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Abstract

In the last decades, interest in monitoring and quantifying biodiversity in human-modified
landscapes ha increased, as anthropogenic disturbance is recognized as a major driver of
biodiversity loss. However, green spaces within disturbed environments can sometimes
serve as critical refuges for wildlife. In this study, we collected and analyzed data on
bird and butterfly communities across a gradient of anthropogenic disturbance in Bologna
(Italy) encompassing urban, agricultural and semi-natural contexts. We found the highest
species richness and diversity for both taxa in peri-urban areas with natural and semi-
natural habitats, while the dense built-up areas supported fewer, mostly generalist species.
Intermediate zones, including parks and gardens, acted as ecological filters, hosting both
specialist and generalist species, while agricultural areas favoured birds likely due to their
greater vagility, but not butterflies, whose communities showed sharper compositional
shifts. Finally, we found that both continuous urban cover, discontinuous high-density
urban areas, distance to streets, and wood coverage were the main drivers of o and 3 diver-
sity in our target groups. Our findings highlighted the importance of habitat heterogeneity
and continuity with the natural areas surrounding the city in sustaining biodiversity under
anthropogenic disturbance. The integrated analysis of two bioindicator groups along a
disturbance gradient produced original and transferable results, offering a replicable model
for ecological studies and urban planning in similar contexts.
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Introduction

Anthropogenic disturbance is one of the dominant drivers in the Anthropocene, resulting
in an ongoing process that significantly impacts both landscape features and biodiversity
through habitat degradation, fragmentation, and destruction, the facilitation of non-native
species establishment, and the homogenization of faunal and floral composition (Simkin et
al. 2022; Liu et al. 2025). These alterations can lead to diminished ecosystem functions and
resilience, with dramatic consequences for biodiversity at both local and global scale (Faeth
et al. 2011; Aronson et al. 2014). However, urban green spaces, such as parks, gardens, and
remnant natural fragments in cities and human-dominated environments can also function
as refugia for certain endangered and endemic species, supporting their survival and conser-
vation by providing critical habitats (e.g., for breeding, foraging, and shelter opportunities)
within disturbed environment (Pierce et al. 2021; Rega-Brodsky et al. 2023).

In recent years, several studies focused not only on analyzing the structure, dynam-
ics, and processes characterizing urban ecosystems but also on the complex interactions
between living organisms and humans across gradients ranging from highly urbanized to
semi-natural (Zhou et al. 2022; Marcolin et al. 2024; Tong et al. 2024; Alba et al. 2025;
Faustino et al. 2025). Thus, ecological research in human-dominated landscape is increas-
ingly playing a central role informing policy decisions for the design of modernized cit-
ies and infrastructures, providing solutions aimed at reducing environmental impact and
preserving the species that inhabit disturbed areas, for example enhancing green spaces to
promote biodiversity (Sadler et al. 2010; Zhao et al. 2022).

Avian research has long been central in this field, given the ease of bird observation and
identification, as well as the strong correlation between avian species richness and overall
biodiversity in modified landscapes (Fraissinet et al. 2023; McCloy et al. 2024).

Moreover, the relationship between avian diversity and gradient of disturbance has
revealed stark shifts in species composition and richness in response to increasing human
pressure (Hedblom and Murgui 2017; Kopij 2025). In parallel, growing attention has been
given to other animal groups, including mammals, reptiles, amphibians, and invertebrates
(French et al. 2018; delBarco-Trillo and Putman 2023; Lewthwaite et al. 2024). Among
invertebrates, pollinators have received particular focus (Silva et al. 2021), with butterflies
emerging as key bioindicators of environmental conditions (Fang and Guan 2010; Liu et
al. 2015). Butterflies share several ecological characteristics with birds. For example, they
are relatively easy to observe and identify and they respond quickly to ecological changes.
This makes them valuable bioindicators of disturbance (Ramirez-Restrepo and MacGregor-
Fors 2017; Malireddi et al. 2025), even in urban and agricultural contexts where their occur-
rence and diversity reflect also the effectiveness of urban green infrastructure in sustaining
ecological functions (Sharma and Sharma 2017; Siile et al. 2025), such as pollination.

Despite the growing interest in the ecological value of human-modified landscapes,
understanding of how different taxa respond to varied disturbance contexts is limited. Sev-
eral studies are geographically biased or focus on a narrow range of taxa, which constrains
broader insights into urban biodiversity, especially in underrepresented regions. At the same
time, many European countries are developing various initiatives in the field of urban eco-
logical research, with cities increasingly integrating biodiversity into planning and policy
(Mahmoud et al. 2025). In Italy the city of Bologna stands out for its greening strategies—
such as tree belts and micro-interventions—that enhance ecological connectivity and cli-
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mate resilience (Boeri et al. 2022). Its participatory governance model, based on co-design
and collaborative management, fosters inclusive decision-making and adaptive capacity
(Fontana et al. 2025).

Investigating multiple taxa simultaneously across a heterogeneous disturbance gradient
offers critical insights into how ecosystems imbedded in human-modified landscapes can
remain functional and resilient. Thus, considering the central role that cities may play as
reservoirs of biodiversity — ranging from highly artificial to semi-natural patches — we con-
sider the city of Bologna to be an ideal model for investigating how anthropogenic distur-
bance influences bird and butterfly communities. Situated within the Po Plain—recognized
as one of the most intensively exploited and human-modified regions in Europe—Bologna
provides an example of ecological communities embedded in a highly altered landscape
(Montanari et al. 2022). At the same time, the city’s ecological dynamics are potentially
buffered by its proximity to the biodiversity-rich Apennines, which host semi-natural habi-
tats, forests, and protected areas. This dual geographic positioning creates a unique inter-
face between urbanization and natural ecosystems, making Bologna a natural laboratory for
examining how species richness, diversity, and community composition respond to both the
pressures of intensive human activity and the ecological spillover from nearby biodiversity
reservoirs. Specifically, in this study we (1) investigated and quantified the differences in
species richness, diversity, and community composition of birds and butterflies across urban
areas of Bologna characterized by varying levels of anthropogenic disturbance, (2) exam-
ined which ecological and spatial parameters most strongly influenced the differentiation of
the communities under investigation.

Methods
Study area

We carried out this study in the city of Bologna, a metropolitan area of ¢. 141 km? located in
the Emilia-Romagna region, Northern Italy (Fig. 1), with a resident population of approxi-
mately 400,000 (https://inumeridibolognametropolitana.it/100grafici/territorio).

The norther part of this city, faces one of the most anthropogenically-modified areas of
Europe, the Po Plain, characterized by extensive urbanization and intensive agriculture. In
contrast, the southern part of the city extends into a hilly and natural area, where North-
ern Apennines rise. Several watercourses, including the Reno and Savena rivers and the
Lamone stream, pass through the city. Additionally, several wetlands, derived by former
caves, retting pits, or rainwater collection basins — such as Lago della Birra, located near
Giovanni Marconi Airport — increase the ecological diversity of the city. Moreover, within
the municipality of Bologna, two sites belonging to the Natura 2000 network of protected
areas occur, the Golena San Vitale and Golena del Lippo site (IT4050018), and the Boschi
di San Luca e Destra Reno site (IT4050029) both located along the Reno River. As a result,
the entire area is characterized by high environmental heterogeneity, with a mosaic of habi-
tats ranging from heavily urbanized and degraded areas to urban parks — including large
ones such as Giardini Margherita — along with uncultivated areas, roadside tree plantations,
woodlands, hedgerows and private gardens (Av 2003).
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Fig. 1 Study area and spatial clusters. Municipal boundaries of the city of Bologna (Italy) in white and
four distinct spatial clusters corresponding to “agricultural environment” in orange, “suburban environ-
ments with parks” in blue, “urban environment” in red, “hilly environment and preserved natural areas”
in green, sampling sites in white dots

Sampling design

Given the heterogeneity of our study area, to reach our aims we first estimated an urban
gradient of anthropic disturbance by performing a cluster analysis based on the spatial infor-
mation available for the entire city of Bologna. Accordingly, we collected topographic infor-
mation, i.e., mean elevation and slope together with their relative standard deviations (SD)
in raster format from the TIN ITALY digital elevation model (DEM) with a 10 m spatial res-
olution (https://tinitaly.pi.ingv.it/Download Areal 1.html, accessed on 15 February 2024).
Moreover, we collected information regarding canopy height (mean=SD) from the ETH
Global Canopy Height 2020 dataset at 10 m spatial resolution (https://share.phys.ethz.ch/~
pf/nlangdata/ETH_GlobalCanopyHeight 10m 2020 versionl/3deg_cogs/, accessed on 10
February 2024), tree cover density (mean+SD) from the Copernicus (C.) High Resolution
Tree Cover Layer 2018, at 10 m spatial resolution (https://land.copernicus.eu/en/products/
high-resolution-layer-tree-cover-density/tree-cover-density-2018, accessed on 10 February
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2024), and the percentage of and distance to street trees, in vector format, from the C. Urban
Atlas Street Tree Layer 2018 (https://land.copernicus.eu/en/products/urban-atlas/street-tree
-layer-stl-2018, accessed on 10 February 2024). From the C. Urban Atlas Land Cover/Land
Use 2018 vector dataset (https://land.copernicus.eu/en/products/urban-atlas/urban-atlas-20
18), we derived the percentage of.

two urban vegetation, six proxies of urbanization and three land-use variables, as well as
six distance metrics (Table 1), while from the C. Urban Atlas Building Height 2012, at 10 m
spatial resolution (https://land.copernicus.eu/en/products/urban-atlas/building-height-2012,
accessed on 10 February 2024), we derived the mean=+SD height of all the buildings in
Bologna. Finally, we also derived mean+SD of the human population density from Italy’s
High Resolution Population Density Maps+Demographic Estimates 2020 dataset at 20 m
spatial resolution (https://data.humdata.org/dataset/italy-high-resolution-population-densit
y-maps-demographic-estimates?, accessed on 10 February 2024).

Table 1 Spatial variables Variables Unit Type VIF
included in the analysis, their -
units, type and corresponding Average elevation ma.s.l. Topography >3
Variance Inflation Factor (VIF). Elevation SD mas.l. >3
Variables with VIF >3 (those Average slope ° >3
not in bold) were excluded from Slope SD o >3
further ana.lyses. Elevation is Average canopy height m Vegetation >3
expressed n MEIEISAOVC SR Gy heighe SD e
Average tree cover density n/m? >3
Tree cover density SD n/m? >3
Street tree lines % Urban 2.514
Green urban areas % vegetation 1.933
Streets % Proxy of 1.755
Continuous urban areas % urbanization 2.103
Discontinuous high-density % 1.658
urban areas
Discontinuous medium-densi- % 1.573
ty urban areas
Discontinuous low-density % 2.004
urban areas
Sports and leisure facilities % 1.152
Average building height m >3
Building height SD m >3
Average human population n/m? >3
density
Human population density SD  n/m? >3
Grasslands % Land-use 1.541
Woods % 1.976
Croplands % >3
Distance to street tree lines m Distance to 2.353
Distance to green urban areas m features 2.256
Distance to woods m 2.331
Distance to highways m 2.108
Distance to airports m 1.718
Distance to waters m 1.835
Distance to streets m 2.692
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We resampled all environmental predictors to a common 500-m grid by creating a tem-
plate raster and then aggregating continuous rasters using the mean and standard deviation
within each 500-m cell. Predictors originally at different resolutions were aligned to the
same grid through resampling to the template. Land-use composition variables were com-
puted as coverage fractions per grid cell, and distance-to-feature predictors were first com-
puted as distance rasters and then aggregated to the same 500-m grid. Finally, we performed
VIF analysis on the resulting predictor set to remove collinear variables (details and thresh-
old now explicitly reported in the revised text). Then, we evaluated multicollinearity among
predictors using the variance inflation factor (VIF). Predictors were removed iteratively
when exceeding the selected VIF threshold (>3; Zuur et al. 2010) and thus we retained 18
variables with low multicollinearity for the further analyses (Table 1).

To characterize broad spatial patterns in landscape composition across the study area,
we applied a descriptive clustering approach using the function Mclust in the R package
mclust (Scrucca et al. 2016). This method fits finite Gaussian mixture models to multi-
variate data and identifies groups of grid cells that share similar combinations of landscape
variables, without assuming any underlying ecological mechanism. We fitted models with
1-10 mixture components and used the Bayesian Information Criterion (BIC; Schwarz,
1978) to select the most parsimonious clustering structure. The best-supported model was
an ellipsoidal, equal-shape (VEV) structure with four components (BIC = —17822.43;
Fig. S1). These four clusters represent statistically defined groupings of grid squares with
similar landscape characteristics. For ease of interpretation, we refer to them descriptively
as: “agricultural environment” (CL1), “suburban environments with parks” (CL2), “urban
environment” (CL3), and “hilly environment and preserved natural areas” (CL4), compris-
ing 166, 95, 179, and 125 grid squares, respectively (Fig. 1). These labels are intended only
as convenient summaries of the dominant features within each cluster, not as mechanistic
habitat categories.

We then allocated sampling sites proportionally to the number of grid squares in each
cluster, resulting in 15 sites in CL1, nine in CL2, 15 in CL3, and 11 in CL4 (total =50 sites,
with a minimum pairwise distance between sites ranging between 912 and 2260 m; Fig. 1).
This ensured that sampling effort reflected the relative representation of each landscape
grouping in the study area.

Animal surveys

Bird surveys were conducted, adopting the widely used point counts method as census tech-
nique (Milanesi et al. 2017; Herrando et al. 2017, 2019; Lardelli et al. 2022a, b; Howard et
al. 2023), between April and June 2024 representing the peak nesting season for most spe-
cies in this temperate climate (Keller et al. 2020; Lardelli et al. 2022a, b). All bird sampling
sites were visited twice, alternating between early and late morning sessions and with a
minimum interval of one month between visits to account for the occurrence of juveniles
and late-nesting individuals, using the point count method (Blondel et al. 1981; Bibby et al.
2000; Gregory et al. 2004). Each survey lasted 10 min and was preceded by an additional
minute for preparing the sampling data sheet. Bird identification was based on both direct
visual observation of individual animals (e.g., with 8 x32 binoculars) and on the recogni-
tion of their songs and calls. All birds detected strictly within a 100-m radius of the observer
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were recorded (Knaus et al. 2018), including flying individuals that entered the survey area,
such as aerial foragers like swifts, and soaring raptors.

Diurnal butterfly surveys were conducted from late May to early September 2024. All
sampling sites were visited four times throughout the sampling season (approximately once
a month), using the transect method count (Pollard walk; Pollard et al. 1994). At each site,
adult butterfly species and the number of individuals of each species was recorded along a
400-meter transect, during daylight hours (10:00—16:00) coinciding with peak flight activity
(Cormont et al. 2011). Individuals were captured using an entomological net, photographed
and then released at the end of each sampling session. Common and easily recognizable
butterfly species were quickly classified based on key morphological traits such as color-
ation, wing patterns, body size, and antennae shape. For species that proved more difficult
to identify in the field the images were later examined in greater detail following Tolman
and Lewington (2022) and Balletto et al. (2023). In this study, the term “butterflies” is used,
for simplicity, to refer to all the Lepidoptera recorded, because the sampling was carried out
during the day and the individuals were collected in a period corresponding to the typical
flight season of butterflies.

Biodiversity analysis

We analyzed the collected data of both birds and butterflies to verify differences between
the four clusters in terms of alpha (a-) and beta (B-)diversity (i.e. focusing on diversity
within a single site, and on diversity between clusters, respectively) and the effect of the
spatial variables on these differences. For butterflies, given that the average adult lifespan
ranges from approximately 2.5 to 15 days (Niitepdld and Hansk 2013; Bubova et al. 2016),
we assumed there was no likelihood of recapturing the same individual in two consecutive
sessions. Therefore, species-specific abundances were estimated by summing the number of
individuals recorded at each site throughout the entire sampling period.

For birds, to minimize the risk of double-counting individuals, we estimated species-
specific abundances by selecting the highest count observed at each site during a single
sampling session.

Species richness and diversity

As measures of a-diversity, we focused on three measures of Hill numbers (Hill 1973) of
order Q: species richness (Q0), Hill-Shannon diversity (Q1) and Hill-Simpson diversity
(Q2). These three forms of Hill diversity differ only in how they scale rarity (Roswell et
al. 2021). Richness uses an arithmetic rarity scale, which gives high leverage to, and there-
fore remains very sensitive to, rare species; Hill-Simpson diversity uses a reciprocal scale,
which shifts leverage towards, and is thus dominated by common species; Hill-Shannon
uses a logarithmic scale, and falls between the two.

We graphically compared species richness and diversity among clusters (CL1, CL2, CL3,
CL4) by means of rarefaction curves calculated by iNEXT package (interpolation/extrapo-
lation) of the R programming language (Hsieh et al. 2016). For each diversity measure
considered (Q0, Q1, Q2), iNEXT uses the observed sample of abundance data to compute
diversity estimates (Chao and Jost 2012; Chao et al. 2016). The 95% confidence intervals
associated with the estimates are also calculated and a sample-size-based rarefaction and
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extrapolation (R/E) curve is plotted. We verified significant differences in terms of species
richness and diversity among the 50 plots grouped according to the cluster they belong
to (i.e., CL1, CL2, CL3, CL4) using the Kruskal-Wallis test and subsequently the Mann-
Whitney post hoc test for pairwise comparisons between the clusters.

We adopted the information-theoretic approach with multi-model inference (function
“dredge” in the R package “MuMIn”; v.1.48.4. Barton 2009) to alternatively investigate the
relationships between richness and diversity of birds and butterfly with the spatial variables.
This approach involves generating as many models (generalized linear models, GLMs with
Gaussian error distribution, in our case) as potential combinations of the spatial variables
considered (Table 1), standardized (centered on its mean and divided by its standard devia-
tion) using the ‘scale’ function in R, alternatively using Q0, Q1 and Q2 as response variable.
The resulting models were then ranked using the corrected Akaike Information criterion
(AICc; Akaike 1973). Specifically, we chose the model with the lowest AICc as the “best™
model and then ranked the remaining models as the difference (AAICc) between the AICc
of the best model and those of the other models. Following the recommendations of Ander-
son and Burnham (2002), we considered only models with AAICc<2. These were tested
for spatial autocorrelation in model residuals using Moran’s I (function ‘moran.test’ in the
‘spdep’ R package; Bivand et al. 2017) resulting in no significant spatial autocorrelation was
detected, indicating that spatial structure did not bias model inference.

Then, we computed the Akaike weight for each model, representing the relative likeli-
hood that a given model is the best among those considered (Akaike 1981) and, to evalu-
ate the contribution of individual spatial predictors, calculated variable importance (W;) by
summing the Akaike weights across all the best models in which each variable appeared
(Anderson and Burnham 2002).

Communities assemblage

We assessed B-diversity by examining how similar species compositions were among sites
grouped into four clusters (CL1-CL4). To test whether these clusters differed significantly,
we used Permutational Analysis of Variance (Primer 6+with PERMANOVA+). This non-
parametric method partitions variance among groups based on a similarity matrix. Here, the
matrix was built from species abundance data using the Bray—Curtis coefficient, a widely
used measure for ecological data.

Because some comparisons involved few sites, we also reported Monte Carlo p-values,
which provide more reliable significance estimates under limited replication. Abundance
data were standardized by taking the square root of the proportion of individuals of each
species relative to the total counted per site.

To explore differences between specific pairs of clusters, we ran Post-Hoc pairwise tests,
which yield a t-value and associated probability. We then applied the SIMPER test to iden-
tify which species contributed most to the observed dissimilarities between clusters.

Next, we examined how spatial variables influenced community composition using
DistLM (Distance-Based multivariate multiple regression). This method correlates envi-
ronmental variables with biological similarity patterns. We ran Marginal tests (9,999 per-
mutations) to evaluate the explanatory power of each variable individually. To find the best
overall model, we applied the BEST selection procedure with the Akaike Information Crite-
rion (AIC), which balances explanatory strength with model simplicity.
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Finally, we used Distance-Based Redundancy Analysis (dbRDA) to visualize differences
in species composition across all sites and to highlight the contribution of the most signifi-
cant spatial variables.

Results
Butterfly and bird’s species richness and diversity

During the whole sampling period, we recorded a total of 2462 birds belonging to 78 spe-
cies (Table S2) and Sturnus vulgaris was the most abundant species with 521 detections,
followed by Apus apus/pallidus (N=237), Columba livia domestica (N=223), Columba
palumbus (N=168) and Corvus cornix (N=106). In the same period, we counted a total of
1554 individuals of Lepidoptera belonging to 40 species (Table S1) and Pieris rapae was
the most abundant species, with a total of 413 individuals, followed by Pieris brassicae
(N=178), Coenonympha pamphilus (N=171), Plebejus argus (N=153) and Polymmatus
icarus (N=150).

Although less frequently, uncommon and threatened species were also sampled, such
as the birds Alauda arvensis, Chloris chloris, Riparia riparia, Lanius collurio and Passer
italiae, (all listed as “Vulnerable” as for the IUCN red list of Italian bird species) and the
butterfly Lycaena dispar (listed in Annex II of the Habitats Directive —92/43/EEC).

The part of the city of Bologna falling within CL4 “hilly environment and preserved
natural areas” showed the highest values of species richness and diversity compared to
the other clusters, both in the case of birds and butterflies (Fig. 2). However, only for
butterflies we found a significant difference between clusters (Kruskal-Wallist test: QO:
chi-square=15.686; p<0.01; Q1: chi-square=15.207, p<0.01; Q2: chi-square=14.787;
»<0.01). In particular, we found differences between CL4 and CL1 “agricultural environ-
ment” (Post-hoc test: Q0: p=0.01, Q1: p<0.01, Q2: p<0.01) and between CL4 and CL3
“urban environment” (Post-hoc test: Q0: p<0.01, Q1: p<0.01, Q2: p<0.01).

Our results were further confirmed by species abundance data (Table S1, S2). Specifi-
cally, Cluster 1 hosted the highest number of birds with a total of 898 individuals belonging
to 60 species (Table S2). However, most of the individuals sighted belonged to few spe-
cies such as Sturnus vulgaris (N=211), Columba livia domestica (N=110), Hirundo rustica
(N=68), Phasianus colchicus (N=44) and Psittacula krameri (N=44). On the contrary,
CL4, with a total of 328 individuals, ranked last in terms of abundance (Table S2) but had
the highest species diversity, as individuals were comparatively more evenly distributed
among species (Fig. 2), while CL2 and CL3 had a number of individuals in between the two
previous clusters (Table S1). However, CL 2 hosted a larger number and a greater diversity
of species than CL3 (Fig. 2).

For butterflies, the cluster with the highest number of observed individuals was CL4
with a total of 493 individuals distributed rather evenly among all species (Fig. 2), followed
by CL1 (Table S1). However, unlike CL4, most of the observed individuals in CL1 belong
to only a few, abundant species including Plebejus idas, Coenonympha pamphilus, and
Vanessa atalanta (Table S1) likely explaining the lower diversity indices (Fig. 2). Clus-
ter 2 “suburban environments with parks” and CL3 had the lowest number of individuals.
However, species were distributed much more evenly in CL2 compared to CL3, indicating
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Fig. 2 Rarefaction curves showing the diversity of (a) birds and (b) butterflies, sampled from May to
September 2024 in four distinct clusters within the municipal boundaries of the city of Bologna, Italy -
clusters corresponded to “agricultural environment” (CL1), “suburban environments with parks” (CL2),
“urban environment” (CL3), “hilly environment and preserved natural areas” (CL4)

higher diversity (Fig. 2). Additionally, we found that a single site within CL2 hosted five
species that were not sampled in any other site or cluster: Spiris slovenica, Leptotes pir-
ithous, Zerynthia cassandra, Gonepteryx rhamni, and Leptidea sinapis.

For birds, also through multi-model inference, we identified and then averaged a total of
12 GLMs with AAICc<2 for species richness (Q0), 10 for Shannon diversity (Q1) and 11
for Simpson diversity (Q2, Table 2). In this analysis, discontinuous low-density urban areas
and the distance to roads significantly and positively related to species richness, account-
ing for 60.17% of the variable importance, while continuous urban areas significantly but
negatively related to Shannon and Simpson diversity, accounting for 53.04% and 47.75% of
the variable importance (Table 2).

For butterflies, through multi-model inference, we identified and then averaged a total
of nine GLMs with AAICc <2 for species richness (Q1), 12 for Shannon diversity (Q0) and
20 for Simpson diversity (Q2, Table 2). Specifically, discontinuous high urban areas and
the percentage of woods significantly related, negatively and positively respectively, to all

the three measure of diversity considered, accounting for 59% of the variable importance
(Table 2).
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Table 2 Average estimates of the standardized coefficients (B), + standard errors (SE), and relative impor-
tance from Akaike weights (W) of the covariates entered in the best models (N is the number of models
with AAICc<2) to estimate birds and butterflies species richness, Shannon diversity, and Simpson diversity,
through multi-model inference, using generalized linear models. *Significant variables (p<0.001) in bold

Response  Variable ”

N p SE Wi N g SE Wi
Species (Intercept)* 12 2.852 0.029 - 9 1921 0.065 -
richness Discontinuous high-density 0.069 0.032 27.797 -0.171 0.071 33.026
urban areas*
Woods* - - - 0.176  0.078 26.247
Green urban areas 0.042  0.033 5.986 0.109 0.071 17.776
Distance to woods 0.059  0.039 11.411 —0.142 0.084 13.701
Street tree lines 0.053  0.036 6.786 0.086 0.072 6.414
Distance to waters —0.057 0.041 8.861 -0.061 0.066 2.836
Distance to streets* 0.071  0.032 32.379 - - -
Continuous urban areas —0.032 0.033 2431 - - -
Distance to green urban areas -0.031 0.032 2.377 - - -
Distance to street tree line -0.024 0.032 1.972 - - -
Shannon (Intercept)* 10 2.733 0.03 - 12 1.832 0.063 -
diversity  Dijscontinuous high-density - - - —-0.17 0.069 31.784
urban areas*
Woods* - - - 0.173  0.074 26.152
Green urban areas 0.021  0.031 4.041 0.107  0.067 14.675
Distance to woods - - - -0.141 0.083 11.034
Street tree lines 0.036  0.031 9.999 0.101  0.081 6.756
Distance to waters —0.027 0.031 4.751 -0.059 0.065 3.927
Canopy height SD - - - —0.064 0.066 2.066
Discontinuous low-density 0.027  0.031 4.693 —0.099 0.082 1.847
urban areas
Sports and leisure facilities - - - -0.051 0.067 1.761
Continuous urban areas* —0.072 0.031 53.046 - - -
Distance to airports 0.035 0.031 9.845 - - -
Distance to green urban areas —0.028 0.031 4.862 - - -
Distance to street tree lines -0.026 0.031 4.516 - - -
Streets —0.023 0.031 4.248 - - -
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Table 2 (continued)

Response  Variable -~ ! ”

N g SE Wi N p SE Wi
Simpson (Intercept)* 11 2.601 0.034 - 20 1.751  0.062 -
diversity  Dijscontinuous high-density - - - -0.171 0.068 31.621
urban areas*
Woods* 0.034  0.037 3.475 0.161 0.074 23.554
Green urban areas 0.032  0.035 3.437 0.089 0.067 10.121
Distance to woods —0.021 0.035 2.683 —0.136 0.078 14.084
Street tree lines - - - 0.089 0.074 6.786
Canopy Height SD 0.031 0.035 3.278 —0.067 0.066 6.518
Distance to waters —0.047 0.035 10.755 —0.059 0.064 2.588
Distance to airports 0.051 0.035 17.931 0.061  0.065 1.251
Distance to highways - - - 0.061  0.068 1.201
Discontinuous low-density - - - —0.091 0.081 1.199
urban areas
Sports and leisure facilities - - - —0.051 0.066 1.081
Continuous urban areas* —0.084 0.036 47.756 - - -
Distance to green urban areas —0.041 0.036 7.876 - - -
Distance to street tree lines —0.033 0.036 2.809 - - -

Differences in species composition

Species composition of both birds and butterflies differed significantly among clusters
(Birds PERMANOVA: pMC<0.001; pseudo-F=2.4201 df=3; Butterflies PERMANOVA:
pMC<0.001; pseudo-F=2.7214, df=3). For birds, assemblages in CL4 differed signifi-
cantly from those in CL1 and CL3 (Table 3; Fig. 3). Emberiza cirlus occurred exclusively in
CLA4. The species contributing most to the dissimilarity between CL4 and CL1 were Sturnus
vulgaris, Columba livia domestica and Psittacula krameri, all more frequent in CL1 (Table
S3). Differences between CL4 and CL3 were mainly driven by Apus apus/pallidus, Cardu-
elis carduelis, Streptopelia decaocto and Serinus serinus (more common in CL3), and by
Phasianus colchicus (more common in CL4).

Butterfly assemblages also differed significantly between CL4 and both CL1 and CL3
(Table 3; Fig. 3). In these comparisons, Pieris rapae and Pieris brassicae were the main
contributors to dissimilarity and occurred mostly in CL3 (Table S3). CL4 further differed
from CL1 due to the higher contribution of Plebejus argus, and from both CL1 and CL3 for
the exclusive presence of Melanargia galathea.

Significant differences were also detected between CL1 and CL3 (Table 3; Fig. 3). Again,
P. rapae and P. brassicae were the strongest contributors, being more abundant in CL3.
Additional contributors included Thymelicus acteon, Lasiommata megera, Plebejus idas
and Aricia agestis (higher in CL3), and Iphiclides podalirius (higher in CL1). Polyommatus
thersites was also found predominantly in CL3.

For both birds and butterflies, multivariate analysis showed that four variables explained
important amounts of the variability in community composition, i.e., 28.6% for birds and
22.1% for butterflies (Table 4; Fig. 3). The percentage of discontinuous high urban areas and
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Table 3 Pairwise PERMANOVA comparisons indicating the average similarity within each cluster and be-
tween pairs of clusters in terms of species composition, coefficient t and Monte Carlo p-value (pMC) — sig-
nificant p-values in bold

Cluster (CL*) M

1 2 3 4 1 2 3 4

t CLlagricultural - - - - - - - -
pMC environment _ - - - - - - -
Similarity 42.685 - - - 43.601 - - -
t CL2suburban 0.691 - - - 1.081 - - -
pMC environments 0.807 - - - 0.299 - - -
Similarity ~ "ith parks 44.425 42074 - ; 41741 40.801
t CL3 1471 1441 - - 1.982 0.997 - -
pMC urban 0.056 0.059 - - 0.001 0435 - -

environment
Similarity 43.031 42.618 47.645 - 44.007 47.547 54411
t CL4 1.762  1.299 2.668 - 1.579 1.161 2.097 -
pMC hilly environ- 0.009 0.122 0.001 - 0.008 0.201 0.001 -

ment and pre-

served natural

areas
Similarity 42.066 42.618 37.136 50.173 38.769 39.701 40.791 40.628

*Clusters: “agricultural environment” (CL1), “suburban environments with parks” (CL2), “urban
environment” (CL3), “hilly environment and preserved natural areas” (CL4)
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Fig. 3 Biplots of the distance-based redundancy analysis ({bRDA) of multiple variables (names as in
Table 4) related to the structure of the bird (a) and butterfly (b) communities in the city of Bologna, Italy.
Variables were superimposed onto the dbRDA plots vectors whose direction and length are related to
their partial correlation with the dbRDA axes. Clusters: “agricultural environment” (CL1), “suburban
environments with parks” (CL2), “urban environment” (CL3), “hilly environment and preserved natural
areas” (CL4)
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Table 4 Results of distance-based multivariate multiple regressions for birds and butterflies species composi-
tion analyses. The table shows the variables entered in the best models (AAICc<2), listed in order of their
contribution to percentage of variance explained (%)

Variables M

pseudo-F % p pseudo-F % p
Continuous urban areas 3412 6.36 <0.001 - -
Discontinuous high-density urban area 3.999 7.69 <0.001 3.707 7.16 <0.01
Woods 3.566 6.91 <0.001 - - -
Distance to green urban areas 3.971 7.64  <0.001 3.670 7.10  <0.01
Distance to woods - - - 1.966 3.93 <0.05
Distance to waters - - - 1.953 391 <0.05
AIC 367.45 370.02
R? 0.219 0.231

the distance to green urban areas were two important variables explaining bird community
structure, followed by the percentage of woods and continuous urban areas. The percent-
age of discontinuous high urban areas and the distance to green urban areas were strongly
related to the butterfly community assemblage, followed by distance to forest and distance
to water that however explained lower variability.

Discussion

Our cluster analysis proved to be a crucial methodological step for disentangling the effects
of human-modified landscapes on birds and butterflies (as proxies of broader biodiversity
patterns) within Bologna’s heterogeneous territory. This approach moved beyond simplistic
urban—rural dichotomies, instead capturing the nuanced gradients of anthropogenic distur-
bance, land use, and habitat structure that define contemporary ecosystems. Importantly, this
clustering framework facilitated a more targeted examination of how landscape-level fea-
tures interact with biological communities, providing insights that would likely be obscured
in less spatially explicit designs.

In this study, we found a clear diversification of butterfly and bird communities along
a gradient of human-modified landscapes within the city of Bologna, a densely urbanized
metropolis located in a heavily transformed region.

The study area is predominantly situated at low elevations within the Po River Valley,
and known to host a rich biodiversity due to its varied microhabitats and temperate climate
(Bolpagni et al. 2020). However, for both taxa, the areas classified under Cluster 4 (“hilly
environment and preserved natural areas”) were shown to support more species-rich and
diverse communities. These zones are predominantly composed of natural and semi-natural
habitats, interspersed with low-density residential developments. Located in the southern
part of the city, adjacent to the foothills of the Bolognese Apennines, these areas reflect the
additional contribution of biodiversity-rich Apennine ecosystems (Ronchi and Brambilla
2025).
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From an avian perspective, we observed the occurrence of species associated with wood-
land habitats, such as Erithacus rubecula and Turdus philomelos, as well as species typi-
cal of riparian environments, including Microcarbo pygmaeus and Anas platyrhynchos.
Moreover, Cluster 4 hosted species that prefer sub-Mediterranean habitats and extensive
agricultural landscapes—such as Lanius collurio, Hippolais polyglotta, and Merops apias-
ter—alongside cliff-nesting birds like Tachymarptis melba and Falco peregrinus. Notably,
the latter species has also been observed nesting on tall buildings in the city center, high-
lighting its adaptability to urban settings (Tinarelli et al. 2002).

Butterfly communities similarly reflected this pattern. Indeed, we found Hipparchia
alcyone and Limenitis reducta, whose habitat is mainly represented by open woodlands,
which are abundant in the study’s Cluster 4 (Lange et al. 2025; Hinneberg et al. 2023).
Brintesia circe also requires environmental conditions characterized by cooler and more
stable temperatures, resembling those of Apennine habitats, particularly during egg-laying
(Birch et al. 2021).

Finally, Zygaena loti has a habitat consisting of species-rich grasslands (Bergman et al.
2020), which were also common in CL4.

Although the central urban areas (i.e. of Cluster 3) are located close to the more natural
sites of Cluster 4, the urban core exhibited a pronounced decline in both species richness
and diversity, especially among butterflies, whose communities were dominated by just a
few highly abundant species such as Pieris rapae (above all) and Pieris brassicae. These
are generalist species, and are unaffected by the loss and fragmentation of natural habitats
in any specific environment (Callaghan et al. 2021; Deppe et al. 2023). Therefore, they
are highly tolerant of anthropogenic disturbance (Kuussaari et al. 2021). While differences
in richness and diversity of species were less stark among birds, species assemblages dif-
fer clearly. Urban bird communities were primarily composed of Apus apus, Serinus seri-
nus, Larus cachinnans, and Streptopelia decaocto. All these species are closely associated
with anthropogenic elements commonly found in urban areas, such as rooftops, building
crevices, and ornamental or planted trees, which provide nesting sites and food resources
(Reynolds et al. 2019; Pais et al. 2023; Eddajjani et al. 2024; Sandoz and de Margerie 2026).

The difference we found in species assemblages between the natural and semi-natural
environments of the outskirts (CL4) and the city center (CL3) was likely due to the “filtering
effect” of sub-urban zones categorized under CL2 (“suburban environments with parks”)
that indeed exhibited an intermediate species composition between cluster 4 and cluster 3
for both birds and butterflies. Several studies have shown that peri-urban areas act as eco-
logical filters, allowing generalist species to colonize urban zones while limiting the spread
of forest specialists (Canedoli et al. 2018; Liu et al. 2025; Piquet et al. 2025). In our study
we also found that Cluster 2 exhibited greater site-level heterogeneity in both species’ rich-
ness and community composition. Urban parks for instance, mostly located within cluster
2, hosted high species diversity. An exemplary case is Villa Ghigi Park, where 22 butterfly
species were recorded, making it the most species-rich site in the city. Among these were
Zerynthia cassandra (a protected Italian endemic species listed under Annex IV of the EU
Habitats Directive 92/43/EEC), a sedentary butterfly with highly localized movement pat-
terns (Vovlas et al. 2014), as well as Gonepteryx rhamni and Leptidea sinapis, both found
exclusively in this location.

Similarly, parks and gardens in Bologna’s sub-urban cluster have proven suitable for
birds such as Delichon urbicum, Picus viridis, and Sitta europaea, which rely on essential
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resources such as for example shelter, and nesting sites—features largely absent from heav-
ily urbanized areas (Sandstrom et al. 2006). For instance, Delichon urbicum commonly
nests on buildings near open foraging grounds, whereas Picus viridis and Sitta europaea
require mature trees for nesting and feeding (Hardersen et al. 2004).

Cluster 1, largely comprising agricultural land, appeared much more hospitable to birds
than to butterflies. These fields dominate Bologna’s northern sector and extend into the
broader Po Valley agricultural zone, while bordering the urban core to the south. In this
northern stretch, the peri-urban buffer of Cluster 2 is minimal, and agricultural zones often
abut densely built-up areas directly. Despite this, bird communities in these areas remain
relatively unaffected, likely due to their superior dispersal capacity, which enables species
to move readily between rural and urban environments. Many of these species—Columba
palumbus, Sturnus vulgaris, Sylvia atricapilla, Corvus cornix, and Parus major—are eco-
logical generalists, whereas others, such as Psittacula krameri, Phasianus colchicus, and
Columba livia domestica, are non-native. Overall, these are species well adapted to both
urban and agricultural environments (Callaghan et al. 2019; Vorisek et al. 2008). Their
occurrence reflects a common pattern in urban ecosystems, where artificial habitats, abun-
dant resources, and reduced competition facilitate the establishment of adaptable taxa (Car-
lon and Dominoni 2024). For example, P. krameri readily exploits urban nesting cavities
and may compete with native hole-nesting birds (Battisti and Fraticelli 2023), while C. livia
domestica is widespread in cities due to its ability to nest on buildings (Rose et al. 2006).
In contrast, butterfly communities are known to display sharp compositional differences
between agricultural and urban contexts (Lin et al. 2023; Guariento et al. 2023; Pignataro
et al. 2025). Some of the species we observed are highly specific to either cluster such as
Thymelicus acteon and Coenonympha pamphilus (for agricultural context), while others
with broader ecological tolerances were found in both types of environments (Pieris rapae,
Pieris brassicae and Vanessa atalanta).

Our findings show that bird communities are primarily shaped by anthropogenic pres-
sures, including urban area extent and road proximity. These factors drive habitat fragmen-
tation, elevate noise and light pollution, and reduce the availability of suitable nesting and
foraging sites (Mardiastuti et al., 2020; Merrall and Evans 2020), disproportionately impact-
ing specialist and sensitive species. Similarly, human-driven landscape negatively affects
butterfly communities, reducing richness and altering assemblages. However, lepidopterans
are also influenced by natural factors occurring in some urban settings, including the extent
and proximity of wooded areas and water bodies (de Brito et al. 2021).

We also found that proximity to urban green spaces (parks and gardens) plays a sig-
nificant role in shaping community composition for both birds and butterflies. This aligns
with previous studies (Fang et al. 2023; Lepratto and Zanotto 2024; Apfelbeck et al. 2025),
which highlight the ecological value of mosaic environments offering structural vegetation
diversity and resources like food and water, also within human-modified landscapes. These
green spaces often represent the only viable habitat within cities for taxa such as Piciformes
(including woodpeckers and relatives), which nest in tree cavities (Hastedt et al., 2023) or
many species of Lycaenidae (i.e. a large family of butterflies), which during their larval
stage are dependent on ants (Schir et al. 2018). The peri-urban areas of Bologna fulfill many
of these requirements, offering vegetation heterogeneity and habitat complexity, key drivers
of both species richness and community structure in birds and butterflies alike.
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Conclusion

Our work has highlighted how even large, highly human-modified cities can serve as impor-
tant refuges for bird and butterfly species, especially when equipped with parks and gardens
that offer diverse natural habitats. The role of Bologna’s landscape as quality wildlife habitat
is certainly supported by the ecological continuity between the natural areas of the Apen-
nines and the urban green spaces in the outskirts, which are extensive and well distributed
throughout the city. For this reason, we can assert that the city of Bologna can undoubtedly
be considered a virtuous model of land-use planning that promotes biodiversity, despite
some critical issues—particularly in the highly urbanized areas of the historic center and
in the peripheral zones subjected to intensive agriculture. As such pressures are common,
our findings seem transferable to other urban, agricultural and suburban landscapes that
encroach on comparatively more natural areas. Finally, we stress the need to develop statis-
tically robust sampling design to collect robust data for community analyses.
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