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A B S T R A C T

Urban blue and green spaces, such as streams and adjacent riparian areas, constitute important biodiversity 
refuges in highly anthropogenically -modified areas, but this depends on their ecological characteristics, pres
ervation and management. Birds are useful indicators of ecosystem quality due to their relatively high trophic 
position. They may also disseminate and control pathogenic organisms, being good indicators for human and 
animal health risks. In our study, we used presence/absence data of avian species, and a wide environmental 
characterization of 102 urban streams across five European cities with a broad latitudinal range (Portugal, 
France, Italy, Belgium, and Norway), to evaluate how the impacts of urbanisation on ecosystem health impacted 
avian biodiversity. Benevento and Oslo differed most strongly from the remaining cities. The most representative 
bird species were different among the cities, which indicated that there is not a full homogenization of in Eu
ropean riparian zones. Yet, the number of insectivorous bird species was negatively associated with increasing 
urbanisation, including some of its proxies such as imperviousness, artificial light at night and population 
density. Streams with higher diversity of vegetation types and habitats tended to favour insectivorous birds like 
the Eurasian Wren Troglodytes troglodytes and the Common Chiffchaff Phylloscopus collybita. This is relevant in the 
context of One Health because this feeding guild may control the abundance of potential disease vector- 
mosquitoes. Management strategies should focus on preserving and rehabilitating riparian zones with struc
tured vegetation and promoting habitat diversity through the maintenance of hedgerows and patches of natural 
green areas.

1. Introduction

Most of the human population now lives in urban areas (Johnson and 
Munshi-South, 2017). This ongoing expansion of cities leads to a loss of 
natural habitats for wild species and imposes a major toll on biodiver
sity. Despite some wild species behaviourally adapting to these novel 
habitats, and being able to exploit human-derived resources, such as 
food subsidies, they become also exposed to several pressures including 

direct disturbance (e.g., habitat loss), contamination (e.g., chemical, 
noise, light), increased competition and exposure to novel pathogens (e. 
g., such as those commonly found in domestic animals; Isaksson, 2018). 
Such stressors related to the urban environment may act synergistically 
and concomitantly with other global pressures, such as climate change, 
and contribute to physiologically stressed individuals, susceptible to 
infections and disease, with impaired capacity to reproduce successfully 
or survive. Given their high trophic position, birds are good indicators of 
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environmental risks (Mansfield et al., 2024; Norte et al., 2022). Also, 
they are relevant for the maintenance and dissemination of microor
ganisms. Birds can constitute a pool of reservoir hosts of zoonotic 
pathogens that may be transmitted to humans, domestic animals, and 
other wild animals (e.g., Salmonellae, West Nile virus, Borrelia burg
dorferi s.l. (Pejchar et al., 2025). But biodiverse avian communities can 
also contribute to reduce health risks for humans and domestic animals, 
by acting as biological controls of important disease vectors such as 
mosquitoes (Culicidae) and agricultural pests, contributing to main
taining One Health (Garcia et al., 2020; Lourenço et al., 2021; Singh and 
Lalit Mohan, 2013). Additionally, birds provide regulating (e.g. promote 
seed dispersal, pollination), supporting (maintenance of food webs, 
habitat engineering, nutrient cycling), and cultural services (e.g., 
enhancing human well-being and connection to nature). Therefore, they 
can be considered indicators for human and animal health risks.

Avian species that usually occur in urban areas include not only 
cosmopolitan species that are present in cities across the globe (e.g., the 
House Sparrow Passer domesticus, the Feral Pigeon Columba livia, the 
Common Starling Sturnus vulgaris, the Barn Swallow Hirundo rustica 
(Aronson et al., 2014), but also others that are representatives of the set 
of species from each biogeographical region. Generally, these species 
dwelling in urban habitats share a set of common morphological and 
life-history traits such as being generalists, having a smaller body size, 
higher dispersal ability and larger clutch sizes (Neate-Clegg et al., 2023; 
Peña et al., 2024). Further, these urban communities usually have lower 
taxonomic richness and functional diversity, and include non-native 
species (Devictor et al., 2007; Peña et al., 2024). These trends have 
been observed both at broad spatial scales and in long-term studies that 
simultaneously monitored habitat and community changes (Devictor 
et al., 2007; Xu et al., 2018).

Studies taking into account species phylogenetic diversity showed 
that, at a global scale, bird species richness and the community evolu
tionary uniqueness (or distinctiveness) were lower in urban areas, sug
gesting global biotic homogenization (Ibáñez-Álamo et al., 2017). In 
Europe, this biotic homogenization (phylogenetic relatedness) was 
found to be driven by the extent of built-up area and other indicators of 
urbanisation, while the presence of grass, trees, and water (rivers or 
urban streams) positively affected the phylogenetic diversity of avian 
communities (Morelli et al., 2021). Noise pollution did not affect any of 
the avian diversity metrics (Morelli et al., 2021). A decade of urban 
expansion in Shanghai, China, significantly decreased the avian species 
richness, with the avian communities of wetlands and open areas being 
the most affected (Xu et al., 2018). Another study, in continental USA, 
has revealed the importance of waterbodies for avian biodiversity in 
urban areas (Callaghan et al., 2021): they found that the proportion of 
water cover within a city was more important than that of tree cover in 
explaining the avian species richness.

Waterbodies and associated wetlands provide a sanctuary for many 
birds, including migratory stopovers, breeding, or wintering grounds. 
Due to the disproportionate species richness of inland freshwaters, de
clines in their biodiversity are steeper than those observed in even the 
most affected terrestrial ecosystems (Sala et al., 2000). Major threats 
include water contamination, over-exploitation, flow modification, 
habitat degradation, and species invasion (Dudgeon et al., 2005). 
Freshwater streams are particularly important because they represent 
corridors for bird movements, facilitating faunal mixing on a broad scale 
and functioning as connectors of forests across fragmented landscapes 
(Knopf and Samson, 1994). The complexity of vegetation structure in 
riparian areas due to its humidity and nutrient levels leads to greater 
levels of food resources for wildlife, and also benefits birds due to 
associated multiple edge-effects (Palmer and Bennett, 2006; and refer
ences therein).

Inventories of biodiversity associated with freshwaters are usually 
incomplete, especially in some regions of the globe, but also in habitats 
not perceived as of high quality, such as those in urbanised areas 
(Campos et al., 2024). Yet, these ecosystems represent some of the most 

important natural areas within cities, as they can safeguard biodiversity 
and provide important ecosystem services to humans, contributing to 
their wellbeing (Aronson et al., 2014; Ranta et al., 2021; Sousa et al., 
2024). To draw conservation measures for urban freshwater ecosys
tems, their avian communities need to be characterised and related to 
potential driving factors. Few previous studies that surveyed avian 
biodiversity in relation to urbanisation in freshwater ecosystems were 
limited to a single river basin and/or were mostly performed in North 
America (Banville et al., 2017; Green and Baker, 2003; Hennings and 
Edge, 2003; Rottenborn, 1999).

To assess how bird communities are related to the impacts of ur
banisation on stream ecosystem health, with potential reflexes in One 
Health, we evaluated avian biodiversity in 102 urban streams of 5 Eu
ropean cities, and investigated which drivers associated with anthro
pogenic habitat modifications in urban areas were correlated with the 
avian community. We expected a high homogenization of urban stream 
communities across European cities, and that streams characterised by 
higher levels of urbanisation (e.g., higher population density, larger 
built-up areas), and poorer water quality, would be associated with 
communities dominated by omnivorous generalist species and lower 
abundance of more specialized feeding guild species such as insectivo
rous birds. Also, we aim to identify which habitat characteristics of 
urban streams are the main drivers of bird community composition 
independently of geographic location within Europe. We expect that 
characteristics related to vegetation structure will be the most important 
in shaping bird communities. Finally, we aim to identify a sensitive 
avian bioindicator (bird species or group of species/guild) that can act as 
an early-warning indicator of urban stream degradation and risks for 
One Health.

2. Materials and methods

2.1. Study areas

The study was performed in 5 cities, covering a latitudinal and cli
matic gradient across Europe: Coimbra, Portugal (20 streams); Tou
louse, France (22 streams); Benevento, Italy (20 streams); Ghent, 
Belgium (22 streams) and Oslo, Norway (18 streams); comprising a total 
of 102 streams (Fig. 1) within the framework of the OneAquaHealth 
Horizon Europe project. The cities have temperate (Coimbra, Benev
ento, Toulouse and Ghent) and cold (Oslo) climates, varying from a hot- 
summer Mediterranean climate in Coimbra and Benevento to a warm- 
summer humid continental climate in Ghent and Oslo (Rodrigues 
et al., 2025).

Coimbra has approximately 150,000 inhabitants, and is crossed by 
the largest river entirely contained in Portuguese territory, the Mon
dego, to which many streams drain. In the old city, they have been 
highly modified and covered or channelized; while in the more recent 
districts, the streams are uncovered, with some riparian vegetation but 
also with many non-native and invasive plant species (Campos et al., 
2024). In the city outskirts, small streams run through a mixture of 
urbanised, industrialized, and agricultural fields. Toulouse, in the 
Southwest of France, has ca. 500,000 inhabitants. The river Garonne 
originates in the Pyrenean mountains and crosses the city center of 
Toulouse, to which flow many small and often intermittent streams. 
Agriculture, urbanisation, industrial development, and touristic activ
ities affect the river and streams. Benevento city has 60,000 inhabitants, 
being in the inland basin within the Campania region (135 m asl), 
southern Italy. It is surrounded by high hills and mountains and crossed 
by the rivers Calore and Sabato. Water pollution is a main cause of river 
degradation, while the riparian vegetation is preserved in some stream 
and river reaches. Oslo, the capital of Norway, has ca. 700 000 in
habitants. Several rivers and streams discharge into the Oslo Fjord, and 
since 2000, some have been rehabilitated and improved in terms of 
water quality, while others have kept dense riparian forests. In Belgium, 
the study area comprises selected urban and peri-urban regions of 
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eastern Flanders, specifically in and around Ghent, including the mu
nicipalities of Merelbeke-Melle, Zottegem, Zwalm, and Oosterzele. The 
study region is densely populated with a total of about 350,000 in
habitants. The Scheldt river is the main river in the region, to which 
several rivers and streams drain, including Zwalm, in whose catchment 
the stream sites were located. Water pollution and artificialization are 
the main causes of river degradation (Boets et al., 2021; Forio et al., 
2020). The cities were chosen for corresponding to a broad latitudinal 
and climatic gradient, within Europe, from Mediterranean to temperate 
and cold-climate urban systems. Within each city, the sites were chosen 
to cover local gradients of urbanisation, including variation in imper
viousness, population density, artificial light at night, riparian vegeta
tion, habitat diversity, and water quality (Chen et al., 2026; Rodrigues 
et al., 2026).

2.2. Birds survey

During the breeding and post breeding season (May – September) of 
2024, avian call detection through a free bird identification app (Merlin 
mobile application; Cornell Lab of Ornithology, Cornell University) was 
performed at each study site (i.e. each stream with a corresponding 
reach of 100m), within a 50-m radius centred on the stream channel, 
encompassing both riparian vegetation and immediately adjacent urban 
infrastructure (e.g., footpaths, residential edges) if present. Each site was 
chosen according to being representative of the stream, and was the 
same that had been previously characterised within the framework of 
this project, and where all the other samples and parameters (e.g. 
aquatic invertebrates) were collected. The site was visited for 10 min, 
and recordings to assess the presence of bird species were performed 

during early morning hours (0600–1000) to maximize detectability and 
obtain a representation of the breeding bird community composition 
(Sutherland, 2006). Obtained data was later verified (ACN and JAR) and 
Merlin flagged uncommon observations (total n = 7) were checked and 
confirmed for the respective location/date to exclude identifications 
that did not match the bird species distributional ranges (Sup. Mat. 1). 
Avian biodiversity monitoring using the Merlin app is a practical 
approach, allowing wide scale assessments such as ours, and by a larger 
number of surveyors. Yet, this approach also has limitations. The 
detection and recognition of low intensity sounds (e.g. when the bird is 
far away), and in noisy areas decreases the sensitivity of the method 
(Goodman et al., 2025). Also, the databases of bird sounds may not be 
fully complete for all regions. But, with database growth and following 
validation through dedicated pipelines, it has the potential to contribute 
to global biodiversity databases (Goodman et al., 2025). Also, in one of 
the cities (Coimbra), mist-netting data (unpublished) from the same 
streams showed a strong agreement with Merlin detections.

Identified bird species were classified by diet as insectivorous 
(invertebrate eaters), granivorous (plant seed eaters), omnivorous, and 
scavengers/vertebrate eaters, including fish (Cramp and Simmons, 
1977; Wilman et al., 2014; Sup. Mat. 2). The classification of bird spe
cies into feeding guilds is a common approach in avian community 
ecology because it reveals the functional organization of the community 
and constitutes a more sensitive indicator of the impacts of habitat 
changes and resource availability than species alone (De Silva and 
Medellín, 2002; Kissling et al., 2012).

Fig. 1. Map of the sampling points in the five European cities – Benevento, Coimbra, Ghent, Oslo and Toulouse (Google Earth Pro).
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2.3. Environmental and physico-chemical characterization of the study 
sites

Public databases were used to obtain population density (Eurostat, 
2023), imperviousness density (EEA, 2020a), tree cover density (EEA, 
2020b), and conifer area (EEA, 2020c) across a circular buffer zone of 
500 m radius (geodesic distance) around each sampling site. We defined 
this buffer area as it represents an area of influence on an urban stream 
encompassing the riparian area and immediate adjacent area, but 
without overlapping with other nearby streams. Spatial data were pro
jected to ETRS 1989 LAEA (Lambert Azimuthal Equal-Area) to ensure 
accurate calculations of area and distance. Population density (pop
ulation/km2) within each buffer zone was derived as the weighted mean 
within each buffer, the weighting based on the proportion of the local 
administrative unit area that intersected the buffer. Imperviousness 
density, tree cover density, and conifer area were extracted for each 
buffer as the weighted average of the raster data using the raster cells 
area as the weight using the exactextractr package (version 0.10.0 
(Baston, 2024), in R (version 4.3.2). Small woody features (5m resolu
tion) were based on the spatial pattern of the woody linear and patchy 
vegetation elements; it provides information on habitat fragmentation 
and includes herbaceous features like hedgerows, shrubs, and small 
clusters of trees (Table 1). Artificial Light at Night (ALAN; nW/cm2/sr) 
was obtained from https://eogdata.mines.edu/nighttime_light/month 
ly/v10/2024/202409/vcmcfg/for the month when the avian calls 
were monitored in each city.

Land use in the margins was visually classified within a 10 m dis
tance from the stream bank and 50 m along the stream sampling site 
according to the presence or absence of the following categories: urban/ 
suburban infrastructures, parks and gardens, scrubs/shrubs, and or
chards. For each study site, the number of land use types flanking the 
stream was summed up as a proxy of habitat diversity surrounding the 
stream. Stream bank artificialization was characterised visually at each 
site by scoring the predominance of earth soil (1), laid natural stones 
without concrete (2), gabion (3), or concrete/artificial impervious ma
terials (4) in its composition. Then, stream bank artificialization was 
quantified by assigning average scores based on the dominant materials 
of the bank. This characterization is part of the sampling protocol of 
OneAquaHealth.

At each stream sampling site, water temperature (◦C) was measured 
in situ with the probes WTW™ Multi 3420 SET G (Toulouse and Ghent), 
HANNA's HI 98199 (Coimbra and Oslo), XS Revio (Benevento). Water 
samples were collected, preserved in cooling boxes between 5 and 10◦C, 
and later analysed by the Plateforme d’Analyses Physico-Chimiques 
(PAPC) of the Research Center on Biodiversity and the Environment 
(CRBE). Total organic carbon (TOC) was determined from the unfiltered 
water with a ShimadzuTM-TC-L analyser. Nitrates (NO3− ), phosphates 
(PO4 

3-), ammonium (NH4
+) were assessed from filtered water using 

ThermoScientific ion-chromatographs DionexTM ICS-5000+ and Dio
nexTM DX 120.

2.4. Statistical analyses

We compared avian community composition in the different cities 
using a non-metric multidimensional scaling (nMDS) ordination based 
on presence/absence data at the 102 streams from five European cities 
(Coimbra, Toulouse, Benevento, Ghent and Oslo). Significant differences 
(p < 0.05) in avian communities were tested among cities using 
permutational multivariate analysis of variance (PERMANOVA: unre
stricted permutations of raw data (9999 randomisations) for the fixed 
factor city, based on a Bray Curtis dissimilarity matrix on presence/ 
absence of species. Pair-wise post hoc tests were performed whenever an 
overall effect was significant. We also used the presence/absence data in 
a Similarity Percentage analysis (SIMPER) to assess which species were 
the most representative of each city. We calculated the total number of 
unique species in each city and the co-occurrence patterns between 

Table 1 
Environmental variables used to characterise urban streams.

Variable Resolution Description

Imperviousness (%) 10m Ground impermeable barrier sealing density 
in the range from 0% to 100% for 2018

ALAN (nW/cm2/sr) 500m Monthly radiance values obtained from 
nocturnal satellite imagery 
(https://eogdata.mines. 
edu/products/vnl/#monthly) as a proxy of 
light pollution levels

Population density 
(population/km2)

​ Population density within each buffer zone 
was derived as the weighted mean 
population density by accounting for the 
proportion of the area of each local 
administrative unit intersecting the buffers. 
This weighted mean represents the 
population density within the buffer, 
adjusted for the varying sizes of the 
intersected local administrative units.

Tree cover density 
(%)

10m Level of tree cover density in a range from 
0% to 100% for 2018

Conifer area (m2) 10m Area (m2) within each buffer (exactextractr 
package in R) using the formula: At =

∑
(Fi 

×Ap), where At is the total area occupied by 
a given tree type within the buffer, Fi is the 
fractional coverage of pixel i, and Ap is the 
pixel area (100 m2). The total area for the 
tree type was then aggregated for each 
buffer.

Broadleaf cover (m2) 10m Area (m2) within each buffer (exactextractr 
package in R) using the formula: At =

∑
(Fi 

×Ap), where At is the total area occupied by 
a given tree type within the buffer, Fi is the 
fractional coverage of pixel i, and Ap is the 
pixel area (100 m2). The total area for the 
tree type was then aggregated for each 
buffer.

Small woody features 
(m2)

5m Area (m2) of small woody elements such as 
hedgerows, tree groups, and individual 
trees. Categorizes them based on their linear 
or patch-like nature, offering insights into 
landscape structure and vegetation density.

Number of habitat 
types

50 m Number of land use types (orchards, urban 
and suburban infrastructures, parks and 
gardens, scrubs and shrubs) in the 
surrounding area of the stream was summed 
up as a proxy of habitat diversity 
surrounding the stream

Bank artificialization 
score

​ Average score according to the material 
composition of the bank (earth soil (1), laid 
natural stones without concrete (2), gabion 
(3) or concrete/artificial impervious 
materials (4) in its composition)

Water temperature 
(◦C)

​ Stream site water temperature measured in 
situ

Total organic carbon 
(TOC; mg/ml)

​ Concentration of TOC from the stream water

Ammonium (mg/L) ​ Concentration of NH4
+ from the stream water

Phosphates (mg/L) ​ Concentration of PO4
3− from the stream 

water
Nitrates (mg/L) ​ Concentration of NO3

− from the stream water
Orchards 50 m Presence or absence of orchards assessed 

within a 10 m distance from the stream bank 
and 50 m along the stream research site

Urban and suburban 
infrastructures

50 m Presence or absence of urban and suburban 
infrastructures assessed within a 10 m 
distance from the stream bank and 50 m 
along the stream research site

Parks and gardens 50 m Presence or absence of parks and gardens 
assessed within a 10 m distance from the 
stream bank and 50 m along the stream 
research site

Scrubs and shrubs 50 m Presence or absence of scrubs and shrubs 
assessed within a 10 m distance from the 
stream bank and 50 m along the stream 
research site
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cities (http://bioinformatics.psb.ugent.be/webtools/Venn/).
To evaluate how bird species were related to the abiotic environ

mental conditions across the 5 research cities, we applied a Distance- 
based Linear Model (DistLM) based on a Bray-Curtis dissimilarity ma
trix derived from species richness data. Environmental variables 
(n = 15; Table 1) were normalized before analysis, and a Spearman 
correlation was used to identify highly correlated environmental vari
ables (rs ≥ 0.8), which were excluded from further analyses. DistLM was 
run with stepwise selection based on adjusted R2 and 9999 permutations 
to identify the combination of variables that best explained the variation 
in species richness. In addition, we performed a distance-based redun
dancy analysis (dbRDA), which provides a constrained ordination rep
resentation of the fitted model, showing the relationship between 
community patterns and environmental gradients. Because the avian 
communities and urbanisation gradient differed between cities, we also 
applied DistLM followed by dbRDA to better understand which envi
ronmental variables were more relevant to explain each avian commu
nity within each city.

Additionally, we performed a Principal Components Analysis (PCA) 
with 13 environmental variables that characterise the stream sites across 
the five cities (Tables 1 and 2) in terms of urbanisation to obtain an 
urbanisation gradient (i.e., a composite urbanisation index). The ei
genvalues of the first three PC axes were then used as factors repre
senting combined environmental gradients in further analyses. To 
understand if there were significant relationships between environ
mental characteristics of streams and avian feeding guilds, we per
formed Generalized Linear Models (GLMs) with the five cities PCA 
scores (PCs 1-3, ie. environmental gradients 1 to 3, and their in
teractions) as explanatory variables. The number of insectivorous bird 
species (Poisson distribution), and the number of both granivorous and 
omnivorous bird species (log x+1 transformed for normal distribution), 
were used as response variables in three separate GLMs. Scavengers/ 
vertebrate/fish eaters group was modelled as presence/absence data 
because of the low variability in the number of species when that guild 
was present. Only significant interactions were maintained.

The PERMANOVA, nMDS, SIMPER, dbRDA and DistLM analyses 
were performed in PRIMER 6 (Anderson et al., 2008). Remaining ana
lyses were performed in JMP Pro version 18 (SAS Institute).

3. Results

3.1. Bird communities across the different cities

The nMDS ordination based on the avian communities of 102 
streams in the five cities showed that Benevento and Oslo differed most 

strongly from the remaining three cities due to a higher representation 
of Common Blackbirds (Turdus merula) in Oslo and Benevento, and of 
the Greenfinch (Chloris chloris) in Benevento, and a lower representation 
of insectivorous bird species, such as Eurasian Wrens (Troglodytes trog
lodytes) and Blue Tits (Cyanistes caeruleus) in both cities. Benevento and 
Toulouse were associated granivorous birds such as Wood pigeons 
Columba palumbus, and to omnivorous bird species such as the Eurasian 
magpie (Pica pica; Benevento) (Fig. 2). A PERMANOVA revealed sig
nificant differences in avian community composition between cities 
(Pseudo-F = 7.88, P = 0.0001) and the pairwise tests revealed that all 
cities differed from each other (all P < 0.001) confirming a lack of ho
mogenization of avian communities across cities. SIMPER analyses 
showed that: the most representative species (cumulative contribution 
to the within city similarity up to 70%) were different among the cities, 
with Benevento showing the highest species diversity. The Eurasian 
blackcap Sylvia atricapilla and Turdus merula were among the most 
representative bird species in three of the cities.(Sup. Mat. 3). The 
streams of Oslo harboured the avian community with the highest 
number of unique species (n = 10), while Toulouse (n = 3) and 
Benevento (n = 0) presented the lowest number of unique species. Only 
eight bird species were shared by the five cities: Passer domesticus, the 
European Robin Erithacus rubecula, S. atricapilla, T. merula, the Great Tit 
Parus major, P. pica, C. palumbus and C. caeruleus (Sup. Mat. 4).

3.2. Relationship between environmental variables and the avian 
community across five cities

The DistLM identified eight environmental variables that were 
significantly associated with avian species' presence across cities: tree 
cover density (Pseudo-F = 4.45, P = 0.0001), water temperature 
(Pseudo-F = 3.58, P = 0.0003), small woody features (Pseudo-F = 3.26, 
P = 0.0004), ALAN (Pseudo-F = 2.93, P = 0.002), imperviousness 
(Pseudo-F = 3.13, P = 0.001), presence of orchards (Pseudo-F = 2.19, 
P = 0.02), presence of scrubs and shrubs (Pseudo-F = 2.18, P = 0.02) 
and population density (Pseudo-F = 1.93, P = 0.04; Sup. Mat. 5). When 
illustrating this in a dbRDA (Fig. 3) we can see how some of these var
iables are correlated with certain bird species shaping the avian com
munities of the 5 cities. Oslo's avian community showed the greatest 
compositional divergence among the five cities, mainly influenced by 
the higher ALAN, and tree cover density, which were positively corre
lated with a higher frequency of thrush species (Turdus sp., Fig. 3). A 
higher frequency of some generalist bird species such as the P. pica was 
associated with higher water temperature and low tree cover density, 
and lower presence of shrubs and scrubs which characterised some of 

Table 2 
Eigenvectors of environmental variables in the PCA used to obtain an urbani
sation index (PC1) and other environmental gradients (PC2 and PC3) based on 
stream characteristics in the five European cities. For description of environ
mental variables see Table 1. In bold are the most important variables for each 
principal component (PC).

PC1 PC2 PC3

20.3% 16.6% 15.1%

ALAN 0.497 0.113 0.082
Population density 0.429 0.205 − 0.148
Imperviousness 0.425 0.371 − 0.101
Conifer_area 0.305 − 0.387 0.267
Nr of habitat types 0.246 − 0.154 0.068
Nitrates 0.175 0.139 ¡0.397
Tree cover density 0.088 ¡0.419 0.335
TOC 0.077 0.287 0.454
Phosphates − 0.068 0.313 0.398
Small woody features − 0.071 0.213 − 0.040
Ammonium − 0.100 0.367 0.466
Bank artificialization − 0.148 − 0.114 0.093
Water T − 0.385 0.257 − 0.149

Fig. 2. Non-metric Multidimensional scaling (nMDS) ordination based on the 
riparian avian communities of 102 sites from 5 European cities (Coimbra, 
Toulouse, Benevento, Ghent and Oslo) based on presence/absence data (Bray- 
Curtis dissimilarity). Avian species represented by the vectors correspond to a 
Pearson correlation >0.3 with the ordination space.
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Toulouse sampling sites (Fig. 3). Small woody features and orchards, 
present at relatively high frequency in some of Ghent, Toulouse and 
Coimbra sites were associated with the presence of some species of 
insectivorous birds such as T. troglodytes and the Short-Toed Tree 
creeper Certhia brachydactyla. When relating the environmental vari
ables with avian communities within each city through DistLMs and 
dbRDA, we observed that the insectivorous P. major was absent from the 
most urbanised streams (closer to areas with higher imperviousness) in 
Toulouse, and in Oslo (when there were more urban and suburban in
frastructures (Fig. 4, Sup. Mat. 6). In Ghent, in areas with higher pop
ulation density and water temperature, the insectivorous C. caeruleus 
was also absent. In Coimbra, the ubiquitous E. rubecula, that mainly 
feeds on insects but also other food items, was absent from the areas with 
more urban and suburban infrastructures, in contrast with the graniv
orous P. domesticus (Fig. 4, Sup. Mat. 6) which was widespread, 
including in these areas with urban and suburban infrastructures. Other 
non-insectivorous but also specialized-diet bird species like the Common 
Kingfisher (Alcedo atthis) were absent from the most impacted streams of 
Benevento (with higher population density), but present in those with 
higher tree cover density (Fig. 4, Sup. Mat. 6).

The PCA based on the environmental variables of the streams in the 

five cities resulted in three factors (environmental gradients) that 
explained a cumulative percentage of variation of 47.4% (Table 2). PC1 
represented mostly variables associated with urbanisation, being posi
tively correlated with population density, imperviousness, and ALAN 
and was used as a composite urbanisation index. PC2 was negatively 
associated with total tree cover density. PC3 reflected chemical and 
physical properties of stream water, being positively associated with 
ammonia, phosphates, TOC, and negatively correlated with nitrates. 
There was a significant negative effect of PC1 scores on the number of 
insectivorous bird species (estimate = − 0.13 ± 0.05; χ2 = 7.65, P =
0.006). Neither the number of granivorous nor that of omnivorous bird 
species was affected by the urbanisation index (all P > 0.05). There was 
a significant interaction between PC1 and PC2 affecting the probability 
of scavenger/vertebrate/fish eaters presence (estimate PC1*PC2 =
− 0.43 ± 0.19; χ2 = 6.79, P = 0.009), with the probability being the 
highest for simultaneously high values of PC1 and low values of PC2. 
This means that this group of birds was most likely to be present when 
ALAN, imperviousness and population density were high, and the tree 
cover was simultaneously high. These relationships confirm some of the 
trends suggested by the DistLM when relating environmental variables 
with bird species. Namely, the negative association of the insectivorous 
great tits and blue tits with high imperviousness and population density 
in Ghent and Toulouse, respectively, and the positive association of tree 
cover with the specialized fish-eater Common Kingfisher in Benevento.

4. Discussion

We evaluated avian communities’ composition in stream ecosystems 
differing in their degree of urbanisation in five European cities. Our 
study was the first to focus on urban stream ecosystems over such a large 
spatial scale and latitudinal gradient. The species composition of the 
avian communities differed between the five study cities, which is to be 
expected given their large geographical distance, and we also showed 
that there was not a full homogenization of bird species in European 
riparian zone, because the most representative species were different 
among the cities. But a common trend of more urbanised streams 
showing an overall reduced number of insectivorous bird species, sug
gesting lower availability of insect prey, was found. As a result, the loss 
of insectivorous birds in highly impervious, densely populated areas 
may diminish natural control of mosquito disease vectors, such as 
invasive Aedes species now expanding across Europe, potentially 
increasing public health risks.

There was an overall decrease in the number of insectivorous avian 
species with increased urbanisation around urban streams (i.e., inte
grated in a composite index (PC) associated with imperviousness, ALAN, 
and population density), and when the tree cover density decreased. 
Urbanisation has been consistently shown to reduce avian biodiversity 
in riparian habitats (Green and Baker, 2003; Banville et al., 2017). In 
North America, the avian species richness of permanent resident, winter 
resident, and neotropical guilds in streams in metropolitan Phoenix 
(Arizona) was negatively related to housing density, road density, and 
volume of exotic woody species (Green and Baker, 2003). These same 
avian guilds were positively correlated with the size of the riparian area, 
stream channel density, and total volume of woody species (Green and 
Baker, 2003). This is because heavily urbanised areas alter vegetation 
structure, introduce artificial features, and modify habitat quality, food 
availability, predation pressures, and disease dynamics (Bernat-Ponce 
et al., 2018; Marzluff, 2001). Studies from North America reinforce 
these trends. Rottenborn (1999) surveyed bird communities in riparian 
woodlands along a gradient of urbanisation in California, USA, and 
found that both the bird species richness and density decreased as the 
number of bridges (i.e., artificial structures) increased near that loca
tion, and as the volume of native vegetation decreased. When the dis
tance to the nearest building and the width of the riparian habitat 
increased, the avian species richness also increased. This is in accor
dance with the results we obtained in relation to imperviousness being 

Fig. 3. Distance-based Redundancy Analysis (dbRDA) indicating as vectors the 
environmental variables correlated with the avian community distribution 
patterns of the stream sites across the five European cities (a) and the species 
that were most correlated with the communities' compositional patterns (b); 
vectors with Pearson|r|>0.30).
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an important variable affecting the avian communities in our study. 
Long-term studies also show persistent declines in avian biodiversity 
with increasing urbanisation: over 12 years, in Phoenix (Banville et al., 
2017), even common species decreased, and in Shanghai, loss of water 
bodies was a key driver of biodiversity loss (Xu et al., 2018). However, 
some evidence suggests that large, heterogeneous cities can support a 
high avian species richness up to an urbanisation threshold. Bryce et al. 
(2002) showed that avian communities’ richness around streams 
declined at highly disturbed sites, but increased at moderately disturbed 
sites, being comparatively lower in dense and close canopy forests which 
is, consistent with the Intermediate Disturbance Hypothesis (Wilkinson, 
1999).

Our findings indicate that artificial light at night alters avian com
munity composition by disproportionately reducing the presence of 
specialized, and presumably more sensitive, guilds like insectivorous 
bird species. Artificial light in cities provides an extended photoperiod, 
which is probably advantageous to some urban dwellers, especially 
during days with fewer hours of light (Ciach and Fröhlich, 2017). 
However, while T. merula, a typical European urban dweller, in 

artificially lit areas began their breeding season earlier, initiated laying 
sooner, and showed shifts in reproductive timing compared to those in 
darker environments, no improved reproductive success was observed, 
and it may even inhibit reproductive activity (Dominoni et al., 2013). 
These authors demonstrated that artificial light at night disrupts natural 
breeding cycles in T. merula, which highlights ALAN as a significant 
ecological pressure capable of modifying avian life-history traits.

As discussed above, there is a relatively consistent trend found across 
studies that urbanisation is negatively correlated with avian species 
richness (Callaghan et al., 2021). However, there may be positive effects 
of urbanisation on the overall abundance of birds, but driven by only a 
few bird species. In these cases, even if bird communities in urban areas 
are of greater biomass, they tend to show decreased evenness, being 
dominated by a few, very abundant, and often non-native species 
(Marzluff, 2001). In our study we found no evidence of a full homoge
nization of bird species in European riparian zones as the species that 
composed most of the avian communities within each city differed 
across them. Keten et al. (2020) found a higher abundance of birds in 
more urbanised areas in an urban riparian corridor in Düzce, Turkey. 

Fig. 4. Distance-based Redundancy Analysis (dbRDA) on how environmental variables of streams in each of the five European cities were related with their avian 
communities, in particular the presence of insectivorous bird species like: (a) the Great Tit Parus major in Toulouse and Oslo (f), the Blue Tit Cyanistes caeruleus in 
Ghent (e); the European Robin (Erithacus rubecula) in Coimbra (c); the specialist Common Kingfisher Alcedo atthis in Benevento (g), and the generalists Eurasian 
Magpie Pica pica in Toulouse (b) and House Sparrow Passer domesticus in Coimbra (d). Stream sampling sites per city where these species were detected are rep
resented with colored circles. Environmental variables significantly correlated with the presence of avian species in each city are represented by underlined ei
genvectors. Only vectors with|r|>0.30 are shown. Photos from Pixabay (Pixabay.com).
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However, in their study, the most commonly found species near the city 
center was P. domesticus - a generalist species, highly adapted to 
human-impacted landscapes. In contrast, native bird species, especially 
woodland birds, were adversely affected by the deterioration of riparian 
quality due to lack of vegetation, structured channelling, and high 
human population density in the most urbanised areas. Therefore, in 
urban areas, generalist species are expected to increase, while specialist 
species will show reduced occurrences (Banville et al., 2017; Devictor 
et al., 2007). Generalist bird species may benefit from predictable 
anthropogenic food subsidies in urban areas (PAFS; Oro et al., 2013), 
while specialist species are negatively affected. We also observed that 
higher water temperature and a lower presence of scrubs and shrubs 
were related to a higher frequency of generalist species like Pica pica. 
Generally, in our study, the presence of orchards, scrubs and shrubs and 
the area of small woody features promoted the presence of insectivo
rous, more specialist birds (like T. troglodytes, and the Common Chiff
chaff Phylloscopus collybita). Likewise, in Oslo, the higher the frequency 
of occurrence of suburban and urban infrastructures and ALAN, the 
lower the presence of insectivorous P. major. The same trend was found 
in Toulouse, as a higher imperviousness was related to a lower frequency 
of this species in the streams. In Ghent, a higher water temperature was 
negatively related to the presence of the insectivorous C. caeruleus. This 
is in agreement with what (Neves et al., 2025) reported for North Por
tuguese rivers, as the abundances of insectivorous and tree foragers’ 
were predicted to decrease with gradients reflecting anthropogenic land 
use such as farmlands, and increase with natural land use (e.g., decid
uous riparian forests, pine and oakwood), in contrast with the abun
dances of farmland, ground-feeding and granivores birds (Neves et al., 
2025). Bird surveys in Central Eastern Europe cities (Hungary and 
Romania), and in China, have also found that insectivorous birds 
declined in urban parks comparatively with peri-urban reference sites 
(Lakatos et al., 2025), and in more fragmented patches within a city (Wu 
et al., 2024).

Insectivores were suggested to be more affected by variation in local- 
scale variables, than shrubland species which were shown to be more 
sensitive to the landscape context (Oneal and Rotenberry, 2009). This is 
consistent with our findings that small woody features (hedgerows and 
patches of bushes and trees) benefited the presence of insectivorous 
birds like C. brachydactyla and T. troglodytes. Hedgerows have been re
ported to provide important ecosystem services and to be key for 
maintaining biodiversity in several habitats, mostly agricultural, but 
also urban (Castro-Caro et al., 2015; Montgomery et al., 2020). This is 
because hedgerows and other boundaries constitute a connectivity 
network in the landscape and provide a major habitat resource for birds 
(Hinsley and Bellamy, 2019).

Because the changes in community composition with urbanisation 
observed in our study were mainly due to a decrease in the number of 
insectivorous bird species, this suggests that more urbanised areas 
probably have a lower number of prey, in particular insects. Overall, 
insectivorous birds have been reported to be decreasing in Europe, 
particularly due to a decrease in insect populations due to agricultural 
intensification and loss of grassland habitat (Bowler et al., 2019). This is 
the first such report for urban streams, at such a large geographical 
scale, and with such a thorough environmental characterization. In 
urban streams, while a lower diversity of insects often results from more 
degraded aquatic environments, usually the total abundance of this 
group is compensated by a higher abundance of tolerant taxa such as 
those of the Diptera order (Serra et al., 2017, 2019). Recently, a study 
showed the presence of a high number of Diptera disease vectors in the 
riparian zones of the urban streams of the same European cities studied 
here (Feio et al. submitted). The ecological function of biological control 
of potential disease vectors of insectivorous birds, such as that of 
mosquitoes (Poulin et al., 2010), seems to be prevented in the most 
impervious areas and with higher population density, potentially putt
ing a higher number of people at risk from infection by 
Diptera-transmitted diseases. Indeed, mosquitoes of the family 

Culicidae, including invasive species such as those of the genus Aedes, 
which are vectors of diseases such as Dengue and Chikungunya, are 
expanding their distribution throughout Europe (Pabst et al., 2025). The 
Dengue mosquito Aedes aegypti was recently detected near Coimbra 
(https://cm-condeixa.pt/noticia/3746/, accessed 24/10/2025), while 
Aedes albopictus, the Asian tiger mosquito, was detected by our team in 
the riparian zones of urban streams in Toulouse and Benevento (https:// 
www.ecdc.europa.eu/accessed 24/10/2025; Feio et al. submitted; 
Roques et al., 2023).

Our findings highlighted that the maintenance of stream ecosystem 
quality within cities, including habitat diversity and a good riparian 
vegetation, is important to increase avian biodiversity and the presence 
of insectivorous birds and to promote One Health. For that, cities’ 
landscape planning should focus on maintaining permeable soils around 
streams and prevent the construction of grey infrastructure in the ri
parian zones. In addition, it is important to promote diversified riparian 
vegetation that provides habitats to bird species from different trophic 
groups, and especially insectivorous ones. Maintaining native plant 
species was also indicated by other authors as relevant for bird foraging 
and breeding (e.g., Dale, 2018; Narango et al., 2017, 2018; Wu et al., 
2024). Furthermore, ecological corridors between these important 
patches should be guaranteed to ensure habitat connectivity.

In future studies, the study of species interactions (e.g., pollination, 
seed dispersal, parasitism) using an ecological network approach along 
gradients of urbanisation would be important to further understand 
ecosystem functioning and resilience (Cruz et al., 2013; Rigacci et al., 
2021) in urban areas, and contribute to defining more adequate man
agement approaches (Memmott, 2009). The use of a bioindicator avian 
species dependent on streams, with a large distributional range and 
relatively abundant, and the evaluation of their exposure to contami
nants and other stressors (Maznikova et al., 2024), paired with their 
physiological health, would also help to understand urban stream 
quality and biological integrity.
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