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ABSTRACT

Nowadays, understanding the biotic responses to the enhanced urbanization need to encompass not the only the
physiological and phenotypic features but also the related microbiota of wildlife animals. One of main threats in
urban ecosystems is the chemical pollution. Thus, we have explored whether the cloacal microbiota of feral
pigeons (Columba livia) is impacted by both their geographical foraging area, and metal exposure in an urban
context. First, pigeons were captured in 4 specific areas of Paris (France) and placed in captivity. By applying a
16SrRNA metabarcoding approach, we observed that the gut microbiota diversity was structured according to
the capture sites, with strong variation of Actinobacteria, Bacilli and Clostridia, that could be linked to the
granivorous or low-protein diets. Subsequently, we experimentally exposed these pigeons to zinc and/or lead
(two-factor cross design) during 90 days in a non-urban environment, but no impact on the composition nor
diversity of pigeon gut microbiota, has been observed after 45 and 90 days of metal exposures. However, the
composition and diversity significantly differed from the microbiota at the capture period, with the emergence of
taxa belonging to Corynebacterium and Bifidobacterium in captive conditions. These data highlight a strong impact
of the lifestyles (captivity in non-urban environment) on the gut microbiota composition. In parallel, we hy-
pothesized that the diet and the local environment might have smoothed the impact of the metal exposure for
pigeons that could quickly change the structure of their gut microbiota. Our findings shed light on the effects of
urban pollution and environment on bird communities, that can be extended to their gut microbiota causing
potential additive or synergic negative effects to host organisms and populations.

1. Introduction

of TEs on the physiology of feral pigeons (Columba livia) and their
reproductive parameters in urban areas. Moreover, TE exposure can

Nowadays, human activity, such as resources exploitation, impact of
atmosphere composition and reallocation of terrestrial surface, consti-
tutes one of the major sources of threats for biodiversity (Lewis and
Maslin, 2015). One manifestation of the intensification of these activ-
ities is the growing consolidation of human populations in urban areas.
This urbanization leads to a change in land use and the exposure of
organisms to various forms of pollution such as trace elements (TEs).
Such TEs are mainly metals (zinc and lead) found in the environment in
low concentrations, accumulated in several body tissues of organisms
(Frantz et al., 2012; Valverde et al., 2024) and known to be toxic
(Komarnicki, 2000; Sanchez-Chardi et al., 2009; Chatelain et al.,
2016a). Specifically, Chatelain et al. (2016) showed detrimental effects

affect the ecological interactions, through contamination within body
tissues being transmitted. Moreover, TE effects even biomagnified, along
the trophic network through predation (Chouvelon et al., 2019). In a
different way, the presence of intestinal parasites may accumulate the
pollution and may participate to the detoxication of the host, thus
reducing the negative effects of pollutants on their hosts (Molbert et al.,
2020; Jeantet et al., 2023).

Recently, it was also suggested that extensive urbanization and
exposure to TE might significantly impact gut microbial diversity,
causing dysbiosis in human, mice and chicken (Forouzandeh et al.,
2021; Yang et al., 2021; Liao et al., 2022). Gut microbial activities
sustain multiple essential functions such as host digestion, nutrient
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synthesis (Ramakrishna, 2013; Grond et al., 2018), and protection
against pathogens (Fukuda et al., 2011), and are involved in host im-
mune functions (Round and Mazmanian, 2009; Belkaid and Hand,
2014), life history traits (Sison-Mangus et al., 2015) and even behavior
(Heijtz et al., 2011; Ezenwa et al., 2012). In parallel, gut microbiota is
strongly affected by the diet and anthropogenic perturbations (Li et al.,
2021, 2022; Colin et al., 2022). Indeed, the relative abundance of
several taxa is mainly controlled by the diet regime, age and physio-
logical state of the hosts (Waite and Taylor, 2015), and can be impacted
by habitats (Bletz et al., 2016), geographical location (Linnenbrink et al.,
2013) ambient temperature and season (Janiga et al., 2007; Maurice
et al., 2015). Although affected by both the host’s and environmental
conditions, the gut microbiota might be more sensitive to the latter
(Teyssier et al., 2018), and thus might be a relevant physiological trait to
explore facing anthropogenic perturbations.

Although several studies have shown that the imbalance of gut
microbiota could be indicative of stress responses (Colin et al., 2022; Liu
et al., 2022), only a few studies have investigated experimentally how
the urban life-style and TE exposure could affect the composition and
diversity of avian gut microbiota. Thus, in this study, we experimentally
tested whether the cloacal microbiota of urban feral pigeons (Columba
livia) was impacted by both their geographical foraging area, urban
lifestyle and TE exposure. To achieve this, pigeons were captured in
Paris (France) and placed in captivity in non-urban area. First, we
compared the gut microbiota diversity of pigeons according to their
capture sites. Subsequently, we experimentally exposed pigeons to zinc
and/or lead (two-factor cross design) during 90 days, and we compared
how the TE exposure as well as captive conditions could alter their gut
microbiota diversity. We first expected that the gut microbiota in terms
of species richness and composition differed among the different
geographical sites and the different conditions (urban versus captivity).
Second, we expected that TE exposure altered the species richness and
changed the composition of gut microbiota.

2. Materials and methods
2.1. Urban pigeons capture

A total of 69 urban feral pigeons were captured with nets baited with
corn from January 29th to February 4th’ 2019 (d0), from 14 sites in Paris
city, France (see Table S1 and Fig. S1 for capture areas). These sites were
grouped within 4 urban groups corresponding to a local environment
(below 800m) which is the main environment experienced by pigeons
(Frantz et al., 2012): Site grl (Gare Montparnasse), Site gr2 (Place
Monge), Site gr3 (Place d’Italie) and Site gr4 (Porte d’Italie). Accord-
ingly, distances between each site ranged from 1,33 km-3.79 km
(Table S1). Individuals were first sexed visually based on morphological
criteria (size, appearance of the caruncle and iridescent reflection of the
neck). We confirmed or corrected sex by behavioral observation specific
to each sex, such as "bow-coo" for males, (Fabricius and Jansson, 1963).
Pigeons were immediately transferred after the capture to the CEREEP
(Centre d’Ecologie Expérimentale et Prédictive-Ecotron) located in a
rural area (Saint-Pierre-lés-Nemours, France) and placed in 8 outdoor
aviaries. They were identified individually with colored rings. With a
total of 38 males and 31 females, we placed 9 pigeons in 6 aviaries (5
males and 4 females), 8 pigeons in one aviary (4 males and 4 females)
and 7 pigeons in one aviary (4 males and 3 females). They were fed ad
libitum with a mixture of corn, wheat and peas coming from the local
farmers cooperative. The aviaries contained a drinking-trough and a
basin used as a bath, as well as a nesting area and bamboo perches. Birds
were released at capture site at the end of the experiment. All experi-
ments were carried out in strict accordance with the recommendations
of the ‘European Convention for the Protection of vertebrate Animals
used for Experimental and Other Scientific Purposes’ and were con-
ducted under the authorization of the French authority (authorization
APAFIS#17554-201811161046635v2).
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2.2. TE exposure experiment

To experimentally test the impact of zinc and lead exposure on the
gut microbiota diversity,

4 different exposure treatments (one by aviary) were implemented: a
lead treatment (10 ppm in tap water; Sigma-Aldrich, St. Louis, MO, USA;
2 aviaries; n = 17); a zinc treatment (100 ppm in tap water; 2 aviaries; n
= 18), a lead and zinc treatment (10 ppm of lead and 100 ppm of zinc in
tap water; 2 aviaries; n = 16) and a non-exposed metal treatment (tap
water only; 2 aviaries, n = 18). These concentrations were chosen to
mimic the concentrations to which pigeons are exposed in urban areas
based on the concentrations found in the city of Paris (Chatelain et al.
2016). Treated water was added to drinking-troughs. Tap water used as
a control does not contain significant amount of lead or zinc as previ-
ously reported (shift from 24.34 ppm to 0.71 ppm of lead and from 328
ppm to 89 ppm of zinc in the feathers, after one year of drinking this tap
water, Chatelain et al., 2014). More generally, this captive condition in a
rural environment guarantees that the TEs the pigeons ingested are only
from our treatment and not environmental derived. Pigeons had un-
limited access to water which was replaced twice a week. Individuals
were allocated to the different aviaries and treatments to balance sex,
mass and level of melanin. The effects of lead and zinc exposure on
microbiota were then investigated at 45 (d45) and 90 days (d90) after
the beginning of the treatment (February 11th’ 2019, one week after the
capture). This timing in the design was chosen based on our previous
studies reporting significant effects of lead and zinc after 6 weeks of
exposure on several physiological traits in pigeons (immune system and
reproduction Chatelain et al., 2016a, 2016b). A total of 9 pairs (4 from
the non-metal exposed group, 3 from the lead treatment, 1 from zinc
treatment and 1 from lead and zinc treatment) laid at least one egg over
the course of the experiment. This reproductive status was balanced
among the treatments and, therefore, did not confound our treatments.
Note that all eggs were systematically removed just after laying.

2.3. Individual physiological parameters

Morphological parameters and coloration were measured for each
captured pigeon. At dO (day of capture), wing size (+1 mm) was
measured with a ruler. Pigeons’ weight were determined at d0, d45 (45
days after the exposure) and d90 (90 days after the exposure) with a
Pesola Newton scale to the nearest 5 g. Then, with the wing sizes and the
body masses, a scaled body mass index (BMI) was calculated according
to Peig and Green (2010). To estimate the melanin coloration of the
individuals, a photograph of the right wing of the pigeons was taken at
dO. The percentage of dark pixels on the wing was calculated using the
Gimp image software (v 2.10; see Jacquin et al. 2011 for the method).

2.4. Cloacal sampling

A total of 207 cloacal samples were collected at dO, d45 and d90,
right after the capture (See Table S1). Cloacal contents were sampled
following the method described in Teyssier et al. (2018). Briefly, before
sampling, the external area of the cloaca was rinsed with Ethanol 96%
(Sigma-Aldrich). Then, phosphate buffer (concentration, 200 pL) was
gently injected and re-drawn using micro-pipetting. At each capture site
(dO in urban area) or sampling sessions (d45 or d90), sixteen three
negative samples were also performed for possible contamination (one
for each site at dO (n = 14) and one for each session d45 and d90 (n =
2)), tubes containing only the saline solution were left opened during
sampling and preparation. The samples were transported at —20 °C to
the lab, and stored until molecular analyses.

2.5. DNA extraction

Total DNA was successfully extracted from 187 of the 207 cloacal
samples (57 at dO, 65 at d45 and d90, see Table S1) following Bestion
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et al. (2017), using the Qiagen DNeasy Blood & Tissue kit (Qiagen,
Venlo, Netherlands). The nucleic acids were quantified using a spec-
trophotometer (Nanodrop). The DNA was stored at —20 °C until anal-
ysis. For the failed 20 cloacal samples and the sixteen negative sampling
controls, DNA was not detectable and thus did not follow the whole
procedure.

2.6. PCR amplification and high-throughput sequencing

To amplify the V5-V6 region of the 16S rRNA fragment, the primer
set 785-F (5-TCT GGA TTA GAT ACC CTG GTA GT-3') and 1080-R (5
CA CGA CAC GAG CTG ACG-3") was used (Fliegerova et al., 2014). PCR
amplification (final volume of 25 pL) was performed using 2.5U of
DreamTaq polymerase (ThermoFisher Scientific), 1.25 pL of Bovine
Serum Albumin (BSA, 2 mg mL~!, ThermoFisher Scientific), dNTP mix
(10 mM), 2 pL of MgCl2 (25 mM), 1 pl of each primers (10 mM), with the
following thermal conditions: 95 °C for 10 min; 25 cycles of 95 °C for 45
s, 55 °C for 1 min, 72 °C for 30 s; and a final extension of 10 min at 72 °C.
PCR was performed in triplicates and pooled. The library preparation
(including TAG addition) and sequencing (Illumina MiSeq 250 bp
paired-end, v3 chemistry) were handled by the @Bridge INRAE platform
(Jouy-en-Josas, France, http://abridge.inra.fr/index.php?lang=fr). A
total of four negative controls (2 PCR amplification (H20) and 2
sequencing controls) were also added.

2.7. Bioinformatic analysis

A total of 185 samples and the 4 negative sequencing controls (see
Tables S2 and 57 at dO, 64 at d45 and d90), were successfully sequenced,
and reads presented a Phred Quality Score above a threshold of 30
(FastQC software; https://www.bioinformatics.babraham.ac.
uk/projects/fastqc).

Data were processed through the FROGS pipeline (Find Rapidly OTU
with Galaxy Solution, release 4.1.0) implemented on a galaxy instance
(release 21.05) (https://galaxy.migale.inra.fr/) (Escudié et al., 2018).
After the prep-process (merging overlap, size and without N), a total of
6 319 734 assembled reads were analyzed. Reads were clustered using
the SWARM algorithm (2.1.5) that uses a single linkage clustering on
sequences, using the fastidious option by clustering nearly identical
amplicons iteratively with an aggregation distance of 1, as recently
recommended (FROGS 3.2 version release 2021). Chimera were then
removed using VSEARCH (Rognes et al., 2016). The low abundance
ASVs (<5 reads) were removed from the dataset (Filtering step, see
Table S2). For the four negative controls, 48 to 172 paired-ends reads
were assembled, corresponded to 29 to 63 ASVs, with low abundance
(<5 reads), and were thus not included in the following analysis. Thus,
at the sample level, datasets were rarefied to the lowest number of reads
determined according to the filtering step (2751 reads, see Table S2).
Rarefaction curves were plotted (Fig. S2). Taxonomy affiliation of each
ASV was performed using the blastn + tool (version 2.10, Camacho
et al., 2009) against the SILVA 138-16S pintail 100 database (Pruesse
et al., 2007), and only the best BLAST hits with the same score are
reported.

2.8. Statistical analyses

All statistical analyses were performed using R (4.2.3, and 3.3.6) (R
Development Core Team, http://www.R-project.org). The Phyloseq
(1.36.0, McMurdie and Holmes, 2013) and Microbiome (1.14.0, Lahti
and Shetty (2012-2019)) packages were used to describe community
composition and diversity. Plots were drawn using the packages ggplot2
(3.4.2, Wickham, 2016) and Phyloseq. Alpha-diversity (species richness,
Simpson and Evenness indices) was calculated. Analysis of variance
followed by Tukey HSD post-hoc test, was used to determine significant
differences between capture group. Difference in the relative abun-
dances of the major taxonomical classes was also determined by analysis
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of variance, followed by Tukey HSD post-hoc test. A non-metrical
dimensional scaling (NMDS), based on the Bray Curtis dissimilarity
matrix was used for the ordination of the gut microbial communities. As
similar pictures were obtained with both Unifrac and Jaccard dissimi-
larities (see Fig. S3), only the Bray-Curtis dissimilarities was presented
and discussed in the main text. Differences according to the local
foraging area (formula: Capture_Group, at dO in urban conditions), as
well as the captive and the metal-exposed conditions were statistically
tested using permutational PERMANOVA (9999 permutations, p-val-
ue<0.01). A post-hoc pairwise test (999 permutations, and Bonferroni as
the p-value correction method with ADONIS and pairwise ADONIS
(vegan 2.6.2, Oksanen et al., 2022) and presented in Tables S3 and S4.
Under the factor “Treatment”, “Urban” refers to local conditions at dO,
“Captive” to captive rural conditions (d45 and d90) without metal
exposure, and “Lead”, “Zinc” and “Zinc-Lead” refer to captive conditions
with metal exposure (d45 and d90). Under the factor “Treatment-Date”,
“Urban-d0” refers to local conditions at dO day, “Captive-d45 and Cap-
tive-d90” to captive conditions at d45 and d90 days, without metal
exposure, and Lead-d45, Lead-d90, Zinc-d45, Zinc-d90 and
Zinc-Lead-d45 and Zinc-Lead-d90 refer to captive conditions with metal
exposure at d45 and d90 days. Here, under the factor “Habitat”, “Urban”
refers to the local conditions, while “Captive” refers to the captive
conditions, whatever the metal exposure or not.

As no difference were observed for the microbial communities after
45 and 90 days of metal exposure (see Table S4 and Fig. S6); results for
the two timepoints were regrouped only for the taxonomical analysis in
Fig. 2B and C.

The ASVs that contributed the most to the dissimilarity among
communities, were determined using the SIMPER function (vegan 2.6.2,
Oksanen et al., 2022) with the criterion of up to 70% of the cumulative
explained dissimilarity (with an adjusted p-value <0.1). A differential
expression analysis of these ASVs was performed using DESeq2 (1.32.0,
Love et al., 2014; padj <0.01).

2.9. Nucleotide read accession numbers

All the nucleotide reads have been deposited to the SRA database
(Sequence Reads Archive) under the accession number PRINA1122576
(https://www.ncbi.nlm.nih.gov/bioproject/).

3. Results
3.1. Urban geographical impact on the pigeon’s gut microbiota

We detected no significant differences in the specific richness of the
microbiota among the capture sites (mean of 116 taxa, Fig. 1A). How-
ever, we found higher Simpson and Evenness indexes for the capture
sites gr3 (p-value = 0.04) and gr4 (p-value = 0.004) as compared to grl
and gr2 (Tables S3A and B). This result highlights that although the
species numbers were similar, the community structure was different
with fewer ASVs being highly dominant within the microbial commu-
nities of gr3 and gr4 as compared to grl and gr2 (Fig. 1A). In parallel, the
ordination (Fig. 1B) showed a distinction for the capture sites along the
first axis (PERMANOVA, p-value = 0.0004, R2 = 0.97), but no signifi-
cant differences according to the sex, the weight nor the BMI (Fig. S4A,
Table S3C). When focusing on the taxonomic composition (Fig. 1C, and
S5), the three main class detected were Bacilli (26.5-74%), Actino-
bacteriota (11-34%), Clostridia (6.7-23.5%), with significantly
different higher abundances of Actinobacteria taxa (p-value = 0.002)
and Clostridiae (p-value = 0.01) and a lower abundances of Bacilli taxa
(p-value = 0.028) in the capture sites gr2, 3 and 4 as compared to grl
(Tables S3E and F). Using a similarity percentage analysis, the few ASVs,
that statistically explained the dissimilarity between capture sites, were
picked out, and their differential abundance was measured (Fig. 1D).
The abundances of theses taxa were significantly different (p-val-
ue<0.01) between capture sites grl and the 3 others. Taxa belonging to
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A) a-diversity metrics based on Richness (observed ASV) Simpson and Evenness indices. Data are presented as boxplot with mean values + standard deviation (n =

57), according to the capture group.

B) Community structure of the gut microbiota, based on Bray-Curtis dissimilarity, according to the capture group (color) and sex (triangle and dot).

C) Taxonomic composition of the local urban gut microbiota. Major taxa (>0.1% of the dataset) are presented at the class taxonomic level, and expressed as % of the
total read abundance; significant differences between capture groups are highlighted by asterisks (p-value significance, "0 “**** 0.001 “*** 0.01 “**).

D) Heatmap of the selected AVS explaining the dissimilarity between capture groups microbiota’s communities, presented at the class taxonomic level, and expressed
as % of the total read abundance; significant differences between capture groups were determined by SIMPER and DESeq analysis. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)

the Bacilli class, mainly Lactobacillus, were up-represented in capture
site grl, while taxa belonging to the Clostridia class (3 over 4) were
down-represented in capture group grl. Most of the taxa from Actino-
bacteria, mainly Corynebacterium and Actinomyces, showed equal pat-
terns or up-represented in capture sites gr2, 3 and 4. Moreover, at the
class level, the ratios Clostridia:Bacilli and Actinobacteria:Bacilli were
significantly lower for the grl (respectively 0.09 and 0.15) as compared
to other sites, respectively ranging from 0.37 to 0.88 for Clostridia:
Bacilli ratio and ranging from 0.85 to 1.28 for Actinobacteria:Bacilli
ratios (Table S3G). In contrast, the ratio Actinobacteria:Clostridia did
not differ among the capture sites (Table S3G). Note that no sex effects
were detected on the alpha and beta diversity nor on taxa relative

abundances (Tables S3A and C).

3.2. Effects of metal exposure and captivity on the pigeon gut microbiota

The metal exposure did not significantly impact the physiological
body traits of the pigeons (Fig. S4B), nor the diversity indexes (Fig. S7).
But we detected significant differences between individuals in their
urban foraging area (at dO, labelled “urban”, Fig. 2A, and Tables S4A
and B) and individuals in captive conditions without metal-exposure
(labelled “captive™), and with metal-exposure (labelled “Zinc”, “Lead”,
and “Zinc_lead”). The first axis (PERMANOVA, p-value = 0.0003) of the
NMDS analysis significantly discriminated between the urban areas (d0)
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Fig. 2. A, B and C: Impact of the captivity and metal exposure on the gut
microbiota

A) Community structure of the gut microbiota, based on Bray-Curtis dissimi-
larity, according to the local or exposure treatment, and the date. B) Major taxa
(>0.1% of the dataset) are presented at the class taxonomic level, and expressed
as % of the total read abundance; significant differences between capture
groups are highlighted by asterisks (p-value significance, "0 “***’ 0.001 “**’
0.01 “*’), C) Heatmap of the AVS explaining the dissimilarity between the
bacterial communities, presented at the class taxonomic level, and expressed as
% of the total read abundance; significant differences between urban, captive
with and without metal-exposure groups were determined by SIMPER and
DESeq analysis.
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and the captive conditions, whatever the metal exposure, while none of
the two axes discriminated among TE exposure treatments (p-value from
0.2 to 1, Table S4B). Difference in their composition was also depicted
by higher abundances of Actinobacteria taxa (p-value <0.0001) and
lower abundances of Bacilli (p-value = 0.007) and Clostridia (p-value
0.008) in captivity as compared to urban foraging areas (Fig. 2B, Fig. S8,
and Tables S4C and D). At the class level, the ratio Actinobacteria:
Clostridia and Actinobacteria:Bacilli were significantly higher for the
captive condition: 4.02 to 8.31 and 0.82 to 2 respectively compared to
1.66 and 0.48 for the urban condition (Table S4E). In contrast, the ratio
Clostridia:Bacilli did not differ among captive and urban conditions
(Table S4E). Moreover, the ASV, explaining most of the dissimilarity
between urban and captive control conditions, displayed clear different
abundances (p-value<0.01): most of the taxa from Actinobacteria,
belonging to Corynebacterium and Bifidobacterium, were up-represented
in captive conditions, while the taxa belonging to the Lactobacillales
(Bacilli) were up-represented in the urban condition (Fig. 2C).

4. Discussion

In order to explore the impact of the urban environment and metal
exposure on the avian gut microbiota, we experimentally exposed feral
pigeons to zinc and lead. We also profited of this study to describe the
pigeon gut microbiota in Paris and examine how the urban environment
impacts the species richness and composition of gut microbiota by
comparing gut microbiota among 4 geographical sites and between in-
dividuals sampled in urban areas (at dO) and after 45 and 90 days of
captivity (d45 and d90).

4.1. Pigeon gut microbiota composition

Whatever the capture sites or the TE exposure, the main phyla
detected in all the gut microbiota of the feral pigeons were Firmicutes
(including both Clostridia and Bacilli, 36-66%), Actinobacteriota
(26-57%), and Proteobacteria (3-9%), which all have been documented
as major phyla in other avian taxa (Grond et al., 2018; Wang et al.,
2022). Despite cloacal sampling being handy and non-invasive for hosts
(Knutie and Gotanda, 2018), this method might have introduced bias in
the study. First, it might not fully reflect the composition of the gut or
other intestinal segments (Diaz-Carrasco et al., 2019). Second, some taxa
might be preferentially found in the cloacal zone (Bestion et al., 2017;
Lee et al., 2020), such as members of the Lactobacillus genus.

Interestingly, such a high abundance of Actinobacteria has also been
documented in several avian microbiota, such as in wild seabirds and in
granivorous birds (Columbiformes and Passeriformes). The high abun-
dances of this taxon in gut microbiota have been reported to be associ-
ated with a granivorous diet (Garcia-Amado et al., 2018; Grond et al.,
2019). In contrast, Bacteroidetes only represented a small fraction of the
gut microbiota (0.27-0.90%), while it usually represents 5-35% in
previous studies (reviewed in Waite and Taylor, 2015). Bacteroidetes
are generally associated with the digestion of proteins (Zhang et al.,
2020; Liu et al., 2022) and complex carbohydrates, including starch
(Garcia-Amado et al., 2018). However, in agreement with our study, the
low proportion of this phylum has been once reported for neotropical
birds, granivorous Columbiformes and Passeriformes, parrots, pet-birds
and several temperate birds (Garcia-Amado et al., 2018).

4.2. Differences among geographical foraging area

As expected, the composition of pigeon gut microbiota significantly
differed among the different capture sites in Paris. These differences
were even detected without considering site gr3, for which the distances
among sample subsites were sometimes larger than the distances to the
site gr2. At the class level, differences were revealed through variations
in Actinobacteria, Clostridiae and Bacilli abundances, notably lower
Clostridia:Bacilli and Actinobacteria:Bacilli ratios highlighting the
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overdominance of Bacilli within the capture site grl as compared to the
3 other sites. Although environmental bacteria could colonize the gut
microbiota by direct contact with the surrounding substrates (Sullam
et al., 2012; Teyssier et al., 2018), diet is one of the driving parameters
as it is the main interface between the gut and the host’s environment
(Wu et al., 2011). Urban areas can provide very different trophic re-
sources and food types, it is therefore likely that differences in gut
microbiota may be largely mediated by the diet. Herein, the different
capture sites corresponded to distinct home ranges or foraging areas.
Although the feral pigeons do move around residential areas, they
typically have a smaller home range at a local scale (Frantz et al., 2012).
Cohorts sharing the same home range show less variation in terms of
abundance (numbers of individuals) and usually consist of regular vis-
itors. It has been shown that changes in microbiota diversity were much
more associated with local scale in urbanized area (Linnenbrink et al.,
2013; Teyssier et al., 2018) and highlight the importance of the direct
environment in which organisms are living. City parks are known to be
refuges for organisms living in an urban environment and could provide
a number of crucial resources to their inhabitants (Lin et al., 2012).
Specifically, variation in the abundance of Lactobacillus spp., was high-
lighted in the differentiation between capture sites. Lactobacillus spp. is
often related to the host feed efficiency and has been known to be a
beneficial commensal for both humans and animals for years (Li et al.,
2017; McCormack et al., 2017; Valeriano et al., 2017; Levkovich et al.,
2013). In birds, Lactobacillus spp. is associated with reducing pathogen
abundance through competitive exclusion, and with fermentation of
lactate and plant-derived molecules, as well as benefiting health through
improving body condition (Arun et al., 2021; Garcia-Mazcorro et al.,
2021). It is possible that the plant-based diet of pigeons could provide
better substrates for Lactobacillus spp., thus giving them an advantage
(Stojanov et al., 2020; Grond et al., 2019). The pigeons of the site grl
(encompassing the main station “Montparnasse” and the city park
“Luxembourg”) hosted higher abundances of Lactobacillus spp. and
could be more prone to eat plants than pigeons from the other sites.
However, to better appraise how the type of diet may explain the dif-
ferences of gut microbiota observed in different geographic sites,
experimental approach involving food quality manipulation is now
required. Differences in the gut microbiota could be due to differences in
TE across foraging areas, which can be highly variable in pigeons across
small scales (Frantz et al., 2012). However, our experimental approach
suggests that this is not the case in the present study. Other pollutants
that can vary across urban environments, such as noise pollution, ca
affect avian gut microbiotas (Berlow et al.,, 2022), and could have
contributed to the detected differences in pigeon gut microbiotas across
capture sites.

4.3. Effect of trace metals exposure and captive conditions

Indeed, using an experimental approach in a controlled environ-
ment, we showed that exposure to lead and zinc, specific contaminants
of the urban environment, did not result in structural changes within
pigeon gut microbiota. Our results contrast with previous studies
reporting that trace metal exposure modifies the microbiota by
enhancing Bacteroidetes relative abundance and reducing the Firmicutes
and Proteobacteria ones (Zhai et al., 2017). One explanation resides in
the fact that pigeons in our study were captured in Paris, and had
therefore experienced metal exposition in their natural urban habitat. As
we maintained metal exposure for metal exposed birds in our experi-
ment, we would have expected change in microbiota over the time only
for the non-metal exposed birds. Lead and Zinc concentrations used in
this study correspond to the natural range found in Paris (Chatelain
et al., 2016), and appeared not apply long enough (over 90 days) to
detect differences in the gut microbiotas. Indeed, ingested metals can
accumulate in pigeon feathers and organs overtime (Kekkonen et al.,
2012;Reid et al., 2012) and can be released into the blood stream after
the environmental exposure. Consequently, their microbiota might have
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been shaped by past metal exposure and the time required for removing
all the trace metal was not long enough to induce modifications in the
non-metal exposed birds.

Herein, the captive environment where the pigeons were placed,
including abiotic and biotic factors (diet, stress, social group structure,
energetic demands), might have smoothed the impact of the TE exposure
(Bensch et al., 2023). For example, life in captivity or the density of host
populations sharing the same living space could have modified the
host-microbiota relationship. Accordingly, a study on pika demon-
strated through an experimental approach that a-diversity was posi-
tively correlated with the host population density. Within high-density
groups, gut bacterial communities were more similar between in-
dividuals than in groups with fewer individuals (Li et al., 2016).

Effectively, we observed differences in gut microbiota composition
between pigeons captured in Paris (urban) and the same pigeons after
being placed in captivity. Our results show that changes in environ-
mental conditions in pigeons, such as those related to the present
captivity, can change the structure of the gut microbiota. Once more,
one hypothesis would be that diet is a major factor modulating the
composition of gut microbiota. In fact, in urban areas, pigeons mainly
use food sources of anthropogenic origin, which considerably broadens
the spectrum of the composition of food consumption with a high pro-
tein content, compared to granivorous food with low protein and high
starch contents. In contrast, in captivity, they have been fed with a less
diverse granivorous diet (Ciminari et al., 2005). In addition, and con-
trary to urban areas, the quality and quantity of food remain relatively
constant in captivity (Anderies et al., 2007). Herein, segregation be-
tween urban and captive gut microbiota relied mainly on the decrease of
Lactobacillus in captive conditions, and a change in Actinobacteria:
Bacilli and Actinobacteria:Clostridia ratios, and these variations F:B
ratio could be regarded as a dysbiosis (Colin et al., 2022; Stojanov et al.,
2020).

Alternatively, the differences observed between urban and captive
conditions could be due to changes in ambient temperatures over the
course of the experiment, either due to natural temporal or environ-
mental variations. Indeed, cities have a buffering effect on temperature
ranges, due to the heat island effect (Rizwan et al., 2008), and fluctua-
tions (Shochat et al., 2006). Accordingly, differences in microbiota ac-
cording to ambient temperatures and season have been reported in
numerous studies in wild species (Janiga et al., 2007; Maurice et al.,
2015). Firmicutes are generally more abundant at lower ambient tem-
peratures, while Bacteroidetes are more abundant at higher tempera-
tures (Dietz et al., 2022).

5. Conclusion

In conclusion, differences in pigeon gut microbiota were observed
according to the capture sites within Paris, and could be related to
possible different trophic resources and food types but not TE exposure.
A shift in gut microbiota composition was detected after a few weeks in
captivity, illustrating a strong impact of lifestyle on the gut microbiota.
Our finding shed light on the effects of urban environment on bird
communities, that can be extended to their gut microbiota.
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