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Abstract

Context Urbanization affects landscape structure,
functions and local environmental conditions, with
major impacts on biodiversity. An evaluation of its
effects on biodiversity, including both taxonomic
and functional diversity, is thus compelling, with a
specific focus on taxonomic groups providing funda-
mental ecosystem services. Spiders are ideal biologi-
cal models for urban ecology studies because they are
renowned bioindicators and can be found abundantly
along urbanization gradients.

Objectives In this work, we aim at evaluating the
filtering role exerted by urbanization at landscape
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scale on foliage-dwelling spider communities both at
functional and taxonomic level.

Methods We assessed the response of foliage-dwell-
ing spiders to urbanization in Torino (NW-Italy), by
sampling their communities in urban parks along an
urbanization gradient and in a control area located
in a nearby natural park. We tested their response in
terms of taxonomic and functional diversity to urban
density and six landscape metrics. Results of statis-
tical models (GLMMs) were used to predict values
of the current biodiversity in the city and its values
under different future scenarios of urbanization (i.e.
2040, 2050).

Results Spider abundance and species richness
decreased in the city compared to the control area
and along the urbanization gradient. Variation in the
community composition was mostly due to species
replacement (67%) within the control area, and to
species loss in the urban area (62%). This pattern was
mostly due to the loss of specialized foraging guilds,
such as pollinator-feeding spiders. Functional dis-
similarity among samples within the urban area was
mostly explained by functional loss (69%), suggesting
an environmental filter favoring species preadapted
to urban conditions. By projecting biodiversity meas-
ures in two ‘“greener city” scenarios, we identified 8
priority areas in the city where management actions
should be implemented.

Conclusions Our findings underscore the role of
urbanization in shaping spider communities, favor-
ing generalist species and specific functional traits.
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The prediction on future scenarios proved to be use-
ful to identify areas where increasing the surface of
urban parks may contribute most effectively to spider
biodiversity.

Keywords Urban ecology - Spiders biodiversity -
Biotic homogenization - Arthropods - Land use -
Urban planning

Introduction

The process of urbanization has major environmental
effects on biodiversity and related ecosystem services,
acting simultaneously on the landscape and the local
scale. At the landscape scale, the extensive cover of
impervious surfaces is responsible for loss and frag-
mentation of natural and semi-natural habitats, which
translates in the creation isolated small patches of
residual habitat (Fenoglio et al. 2021; Chatelain et al.
2023).

At the same time, at the local scale residual patches
may undergo extreme physical and chemical changes,
e.g. temperature increase, alteration of soil nutri-
ent cycling and gas exchange, soil trampling creat-
ing a cascade of ecological perturbations such as the
facilitation of the invasion of alien species, changes in
species abundance or resources availability. In addi-
tion, stochastic events, such as habitat destruction
by human activity, anthropogenic transportation or
the introduction of exotic species, seem more impor-
tant in urban areas than in other habitat types (Parris
2016). Species communities in urban areas are thus
far from equilibrium and undergo constant change in
adapting to the disturbances and changes that charac-
terize their urban environments (Sattler et al. 2010b).

From an ecological perspective, environmental
changes and habitat fragmentation simultaneously
act as strong environmental filters on biotic commu-
nities by ultimately determining the species com-
position within urban residual patches (Concepcion
et al. 2015; Brice et al. 2016; Piano et al. 2020b). On
the one hand, species composition in urban residual
patches is ruled by the mechanisms explained by the
theory of island biogeography (MacArthur and Wil-
son 1967). More in detail, patches of isolated habi-
tat located far from the source patch, show lower
species richness. These patches are more likely to
be colonized by good dispersers (see Piano et al.

@ Springer

2017 for an example in ground beetles and Mer-
ckx and Van Dyck 2019 for lepidopterans), likely
resulting in a combination of a specific subset of
highly dispersive species. Abiotic constraints due
to isolation also prevent the installation of sensitive
species, filtering those who are able to cope with
the local environmental conditions, in accordance
with the habitat templet theory (Southwood 1977,
1988). Considering this, urban patches are expected
to have, on average, less diverse communities than
(semi-)natural ones due to the depletion of species
displaying maladaptive traits, e.g. low dispersive,
specialist species (e.g. Merckx et al. 2018; Piano
et al. 2020a; Ancillotto and Labadessa 2023). At the
same time, urbanization may cause species turnover
with respect to natural areas due to substitution of
sensitive taxa by species displaying higher urban
affinity, e.g. highly dispersive, generalist species
(e.g. Melliger et al. 2017; Argafiaraz et al. 2018;
Callaghan et al. 2021, 2023).

Although urbanization is expected to negatively
affect biotic communities, studies investigating the
effect of urbanization on the abundance and/or spe-
cies diversity report controversial results, displaying
either positive or negative relationships depending on
the considered taxa (e.g. Faeth et al. 2011; Jones and
Leather 2012; Fattorini 2014; Turrini and Knop 2015;
Saari et al. 2016; Lagucki et al. 2017; Fenoglio et al.
2020; Piano et al. 2020b, c; Svenningsen et al. 2022).
These outcomes underlie the need of integrating spe-
cies richness and abundance patterns with informa-
tion on functional traits. In particular, embracing a
functional approach represents an effective way to
move forward research on ecological communities
(Chase et al. 2018; McGill et al. 2006). Traits are
morphological or physiological attributes or aspects
of the realized niche measured at the species level,
considering “functional” any trait which impacts fit-
ness indirectly via its effects on growth, reproduction
and survival (Violle et al. 2007; Webb et al. 2010),
depicting a species adaptation to the environment
(Menezes et al. 2010)—e.g. dispersal capacity, body
length, feeding strategy, thermal tolerance, voltin-
ism, etc. Simultaneously exploring changes in species
diversity and shifts in their functional profile could
therefore shed light on the main selective forces act-
ing on urban communities, also providing highlights
on possible repercussions on ecosystem functionality
(Hooper et al. 2005; Cardinale et al. 2012).
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The functional approach has already been success-
fully applied to several iconic taxa in urban ecology,
e.g. birds, butterflies, and plants (e.g. Mclntyre, 2000;
Beninde et al. 2015; Concepcién et al. 2015; Collins
et al. 2021; Zeng et al. 2024). Literature evidence
from these groups provides much more consistent
results, demonstrating that generalist and flexible eco-
logical traits, combined with good dispersal capacity,
are better suited to survive in urban areas, whereas
low-dispersive, highly specialist species are disadvan-
taged (e.g. Callaghan et al. 2021, 2023). On the other
hand, studies describing trait selections for other
groups of high potential interest in ecological studies
are more scattered, hampering a proper evaluation of
the role of the environmental filter exerted by urbani-
zation. For instance, despite representing key organ-
isms in trophic food webs, being responsible for both
top-down and bottom-up regulation (Bruggisser et al.
2012), spider communities are poorly represented in
urban ecology studies. The few works on the topic
confirm the great potential of applying a functional
approach to ground-dwelling spiders (Piano et al.
2020a, c; Bazzato et al. 2022; Cabon et al. 2024;
Arganaraz et al. 2023; Damptey et al. 2023), while
studies on the foliage-dwelling counterpart remain
scant (but see Dahirel et al. 2017; Argafiaraz et al.
2018).

To fill this knowledge gap, we here examined the
taxonomic and functional response of foliage-dwell-
ing spider communities to urbanization. Foliage-
dwelling spiders display different dispersal capacity,
i.e. they can disperse better than their ground counter-
part, and they occupy a different ecological niche, i.e.
they are strongly influenced by the vegetation struc-
ture (de Souza and Martins 2005). Being able to reach
the most suitable habitats via highly efficient disper-
sion methods, i.e. ballooning (Bell et al. 2005; Bland-
enier, 2009), they are expected to be exposed to differ-
ent selective pressures compared to ground-dwelling
spiders, with a strong selection on traits related to the
ecological niche occupation, even if the high stochas-
ticity of urban areas (Parris 2016) may act as a con-
founding effect on this selection process. In this work,
we combined a taxonomic and functional analysis to
discriminate the role of selective processes acting on
the assemblages of foliage-dwelling spiders in the
urban landscape. To achieve this aim, we tested the
taxonomic and functional response of spider commu-
nities at two scales of analysis by: (i) comparing their

assemblages between the city of Torino (NW-Italy)
and a control peri-urban natural park; and (ii) examin-
ing their response in urban parks distributed along an
urbanization gradient within the city of Torino. Spe-
cifically, we expected that (i) urban foliage-dwelling
spider assemblages represent a subset in respect to the
ones found in the control area, and that (ii) functional
and taxonomic diversity of foliage dwelling spiders
progressively decrease within the city in relation to
the level of urbanization.

Materials and methods
Sampling design

This study was conducted in the metropolitan area
of Torino (NW-Italy, approximately 900,000 inhab-
itants), within 15 km of the city center. The altitude
ranges between 220 and 280 m a.s.l. and, according
to Koppen’s classification of climates, Turin belongs
to the Cfa band (humid temperate climate of the mid-
latitudes with hot summers).

We selected a total of 32 sampling sites, among
which 21 are located in 9 urban parks and 11 in the
nearby control area of the Natural Park of La Mandria
(Fig. 1; Table S1), a protected natural area extending
in the outskirts of the city for approximately 3000
hectares (Tolve et al. 2024). All urban parks are man-
aged by the same municipality, so we could reason-
ably assume that local management variations are
negligible.

We adopted a hierarchically nested sampling
design, as the study area comprehends different
urban parks, each containing multiple sampling sites
(roughly logarithmically proportional to the park
area) and, at each sampling site, we performed three
sampling replicates (Fig. 1). For each sampling site,
we defined a buffer of radius 1 km centered on the
sampling site. This radius was selected to allow us a
better representation of the landscape characteristics
around each sampling site. Within this buffer, we
calculated a proxy of urbanization, defined as urban
density, by extracting the percentage of built-up area
(sensu Elvidge et al. 2007), which is highly represent-
ative of other variables, such as UHI (i.e. Piano et al.
2020a; Cabon et al. 2024) (Fig. 2) using the QGis
software (QGis.org, 2023).

@ Springer



3 Page 4 of 16

Landsc Ecol (2025) 40:3

5 ',..t' VALLETTE

g
VALENTINO

st

Fig. 1 Map representing the study area with sampling sites (red dots) within each urban park (within the city, in brown) and in the
control natural Park of La Mandria (largest polygon upper-left, in violet)

To obtain this value, we used the layer for the ref-
erence year 2018, which shows the binary informa-
tion of buildings (class 1) and no buildings (class 0)
within the sealing outline derived from the Imper-
viousness Density layer for the period 2018 for the
EEA38 countries and the United Kingdom (https://
doi.org/https://doi.org/10.2909/3e412def-ade6-
4413-98bb-42b571afd15e). The level of urbaniza-
tion (%Urb) ranged from 0.0 to 6.0% with an aver-
age value of 1.10% in the control area, and from 23.0
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to 67.0% with an average of 43.3% within the city,
therefore covering a wide gradient of urbanization. In
parallel, within these buffers, we calculated six land-
scape fragmentation metrics reported in Jaeger (2000)
by using the Fragscape plugin INRAE 2021) in QGis
(QGis.org, 2023) i.e. effective mesh size, degree of
landscape division, splitting index, degree of coher-
ence, splitting density, net product. Given that all
urban parks are managed by the same municipality,
we could reasonably assume that local management
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Fig. 2 Map showing one of the sampling plots (red dot) with a 1 km buffer. Inside the buffer, non-impervious surfaces are repre-

sented in green and the built up areas are represented in gray

variations are negligible and observed differences
among sampling sites are due to landscape changes.

Data collection and species identification

Within each sampling site, we sampled spiders
using a beating tray on shrubs and the low branches
of trees. A beating tray consists of a white coloured
cloth stretched out using a frame that is held under
a tree or shrub while the foliage is shaken or beaten
with a stick. Spiders were placed into vials contain-
ing 70% ethanol and carried to the laboratory for
identification.

In each site we performed 3 replicates. The
sampling was performed in two sampling seasons,
namely autumn 2022, and spring 2023. Spiders
were identified at species level using the online
identification keys of Spiders of Europe (Nentwig
et al. 2023). We built the spider database includ-
ing both adult spiders and juveniles that could be
morphologically identified at the species level.
Although in studies on spider biodiversity juve-
niles are commonly excluded due to identification

challenges (e.g. Jerardino et al. 1991; Toti et al.
2000; Sgrensen et al. 2002), as acknowledged by
Coddington et al. (1996) and Dobyns (1997) the
incorporation of juvenile specimens appears to be
essential for obtaining accurate short-term sampling
estimates of overall species richness and composi-
tion throughout the entire year (Urones and Puerto
1988; Scharff et al. 2003; Jiménez-Valverde and
Lobo 2006). More in detail, we incorporated juve-
niles for those species displaying a species-specific
distinguishable, characteristic pattern (e.g. species
belonging to the genus Theridion sensu lato), and
those species unique for their genus in the study
area (e.g. Dolomedes fimbriatus). When the iden-
tification of juveniles to the species level was not
possible, we aggregated all individuals, both juve-
niles and adults belonging to the same genus (e.g.
Brigittea spp. that includes individuals belonging
to both B. civica and B. vicina). All juveniles that
could not be identified at least to the genus level
were excluded from further analyses. Nomenclature
follows World Spider Catalog (2024).

@ Springer



3 Page 6 of 16

Landsc Ecol (2025) 40:3

Taxonomic and functional diversity

The response of spider communities to urbanization
was measured in terms of both taxonomic and func-
tional diversity. Regarding taxonomic diversity, we
calculated the species richness and total abundance
for each replicate using the ’alpha.estimate’ function
of the 'BAT’ package (Cardoso et al. 2015) in R soft-
ware, version 4.3.1 (R Core Team 2023) applied to
the site X species matrix.

Regarding functional diversity, we grouped spiders
into foraging guilds defined on the basis of hunting
strategy. More in detail, we distinguished weaving
spiders based on their web type, while hunting spi-
ders were classified according to their hunting strat-
egy following the classification proposed by Isaia
et al. (2007) for the regional fauna (weaving spiders:
simple web weavers; orbicular web weavers; irregular
web weavers; dome web weavers; tridimensional web
weavers; hunting spiders: diurnal hunters; ambush
hunters; nocturnal hunters; specialized hunters).
Based on this classification, we calculated the num-
ber of hunting strategies, i.e. foraging guilds within
each community as a proxy of functional diversity.
To gain more insight into the functional response,
we specifically analyzed the response of pollinator-
feeding spiders. More in detail, we assigned a value
ranging from O to 2 based on their preference for pol-
linators (0 =not feeding on pollinators, 1 =feeding on
pollinators and other prey, 2 =strictly feeding on pol-
linators; Table S3). This categorization was obtained
on the basis of expert opinion. For each sample we
assigned the diet specialization score to each individ-
ual and summed all the scores, resulting in an inte-
ger value for each sample ranging from O to 10. Other
functional traits, i.e. body size and dispersal capacity,
were also examined but subsequently excluded from
our analysis due to low representativeness. Despite
body size being generally available in literature for
adults, we lack data for juveniles and their body size
can be greatly variable, not just between juvenile and
adults, but even within the same species. We could
not therefore assign body size values to juveniles,
which represented more than a half of the individu-
als of our communities, jeopardizing the possibility
of studying body size variation along the urbaniza-
tion gradient. Regarding dispersal capacity, our spider
community was composed almost exclusively by spe-
cies that are able to reach the most suitable habitats
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via highly efficient dispersion methods, i.e. balloon-
ing (Bell 2005; Blandenier, 2009), compromising the
usefulness of examining the variation of the com-
munity dispersal capacity across the urbanization
gradient.

Data analysis

All analyses were conducted using R software, ver-
sion 4.3.1 (R Core Team 2023).

Before proceeding with model fitting, we per-
formed data exploration following the protocol pro-
posed by Zuur et al. (2010) to identify possible outli-
ers and collinearity among covariates. Specifically we
performed a correlation analysis by means of Pearson
correlation test among the landscape fragmentation
metrics and the urban density (Fig. S1).

The response of each taxonomic and functional
variable to urbanization was tested by means of gen-
eralized linear mixed models (GLMMs), using the
’glmmTMB’ package (Brooks et al. 2017). Mixed
models were adopted to keep into account the nested
spatial aggregation of replicates within each sampling
site and within each urban park. Given the low num-
ber of levels, in accordance with Zuur et al. (2009)
the sampling season was included as a fixed factor.
For each dependent variable, we performed two dif-
ferent models. To assess if foliage-dwelling spiders in
the urban area represent either a subset of the species
that can be found in a source habitat (semi-natural
area) or a new set of species, we compared values of
taxonomical and functional diversity in the urban and
the control area.

The final model had the following structure:

y ~ sampling_area + Sampling Season + (1ISite/Urban Park)

where ‘y’ is the response variable, ‘Sampling Sea-
son’ is autumn or spring, ‘sampling_area’ is either
the urban area or the control area. The random fac-
tor includes the ID of the sampling site (‘Site’) nested
within the urban park (‘Urban Park’).

To assess if increasing urbanization either fil-
ters out maladaptive species or incorporates new
species displaying adaptive traits, we tested the
response of spider assemblage against the gradient
of urban density and the six landscape fragmen-
tation metrics. Given that all considered metrics
were highly correlated among each other and with
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the urban density (Pearson’s r>10.6l, see Fig. S1),
we could not include them together in our models
due to multicollinearity, in accordance with the
protocol provided by Zuur et al. (2009). We thus
performed seven different models, one for each
covariate (the six landscape fragmentation metrics
and the urban density), for each dependent vari-
able, and compared them with the function ‘AICc’
of the package MuMIn (Bartoni, 2022) to identify
the best urbanization proxy (Fig. S2). The final
model had the following structure:

y ~ covariate + Sampling Season + (11Site/Urban Park)

where ‘y’ is the response variable, ‘Sampling Season’
is autumn or spring, and ‘covariate’ represents urban
density or one of the landscape fragmentation metrics
that were considered in our study. The random fac-
tor includes the ID of the sampling site (‘Site’) nested
within the urban park (‘Urban Park’).

Given the nature of our response variables, i.e.
count data without negative values, we adopted
either a Poisson residual distribution with log-link
function, or a negative binomial residual distribu-
tion when our response variable displayed a high
dispersion of residuals. Specifically, we used the
Poisson distribution for modeling the response of
species richness, pollinator-feeders abundance, and
number of foraging guilds and the negative bino-
mial distribution for modeling spider abundance.
Notably, due to the high abundance of zeros, we
used a zero-inflated Poisson model for the polli-
nator-feeders abundance. Model validation was
performed by plotting residuals versus fitted val-
ues and versus covariates and the residuals were
assessed for spatial dependency following the pro-
tocol proposed by Zuur and Ieno (2016).

To assess the processes underlying the observed
patterns in taxonomic and functional diversity, we
measured the pairwise taxonomic and functional
dissimilarity (hereafter taxonomic and functional
p-diversity) among communities in the control area
and among communities in the urban area. We used
the beta function of the ‘BAT’ package, applying
the Sgrensen dissimilarity index, that allowed us
to examine the contribution of species replacement
(hereafter turnover) and species loss (hereafter
nestedness) to the overall p-diversity.

Biodiversity projections

Based on the assumption that increasing the urban
park size would enhance spider biodiversity—as
demonstrated by the negative correlation between
urban density and park size (Perason’s r=— 0.85, P
value <0.001)—we developed a specific methodol-
ogy employing a 1x1 km grid as a spatial frame-
work in QGis (QGis.org, 2023) to pinpoint specific
areas where management interventions should be
implemented in this sense. This grid was designed
to include the whole municipality of Torino and the
control area for a total of 420 cells (Fig. 3a). We
assessed the current urbanization level within each
grid cell by calculating zonal statistics on the urbani-
zation raster layer used to calculate the urban density
within buffers (https://doi.org/https://doi.org/10.2909/
3e412def-ade6-4413-98bb-42b571afd15e). From this
analysis, we obtained a shapefile reporting a mean
urbanization cover value for each square of the grid
(Fig. 3b). The statistical models developed were then
used to project biodiversity values under the pre-
sent urbanization scenario. Given the similar results
obtained for the four biotic parameters, we applied
the coefficients derived from the model examining
the response of species richness, which was consid-
ered as representative of the spider biodiversity, to the
urbanization value of each grid cell. For this analy-
sis, we focused on the autumn season coefficients, as
species richness was observed to be higher in autumn
compared to spring. From this analysis, we obtained a
shapefile reporting an expected mean value of spider
biodiversity for each square of the grid in the current
urbanization scenario.

Subsequently, we filtered the grid cells to
include only those squares with urban density val-
ues ranging between 20 and 50%, based on the
hypothesis that increasing the extension of urban
parks would necessitate a substantial area of non-
impervious surfaces. This selection was further
refined by intersecting these cells with a shapefile
of existing urban parks in the city of Torino. This
approach enabled the identification of 50 grid cells
with adequate non-impervious surface areas adja-
cent to existing parks, which could be expanded
(hereafter ‘management cells’). For each of these
cells, we projected the biodiversity values under
two future urbanization scenarios, namely by
reducing the percentage of impervious cover by

@ Springer
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Fig. 3 Map showing the study area and the 420 cells grid cover (a); each cell is coloured according to its current urbanization level,
with shades of red becoming darker at increasing urbanization density values (b)

3% (hereafter 3% scenario) and 5% (hereafter 5%
scenario) in accordance with the indications of the
European Biodiversity Strategy, which states an
increase of urban green areas by 3% in 2040 and
5% in 2050. We then highlighted those cells where
the biodiversity predicted values under the two
urbanization scenarios were 2% higher than under
the current scenario, which represent priority areas
where management actions should be implemented
(hereafter “priority cells™).

Results

We collected 2,564 spiders belonging to 101 spe-
cies and to 18 families (Table S2). All families
were present in the control area, while only 12
of them were collected within the city. Namely
Gnaphosidae, Lycosidae, Oxyopidae, Pisauridae,
Sparassidae, Uloboridae have not been found in
urban context (Fig. 4).

@ Springer

Model results

Results of the model comparisons based on the AICc
displayed that the urban density always performed
better than the other landscape fragmentation met-
rics (Table S3; Fig. S2). We therefore report only the
results obtained by testing the response of taxonomic
and functional parameters against urban density.
Regarding the taxonomic response, model results
displayed a significant decrease of spider abun-
dance and species richness when comparing the
urban with the control area and across the urbaniza-
tion gradient within the city (Table 1; Fig. 5a, b).
On average, we obtained 8.71 spiders/replicate and
4.14 species/replicate in the urban area and 14.82
spiders/replicate and 6.87 species/replicate in the
control. Seasonality was never significant, except
for the model comparing spider abundance in the
urban vs. control (lower abundance in spring).
Regarding the functional response, the number of
foraging guilds and the abundance of pollinator
feeding spiders significantly decreased both in the
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Fig. 4 Barplots representing the relative abundance of forag-
ing guilds (a) and spider families (b) obtained from the urban
and the control area in the two sampling seasons. Foraging
guilds refer to the classification proposed by Isaia et al. (2007)

contrast between urban and control areas and along
the urbanization gradient (Table 1; Fig. 5c, d). The
seasonality effect was not significant in both models
for foraging guilds, while it was significant in both
models for pollinators feeding species, with pol-
linator feeders being more present in autumn than
spring.

The mean taxonomic B-diversity in the control
area has a value of 0.761, of which 0.507 (67%) pro-
vided by the turnover component and 0.254 (33%)
provided by the nestedness component. The mean
taxonomic f-diversity in the urban area has a value of
0.768, of which 0.295 (38%) provided by the turnover
component, and 0.473 (62%) provided by the nested-
ness component. When considering the functional
B-diversity, we observed a mean value of 0.636 in the
control area, with a value of 0.368 (58%) provided by
the turnover component and a value of 0.267 (42%)
provided by the nestedness component. The mean
functional f-diversity in the urban area showed a
value of 0.699, with a value of 0.218 (31%) provided
by the turnover component, and a value of 0.482
(69%) provided by the nestedness component.

Autumn.Control Autumn.Urban Spring.Control Spring.Urban

for the regional fauna (7S simple web weavers, 7O orbicular
web weavers, 71 irregular web weavers, TD dome web weav-
ers, TT tridimensional web weavers, CD diurnal hunters; CA
ambush hunters; CN nocturnal hunters; SP specialized hunters)

Biodiversity projections

The biodiversity projections under the current urbani-
zation scenario (Fig. 6a) reported expected values of
spider species richness ranging from 2 to 7, with 40%
of the grid cells reporting the highest value, 19% with
a diversity value of 6 species, 14% of cells reporting
a value of 5 species, 11% of cells with a value of 4
species, 14% of cells with 3 species, and 2% of cells
reporting the lowest value. When projecting biodiver-
sity under the two future urbanization scenarios in the
50 cells where management actions should be imple-
mented, we could highlight 8 priority cells under the
3% scenario (Fig. 6b), which become 42 priority cells
under the 5% scenario (Fig. 6¢).

Discussion
In this work we aimed at examining how urbanization
affects the taxonomic and functional diversity of spi-

ders by 1) comparing foliage dwelling assemblages in
the urban and a control area and 2) testing variation
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Table 1 Estimated parameters (Estimate), standard errors
(Std. error) and P values referring to the effects of urban den-
sity in the comparison between the urban and the control area

(left) and showing the response of each variable along the
urbanization gradient (right)

Variables Predictors Estimate Std. error z value P value
(A) Urban VS Control Area
Abundance sampling_area: Urban —0.585 0.112 —-5.23 <0.001
sampling_season: Spring - 0.303 0.0778 -390 <0.001
Richness sampling_area: Urban - 0471 0.0866 - 5.4 <0.001
sampling_season: Spring —0.0667 0.0659 -1.01 0.312
Number of feeding guilds sampling_area: Urban —-0.291 0.0775 -3.76 <0.001
sampling_season: Spring —0.0878 0.0792 - 1.11 0.267
Abundance of pollinator feeders sampling_area: Urban - 0.499 0.203 —2.46 0.0141
sampling_season: Spring —0.991 0.197 - 5.03 <0.001
Zero-infl model -131 0.438 -2.99 0.00284
(B) Urbanization Gradient
Abundance %Urb —1.98 0.67 —2.94 0.003
sampling_season: Spring —0.30 0.12 —-2.44 0.015
Richness %Urb —-1.52 0.558 —-2.73 0.00641
sampling_season: Spring —0.0205 0.0924 —0.222 0.824
No. of feeding guilds %Urb -1.30 0.471 —2.76 0.00587
sampling_season: Spring —0.096 0.112 —0.853 0.393
Abundance of pollinator feeders %Urb -3.32 1.12 —-2.95 0.00314
sampling_season: Spring —-1.34 0.368 —3.64 <0.001
Zero-infl model —0.273 0.405 - 0.673 0.501

Significant values are highlighted in bold

along an urbanization gradient within the city of
Torino.

Analysis on spider abundance revealed that urban
samples host a lower number of individuals compared
to the control area, and their abundance progressively
declined along the urbanization gradient within the
city. In parallel, our results showed that samples col-
lected within the urban context are less species rich
than those collected in the control, and species rich-
ness also significantly declined along the urbaniza-
tion gradient. The significant decrease of species
richness and abundance, observed here for the first
time on foliage-dwelling spiders, confirms earlier
findings obtained on ground-dwelling spiders in the
same study area (Piano et al. 2020c), and is in line
with what has been observed in other studies on spi-
ders (Piano et al,. 2020a, b; Bertellotti et al. 2023)
and other arthropod groups (Christie et al. 2010;
Norton et al. 2014; Philpott et al. 2014; Otoshi et al.
2015; Lagucki et al. 2017; Kyrd et al. 2018; Piano
et al. 2020c; Fenoglio et al. 2021). Despite the current
lack of agreement on how urbanization is expected

@ Springer

to affect the species richness and total abundance of
individual organisms (see Magura et al. 2008, and
Alaruikka et al,. 2002 for increase in individual abun-
dance patterns), the harsh environmental conditions,
along with the reduced connectivity and smaller
size of semi-natural habitat patches, is expected to
decrease spider abundance and richness in urban
areas.

When analyzing the underlying processes deter-
mining this species decline, we demonstrated that
this pattern is partially explained by the decrease of
spider abundance (“More Individuals Hypothesis”,
Srivastava and Lawton 1998) as demonstrated by the
high correlation we observed among species rich-
ness and abundance (Pearson’s r=0.75; p<0.001).
On the other hand, urbanization also acts as a species
filter, such that only a limited set of species survives
in the most urbanized settings (Niemeld and Kotze,
2009). This filtering action of urbanization clearly
emerged when evaluating turnover and nestedness
components of f-diversity between urban areas and
the control: although the two sampling areas showed
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similar levels of B-diversity, dissimilarity in urban
samples was more explained by nestedness compared
to control samples. This result suggests that the urban
habitat contains a subset of the species found in the
control. This biotic homogenization is likely due to
homogeneous environmental conditions in the city,
confirming the strong environmental filter exerted by
urbanization (McKinney and Lockwood 1999; Knop
2016) that likely depletes species not preadapted
to urban conditions, with a consequent decrease
in diversity (Bates et al. 2011; Baldock et al. 2015;
Piano et al. 2017; Fenoglio et al. 2020).

To verify whether this environmental filter effec-
tively acts on species traits, we tested the response
of two functional measures, namely the number of
foraging guilds and the number of pollinator-feeding
species. In accordance with results obtained for other
arthropod taxa (Sattler et al 2010a), the number of
foraging guilds decreased in urban samples compared
to control ones and declined along the urbanization
gradient, revealing that urbanized sites are gener-
ally less functionally diverse than their semi-natural
counterparts. This loss of functional feeding guilds
is partially related to the decline of the most special-
ized groups, as confirmed by the significant reduction
of pollinator-feeding species in the city in respect to
control and along the urbanization gradient. When
examining the role of functional turnover and nested-
ness in explaining functional p-diversity, we observed
a similar pattern to what obtained for taxonomic
p-diversity, confirming that urban foliage-dwelling
spiders faced a functional homogenization, similarly
to what observed for their ground counterpart (Piano
et al. 2020a).

However, although the number of feeding guilds
found in each site is significantly lower in the urban
area than in the control, all feeding guilds found in
the latter are also represented in the city. Therefore,
we may assume that each site in the control area con-
tains many different feeding guilds, while each city
site is less diverse and contains only a few feeding
guilds, randomly distributed across sampling sites.
This result thus pinpoints the role of stochastic vari-
ability occurring in cities (Sattler et al. 2010b; Parris
2016) that may ultimately affect species composition
and the functional structure of urban communities.

At the same time, the decreasing number of pol-
linator feeders along the urbanization gradient
points out that the urbanization consistently favors
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generalist species due to possible lower availabil-
ity of resources and ecological niches (McKinney
2006; Knop 2016; Morelli et al. 2016; Callaghan
et al. 2021, 2023). In addition, their abundance was
consistently lower in Spring compared to Autumn,
both in the control area and in the city, therefore
being related to the phenology of the sampled spi-
ders (but see Jiménez-Valverde and Lobo 2006, for
contrasting patterns). Notably, the pollinator feed-
ers resulted entirely absent from the urban area in
Spring: this result underlies complex dynamics con-
cerning the urban environment and possible source-
sink processes that needs to be further investigated.

The prediction performed on future scenarios
proved to be useful to identify areas where increas-
ing the surface of urban parks may contribute most
effectively to spider biodiversity. Specifically, in a
preliminary step, we could demonstrate that the
density of the built-up area is strictly correlated
with the fragmentation process measured with spe-
cific landscape fragmentation metrics. Our results
corroborate evidence in literature highlighting
that urbanization and landscape fragmentation are
highly correlated processes (e.g. Irwin and Bocks-
tael 2007; Weng 2007; Li et al. 2019). Based on this
assumption, our approach relying on the analysis
of the biodiversity response along the urbanization
gradient can provide novel insights to uncover the
impacts of landscape fragmentation, offering valu-
able insights for land-use planning (Weng 2007),
in light of the requirements of the European Biodi-
versity Strategy. Specifically, we identified 8 and 42
priority cells under the 3% and 5% scenarios respec-
tively, where spider species richness is expected to
show at least a 2% increase compared to current
diversity values. Focusing management actions in
these cells would therefore represent a good com-
promise between the efforts of increasing the sur-
face of urban parks and the expected outcomes in
terms of biodiversity. In light of this, integrating
our priority cells in future urban plans should be
considered as pivotal by urban planners to extend
current urban parks.
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