, would depend on the conservation of larger patches
of suitable habitat (Stefanescu et al. 2004, Chace and Walsh 2006, Slade et al. 2013). This
appears to be the case for the highly mobile specialist birds in our study, which were mostly
forest species (78% of species occurrences; e.g., Dendrocopos major and Buteo buteo).
Among poorly mobile specialist birds, there were also forest species, however, they were less
abundant (54% of species occurrences) and tended to be smaller (e.g., Sitta europaea and
Regulus regulus). Hence, poorly mobile specialist birds are likely to rely on smaller habitat
patches and, in turn, to be less sensitive to fragmentation caused by urbanisation (Chace and
Walsh 2006). Besides forest species, some urban-adaptable species (e.g., Apus apus) or more
rural species, although still linked to human presence (e.g., Hirundo rustica), were frequent
among poorly mobile specialist birds as well (33% of species occurrences), which also

contributes to explain their lower vulnerability to urbanisation.

Poorly mobile specialist butterflies were, however, less frequent (average species richness per
plot: 5.8 = 2.0 [SE]) than highly mobile specialists (7.8 + 3.1). It is likely that the most
vulnerable butterfly species may have already disappeared from the Swiss Plateau after the
severe loss of their original habitats due to the intensive land-use changes that took place in
this region between 1950 to 1980 (Lachat et al. 2010) or even before, and consequently would
not be included in our analyses. Interestingly, among the poorly mobile specialist butterflies
found in our study, a higher proportion was able to feed on evergreen plants during the larval
stage compared to highly mobile species (84% of species occurrences for poorly mobile

species vs. 33% for highly mobile specialists). Hence, poorly mobile specialist butterflies still
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remaining in our study region could be those that are able to exploit resources provided by
alternative habitats, such as evergreen — usually ornamental — vegetation from urban gardens
and parks (Pearse and Altermatt 2013). In contrast, highly mobile specialists, which are able
to move across suitable habitat patches at farther distances in the landscape (Stefanescu et al.
2004), may still rely on (semi-)natural habitats outside urban areas, rather than on ornamental
vegetation. This would explain their higher vulnerability to urbanisation compared to poorly

mobile specialists detected in our study.

Most urbanisation impacts on birds and butterflies can be considered indirect effects of the
elimination of the original vegetation in urban areas (Devictor et al. 2007, Casner et al. 2014).
Groups of birds and butterflies that showed clear decreases with increasing urbanisation (i.e.,
highly mobile specialists) were those that appear to rely more on (semi-) natural vegetation
(i.e., forest specialist birds and butterfly species unable to exploit evergreen vegetation).
Hence, besides likely interactions between mobility and specialisation degree, our results

suggest some kind of overlap or association between both species characteristics.

In addition to urbanisation impacts, species richness of the different groups of organisms
analysed, tended to be negatively affected by the percentage of agricultural land in the
landscape, but positively affected by its degree of heterogeneity (Appendix 4). Altogether,
these results point to the likely joint impact of generalised land-use changes on biodiversity,
including the expansion of both urban areas and intensive agriculture (Wood and Pullin 2002,

Stefanescu et al. 2004, Chace and Walsh 2006, Casner et al. 2014).

2. Community assembly patterns

Shifts in community assembly patterns in response to urbanisation were assessed by
examining the variation (SD) in mobility and specialisation degree of the focal taxonomic

groups along the urbanisation gradient (Mason et al. 2005). Besides mean values, urbanisation
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slightly increased the variation in specialisation degree of plant assemblages, that is, it drove
trait divergence. Such an assembly pattern is often attributed to niche differentiation due to
biotic interactions (mainly species competition) in local communities (Mason et al. 2005).
However, our results confirm recent studies that show that divergence patterns may also arise
at large spatial scales like those considered here (i.e., 1x1 km plots), likely due to the
increased environmental heterogeneity (see e.g., de Bello et al. 2013) that favoured species
with a variety of particularly narrow habitat preferences. Plant species diversification, rather
than homogenisation, has generally been found in urban areas due to the increase in non-
native species, in particular neophytes (species introduced by humans after 1500 A.D.), which
are functionally a very diverse group (Kiihn and Klotz 2006, Knapp et al. 2012, Ricotta et al.
2012). Neophyte richness has actually been found to increase with urbanisation in

Switzerland (Nobis et al. 2009).

For birds, our results clearly indicate that increased urbanisation filtered out specialist species,
and thus decreased mean values and variation of specialisation degree in bird assemblages.
Likewise, urbanisation filtered out highly mobile species of butterflies, thus decreasing mean
values and variation of mobility in butterfly assemblages. These results suggest that
urbanisation induced convergence in bird specialisation degree and butterfly mobility (Mason
et al. 2005). This is in agreement with the general expectation of environmental filtering to

predominate at broad spatial scales (de Bello et al. 2009, 2013).

Differences in the predominant assembly patterns found for birds and butterflies in contrast to
plants might arise from an ‘organism-scaled’ environmental perception, which in turn is
related to the degree of specialisation and mobility of organisms ( Leibold et al. 2004, Tews et
al. 2004, Ockinger et al. 2010). In our study, the same 1x1 km plot is probably perceived as
larger, in relative terms, for sessile organisms like plants than for mobile organisms, such as

birds or butterflies. Thus, ecological patterns that are expected to occur at large scales for
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412 some organisms (e.g., divergence patterns driven by increased habitat heterogeneity at
413  landscape or regional scales) may arise at smaller spatial scales for organisms with lower

414  mobility.

415  Likewise, urbanisation might drive different ecological patterns for plants on the one hand,
416  and birds and butterflies on the other one, since most urban impacts on the latter can be

417  considered as indirect effects caused by the alteration of the original vegetation cover.

418  Urbanisation may drive ecological divergence in plant assemblages by favouring species with
419  specific characteristics that enable them to settle in newly created urban habitats (typically
420  ruderal and non-native species; Kiihn and Klotz 2006, Lososova et al. 2012), while causing
421  ecological convergence in bird and butterfly assemblages by filtering most specialist and

422  sensitive species from the original communities after the depletion of their (semi-)natural

423  habitats (Devictor et al. 2007, Casner et al. 2014).

424 It should also be noted that differences in assembly patterns found for the distinct taxonomic
425  groups might also be due to the different proxies that were used to estimate mobility (i.e.,
426  wing load for birds and butterflies, and dispersal modes for plants) and specialisation degree
427  (i.e., local habitat and climatic ranges for plants, food resources, breeding substrates and

428  habitat types for birds, and host plants for butterflies) of each taxon. The development of
429  standardized metrics related to species’ ecological or functional traits, especially for animals,

430  will facilitate comparisons among taxa.

431 3. Impact of urbanisation at different spatial scales

432 In general, although plants and birds responded significantly to urbanisation at a wide range
433 of spatial scales, they responded better at smaller scales (i.e., plots to intermediate buffers)
434  than butterflies (i.e., intermediate to large buffers). These results partially (i.e., except for

435  birds) confirm our expectations of highly mobile organisms (i.e., butterflies) being affected by
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factors acting at larger spatial scales than poorly mobile or sessile organisms (i.e., plants; see
e.g., Concepcion and Diaz 2011, Braaker et al. 2014). Furthermore, differences in the spatial
scale at which highly and poorly mobile species within taxonomic groups responded to
urbanisation also became evident for plants and butterflies and, in addition, varied with

species degree of specialisation.

In the case of plants, SR of both highly and poorly mobile species tended to respond best to
urbanisation at intermediate spatial scales, but highly mobile plants showed significant
responses at a wider range of scales. Interestingly, SR of specialists showed stronger
responses at smaller spatial scales than generalist species, likely because they rely more on
the presence of patches of suitable habitat (Schleicher et al. 2011). Moreover, our results
suggest a likely interaction between specialisation degree and mobility (Ockinger et al. 2010)
since clearer differences between highly and poorly mobile species were found for specialist
than for generalist plants. SR of generalists, both highly and poorly mobile, as well as highly
mobile specialists responded significantly to urbanisation at a wider range of scales than

poorly mobile specialists, which only reacted at smaller scales.

Butterflies, in contrast, responded best to urbanisation at large spatial scales. This is most
likely related to the high relevance of metapopulation dynamics for this taxonomic group that
relies on source-sink movements of individuals among distant habitat patches across
landscapes and even regions (Hanski 1998). We additionally found differences in the spatial
scale at which SR of highly and poorly mobile butterflies responded best to urbanisation. As
expected, highly mobile species responded most to the proportion of urban area in the largest

buffers, while poorly mobile species responded best at intermediate scales.

For birds, however, no differences in the spatial scale at which SR of highly and poorly
mobile species responded to urbanisation were found, and both were affected most at small

spatial scales. These results are likely due to the importance of local conditions for the
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selection of nesting sites, especially for breeding birds that we considered and, in accordance
with previous studies (e.g., Clergeau et al. 2002), indicate that although birds may be affected
by urbanisation at great distances, they tend to respond most to what is occurring in close

proximity.

Conclusions

Our study shows that specialisation degree and mobility of species assemblages of plants,
birds and butterflies clearly changed with the level of urbanisation. Both species
characteristics, in addition, interacted with each other in their influence on species responses
to urbanisation. Two different ecological patterns were found. Trait divergence increased
along the urbanisation gradient in the case of plants, likely caused by the increased variability
in urban environments that favoured highly mobile species with narrow habitat ranges. Trait
convergence, in contrast, predominated for birds and butterflies, most likely driven by
environmental filtering through the exclusion of specialist and highly mobile species from
urban areas, thus favouring the homogenisation of species assemblages. These findings
emphasise the need to take into account species’ characteristics related to ecological processes
that shape biological communities in order to better understand the extent of human-induced

impacts on biodiversity (Ockinger et al. 2010, Schleicher et al. 2011).

Our results also emphasize the need to consider an appropriate range of spatial scales to
address ecological questions based on and in line with the organisms and processes studied
(Tews et al. 2004, de Bello et al. 2013). Here, we found substantial differences in the range of
spatial scales at which organisms with distinct mobility, and even specialisation degree,
within and across taxa, responded to urbanisation. Our results also emphasise the urgent need
to halt the widespread expansion of urban areas (i.e., urban sprawl; Schwick et al. 2012) for

the conservation of some organisms such as butterflies, since they as a whole, and the most
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mobile and specialist species in particular, were strongly negatively affected by urbanisation
at great distances from the places they inhabit. This is even more important when considering
the joint impacts of other land-use changes (e.g., agricultural intensification) that take place

simultaneously and greatly affect biodiversity as well.

Acknowledgements

This work was supported by the Project “Biodiversitdtskorrelate fiir Prozesse und Gradienten
der Raumentwicklung (BIKORA)” of the WSL research programme “Room for People and
Nature” (http://www.wsl.ch/raumanspruch). We gratefully acknowledge financial support
from the Federal Office for the Environment and the cantonal authorities of Aargau. We are

also grateful to the Swiss Ornithological Institute (http://www.vogelwarte.ch/) for providing

trait data on breeding birds, and the BDM Coordination Office (Hintermann and Weber AG,

Reinach) for providing the biodiversity monitoring data.

References

Altermatt, F. and Pearse, 1. S. 2011. Similarity and specialization of the larval versus adult

diet of European butterflies and moths. - Am. Nat. 178: 372-382.

BDM - Biodiversity Monitoring in Switzerland Coordination Office 2009. The state of
biodiversity in Switzerland. Overview of the findings of Biodiversity Monitoring
Switzerland (BDM) as of May 2009. Abridged version. State of the environment no.

0911. - Federal Office for the Environment.

Braaker, S. et al. 2014. Habitat connectivity shapes urban arthropod communities — the key

role of green roofs. - Ecology 95: 1010-1021.

21


http://www.vogelwarte.ch/

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

Biichi, L. et al. 2009. The influence of environmental spatial structure on the life-history traits

and diversity of species in a metacommunity. - Ecol. Modell. 220: 2857-2864.

Casner, K. L. et al. 2014. Contribution of urban expansion and a changing climate to decline

of a butterfly fauna. - Conserv. Biol. 28: 773-782.

Chace, J. F. and Walsh, J. J. 2006. Urban effects on native avifauna: a review. - Landsc.

Urban Plan. 74: 46—-69.

Clergeau, P. et al. 2002. Are urban bird communities influenced by the bird diversity of

adjacent landscapes? - J. Appl. Ecol. 38: 1122-1134.

Concepcion, E. D. and Diaz, M. 2011. Field, landscape and regional effects of farmland
management on specialist open-land birds: Does body size matter? - Agric. Ecosyst.

Environ. 142: 303-310.

De Bello, F. et al. 2009. Partitioning of functional diversity reveals the scale and extent of

trait convergence and divergence. - J. Veg. Sci. 20: 475-486.

De Bello, F. et al. 2013. Evidence for scale- and disturbance-dependent trait assembly

patterns in dry semi-natural grasslands (P Vesk, Ed.). - J. Ecol. 101: 1237-1244.

Devictor, V. et al. 2007. Functional homogenization effect of urbanization on bird

communities. - Conserv. Biol. 21: 741-751.

Dormann, C. F. et al. 2013. Collinearity: a review of methods to deal with it and a simulation

study evaluating their performance. - Ecography (Cop.). 36: 27-46.

Duelli, P. and Obrist, M. K. 2003. Regional biodiversity in an agricultural landscape : the

contribution of seminatural habitat islands. - Bassic Appl. Ecol. 4: 129-138.

22



529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

Dunning, J. B. et al. 1992. Ecological processes that affect populations in complex

landscapes. - Oikos 65: 169—175.

Elmqvist, T. et al. 2013. Urbanization , Biodiversity and Ecosystem Services: Challenges and
Opportunities (T Elmqvist, M Fragkias, J] Goodness, B Giineralp, PJ Marcotullio, RI
Mcdonald, S Parnell, M Schewenius, M Sendstad, KC Seto, and C Wilkinson, Eds.). -

Springer Dordrecht Heidelberg New York London.

ESRI 2011. ArcGIS Desktop: Release 10. Redlands, California: Environmental Systems

Research Institute. in press.

Gonseth, Y. et al. 2001. Die biogeographischen Regionen der Schweiz. Erlauterungen und
Einteilungsstandard. - Umwelt Materialien Nr. 137 Bundesamt fiir Umwelt, Wald und

Landschaft Bern.

Grime, J. P. 2006. Trait convergence and trait divergence in herbaceous plant communities:

Mechanisms and consequences. - J. Veg. Sci. 17: 255-260.

Grimm, N. B. et al. 2008. Global change and the ecology of cities. - Science (80-. ). 319: 756—

760.

Hanski, I. 1998. Metapopulation dynamics. - Nature 396: 41—49.

Hijmans, R. J. and van Etten, J. 2012. Raster: Geographic analysis and modeling with raster

data. R package version 2.0-12. http://cran.r-project.org/package=raster. in press.

Knapp, S. et al. 2012. Phylogenetic and functional characteristics of household yard floras

and their changes along an urbanization gradient. - Ecology 93: S83—S98.

23



549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

Kiihn, I. and Klotz, S. 2006. Urbanization and homogenization — Comparing the floras of

urban and rural areas in Germany. - Biol. Conserv. 127: 292—-300.

Lachat, T. et al. 2010. Wandel der Biodiversitit in der Schweiz seit 1900: Ist die Talsohle

erreicht? - Bristol-Stiftung, Ziirich. Haupt Verlag, Bern.

Landolt, E. et al. 2010. Flora indicativa. Ecological Indicator Values and Biological Attributes

of the Flora of Switzerland and the Alps. - Haupt.

Le Viol, I. et al. 2012. More and more generalists: two decades of changes in the European

avifauna. - Biol. Lett. 8: 780-782.

Leibold, M. A. et al. 2004. The metacommunity concept: a framework for multi-scale

community ecology. - Ecol. Lett. 7: 601-613.

Lososova, Z. et al. 2012. Native and alien floras in urban habitats: a comparison across 32

cities of central Europe. - Glob. Ecol. Biogeogr. 21: 545-555.

Luck, G. W. et al. 2012. Improving the application of vertebrate trait-based frameworks to the

study of ecosystem services. - J. Anim. Ecol. 81: 1065-76.

Mason, N. W. H. et al. 2005. Functional richness , functional evenness and functional

divergence : the primary components of functional diversity. - Oikos 111: 112—118.

Mason, N. W. H. et al. 2011. Niche overlap reveals the effects of competition, disturbance
and contrasting assembly processes in experimental grassland communities. - J. Ecol. 99:

788-796.

24



568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

Merckx, T. et al. 2009. Effect of field margins on moths depends on species mobility: Field-
based evidence for landscape-scale conservation. - Agric. Ecosyst. Environ. 129: 302—

309.

Merckx, T. et al. 2012. Hedgerow trees and extended-width field margins enhance macro-
moth diversity: implications for management (D Kleijn, Ed.). - J. Appl. Ecol. 49: 1396—

1404.

Meynard, C. N. et al. 2011. Beyond taxonomic diversity patterns: how do a, B and y
components of bird functional and phylogenetic diversity respond to environmental

gradients across France? - Glob. Ecol. Biogeogr. 20: 893-903.

Newton, I. 2008. The migration ecology of birds. - Academic Press.

Nobis, M. P. et al. 2009. Neophyte species richness at the landscape scale under urban sprawl

and climate warming. - Divers. Distrib. 15: 928-939.

Ockinger, E. et al. 2010. Life-history traits predict species responses to habitat area and

isolation: a cross-continental synthesis. - Ecol. Lett. 13: 969-979.

Pearse, 1. S. and Altermatt, F. 2013. Predicting novel trophic interactions in a non-native

world. - Ecol. Lett. 16: 1088—94.

R Core Team 2014. R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. http://www.R-project.org/ (RDC Team, Ed.).

- R Found. Stat. Comput. in press.

Raebel, E. M. et al. 2012. Multi-scale effects of farmland management on dragonfly and

damselfly assemblages of farmland ponds. - Agric. Ecosyst. Environ. 161: 80-87.

25



589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

Ricotta, C. and Moretti, M. 2010. Assessing the functional turnover of species assemblages

with tailored dissimilarity matrices. - Oikos 119: 1089—-1098.

Ricotta, C. et al. 2012. Phylogenetic beta diversity of native and alien species in European

urban floras. - Glob. Ecol. Biogeogr. 21: 751-759.

Schleicher, A. et al. 2011. Dispersal traits determine plant response to habitat connectivity in

an urban landscape. - Landsc. Ecol. 26: 529-540.

Schwick, C. et al. 2012. L’étalement urbain en Suisse - Impossible a freiner? Analyse
quantitative de 1935 a 2002 et conséquences pour I'aménagement du territoire. Urban
sprawl in Switzerland - Unstoppable? Quantitative analysis 1935 to 2002 and
implications for regional planning. - Zurich, Bristol-Stiftung; Berne, Stuttgart, Vienna,

Haupt.

Shochat, E. et al. 2006. From patterns to emerging processes in mechanistic urban ecology. -

Trends Ecol. Evol. 21: 186—-191.

Slade, E. M. et al. 2013. Life-history traits and landscape characteristics predict macro-moth

responses to forest fragmentation. - Ecology 94: 1519-1530.

Sol, D. et al. 2014. Urbanisation tolerance and the loss of avian diversity (D Mouillot, Ed.). -

Ecol. Lett. 17: 942-950.

Stefanescu, C. et al. 2004. Butterfly species richness in the north-west Mediterranean Basin :

the role of natural and human-induced factors. - J. Biogeogr. 31: 905-915.

Tews, J. et al. 2004. Animal species diversity driven by habitat heterogeneity/diversity: the

importance of keystone structures. - J. Biogeogr. 31: 79-92.

26



610

611

612

613

614

615

616

617

618

619

620

621

622

623

Thomas, C. D. 2000. Dispersal and extinction in fragmented landscapes. - Proc. Biol. Sci.

267: 139-145.

Tscharntke, T. et al. 2005. Landscape perspectives on agricultural intensification and

biodiversity -[1* ecosystem service management. - Ecol. Lett. 8: 857-874.

Turlure, C. et al. 2009. Resource grain scales mobility and adult morphology in butterflies. -

Landsc. Ecol. 25: 95-108.

Vellend, M. 2010. Conceptual synthesis in community ecology. - Q. Rev. Biol. 85: 183-206

Violle, C. et al. 2007. Let the concept of trait be functional! - Oikos 116: 882—892.

Vittoz, P. and Engler, R. 2007. Seed dispersal distances: a typology based on dispersal modes

and plant traits. - Bot. Helv. 117: 109-124.

Wood, B. C. and Pullin, A. S. 2002. Persistence of species in a fragmented urban landscape:
the importance of dispersal ability and habitat availability for grassland butterflies. -

Biodivers. Conserv. 11: 1451-1468.

27



624

625

626

627

628

629

630

Table 1. Species characteristics and classification criteria used for the definition of the degree

of specialisation, mobility, and the set of species groups classified according to both features

for the different taxonomic groups analysed. Species characteristics were extracted from

information provided by the Swiss Ornithological Institute (http://www.vogelwarte.ch/) for

birds, from the authors’ own expertise for butterflies (FA; Altermatt and Pearse 2011), and

from Landolt et al. (2010) for vascular plants.

Species characteristics Classification criteria

Birds

Degree of specialisation:

Mean value of specialisation in the following = Specialist (if > median)
ecological aspects: = Generalist (if < median)

e Feeding specialisation:

I/number of items named as food (e.g., insects, vertebrates, seeds, fruits, and plants)

e Breeding specialisation:

I/number of items named as breeding substrate (e.g., ground, shrubs, trees, rocks, and buildings)
e Habitat specialisation:

I/number of items named as habitat (e.g., grassland, crops, woodlands, settlements, and
wetlands)

Mobility:
Wing load (weight/wing area; g/cm?) = Highly mobile (if > median)
=  Poorly mobile (if < median)
Butterflies

Degree of specialisation:

I/number of items named as food = Specialist (if > median)

= Generalist (if < median)

e Larval feeding: number of plant species on which larva feeds grouped in four categories:
monophagous (one plant species), narrow oligophagous (several plant species of one plant
genus), oligophagous (several plant genera of one plant family), and poliphagous (different
plant families)

e  Type of food resource (e.g., feeding on trees and shrubs or evergreen plants)

Mobility:
Wing load (weight/wing area; g/cm?) = Highly mobile (if > median)
=  Poorly mobile (if < median)

Vascular plants

Degree of specialisation:

Mean standardized range (0-1) of the following set of = Specialist (if < median)
habitat and climatic variables that varied from wide (0) =  Generalist (if > median)
to narrow (1) ranges of preference:

Temperature, continentality, light, moisture, reaction,
nutrients, humus and aeration

Mobility:
Classification based on dispersal modes (adapted from Vittoz and Engler, 2007):
=  Poorly mobile plants (mobility=0):

o Authochorous (self-dispersal)

o Ombrochorous (dispersed by rain drops)

o Myrmerchorous (dispersed by ants)

o Boleochorous (dispersed by wind gusts)
=  Highly mobile plants (mobility=1):

o Dyszoochorous (seeds caught by animals, afterwards lost or forgotten)
Endozoochorous (seeds eaten and afterwards deposited by animals)
Epizoochorous (seeds clung to fur, feathers or hooves of animals)
Anthropochorous (dispersed by man)

Bythisochorous and nautochorous (dispersed by water courses and surfaces)
Meteorochorous (diaspores with special features that facilitate wind transportation)

O O O 0O
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Table 2. Definitions and data sources of environmental predictors, including variables

describing degree of urbanisation, other land-use types, landscape heterogeneity, climate, and

topography parameters which were included in the analyses.

Explanatory
Parameters

Definition

Data source

Urbanisation:

Built-up area

Proportion of area occupied by houses
(including gardens), roads and other
infrastructures, industries, parks and
recreational areas

Die Geographen schwick +
spichtig
http://www.zersiedlung.ch
(2010, 15 m resolution)

Other land uses:

Agricultural area

Proportion of area occupied by agricultural
land

Federal Statistical Office (FSO)

Land use statistics
http://www.bfs.admin.ch/
(2004/09, 100 m resolution)

Landscape heterogeneity:

Edge density Length of edges —contacts between patches of  Federal Statistical Office (FSO)
distinct land-use types — relative to the plot Land use statistics
area; m/ha http://www.bfs.admin.ch/
(2004/09, 100 m resolution)
Climate:

Mean annual temperature

Average value of monthly mean temperatures
()

Annual precipitation

Sum of monthly precipitation (mm)

Swiss Federal Office of
Meteorology and Climatology
http://www.meteoswiss.ch/
(Data averaged for the period
1961-1990, 25-100 m

resolution)
Topography:
Northness (aspect) Northness = cosine(aspect) Swiss Federal Office of
Orientation or direction to which slope faces. Topography

Values range from 1 (North facing slope) to -1
(South facing slope) based on the
transformation of aspect (range: 0-360°)

Surface roughness

Standard deviation (SD) of altitude (m a.s.l.)

http://www.swisstopo.ch/
(100 m resolution)
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Table 3. Results of generalised linear models (GLMs) testing the effects of proportion of urban area at different spatial scales (i.e., from 1x1 km plots to 5 km-

radius buffers around plots) on the distinct diversity metrics of vascular plants, birds and butterflies. Sign and shape of effects (A positive, N negative, and /N

hump- or N 7 through-shaped), percentage of deviance explained by urban area (%D urban), overall goodness of fit (GOF) expressed as percentage of

deviance (%D?) explained by the full model, and 2nd-order Akaike’s information criterion (AICc) are provided for models with significant urban effects

(P<0.05). For each response variable, best fitted models according to AICc (delta < 2) are highlighted. See also Appendix 3.

GLMs results

Urban area:

1x1 km 1 km radius 2 km radius 3 km radius 4 km radius 5 km radius
Sign %D’ GOF AICc [Sign %D’ GOF AICc [Sign %D’ GOF AICc |Sign %D’ GOF AICc [Sign%D’ GOF AICc |Sign %D’ GOF AICc
urban (%D?) urban (%D?) urban (%D?) urban (%D?) urban (%D?) urban (%D?)
Plants MYV specialization 72 205 58.1 -603.5| » 213 56.6 -599.7| » 155 50.8 -586.5( » 11.5 48.8 -5824| 7 89 477 -580.2| » 7.7 47.1 -578.8
SD specialization 2 2.2 365 -809.7 n.s n.s 2N 4.8 357 -808.5 n.s n.s
MYV mobility 2 7.1 14.1 -5669| 2 7.0 13.7 -566.5 n.s n.s n.s n.s
SD mobility n.s. n.s n.s n.s n.s n.s
Species richness:
Highly mobile species 2N 58 362 1172.5| 2N 7.1 374 11647~y 8.6  39.1 1154.0| 2N 109 415 11395| 2N 7.9 394 11522( 2N 52  37.5 1164.7
Poorly mobile species n.s n.s n.s 2N 6.6 38.0 6942 |2\ 5.0 369 695.7 n.s
Specialist species 2N 135 454 9893 | AN 143 459 987.0 [ v 111 435 9993 (2N 111 441 9963 | 2N 7.6 42.0 1007.0| AN 5.1  40.3 1012.2
Generalist species n.s n.s 7N 46 364 9533 |~2N 83 39.6 9420 |~y 6.8 384 9463 [~y 48 36.8 951.7
Highly mobile specialists 13.5 452 9473 | AN 144 45.6 9454 | v 121 439 9534 (2N 119 445 9508 [~y 8.2 423 9613 | ANV 5.7 405 969.8
Poorly mobile specialists 8.0 305 590.1 ]| ~ 7.8 305 590.1 n.s n.s n.s n.s
Highly mobile generalists n.s. n.s 2N 4.6 341 8972 | 2N 7.7 369 8893 (7N 6.1 356 8927 |2y 41 340 8973
Poorly mobile generalists 32 377 6113 34 372 6118 n.s 7N 7.6 386 6103 |2~ 69 379 6111 (A~ 59 371 6119
Birds MYV specialization 12.6 26.3 -559.7 13.4 273 -561.1| v 100 248 -557.7| N 6.5 20.7 -552.3( \ 4.8 18.5 -549.6| \ 51 19.1 -550.3
SD specialization 204 56.6 -907.9 12.6 492 -892.2| N2 3.8 428 -880.2 n.s n.s n.s
MYV mobility n.s. n.s n.s n.s n.s n.s
SD mobility n.s. n.s n.s n.s n.s n.s

30



642
643

GLMs results

Urban area:

1x1 km 1 km radius 2 km radius 3 km radius 4 km radius 5 km radius
Sign %D’ GOF AICc [Sign%D* GOF AICc [Sign%D* GOF AICc [Sign%D* GOF AICc (Sign%D* GOF AICc [Sign%D* GOF AICc
urban (%D?) urban (%D?) urban (%D?) urban (%D?) urban (%D?%) urban (%D?%)
Species richness:
Highly mobile species n.s. n.s. n.s. n.s. n.s n.s
Poorly mobile species n.s. n.s. n.s. n.s n.s n.s
Specialist species N 9.0 273 5300 v 10.0 27.7 529.6 | N 7.3  23.6 533.0 n.s n.s n.s
Generalist species n.s. n.s. n.s n.s n.s n.s
Highly mobile specialists| v  13.3 313 432.2 | \ 8.1 25.9 4358 n.s n.s n.s n.s
Poorly mobile specialists n.s n.s n.s. n.s n.s n.s
Highly mobile generalists n.s n.s n.s n.s n.s n.s
Poorly mobile generalists n.s n.s n.s n.s n.s n.s
Butterflies  |pry specialization n.s n.s n.s. n.s. n.s n.s
SD specialization n.s n.s n.s n.s n.s n.s
MYV mobility n.s 7.2 139 -417.0| N 6.8 134 -416.4|N2 109  17.1 -420.8( N 9.1 15.1 -4184| \ 9.2 15.2 -418.6
SD mobility n.s 4.5 19.8 -543.5 n.s N2 88 212 -545.2 n.s n.s
Species richness:
Highly mobile species n.s N 71 224 5527 | N 9.7 248 5489 | N 109 255 5479 | v 123 258 5474 | N 134 26.7 546.0
Poorly mobile species n.s n.s N 7.3 313 4975 n.s n.s n.s
Specialist species N 3.5 237 589.6 | N 59 26.0 5859 | N 8.6 283 5821 | N 8.4 274 583.6 | N 9.2 274 5837 | Ny 104 28.2 5822
Generalist species n.s n.s v 8.7 260 446.6 | N 10.7 27.5 4455 n.s n.s
Highly mobile specialists| 3.8 21.0 5088 | VN 7.6 245 5042 | N 8.8 25.6 502.8| \ 89 253 5032 N 10.0 25.8 5026 v 112 269 501.0
Poorly mobile specialists n.s n.s n.s. n.s n.s n.s
Highly mobile generalistg n.s n.s n.s n.s n.s n.s
Poorly mobile generalists n.s n.s n.s. n.s n.s n.s
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Figure 1. Delineation of study area within Switzerland (left), i.e. the Swiss Plateau (thick
solid line; delimited according to the definition of Swiss biogeographic regions; Gonseth et
al., 2001). Degree of urbanisation in the study area is represented with a grid (1 km
resolution) in colored scale, from white (no urban area within cells) to red (entire cell area
urbanised). The location of the biodiversity survey plots, including data on vascular plants,
butterflies, and birds in 109 square plots (1x1 km) is indicated (empty squares), together with
the position of eight additional plots, with data on vascular plants, in highly urbanised areas of
the Swiss Plateau (crossed squares). A zoomed view of the surroundings of the city of Ziirich

is shown to the right of the map.

Figure 2. Percentage of deviance (%Dz) of mean values of (a) degree of specialisation and (b)
mobility, and (c) species richness of highly mobile specialists explained by the proportion of
urban area at different spatial scales (i.e., from 1x1 km plots to 5 km-radius buffers around
plots) for the distinct taxonomic groups studied: vascular plants (grey), butterflies (black) and
birds (white). Negative values of %D? represent negative effects of urban predictors on

response variables.

Figure 3. Partial residual plots of significant responses of mean values of (a) plant degree of
specialisation and (b) mobility to the proportion of urban area in 1x1 km plots, according to
best fitted models for each of these variables. Partial residual plots represent estimated
relationships between response variables and the explanatory parameter of interest (solid
lines; £SE, dashed lines) once the effects of all the other explanatory parameters have been
accounted for. Mean values per plot (=SD) of response variables are provided to contextualise

the size of effects.
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Figure 4. Partial residual plots (solid lines; £SE, dashed lines) of significant responses of
mean values of (a) bird degree of specialisation and (b) butterfly mobility to the proportion of
urban area in 1- and 3 km-radius buffers, respectively, according to best fitted models for each

of these variables. Mean values per plot (=SD) of response variables are provided.

Figure 5. Partial residual plots (solid lines; £SE, dashed lines) of significant responses of
species richness of highly mobile specialists of (a) plants, (b) birds and (c) butterflies to the
proportion of urban area in 1 km-radius buffers, 1x1 km plots and 5 km-radius buffers,
respectively, according to best fitted models for each of these variables. Mean values per plot

(£SD) of response variables are provided.

33



Concepcion et al., Figure 1
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Concepcion et al., Figure 2
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9  Concepcion et al., Figure 3
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Concepcion et al., Figure 4
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Concepcion et al., Figure 5
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