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Despite the microbiome’s key role in health and fitness, little is known about
the environmental factors shaping the gut microbiome of wild birds. With habitat
fragmentation being recognised as a major threat to biological diversity, we here
determined how forest structure influences the bacterial species richness and diversity
of wild great tit nestlings (Parus major). Using an lllumina metabarcoding approach
which amplifies the 16S bacterial ribosomal RNA gene, we measured gut microbiota
diversity and composition from 49 great tit nestlings, originating from 23 different nests
that were located in 22 different study plots across a gradient of forest fragmentation
and tree species diversity. Per nest, an average microbiome was determined on which
the influence of tree species (composition and richness) and forest fragmentation
(fragment area and edge density) was examined and whether this was linked to host
characteristics (body condition and fledging success). We found an interaction effect
of edge density with tree species richness or composition on both the microbial
richness (alpha diversity: Chao1 and Shannon) and community structure (beta diversity:
weighted and unweighted UniFrac). No significant short-term impact was observed of
the overall faecal microbiome on host characteristics, but rather an adverse effect of
specific bacterial genera on fledging success. These results highlight the influence of
environmental factors on the microbial richness as well as the phylogenetic diversity
during a life stage where the birds’ microbiota is shaped, which could lead to long-term
consequences for host fitness.

Keywords: great tits (Parus major), faeces, microbiota, tree species diversity, forest fragmentation

INTRODUCTION

During the past two decades, the gut microbiome has attracted considerable research attention
because of its role in a host’s physiology and health status. The microbiota of the gastrointestinal
tract plays a fundamental role in food digestion, pathogen defence, stimulation of the
immune system, gut and central nervous system functioning, life-history traits and behaviour
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(Macpherson and Harris, 2004; O’Hara and Shanahan, 2006;
Kamada et al,, 2013; Cenit et al, 2017; Macke et al., 2017;
Grizotte-Lake et al., 2018). Despite its pivotal role in host health,
research on the gut microbiota of avian species has lagged
behind mammalian research and is dominated by studies of
agriculturally important birds as well as birds of conservation
interest (Grond et al., 2018). In wild bird populations, studies
examining the gastrointestinal flora are rather scarce and mostly
focusing on juvenile birds of which the gut microbiota is still
undergoing substantial changes (Zhu et al., 2017; Teyssier et al.,
2018a).

Initially the gut microbiota is shaped by external bacteria
present in the nesting environment and by parental feeding (Hird
et al., 2014; Ding et al, 2017; Teyssier et al., 2018a). Food-
associated microbial communities may, however, vary by location
and the food quality can pose a differential selection pressure on
the gut microbiota (Grond et al., 2018; Davidson et al., 2020). As
such, variation in habitat can determine microbiota composition,
which may have implications on nestling body condition and
long-term consequences for host fitness. For example, Teyssier
etal. (2018b) showed that adult house sparrows from urban areas
hosted microbial communities with lower diversity and fewer
metabolic functions compared to rural populations.

In temperate zone forests, tree species composition and
diversity shape arthropod abundance, and thus the food
availability for insectivorous forest birds (Naef-Daenzer, 2000;
Fuentes-Montemayor et al., 2012; Shutt et al., 2018). In addition,
other environmental factors including forest fragmentation also
impact the availability of food resources (Burke and Nol, 1998;
Zanette et al., 2000). Great tits (Parus major) were shown to
feed their nestlings less caterpillars in small fragments compared
to larger fragments (Bueno-Enciso et al., 2016). The effects of
forest fragmentation can, however, depend on the local tree
species composition. In northern Belgium, breeding success
of great tits decreases with fragment area in Fagus sylvatica
forests but does not vary with fragment size in insect-rich
Quercus robur forests (Dekeukeleire et al., 2019). It can thus
be expected that habitat characteristics such as tree species
composition and forest fragmentation also jointly affect the
avian gut microbiota.

In this study, we assessed the individual and interacting
effects of environmental factors such as tree species (composition
and richness) and forest fragmentation (fragment area and
edge density) on the gut microbiota of wild birds. We
use great tits, an insectivorous forest bird during breeding
season, as a model species by sampling the gut microbiota
in 49 great tit nestlings originating from 23 different nests
to determine the average nest microbiome. The nests were
located in 22 different forest fragments in the south of Ghent,
northern Belgium, with a varying fragmentation gradient and
tree species composition. Taking into account both forest
composition and forest fragmentation allowed us to address
the question whether alpha and beta diversity are shaped
by forest structure and whether it has consequences for
bird health and fitness. Previously, it has been shown that
body condition of great tits is an important factor for bird
fitness, especially for bird survival after fledgling (Monrds

et al, 2003; Rodriguez et al, 2016; Teyssier et al, 2018a).
With the transition from nestling to fledgling being a key
moment in the development of altricial birds and with gut
microbiota characteristics and nestling body condition in
great tits being linked to each other (Teyssier et al, 2018a),
we also explored the hypothesis that forest-driven changes
in the microbiome can affect important host parameters
including body condition and bird survival after fledgling.
More specifically, we tested (1) if tits located in areas
with greater tree species richness and diversity displayed
higher faecal microbial richness and microbial community
structure, (2) if habitats with larger areas defined as forest
edges, which are associated with a greater abundance and
diversity of arthropods, were associated with higher microbial
diversity and (3) whether this affects host characteristics
including body condition and fledging success of the great
tits.

MATERIALS AND METHODS
Study Site

We performed a gut microbiota study of 23 great tit nests in
22 study plots (30 x 30 m) located in 11 mature (>60 years)
deciduous forest fragments in the south of Ghent (coordinates:
50°57'19"”N, 3°43'31”E), northern Belgium (Figure 1; see De
Groote et al., 2017 for more details). These study plots were
established in 2014 to study effects of tree species diversity and
forest fragmentation on food web dynamics (Hertzog et al,
2019). Plots varied in tree species composition [Pedunculate oak
(Q. robur), Red oak (Quercus rubra), and Beech (F. sylvatica) in
monocultures, two species mixtures or three species mixtures]
(Figure 1 and Supplementary Table 1). Plots of all tree species
compositions are replicated along a fragmentation gradient,
with some plots being situated in larger fragments far from
the forest edge, and other in smaller forest fragments, close
to the forest edge. All plots are located in forest stands
with similar land-use history (continually wooded since at
least 1850), management history (mature stands where no
forestry management took place in the last decade) and soil
(dry sandy loam).

As explained in Dekeukeleire et al. (2019), 12 fragmentation
measures were collected (Supplementary Table 2) of which
fragment-level forest area and plot-level edge density were
selected as key components of habitat fragmentation (Ewers
et al., 2007; Fisher and Lindenmayer, 2007). Fragment area was
calculated as the total surface area of the forest fragment in
which a study plot is situated (range: 10.74-90.36 ha), based on
detailed land use GIS layers (Vriens et al., 2011; Dekeukeleire
et al, 2019). Edge density quantifies the intensity of edge effects
on individual plots, with higher values being characteristic for
more fragmented forests. Edge density was calculated as the
total length of all edges of the forest with other land use classes
(e.g., agricultural land or residential areas) within a radius of
300 m of the plot (range: 655-2932.40 m) (Dekeukeleire et al.,
2019). Previously these plots were used to analyse the effects
of forest fragmentation and tree species composition on the
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FIGURE 1 | Map showing the location of all study plots. The 22 study plots are established in forest fragments with varying size and tree layer. Every study plot is
represented by a coloured symbol corresponding to its respective tree species composition. Fsyl, European Beech (Fagus sylvatica, L); Qrob, Pedunculate Oak
(Quercus robur, L); Qrub, Red Oak (Quercus rubra, L).

breeding performance and body condition of Great and Blue tits
(Dekeukeleire et al., 2019).

Sample Collection

For full details on the field work procedures we refer to
Dekeukeleire et al. (2019). Briefly, at the corner of each plot, four
standard nest boxes for great tits (dimensions 23 x 9 x 12 cm,
entrance 32 mm) were installed at a height of 1.5 m, in the
autumn of 2014. During the breeding season (April-June 2015),
all nest boxes were checked at least twice a week to determine
occupancy by great tits and collect breeding data. At 14-15 days
of age, the juveniles were fitted with a metal ring from the
Belgian Ringing scheme, measured [weight (g) and tarsus length
(mm)] and a faecal sample was collected. The body condition was

calculated using the scaled-mass index (SMI). This adjusts the
mass of all individuals to that which they would have obtained
if they all had the same body size, using the equation of the linear
regression of In-body mass on In-tarsus length estimated by type-
II (standardised major axis; SMA) regression (Peig and Green,
2009; Supplementary Table 3). Faecal samples from 49 great tit
nestlings, originating from 23 different nests were collected by
placing the individual animals in a sterilised cotton bag. The birds
were regularly checked to see if they defecated, with a maximum
of a 30 min incubation period. If the birds defecated, the faecal
samples were collected into Eppendorf tubes while wearing sterile
gloves. All samples were kept in sterile Eppendorf tubes at -
20°C until further analysis. The individual samples (n = 49) were
sequenced and analysed on nest level (n = 23).
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DNA Extraction

Total community DNA was isolated from great tit faecal
samples (n = 49) using the CTAB method modified from
Kowalchuk et al. (1999) and Griffiths et al. (2000). Briefly,
we added 0.5 ml CTAB buffer (hexadecyltrimethylammonium
bromide 5% (w/v), 0.35 M NaCl, 120 nM K,HPO,) and 0.5 ml
phenol-chloroform-isoamyl alcohol (25:24:1). The mixture was
homogenised by grinding (2x) with 0.5 g unwashed glass beads
(Sigma-Aldrich, Overijse, Belgium) in a bead beater (1.5 min,
22.5 Hz; TissueLyser; Qiagen, Hilden, Germany) with a 30 s
interval between shakings. After centrifugation (10 min, 8000 g),
300 pl of the supernatant was transferred to a new tube. A re-
extraction from the remaining content was performed by adding
0.25 mL CTAB buffer. After homogenisation as described above,
samples were centrifuged (10 min, 8000 g) and 300 pl of
supernatant was added to the first 300 pl. An equal volume
(600 L) of chloroform-isoamyl alcohol (24:1) was added to the
supernatant collected in order to remove the phenol from the
samples. The mixture was further centrifuged at 16 000 g for
10 s and the aqueous phase was transferred to a new Eppendorf
tube. Nucleic acids were precipitated with two volumes of
PEG-6000 solution [polyethyleenglycol 30% (w/v), 1.6 M NaCl]
for 2 h at room temperature. After centrifugation (20 min,
13000 g), the pellet was rinsed with 1 ml of ice-cold, 70%
(v/v) ethanol. The pellet was dried and resuspended in 100 pl
RNAse free water. The quality and the concentration of the
DNA was examined spectrophotometrically (NanoDrop, Thermo
Scientific, Waltham, MA, United States). The isolated DNA from
the individual samples (n = 49) were individually sequenced, but
analysed on nest level (n = 23).

PCR Amplification and High-Throughput
Sequencing

Following the recommendations of Klindworth et al. (2013),
the V3-V4 hypervariable region of the 16s rRNA gene was
amplified using the gene-specific primers S-D-Bact-0341-b-S-17
(5-CCTACGGGNGGCWGCAG-3') and S-D-Bact-0785-a-A-21
(5-GACTACHVGGGTATCTAATCC-3'). A 25 nL PCR reaction
contained 2.5 pL DNA (~20 ng/pL), 0.2 wM of forward and
reverse primers and 12.5 pL 2x KAPA HiFi HotStart ReadyMix
(Roche, Diegem, Belgium). PCR conditions were as follows:
initial denaturation at 95°C for 3 min, followed by 25 cycles of
95°C for 30 s, 55°C for 30's, 72°C for 30 s, and a final extension at
72°C for 5 min. Subsequently, the PCR products were purified
using CleanNGS beads (CleanNA) and the DNA quantity and
quality was analysed spectrophotometrically (NanoDrop) and by
agarose gel electrophoresis (1.5% agarose). In a second PCR, dual
indices were attached to the 16S V3-V4 fragment. This 50 wL
PCR reaction contained 5 pL of purified PCR product, 2x KAPA
HiFi HotStart ReadyMix (25 pL) and 2.5 pl index primer 1
(N7xx) (10 .M stock) and index primer 2 (S5xx) (10 wM stock).
PCR conditions were as follows: initial denaturation at 95°C
for 3 min, followed by eight cycles of 95°C for 30 s, 55°C for
30 s, 72°C for 30 s and a final extension at 72°C for 5 min.
The final PCR products were purified and the concentration was
determined using the Quantus fluorimeter (Promega, Leiden,

Netherlands). The final barcoded libraries were combined to an
equimolar 5 nM pool and sequenced with 30% PhiX spike-in
using the Illumina MiSeq v3 technology (2 x 300 bp, paired-
end) at the Oklahoma Medical Research center (Oklahoma City,
OK, United States).

Bioinformatic Processing of 16S rRNA
Data

Demultiplexing of the amplicon dataset and deletion of the
barcodes was done by the sequencing provider. Quality of the
raw sequence data was checked with the FastQC quality-control
tool (Babraham Bioinformatics, Cambridge, United Kingdom")
followed by initial quality filtering using Trimmomatic v0.38
by cutting reads with an average quality per base below 15
using a 4-base sliding window and discarding reads with a
minimum length of 200 bp (Bolger et al., 2014). The paired-
end sequences were assembled and primers were removed using
PANDAseq (Masella et al., 2012), with a quality threshold of 0.9
and length cut-off values for the merged sequences between 390
and 430 bp. Chimeric sequences were removed using UCHIME
(Edgar et al., 2011). Open-reference operational taxonomic unit
(OTU) picking was performed at 97% sequence similarity
using USEARCH (v6.1) (Edgar, 2010) and OTU taxonomy was
assigned against the Silva database (v128, clustered at 97%
identity) (Quast et al., 2013). OTUs with a total abundance below
0.01% of the total sequences were discarded (Bokulich et al.,
2013), resulting in an average of approximately 13288 reads
per sample. Alpha rarefaction curves were generated using the
QIIME “alpha_rarefaction.py” script and a subsampling depth
of 7800 reads was selected, which was used for all subsequent
analyses. Any sequences of mitochondrial or chloroplastic origins
were removed before further analysis.

Statistical Analyses

All statistical analyses were performed in R (v3.5.1) (R Core
Team, 2018). Due to non-convergence of LMM when analysing
the microbiome on bird level (n = 49), and to normalise
for a possible nestbox effect and difference in the number
of individuals sampled per nest (Supplementary Table 3),
nestlings sampled from the same nest box were treated as
one biological replicate by averaging the OTUs per nest. As
such, the microbiome analysis was performed on nest level
(n = 23). Microbiota alpha diversity (Chaol richness estimator
and Shannon diversity estimator) measures were calculated using
the phyloseq package (McMurdie and Holmes, 2013) and showed
a Gaussian distribution. Linear models were used to test the
effect of different forest parameters (tree species richness, tree
species composition, fragment area, or egde density) on the
microbial alpha diversity, as well as the resulting effects on
fledging success (number of fledglings/number of nestlings) or
fledgling body condition (SMI). In accordance with the OTU’,
the fledgling SMI and fledging success were averaged on nest
level (Supplementary Table 3). Models were run for each
alpha diversity metric separately. In each model the explanatory
variables were: a tree species measure (composition or richness),

'http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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a measure of forest fragmentation (edge density or fragment area)
and the interaction between both. As established in Dekeukeleire
et al. (2019), there is a high degree of collinearity between the
individual measures. Therefore, all models were run with one tree
species measure (composition or richness; categorical variable)
and one fragmentation measure (fragment area or edge density;
continuous variable; Pearson’s R = —0.43) at a time. For all
models, significant effects were determined by ANOVA (type I
sum of squares). The significance of the fragmentation effects
for the different tree richness or tree composition levels was
assessed using the addSE packages (Hertzog, 2018). The effect
of microbiota diversity on host characteristics was assessed by
including either nestbox fledging success (binomial distribution)
or average fledgling SMI per nestbox (Gaussian distribution)
as response variable. In models including body condition, the
number of nestlings was included as an additional fixed covariate.

Beta diversity was studied using phyloseq, taking Jaccard
(presence/absence), Bray-Curtis (presence/absence, as well as
abundance), unweighted UniFrac (phylogenetic distance) and
weighted UniFrac (phylogenetic distance, as well as abundance)
dissimilarities into account. The effect of either tree species
composition or tree species richness and forest fragmentation
(fragment area or edge density) on the microbial community
composition was assessed via permutational multivariate analysis
of variance (PERMANOVA) using the adonis function from
the vegan package (Dixon, 2003). The effect of the microbial
community composition on either nestbox fledging success
or average fledgling SMI per nestbox, was assessed using
linear models. Models were run for each beta diversity metric
separately, with either fledging success or body condition as
response variable, and the first two principal coordinates from
the beta diversity dissimilarity matrix as explanatory variables.

DESeq2 analysis was performed on the genus level abundance
data to identify bacterial genera that (1) are driving the difference
in microbial community composition in monocultures with
varying edge densities by taking into account the interaction
between the tree species richness and the edge density and
(2) are linked to host characteristics by considering either
average fledgling SMI per nestbox or nestbox fledging success.
Significant differences were obtained using a Wald test followed
by a Benjamini-Hochberg multiple hypothesis correction. For all
tests, a p-value < 0.05 was considered significant.

Ethical Considerations

Bird captures and handling were carried out under licence
and guidelines of the Belgian Ringing Scheme and the Flemish
authorities (Agentschap voor Natuur en Bos; ANB/BL-FF/V15-
00034). All trapping and sampling protocols of great tits were
approved and permitted by the Ethical Committee VIB (the
Flanders Institute for Biotechnology) Ghent site (EC2015-023)
with permissions of all site owners.

RESULTS

Taxonomic Composition of Microbiota
The microbial taxonomic composition of the juvenile great
tit faecal samples was characterised by a predominance

A Phylum
100 = 1y ST Isltsl=] Is -
’\; [ il j HARA ] I || == Actinobacteria
?-, . .
Py | == Firmicutes
g H i n H L H || == Proteobacteria
s L HIH | H
k-] L B H|| === Bacteroidetes
c
g 50+ | H === Tenericutes
© H == Other
] L H H
= H
= H
= H
) H L H LI HIiH
¥ H LIHH
(Ot L e e e A B 1
R OINROSOENOOIOEOTNIORIN
TANOTOONODODOULND-—ANNITD - NM
-—‘—NNNmmmmvvvvv ww
Nest box (average)
B Class
. 100 .| == Acidimicrobiia
X N )
[ = Actinobacteria
8 80 mmm  Thermoleophilia
< mmm Bacteroidia
1] = !
'g 60 == Flavobacteriia
3 == Sphingobacteriia
| 40 | = Bacill
g == C(Clostridia
"g 20 mmm  Erysipelotrichia ]
° = == Alphaproteobacteria
4 H == Betaproteobacteria
0 ééééé&&#éééré&;éééc'\n—"—ééé — Garqmaproteobacteria
‘_INImIvImlmlle\mlmlm\mlmfl\lm\‘_lmlml o' !ailen| ™= Mollicutes
ANNOOOOSTFFISFOOO = QOther
Nest box (average)
FIGURE 2 | Taxonomy plot of gut microbiota of juvenile great tits.
Composition analysis per nestbox at (A) Phylum level showing the five most
abundant phyla and (B) Class level showing the 13 most abundant classes.

of the phyla Firmicutes (50.96 =+ 14.63%), Proteobacteria
(27.58 =+ 8.44%), and Actinobacteria (17.90 =+ 12.38%).
Bacteroidetes (1.16 £ 1.09%), Tenericutes (1.49 £ 4.33%),
and other phyla (0.91 £ 1.28%) showed a lower abundance
(Figure 2 and Supplementary Datas 1, 2). When selecting
the 5 most abundant genera in all nests, the genera
Staphylococcus, Bacillus, Lactobacillus, and Carnobacterium
belonging to the Class Bacilli, together with genus
Burkholderia-Paraburkholderia  belonging to the Class
Betaproteobacteria were most prevalent in the great tit
microbiome (Supplementary Data 3).

Influence of Tree Species Diversity and
Forest Fragmentation on the Faecal
Microbial Composition of Great Tits

Alpha Diversity

Faecal samples harboured on average 456 + 92.89 OTUs
(min = 268, max = 603 observed OTUs). When taking the
interaction between tree species and edge density into account,
a significant influence was observed on the alpha diversity,
indicating an edge density effect on microbial richness with a
direction depending on the particular tree species richness or
composition (Supplementary Table 4). A significant interaction
effect of tree species richness with edge density on Chaol
(ANOVA: F-value = 4.157; DF = 2; p-value = 0.034) and
tree species composition with edge density on the Shannon
diversity (ANOVA: F-value = 7.717; DF = 6; p-value = 0.004)
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was observed (Supplementary Table 4). More specifically a
significant increase in OTU richness with edge density was
observed in monoculture forests [Figure 3 and Supplementary
Table 4 (AddSE): Chaol slope: 0.191, 95% CI: 0.040/0.342].
Fragment area as a fragmentation metric in combination with
tree species diversity did not significantly impact the alpha
diversity (Supplementary Table 4).

Beta Diversity

Permutational multivariate analysis of variance analysis on the
beta diversity showed that the interaction between tree species
composition and edge density significantly affected the UniFrac
dissimilarity indexes, and accounted for 36.2% (unweighted
UniFrac, p = 0.041) to 37.4% (weighted UniFrac, p = 0.055)
of the variation observed between the nests. The combined
effects of tree species richness and edge density could explain
23.2% (unweighted UniFrac, p-value = 0.001) to 19.7% (weighted
UniFrac, p-value = 0.007) of the variation (Supplementary
Table 5 and Supplementary Figure 1). The Jaccard and Bray-
Curtis indexes were not significantly influenced by tree species
and/or fragmentation metrics (p-value > 0.05).

Abundance Changes of Bacterial Genera That Are
Linked to the Interaction Effect of Edge Density With
Tree Species Richness

Using DESeq2 analysis, 12 genera were identified as having
a significant (adjusted p-value < 0.05) differential abundance
in monocultures when the edge density varies (Table 1).
When selecting the most abundant genera (baseMean > 100)
Lactococcus (Class: Bacilli) was show to be most prevalent
in monoculture plots characterised by a small edge density.
Pseudarthrobacter, Arthrobacter (Class: Actinobacteria), and
Erysipelatoclostridium (Class: Erysipelotrichia) showed a higher
abundance in monoculture plots characterised by a high density
of edges (Table 1).

Influence of the Microbiome on Body
Condition and Fledging Success of Great
Tits

Microbial Diversity

The great tits showed an overall SMI £+ SD of 18.06 + 1.61
and an overall fledging success = SD of 80.72 £ 29.38%. On
nest level, the global microbiome diversity did not affect the host
characteristics as neither the alpha diversity, nor the beta diversity
significantly impacted the average fledgling SMI per nestbox or
nestbox fledging success (Supplementary Tables 6, 7).

Abundance Changes of Bacterial Genera That Are

Linked to the Body Condition or Fledging Success

On nest level, no specific genera were associated with the
average SMI per nestbox. When examining the driving genera
that are linked to fledging success, 19 genera were negatively
associated with fledging success (Table 2). Nestboxes having
a higher fledging success were associated with decreased
numbers (baseMean > 100) of Brachybacterium, Brevibacterium
(Class: Actinobacteria), Serratia (Class: Gammaproteobacteria),
Sphingomonas (Class: Alphaproteobacteria), Carnobacterium,

TABLE 1 | Differentially abundant genera linked to an edge effect in monoculture plots.
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FIGURE 3| Influence of edge density and tree diversity on alpha diversity. Shown is the alpha diversity depending on the edge density in (A) monoculture, (B) 2
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Qrob, Pedunculate Oak (Quercus robur, L); Qrub, Red Oak (Quercus rubra, L). Chao1: estimated OTU richness and Shannon: estimated community diversity.

Jeotgalicoccus (Class: Bacilli), and Tyzzerella 3 (Class: Clostridia),
with fold changes (logy) that vary between —2.12 and

—30.00 (Table 2).

DISCUSSION

The taxonomic composition of great tits faecal microbial
community was characterised by a predominance of the phyla

Firmicutes, Proteobacteria, and Actinobacteria, in line with
previous studies (kropackovaet al., 2017; Teyssier et al., 2018a).
On genus level, the great tit microbiome was dominated
by Staphylococcus, Bacillus, Lactobacillus, Carnobacterium, and
Burkholderia-Paraburkholderia which corresponds with previous
research (Goossens et al, 2021). Although some species
belonging to these genera (e.g., Staphylococcus) can be pathogenic
in birds, these most common genera contain a multitude of
beneficial bacteria (Benskin et al., 2009; Grond et al., 2018). We
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TABLE 2 | Differentially abundant genera linked to fledging success.

Phylum Class Order Family Genus baseMean log, fold change IfcSE padj

Actinobacteria Actinobacteria Micrococcales Microbacteriaceae Frondihabitans 57.97086 —4.96097 1.564935 0.01465
Actinobacteria Actinobacteria Micrococcales Micrococcaceae Micrococcus 97.60023 —4.53600 1.25073 0.00514
Actinobacteria Actinobacteria Micrococcales Micrococcaceae Kocuria 13.95047 —6.69727 1.90552 0.00591
Actinobacteria Actinobacteria Micrococcales Dermabacteraceae Brachybacterium 144.81196 —5.63555 1.68524 0.00553
Actinobacteria Actinobacteria Micrococcales Brevibacteriaceae Brevibacterium 233.08480 —6.05455 1.16893 0.00002
Actinobacteria Actinobacteria Corynebacteriales Nocardiaceae Williamsia 56.78876 —7.79145 2.27969 0.00782
Actinobacteria Actinobacteria Dietziaceae Dietzia 33.74808 —10.02806 2.17538 0.00022
Actinobacteria Thermoleophilia Solirubrobacterales Patulibacteraceae Patulibacter 11.39001 —5.57505 1.75776 0.01525
Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Diplorickettsia 15.20776 —3.41905 1.20995 0.03997
Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Serratia 343.56698 —16.86702 5.17961 0.01297
Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Sphingomonas 736.07041 —2.11996 0.59077 0.00536
Proteobacteria Alphaproteobacteria Rickettsiales Anaplasmataceae Wolbachia 13.85976 —21.25073 5.77625 0.00471
Saccharibacteria uncultured bacterium uncultured bacterium uncultured bacterium uncultured bacterium 40.93864 —7.19182 1.94072 0.00471
Firmicutes Bacilli Bacillales Bacillaceae Oceanobacillus 7.84285 —18.19205 5.80793 0.01643
Firmicutes Bacilli Bacillales Listeriaceae Brochothrix 8.75038 —8.00489 2.57606 0.01688
Firmicutes Bacilli Lactobacillales Carnobacteriaceae Desemzia 8.45595 —12.15891 3.00312 0.00166
Firmicutes Bacilli Lactobacillales Carnobacteriaceae Carnobacterium 1659.98838 —3.66081 0.89935 0.00166
Firmicutes Bacilli Bacillales Staphylococcaceae Jeotgalicoccus 243.77101 —5.78625 1.49281 0.00285
Firmicutes Clostridia Clostridiales Lachnospiraceae Tyzzerella 3 116.39970 —30.00000 5.80680 0.00002

The faecal microbiome of great tits were analysed using DESeq2 analysis to identify differentially abundant taxa that are associated with fledging success. Significant differences in genus level abundance (adjusted
p-value < 0.05) in the faecal microbiota from great tits that are linked to fledging success. The taxonomic classification, the baseMean, the log» fold change, the log fold change Standard Error (IfcSE), and adjusted
p-values of the DESeq2 normalised abundance of each genus are shown.
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showed that when taking both tree species and edge density
into account, a significant effect on alpha and beta diversity was
observed, but with a direction and intensity depending on the
local tree species richness or tree species composition. Wild birds
and their habitat are inextricably linked to human activities as
their natural environment is subjected to an increasing pressure
of fragmentation. Despite relevant proof in mammals (Amato
et al., 2013; Fackelmann et al,, 2021) and data indicating that
habitat type can influence the microbiome of certain birds (San
Juan et al., 2020), it remains largely unknown whether the gut
microbiomes of passerines are affected by habitat fragmentation
and/or whether other factors are also involved. Our data now
show that combined changes in forest structure also have the
potential to shift gut microbial communities in passerines.

Microbial recruitment to young bird guts may occur through
various routes. Parental effects are the most likely explanation for
the patterns observed. Although parents feed insect prey directly,
without ingestion and regurgitation, parents can influence their
offspring’s gut microbiota through saliva transfer or through
variable prey selection (Pagani-Nufiez et al., 2015). In forest
fragments, the abundance and diversity of arthropods is higher
at edges (e.g., De Smedt et al., 2019; van Schrojenstein Lantman
et al., 2019). Changes in food resources for great tits could thus
explain the changes in the great tit microbiome in habitats having
a higher edge density. Possibly, in monocultures which have a
resource-poor status (Yahya et al., 2017), more forest edges and
thus more insect preys, results in an increase in OTU richness
(Chaol), whereas in mixed forest stands this is not the case due
to a higher biodiversity. These data are in line with previously
published work where a positive edge effect was described on
arthropod abundance in monocultures, whereas this relationship
was negated in habitats having a higher tree diversity (van
Schrojenstein Lantman et al.,, 2019). With about 29% of Europe’s
forests only being composed of a single tree species (Barsoum
et al., 2016) and great tits being widespread and common forest
birds, our data highlight that changes in the landscape may affect
the gut microbiome of wild birds.

Due to the small sample size in this study, we were not able
to reliably determine the edge effect per tree species. However,
abundance, richness, and diversity of insects may differ greatly
depending on the tree identity. Native Q. robur is characterised by
a species-rich arthropod community (Southwood et al., 2004) and
in native F. sylvatica monocultures a higher arthropod abundance
has been described closer to the edges (van Schrojenstein
Lantman et al., 2019). Q. rubra is an invasive species in Belgium,
and only supports a low abundance and diversity of herbivorous
insects (Gof3ner, 2004). This species forms a dense shrub layer,
especially if light is available (Dey and Parker, 1996). It is
therefore very likely that in monocultures, edge density influences
the microbial diversity differently depending on the local tree
species type and that changes in food resources are linked to the
observed shifts in the microbiome (Bodawatta et al., 2021).

Besides habitat-driven dietary changes, the observed patterns
could also be linked to differences in nest material or
even hatching date. Nest material can shape the bacterial
community in the nest, which in turn can colonise the gut
of nestlings (van Veelen et al, 2017). In great tits, nest

material composition, weight and size have previously been
found to vary with local tree species composition (Alvarez
et al., 2013). Tit nests can also contain anthropogenic material
and hairs of domestic animals (Reynolds et al., 2019), which
could be more common in small forest fragments or at edges
between forests and residential areas. Thus, potentially tree
species composition and forest edges can jointly shape material
and thus the bacterial community in the nest. Differences
in hatching date could possibly also influence the great tit
microbiome (Kreisinger et al., 2018). In our study, Julian dates
ranged from 120 to 131 (Supplementary Table 3) and did
not significantly impact the alpha (LM p-values > 0.05), nor
the beta diversity (PERMANOVA p-values > 0.05). However,
previous studies have shown that Julian date can be a
confounding factor influencing the microbiome in passerines
(Kreisinger et al., 2018).

When looking at abundance of genera, DESeq2 analysis
showed that monoculture plots characterised by more edges
show a decrease in Lactococcus. This genus comprises gram-
positive lactic acid bacteria that act as probiotics, stimulate
the immune system and aid in the digestion and absorption
of nutrients (Salminen et al., 2004). A significant increase of
Pseudarthrobacter, Arthrobacter, and Erysipelatoclostridium
was observed in monoculture plots having more edges.
The genus Arthrobacter has previously been linked to
diet changes in great tits (Davidson et al, 2020) and the
genus Pseudarthrobacter was shown to be increased in pine
monocultures in which thinning practices led to the formation
of a native understory vegetation (Trentini et al., 2020). As
such, the increased abundance of Pseudarthrobacter is possibly
linked to more solar radiation at the edges which results in
more favourable conditions for the underlying forest layers.
The genus Erysipelatoclostridium belongs to the normal
gut microbiome of birds (Zhao et al, 2019), but it is also
considered an opportunistic pathogen in humans (Shao et al,
2017).

The exact impact of these microbial changes or how gut
microbiota affect the health of wild birds in general remains
largely unknown (Grond et al,, 2018). In great tit nestlings, a
higher diversity and stability in microbiota composition were
associated with better bird condition (Teyssier et al., 2018a),
whereas in house sparrows, hosting a diverse and abundant
microbiota flora limits the growth of developing nestlings (Kohl
et al,, 2018). In our study, the alpha and beta diversity did not
significantly impact fledging success of the great tits on nest
level. However, other than the lack of an overall microbiome
effect, specific bacterial genera were shown to be linked to
the fledging success. Tyzzerella 3 showed a fold change (Log,)
of -30, indicating that this genus is strongly associated with
a reduction in fledging success. Tyzzerella 3 has previously
been linked to diabetes (Yue et al, 2019; Ma et al., 2020),
cardiovascular diseases (Kelly et al., 2016) and even reduced
disease resistance in poultry (Cazals et al., 2022). The abundance
of Brachybacterium, Brevibacterium, Serratia, and Sphingomonas,
was also negatively linked to fledging success. In general,
these genera are not described as common avian pathogenic
genera, but they comprise known pathogenic species in many
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animals, including humans and birds (Pascual and Collins, 1999;
Saidenberg et al., 2007; Saeb et al.,, 2014; Tamai et al.,, 2018).
These data hint towards an adverse health effect of specific
bacterial genera, rather than a major effect of the overall microbial
richness and diversity. In this study, we did not observe an
effect of the microbial changes on the average fledgling SMI
per nestbox. However, since we only analysed a short-term
effect of the microbial changes on the body condition of the
great tits, we cannot rule out whether the observed microbial
changes bare no consequences on the long-term. Therefore,
further studies are needed to identify the long-term effects of
the environmental-driven changes in alpha and beta diversity on
host characteristics of great tits. Summarised, we showed that
more habitat edges in combination with changes in tree species
diversity can influence the microbial richness and phylogenetic
diversity in great tits during a life stage where the birds’
microbiota is shaped, which can lead to long-term consequences
for host fitness.
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