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ABSTRACT

Liukkonen, Martta

How fit is your gut? Disentangling the associations between the gut microbiome, the
environment and host performance in wild birds

Jyvaskyld: University of Jyvaskyld, 2024, 80 p. + original articles

(JYU Dissertations

ISSN 2489-9003; 816)

ISBN 978-952-86-0264-4 (PDF)

Yhteenveto: Suolistomikrobiomin, ympdristotekijoiden ja yksilon menestyksen
yhteys luonnonvaraisilla linnuilla

Diss.

The gut microbiome is a complex community of microorganisms that inhabit the
host’s gastrointestinal tract, and it influences host physiology and health. The gut
microbiome has been studied widely with captive species and humans, whereas
research with wild host taxa is slowly increasing. The gut microbiome is influenced
by both intrinsic and extrinsic factors and thus, it is vital to understand how gut
microbiomes evolve and function in wild environments. Birds provide a great study
system due to their wide dispersal, unique life history traits and oviparous
reproduction. However, majority of existing knowledge about bird gut microbiomes
comes from domestic bird research, which cannot be generalized to wild birds. Here,
experimental methods and long-term monitoring data are used to study the
associations between the gut microbiome, the environment and individual
performance in a natural setting. Nestling birds are used to investigate whether the
early-life environment contributes to nestling gut microbiome variation and
performance. Adult birds are used to study whether environmental and population-
level factors associate with gut microbiome variation at a large biogeographical scale,
and whether gut microbiome variation associates with individual reproductive
success and survival. The results show that environmental variation contributes to
differences in gut microbiome diversity and composition in adults. In nestlings, the
nest of rearing explains part of the observed variation in gut microbiome diversity.
Moreover, variation in the gut microbiome associates with reproductive success,
which is the ultimate measure of fitness. This association between reproductive
success and gut microbiome variation is particularly strong in male birds and thus,
suggests that gut microbiome may have sex-specific effects on individuals. Overall,
the results indicate that environmental variation contributes to variation in the gut
microbiome and overall performance of wild birds.

Keywords: Avian gut microbiome; environmental associations; Ficedula albicollis; gut
microbiome; Parus major; phenotypic variation.

Martta Liukkonen, University of Jyviskyld, Department of Biological and Environmental
Science, P.O. Box 35, FI-40014 University of Jyvdskyld, Finland
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Suolistomikrobiomi on mikroskooppisten organismien muodostama elidyhteiso,
joka eldd isédntdelion suolistossa ja se vaikuttaa isdntdelion fysiologiaan ja terveyteen.
Suolistomikrobiomin merkitystd isdntdeliolle on tutkittu paljon laboratorio-oloissa
ja ihmistutkimuksissa, kun taas luonnonymparistossd tapahtuvien tutkimusten
mddrd on vasta kasvussa. Linnut ovat erinomaisia tutkimusorganismeja, koska ne
ovat levittaytyneet laajalti ympdri maapalloa, kykenevit lentdimddn ja lisdantyvit
munimalla. Lintujen suolistomikrobiomit ovat hyvin erilaisia verrattuna esimerkiksi
nisdkkdiden suolistomikrobiomeihin, ja esimerkiksi ympadristotekijit kuten
elinympdristo ja ruokavalio vaikuttavat huomattavan paljon lintujen
suolistomikrobiomiin. Suurin osa olemassa olevasta lintujen
suolistomikrobiomitutkimuksesta on kuitenkin tehty vankeudessa kasvatetuilla
lajeilla ja siipikarjalla, eikd nditd tutkimustuloksia voi yleistdd luonnonymparistoissa
eldviin lintulajeihin. Tdssd vditoskirjatyossd tutkitaan lintujen suolistomikrobiomin
monimuotoisuuden mahdollisia syitd ja seurauksia luonnonympaéristoissa.
Vditoskirjan osatoissd tutkitaan sitd, 1) onko ympadristotekijoillda yhteys
suolistomikrobiomin monimuotoisuuteen, 2) miten varhainen kasvuympéristo
vaikuttaa pesdpoikasten suolistomikrobiomiin ja selviytymiseen ja 3) onko
suolistomikrobiomin ja lisddntymismenestyksen vililld yhteyttd. Viitoskirjan
osattissd hyodynnetdan kokeellisia tutkimusmenetelmid sekd pitkdaikaisseuranta-
aineistoa. Tulokset osoittavat, ettd ympadristotekijoiden vaihtelu korreloi
suolistomikrobiomin  diversiteetin = ja = koostumuksen  kanssa.  Lisdksi
suolistomikrobiomin vaihtelu korreloi lisddntymismenestyksen kanssa, joka on
yksilon kelpoisuuden padmittari. Kaiken kaikkiaan tulokset viittaavat siihen, ettd
ympdriston vaihtelu vaikuttaa suolistomikrobiomin monimuotoisuuteen, joka taas
kytkeytyy yksilon menestymiseen ja lisdéntymiseen.

Avainsanat:  Adaptaatio;  lintumikrobiomi;  sepelsieppo; = sopeutuminen;
suolistomikrobiomi; talitiainen; ympaéristovaikutukset.

Martta Liukkonen, Jyviskylin yliopisto, Bio- ja ympiristotieteiden laitos PL 35, 40014
Jyviskylin yliopisto
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“We have no need of other worlds. We need mirrors. We don’t know what to do with other
worlds. A single world, our own, suffices us; but we can’t accept it for what it is.”

- From the book “Solaris” by Stanislaw Lem



1 INTRODUCTION

1.1 A multitude of factors contribute to organism’s phenotype

Earth is home to a vast number of species inhabiting wildly varying habitats.
These species have adapted to survive in their habitats, and while some species
inhabit a large biogeographical range, some are highly specialized to very
specific habitats. Phenotypei.e., the traits or characteristics of an organism, which
are defined by individual genotype and the environment (Bull 1987) is at the core
of adaptation. Phenotype includes morphology and physiology, development,
and behaviour and enables the individual to survive in its chosen habitat
(Willmore et al. 2007). Some individuals may have a phenotype that enables them
to better match the environment and thus, be more likely to reproduce and pass
their genes on to the next generation (i.e., evolution by natural selection). While
morphology and physiology, development, and behaviour as factors
contributing to phenotypic variation have been studied rather extensively (e.g.,
Wagner and Altenberg 1996, Mitchell-Olds et al. 2007, Geiler-Samerotte et al. 2013,
Forsman 2014, Fox et al. 2019, Xue et al. 2019), the role of host colonizing and
symbiotic microorganisms is still a new field. These microorganisms and their
potential role in host phenotypic variation are gathering research interest across
different biology disciplines such as microbiology and ecology.

1.2 The gut microbiome is an inseparable part of host phenotype

Multicellular organisms are often colonized by microorganisms that can be
neutral, beneficial, or pathogenic to the host (McFall-Ngai et al. 2013). Together
with the host organism these microorganisms form host-microbe interactions
that can be considered an inseparable single unit of selection, the holobiont
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(Zilber-Rosenberg and Rosenberg 2008, Bordenstein and Theis 2015, Theis et al.
2016, Rosenberg and Zilber-Rosenberg 2018). Particularly, the gastrointestinal
tract (hereafter, GI tract) and the microorganisms colonizing it have been the
focus of thousands of scientific articles most of which are focused on humans
(Sekirov et al. 2010, Clemente et al. 2012, Sommer and Backhed 2013, Thursby and
Juge 2017). In many species the GI tract is colonized by a vast number of
microorganisms such as bacteria, archaea, fungi, viruses / phage, and protozoa
(Sommer and Backhed 2013). Within the host, the bacteria, and the other before-
mentioned microorganisms in the GI tract and all their genomes combined form
the gut microbiome (Zilber-Rosenberg and Rosenberg 2008, Rosenberg and
Zilber-Rosenberg 2018, Roughgarden et al. 2018,). The gut microbiome is strongly
shaped by not only phylogeny but also the environment outside the host. Several
host-mediated interactions such as social environment and physical contact with
surrounding organisms can influence the structure of the gut microbiome (Miller
et al. 2018, Sarkar et al. 2020).

A vast amount of medical and laboratory animal studies emphasize the gut
microbiome’s importance in host metabolism, immune system functioning and
behaviour (Sekirov et al. 2010, Tilg and Kaser 2011, Jasarevic et al. 2016). The gut
microbiome benefits the host by protecting against pathogens (Kamada et al.
2013a, b, Pickard et al. 2017), regulating immune system functioning (Round and
Mazmanian 2009, Hooper et al. 2012) and influencing energy metabolism (Besten
et al. 2013). The gut microbiome can affect the metabolome (i.e., small molecule
compounds) of the host (Moriya et al. 2017, Nagata et al. 2019) and influence gene
expression and the function of cells and tissue (Mathewson ef al. 2016, Rastelli et
al. 2019, Nichols and Davenport 2021). For example, the gut microbiome can
improve cold tolerance by altering metabolic pathways that influence energy
homeostasis (Chevalier et al. 2015) and prepare the organism for hibernation by
increasing fat deposition (Sommer et al. 2016). Additionally, multiple human
studies have showed that there is a link between the host phenotype and the gut
microbiome; the gut microbiome underlies individual metabolic phenotypes and
can regulate obesity, inflammatory bowel diseases and the likelihood of
depression (Li et al. 2008, Holmes et al. 2012, Blekhman et al. 2015, Stevens et al.
2021). It could be said that the gut microbiome is vital to the host because it can
influence host phenotype and performance. Moreover, it could influence host
ecology and even evolution via selection on phenotypes that are better adapted
to the prevailing environmental conditions (Zilber-Rosenberg and Rosenberg
2008, Bordenstein and Theis 2015, Rosenberg and Zilber-Rosenberg 2018).

While there is evidence for between and within individual variation in the
gut microbiome in both laboratory-bred and wild species, evidence for
population level differences is only slowly growing (birds: Hird et al. 2014; fish:
Ma et al. 2024; mammals: Pasciullo Boychuck et al. 2024). In a recent review by
Maritan et al. (2024) it was suggested that there is still very little knowledge of
the factors that drive variation in these host-gut microbiome interactions.
Variation is a prerequisite for local adaptation and evolution and therefore, the
individual and population level variation in the gut microbiome and the
potential causes and consequences of this variation should be studied
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extensively. The concept of extended phenotype (Dawkins 2016) suggests that
each organism contributes to its surrounding environment via phenotypic effects
(Whitham et al. 2006, Dawkins 2016). This same theory could apply to host-gut
microbiome interactions because the gut microbiome can influence the
environment i.e., the host gut and therefore, host physiology (Mueller and Sachs
2015). Furthermore, as the gut microbiome includes the genomes of all the
microorganisms colonizing the host’s GI tract, this “extended genotype” may
expand the host’s phenotypic potential within a population and therefore,
influence host evolution (as reviewed in Shapira 2016, Koskella et al. 2017,
Carthey et al. 2018, Rosenberg and Zilber-Rosenberg 2018, Henry et al. 2021).

1.3 The causes and consequences of gut microbiome variation

1.3.1 Diversity and composition at the centre of gut microbiome variation

Variation in the gut microbiome is usually defined by two key terms: diversity
and composition. Gut microbiome diversity measures the number of different
taxa within the gut microbiome. Generally, more diversity in the gut microbiome
is considered beneficial for the host as it is more stable and robust especially
when encountering variation in the host environment (as reviewed by Lozupone
et al. 2012). Gut microbiome composition measures the proportions of different
taxa within the gut microbiome and how the ratios of these taxa and their
presence / absence vary and may aid host performance. For example, taxa
belonging to the genera Clostridium and Streptococcus are important in the
synthesis of short-chain fatty acids, which are needed in host energy metabolism
and thus, vital in host performance (Besten et al. 2013, Maki et al. 2019, Du et al.
2020). On the contrary, the absence of genera Lactobacillus and Bifidobacteria can
lead to dysfunction in the neural pathways in the host brain and negatively
influence host health (Rao et al. 2009). Variation in the gut microbiome can have
different consequences on the host organism and these consequences can affect
cell and tissue functioning, organ functioning and the metabolome of the host
just to name a few.

1.3.2 Establishment of the gut microbiome

The gut microbiome is usually established at birth via vertical and horizontal
transmission of microorganisms, and it develops rapidly during the
development of the host. Mammals acquire their gut microbiota during maternal
vaginal birth and therefore, their initial gut microbiome is vertically inherited
from the mother (Palmer et al. 2007, Backhed et al. 2015, Ferretti et al. 2018). In
oviparous vertebrates such as birds the gut microbiome is usually established
after hatching and the initial gut microbiome is defined by the hatching
environment i.e., the horizontal transmission of environmental microorganisms
(Kohl 2012, Grond et al. 2017, 2018). Post-birth, the development of the gut
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microbiome is influenced by a set of environmental factors such as the initial diet
of the newborn (Mackie et al. 1999, Fernandez et al. 2013), social contacts and the
surrounding environment (Tung et al. 2015, Moeller et al. 2016, 2018, Perofsky et
al. 2017). Priority effects in the gut microbiome i.e., the order at which
microorganisms first colonize the GI tract, can influence the community
composition of the gut microbiome (Sprockett et al. 2018, Debray et al. 2022).
Current knowledge suggests priority effects influence the further establishment
of the gut microbiome by affecting microorganisms that arrive later in host’s life
(Martinez et al. 2018, Furman et al. 2020).

Once established the gut microbiome hosts resident microorganisms
(Rodriguez et al. 2015, but see Hammer et al. 2017, 2019). The host and its resident
gut microbiome come in contact with various microorganisms that the host
encounters within its everyday life. The resident gut microbiome can prevent
colonization by these exogenous (or transient) microorganisms e.g., via
competitive exclusion and thus, prevent the colonization of potentially
pathogenic taxa (Kamada et al. 2013a). For example, rich and diverse gut
microbiomes can include both functional and functionally redundant bacteria
that improve the stability of the gut microbiome and make it more robust when
encountering transient and potentially pathogenic bacteria (as reviewed by
Lozupone et al. 2012, Zhang et al. 2016). Large disruptions in early-life such as
antibiotic treatment may have a longstanding influence on the host gut
microbiome composition because it can change the composition of the resident
gut microbiome and enable the colonization of the more transient
microorganisms (Segura Munoz et al. 2022). Overall, the horizontal and vertical
transmission of microorganisms, the establishment of the gut microbiome and
the dynamics between resident and transient microbes are a result of several
intrinsic and extrinsic factors that are closely intertwined (Trujillo et al. 2022).

1.3.3 Intrinsic factors that shape the gut microbiome

The vertebrate gut microbiome is shaped by intrinsic factors that are inherent to
the host such as phylogeny, reproduction, physiology and individual health, age,
and host-specific diet. The evolutionary background of a host species influences
the gut microbiome (Youngblut et al. 2019, Mallott and Amato 2021). For
example, the gut microbiomes of related mammalian species are more like each
other than those of more distantly related species (Ley et al. 2008). Reproductive
stage can also influence the gut microbiome and this variation can be sex specific.
In female eastern black rhinos (Diceros bicornis michaeli) reproductive hormone
concentrations that vary across the reproductive cycle have been shown to
correlate with specific bacterial taxa within the gut microbiome (Antwis et al.
2019). Previous research has shown that both gut microbiome diversity and
composition can be age specific (Jia et al. 2018, Adriansjach et al. 2020, Burnham
et al. 2023). Additionally, host-specific diet can be considered an intrinsic factor,
which can influence gut microbiome variation. These species-specific dietary
preferences can range from omnivorous to very specialized diets, which can
shape the gut microbial communities (Youngblut et al. 2019). The effect of diet on
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gut microbiomes have been observed in many species including mammals
(David et al. 2014, Carmody et al. 2015, Martinez-Mota et al. 2020, Trujillo et al.
2022, Teullet et al. 2023), birds (Hird et al. 2015, Davidson et al. 2020, Teyssier et
al. 2020, Bodawatta et al. 2021, Baiz et al. 2023), and insects (Engel and Moran 2013,
Pérez-Cobas et al. 2015, Luo et al. 2021).

1.3.4 Extrinsic factors that shape the gut microbiome

Extrinsic factors include a variety of environmental conditions that are not host
specific but are defined by the local environment. These factors include habitat,
season, local food resources, and social interactions. Host species inhabiting
different types of habitats usually exhibit habitat-dependent variation in their gut
microbiomes. For example, several bird studies in which same-species
populations inhabit rural or urban environments show distinct differences in
host gut microbiomes (Phillips et al. 2018, Gadau et al. 2019, Murray et al. 2020).
Studies have also found season specific variation in the gut microbiomes of many
vertebrate species (Davenport et al. 2014, Maurice et al. 2015, Ren et al. 2017, Xiao
et al. 2019, Baniel et al. 2021, Géngora et al. 2021). Both habitat and season are
closely connected to factors such as local food resources, temperature, and
precipitation all of which can influence variation in the gut microbiome. Seasonal
variation in food item diversity or habitat can contribute to gut microbiome
richness because gut microbiomes are known to reflect especially diet and habitat
diversity (Muegge et al. 2011, Kartzinel et al. 2019). For example, variation in snow
coverage and temperature between winter and summer can limit or alter dietary
preferences and available dietary items (Goodson et al. 1991, Thompson et al.
2015). Specialist species that rely on fewer food items may have a lowered gut
microbiome diversity than the more omnivorous species because fewer microbes
are required to digest a narrow range of food items (Crooks and Van Vuren 1995,
Pasciullo Boychuck et al. 2024). In wild wood mice (Apodemus sylvaticus) seasonal
change in local diet led to a strong shift in the gut microbiome communities
(Maurice et al. 2015). Similar association has been found in wild redfronted
lemurs (Eulemur rufifrons) (Murillo et al. 2022), wild geladas (Theropithecus gelada)
(Baniel et al. 2021), the avivorous great evening bat (Iz io) (Gong et al. 2021), and
thick-billed murres (Uria lomvia) (Géngora et al. 2021). Furthermore, the two
season-dependent factors, temperature and precipitation have been found to
associate with variation in the gut microbiome. For example, the gut microbiomes
of amphibian species are influenced by temperature (Kohl and Yahn 2016,
Fontaine et al. 2018), and similar associations have been found between the gut
microbiome and rainfall in primates (Hicks et al. 2018, Orkin et al. 2019, Baniel et
al. 2021).

Additionally, social interactions whether communal living or direct
physical contact can influence the gut microbiome composition (Tung et al. 2015,
Antwis et al. 2018). The contribution of both intrinsic and extrinsic factors (Fig. 1)
on gut microbiome variation can be seen in same species populations (I, II, III).
However, the magnitude of contribution varies across species and especially
wild gut microbiomes are still largely underexplored when compared to the



16

number of studies done with laboratory animals and humans (Hird 2017, Grond
et al. 2018, Woodhams et al. 2020).

Intrinsic factors

' Extrinsic factors

/ Season
* Temperature

* Precipitation

Genetic background ~

Reproduction =y

Environment
* Habitat
* Localfood resources

Physiology ==y

Y= Social interactions

Individual health ==p> ‘
Age and sex /'
Host-specific diet /

FIGURE1 The intrinsic and extrinsic factors influencing the gut microbiome.

1.3.5 Consequences of gut microbiome variation on the host

Many studies conducted in laboratory or captive conditions have found that gut
microbiomes are consequential to host phenotypes. In fruit flies (Drosophila
melanogaster) a reciprocal gut microbiome transplantation resulted in changes in
male mating duration and increased female offspring production (Morimoto et
al. 2017). In broiler chickens lower gut microbiome diversity led to a lowered egg-
laying performance and increased Firmicutes abundance led to higher fat
deposition (Wang et al. 2021). Moreover, the gut microbiome and specifically the
abundance of Lactobacillus spp. can influence the amount of calcium deposition
in the eggshells of egg-laying hens (Jin et al. 2024). The gut microbiome can
modulate host physiology via metabolic pathways. Members of the gut
microbiome such as the Bifidobacterium spp., Lactobacillus spp. and Streptococcus
spp. can transform dietary lipids to compounds that are required in physiological
functions such as glucose homeostasis, inflammation suppression and resisting
bacterial pathogen growth (Brown et al. 2023). The transplantation of two distinct
gut microbiomes in gnotobiotic mice (Mus musculus) resulted in metabolic,
epigenetic, and transcriptional differences that affected the host’s response to
dietary fiber intake and resulted in changes in hepatic gene expression and cecal
and blood metabolites (Murga-Garrido et al. 2021). Therefore, the gut microbiome
also connects to host health because these metabolic pathways influence allergies
and obesity related diseases such as cardiovascular diseases and the metabolic
syndrome (Tilg and Kaser 2011, Yoon et al. 2021). Moreover, disturbance in gut
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microbiome development because of e.g., antibiotic exposure can lead to long-
term negative health effects on the host and influence host phenotypes (Hansen
et al. 2012, Cox et al. 2014, Ward et al. 2019). In laboratory-bred rats early-life
disruption in the gut microbiome led to visceral sensitivity and pain in adulthood
(O’'Mahony et al. 2014). In laboratory-bred mice similar early-life disruption led
to altered regulation of lipid metabolism, increased adipose tissue and higher risk
of metabolic syndrome later in life (Cho et al. 2012), and similar results have been
found in human studies (Turnbaugh et al. 2009, Vrieze et al. 2013, Azad et al. 2014).

Similar results have been gotten from wild gut microbiome studies. In
Cuban tree frog tadpoles (Osteopilus septentrionalis) early-life disruption in gut
and skin microbiome development led to a higher parasite infestation later in life
and thus, reflected on host phenotype. Tadpoles that did not grow in natural
pond water but in water that was sterile had decreased gut and skin microbiome
diversity and higher numbers of parasite infections in adulthood (Knutie et al.
2017). The transplantation of wild mice gut microbiomes to germ-free mice led to
significant changes in food foraging behavior and intestinal morphology: mice
with a transplantation from a more herbivorous wild mice foraged for a higher
protein-carbohydrate ratio diet and had larger intestinal morphology, a likely
result from increased bacterial fermentation (Trevelline and Kohl 2022).
Ultimately, these results emphasize the gut microbiome’s influence on host
phenotypes and provide evidence for the gut microbiome’s role in wild animal
evolutionary biology.

1.4 The avian gut microbiome

1.4.1 Life-history traits shape avian gut microbiomes

The gut microbiome’s importance in individual ecology and physiology has been
acknowledged, but previous research has mostly focused on humans, laboratory
model species such as fruit flies and economically important species (Pascoe et al.
2017, Bodawatta et al. 2022a, Sun et al. 2022). Because wild animals inhabit
environments in which they interact intra- and interspecifically throughout their
lives and thus, are exposed to a wide range of environmental variation,
laboratory results cannot be generalized to wild species (Hird 2017, Grond et al.
2018). One class of taxa that is slowly gaining research interest is birds and
particularly, wild birds. Currently, most bird gut microbiome studies have been
conducted with broiler chickens. Because broiler chickens have been bred for
commercial purposes and food production, and are not adapted to natural (i.e.,
wild) environments, these broiler chicken studies cannot be generalized to wild
birds (Grond et al. 2018, Sun et al. 2022). Moreover, differences between captive
and wild birds have been observed in several studies highlighting the need for
wild bird studies (Wienemann et al. 2011, Salgado-Flores et al. 2019, Oliveira et al.
2020, Florkowski et al. 2023). For example, wild and captive Eurasian capercaillies
(Tetrao urogallus) differ in both gut microbiome diversity and composition. The
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captive capercaillies had distinctly lowered gut microbiome diversity and their
gut microbiome composition lacked bacterial taxa that are important in energy
metabolism (Wienemann et al. 2011). Recent years have seen an increase in gut
microbiome research on wild bird species and thus, the understanding of wild
avian gut microbiomes is slowly increasing (Grond et al. 2018, Woodhams et al.
2020).

Birds are a widespread taxon inhabiting every continent. Birds exhibit a
vast diversity of species that are adapted to a wide range of environments and
lifestyles from solely nectar eating hummingbirds (Trochilidae) to the widespread
corvids (Corvidae) and the flightless kiwi (Apteryx). Bird life-history traits are very
different when compared to e.g., humans and other mammals both of which have
been used widely in gut microbiome research. Birds reproduce by laying eggs,
which is different to the vaginal birth of mammals. The eggshell protects the
developing embryo from bacterial inoculation prior hatching and the initial
bacterial inoculation is largely defined by the hatching environment (Kohl 2012,
Grond et al. 2019, Ran et al. 2021). However, there is an ongoing debate on
whether the embryo inside the eggshell is a truly sterile environment and
whether there is maternal bacterial inoculation from mother to offspring already
during development (Funkhouser and Bordenstein 2013, Trevelline et al. 2018,
Tésicky et al. 2024). The bird gut microbiome is established during the nestling
stage, and it stabilizes before fledging (Teyssier et al. 2018a).

Most birds are capable of powered flight, which likely resulted in shortened
gut retention times and increased paracellular absorption. As the energy
requirement of powered flight increases with weight, this has led to selection for
lower intestinal volume and efficient gut absorption (Caviedes-Vidal et al. 2007).
This adaptation has been observed in other flying vertebrates as well (Song et al.
2020). Additionally, many bird species migrate biannually between breeding and
wintering grounds (Alerstam 2003, 2011). Migration often requires long-distance
flying, which may require phenotypic adaptation to increase flying performance
such as changes to metabolism and atrophication of the GI tract (Piersma 1998,
McWilliams and Karasov 2001, Karasov et al. 2004). These adaptations would also
include the gut microbiome as it is heavily involved in host metabolism. Indeed,
a study with migratory shorebirds indicated that shifts in the gut microbiome
enable rapid weight gain via fat deposition (Grond et al. 2023). Moreover, a lower
gut microbiome diversity was found in migrating thrushes (Catharus sp.) when
compared to their breeding counterparts (Skeen et al. 2023). Migratory behavior
such as variation in the timing of migration can also reflect to within species
variation in gut microbiome, likely a result of variation in body condition and
pre-fueling and migratory stopover sites (Thie et al. 2022).

1.4.2 Avian gut microbiomes and the environment

The bird gut microbiome varies among species, but some core bacterial taxa can
be identified. The phyla Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria
dominate the bird gut microbiome (Hird et al. 2015, Grond et al. 2018). Each phyla
includes both beneficial and pathogenic bacterial taxa and some taxa are known
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from their commercial use as probiotics (such as the genus Bifidobacterium)
(Mountzouris et al. 2007, Abdel-Moneim et al. 2020). The phylum Firmicutes
includes both beneficial and pathogenic bacterial classes such as Bacilli and
Clostridia (Benskin et al. 2009). Firmicutes also degrade polysaccharides and are
the producers of short-chain fatty acids, which are important molecules in energy
metabolism and immune system functioning (Flint et al. 2008, Tap et al. 2009).
However, the functions of many bacterial taxa in the bird gut microbiome are still
largely unknown (Grond et al. 2018).

Whereas mammal gut microbiomes are largely influenced by phylogeny
(i.e., phylosymbiosis), most wild bird gut microbiomes are strongly influenced
by extrinsic factors (Grond et al. 2018, Bodawatta et al. 2022a). Especially the gut
microbiome of passerine birds shows large variation across species and is more
determined by the environment when compared to non-avian taxa (Hird et al.
2014). Previous studies with wild birds have found that variation in the bird gut
microbiome associates with season (Gongora et al. 2021, Dietz et al. 2022), habitat
(Teyssier et al. 2018b, Loo et al. 2019, Berlow et al. 2021, Drobniak et al. 2022), and
diet (Teyssier et al. 2020, Géngora et al. 2021, Bodawatta et al. 2021, 2022b).
Extrinsic (and intrinsic) factors are usually intertwined, which means that a factor
such as diet is influenced by season or habitat (Gongora et al. 2021, Schmiedova
et al. 2022). For example, Teyssier et al. (2020) investigated the impact of diet and
habitat on the bird gut microbiome with an experimental cross-feeding study.
The results showed that the type of diet (defined by rural and urban
environment) influenced the gut microbiome (Teyssier et al. 2020). Furthermore,
seasonally varying factors such as temperature and precipitation are known to
influence changes in poultry; heat stress resulted in significant changes in egg-
laying hen gut microbiome composition and the hens” metabolic activity (Zhu et
al. 2019), and precipitation associated with gut microbiome composition in the
scavenging indigenous chicken (Glendinning et al. 2024). Because previous
knowledge has shown that the avian gut microbiome is heavily influenced by the
environment (Song et al. 2020, Trevelline et al. 2020, Baiz et al. 2023), it is important
to investigate the environmental drivers of the gut microbiome. As wild birds
inhabit natural environments in which they are constantly interacting with other
avian and non-avian taxa, it would be beneficial to study multiple explanatory
factors when aiming to explain the causes of variation in wild bird gut
microbiomes. Also, large scale studies including sampling multiple populations
at a wide biogeographical range are needed (and currently nonexistent) because
a single bird species can inhabit a wide biogeographical range.

In this PhD thesis, it was investigated whether there are associations
between multiple extrinsic and intrinsic factors and the gut microbiome variation
in a small wild passerine bird. Birds of the same species were fecal sampled at
multiple populations across a large biogeographical range, which enabled to
study the possible drivers of seasonal and population level variation in the gut
microbiome (I). Overall, it was tested whether there are associations between the
gut microbiome variation and factors that are measured at seasonal and
population level. By using brood size manipulation and cross-fostering it was
possible to determine whether early-life environment associates with gut
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microbiome variation and whether this variation may reflect to individual
survival later in life (II).

1.4.3 Have the guts to perform better? Gut microbiome connects to
individual performance

As the gut microbiome is tightly connected to individual physiology via
digestion, immune system, and metabolism, it likely contributes to individual
survival as well (Rosshart et al. 2017, Sharpton 2018). The gut microbiome’s
connection with individual survival has been investigated with species such as
the water flea (Daphnia magna) (Houwenhuyse et al. 2021), laboratory-bred mice
(Beli et al. 2018), and humans (Sims et al. 2021). Results from these studies indicate
a correlation between the gut microbiome and survival; higher gut microbiome
diversity correlated with higher individual survival and survived vs. non-
survived individuals had differences in their gut microbiome composition.
Similar results have been received from broiler chicken studies in which reduced
microbial diversity and changes in gut microbiome composition negatively
influenced chicken performance and survival (Le Roy et al. 2019, Liang et al. 2023).
Some studies have also identified specific phyla that associate with bird
performance. For example, the phylum Actinobacteria hosts the genera
Corynebacterium and Mycobacterium, both of which are known to negatively
influence bird health and thus, performance (Potti et al. 2002, Witte et al. 2010).
Curiously though, Corynebacterium is also associated with migratory birds as it
may enhance fat deposition and immune system functioning during migration
(Risely et al. 2017, Zhang et al. 2021).

However, there are very few studies that investigate whether the gut
microbiome associates with survival in wild birds. In wild nestling great tits
(Parus major), there is some evidence for the association between the gut
microbiome and nestling survival (Davidson et al. 2021) but the potential causes
of this association remain to be studied. In the adult Seychelles” warbler
(Acrocephalus sechellensis) gut microbiome composition associated with survival
to the following breeding season and a higher abundance of pathogenic bacteria
correlated with lower survival (Worsley et al. 2021). This remains the only study
to investigate the association between survival and the gut microbiome in a wild
bird species until II and III.

Individual survival is a key determinant of lifetime reproductive success
(hereafter, LRS) together with annual reproductive success (hereafter, ARS).
Individuals that live longer than their counterparts may have more opportunities
to reproduce and thus, may have higher LRS (Murray 2000). Factors contributing
to LRS have been studied extensively with birds (e.g, Verhulst et al. 1995, Grant
and Grant 2000, Jensen et al. 2004, Hawn et al. 2007, Costanzo et al. 2017), but the
gut microbiome’s association with LRS has not been investigated with any wild
species to date. It is likely that variation in the gut microbiome is connected to
reproductive success because the gut microbiome regulates reproductive
hormone levels (such as estrogen, progesterone, and testosterone) (Hussain et al.
2021). Also, a disruption in the gut microbiome such as decreased diversity and
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a decrease in Firmicutes abundance can influence reproductive success via energy
metabolism (Flint et al. 2008, Tap et al. 2009). Reproduction is energetically
expensive and decreased gut microbiome diversity and changes in composition
may result in lowered energy metabolism and possible energy deficiency in the
host. This energy deficiency can lead to lower chances of reproductive success
(Ben-Yosef et al. 2008, Morimoto et al. 2017).

Studies with captive bred mammals have found that the gut microbiome
varies across the breeding season and that this variation associates with
reproductive hormone concentrations (Antwis ef al. 2019, Burnham et al. 2023). In
broiler breeders, gut microbiome transplantation increased both gut microbiome
diversity and egg-laying rate and was connected to increased hormone secretion
and ovarian function (Cao et al. 2023). In wild yellow-legged gulls (Larus
michahellis) glucocorticoid hormone levels associated with gut microbiome
composition and influences the abundances of both pathogenic and beneficial
taxa (Noguera et al. 2018). Glucocorticoid hormone levels increase in challenging
and stressful situations and can reduce reproductive success (Vitousek et al.
2018). Moreover, the breeding status (fertile vs. sterile) of the crested ibis
(Nipponia nippon) correlated with the gut microbiome; the phyla Proteobacteria
was significantly higher in sterile than fertile ibises and could potentially indicate
problems in reproduction in the crested ibis (Ran et al. 2021). These studies
suggest that there is an association between variation in the gut microbiome and
reproductive success in birds as well and therefore, merit further investigation.
It is vital to understand whether the gut microbiome associates with individual
LRS because it determines what traits (such as the gut microbiome) are passed
on to the next generation (selection).

In this PhD thesis, the associations between gut microbiome variation and
reproductive success in adult birds were investigated (III). Long-term monitoring
data was used to investigate whether the gut microbiome variation associates
with individual survival and estimated LRS, which is the core of Darwinian
fitness.

1.5 Study systems

1.5.1 The great tit

The great tit, a well-known ecological model species, is a small passerine bird
that nests in different kinds of habitats and uses both natural and artificial
cavities as nests. It has a broad distribution range, and it inhabits vast areas
around Europe, northern Africa, and parts of Asia. The great tit does partial
migrations e.g., when searching for food and new territories, but it does not
migrate seasonally (Krebs 1971, Kvist et al. 1999). Because the great tit inhabits a
vast biogeographical area, it is subjected to a wide range of environmental
conditions (Gosler 1993). The great tit is an omnivorous species and uses a wide
variety of food items from seeds and nuts to insects and in particular,
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lepidopteran larvae (Krebs et al. 1977). It lays 6-12 eggs on average in its nest cup
and the large variation in clutch size makes it a suitable model for brood size
manipulation experiments. The nest is lined with mostly plant material such as
mosses, lichen, and animal hair and feathers (Perrins 1979, Alabrudzifiska et al.
2003, Mainwaring et al. 2012, Deeming and Mainwaring 2015). The great tit can
adjust its clutch size based on food availability: larger broods require more
teeding from the parents (Sanz 1999). The timing of breeding varies based on the
geographic location. For example, great tits inhabiting Central Europe breed
earlier than their more northern counterparts (Rytkonen and Orell 2001). Because
the great tit successfully nests in artificial cavities as well, it breeds in human
provided nest boxes and therefore, can be monitored and studied in the wild.

The great tit has been used as a model species in some gut microbiome
studies. The gut microbiome of great tit nestlings develops rapidly between days
8 and 15 post-hatch and is shaped by the rearing environment (Teyssier et al.
2018a). Also, tree species diversity, forest fragmentation and distance from the
edge of the forest have also been shown to contribute to nestling gut microbiome
thus, highlighting the significance of the environment on nestling gut
microbiome (Goossens et al. 2022, Somers et al. 2023). Similar environmental effect
was found in juvenile great tits inhabiting nest boxes in urban and rural
environments: higher gut microbiome diversity was observed in birds that lived
in environments with higher tree cover density and more heterogenous
environment (Maraci et al. 2022b). Moreover, the great tit gut microbiome can
change because of a new diet (Bodawatta et al. 2021) and these changes may
reflect to individual behavior in food item selection (Davidson et al. 2020).
However, it is not known whether differences in early-life environment result in
variation in the gut microbiome and whether these reflect to nestling survival to
fledging (a proxy for short-term survival) or juvenile survival (II). Moreover,
large scale studies investigating the gut microbiomes of populations spread
across a wide biogeographical range are also lacking (I).

1.5.2 The collared flycatcher

The collared flycatcher (Ficedula albicollis) is a known model species in the fields
of ecology and genetics (Ellegren et al. 2012). It is a small migratory passerine
bird, and it breeds in parts of Europe and overwinters in central Africa. It nests
in nest boxes and thus, breeding birds can be monitored throughout the breeding
season. It lays an average of 5-7 eggs in a nest that is made of twigs, leaves, and
grass. The male birds arrive to their breeding grounds approximately one week
before the females in the spring. The males occupy one or more breeding
territories, and the females will select the males to breed with. Collared
flycatchers are socially monogamous, but extra pair paternity (hereafter, EPP) is
common: the socially monogamous male mates with the female in his “own” nest
and with extra females. This can result in higher numbers of offspring per male
and thus, increase the number of nestlings per male (Rétti ef al. 1995, Sheldon and
Ellegren 1999). Collared flycatchers have a high return rate to its breeding
grounds, and it is known for its high site fidelity, which means that it is possible
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to get a good estimate of individual survival and lifetime reproductive success
(Gustafsson 1985).

The gut microbiome of collared flycatcher has not been studied previously
and this is likely the first time the gut microbiome of the collared flycatcher has
been characterized. Of the same genus Ficedula, the pied flycatcher (Ficedula
hypoleuca) cloacal, gut, skin and feather microbiomes have been characterized.
The adult female pied flycatcher skin and cloacal gut microbiomes resembled
their nest environment suggesting that the environment shapes their
microbiomes (Goodenough et al. 2017). In nestling pied flycatchers, the presence
of opportunistic pathogens such as Enterococcus faecalis and E. faecium in the
nestling gut has been linked to growth and development (Moreno et al. 2003,
Gonzalez-Braojos et al. 2012). Most recently, it was found that the core gut
microbiome of five sympatric flycatchers, the roufous-gorgeted flycatcher (F.
strophiata), the Daurian redstart (Phoenicurus auroreus), the rufous-bellied niltava
(Niltava sundara), the blue-fronted redstart (P. frontalis) and the Himalayan
bluetail (Tarsiger rufilatus) consists of the phyla Proteobacteria, Firmicutes,
Actinomycetes and Bacteroidetes (Dong et al. 2022), which are some of the most
common phyla in the gut microbiomes of many insectivorous small passerines
(as reviewed in Grond et al. 2018, Bodawatta et al. 2022). Some wild studies have
investigated whether the gut microbiome associates with individual survival, but
none have studied whether there is a connection between the gut microbiome
and LRS in a wild bird species (III).

1.6 Aims and scope of the thesis

The aim of this PhD thesis is to increase understanding of how the environment
associates with variation in wild bird gut microbiomes and whether this variation
in the gut microbiome associates with individual survival and fitness. Research
investigating the avian gut microbiome has only recently gained growing
interest, but still a large majority of the studies focusing on avian gut
microbiomes are done with poultry or captive-bred species (as reviewed in
Grond et al. 2018, Bodawatta et al. 2022, Sun et al. 2022). Wild avian gut
microbiomes are often studied with limited datasets covering one or few
populations (such as Phillips et al. 2018, Gadau et al. 2019, Berlow et al. 2021,
Drobniak et al. 2022). Also, bird studies in which the causes of the gut microbiome
diversity and composition are investigated using experimental biology are still
limited (Teyssier et al. 2018a, Bodawatta et al. 2021, Diez-Méndez et al. 2023). This
PhD thesis investigates the associations between gut microbiome variation and
the environment (I, II, III) and gut microbiome variation and individual
performance and fitness (II, III) in wild small passerine birds (Fig. 2). In this PhD
thesis, the following questions are addressed:
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1. Does environmental variation drive differences in the gut
microbiome of wild bird populations (I)?

2. Are early-life environment and survival associated with the gut
microbiome in a wild bird (I)?

3. Are there associations between the gut microbiome (trait) and
reproductive success in a wild bird (IIT)?

;s,\_\)‘m 2

~«

(@

Biogeographical
factors

. )

S A S
/ Lifetime reproductive
\ success & survival

Variation in the
gut microbiome Study Il

N\

Early-life N Nestling performance

environment (survival to fledging)
PN
>
I Study Il

FIGURE2 A diagram of the three studies and core questions of the PhD thesis. All studies
investigate the causes of gut microbiome variation in wild passerine birds. II
and III also investigate the consequences of gut microbiome variation on
individual performance and fitness.

First, it was predicted that both population and season would associate with gut
microbiome variation (I). Populations inhabiting different latitudes are subject to
varying abiotic environmental conditions such as differences in snow coverage,
rainfall, temperature, and variation in diet (Anderson and Jetz 2005, Williams et
al. 2015). Therefore, it was predicted that the more southern populations would
have higher gut microbiome diversity and to be significantly different from the
more northern ones. It was expected that there would be higher gut microbiome
diversity during summer than winter due to increased time for foraging and food
abundance and diversity (Karr 1976, Cody 1981). It was also predicted that
individual and population level factors (latitude, habitat, average temperature,
and rainfall) would associate with gut microbiome variation. Second, it was
predicted that early-life environment would associate with nestling gut
microbiome variation and survival (II). More specifically, the expectation was
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that the nestling gut microbiome would be more diverse in smaller broods
because there may be more available food for smaller broods and less sibling
competition (Leonard et al. 2000, Nicolaus et al. 2009). Also, it was expected that
early-life environment and particularly higher gut microbiome diversity at day 7
post-hatch would associate with higher survival to fledging (i.e., short-term
survival) and apparent juvenile survival. Higher gut microbiome diversity is
often associated with increased individual health as it increases the stability of
the gut (Willing et al. 2010, Lozupone et al. 2012). Third, it was predicted that gut
microbiome diversity would positively correlate with LRS, ARS and survival to
the following breeding season (III). Moreover, it was predicted that there would
be significant differences in gut microbiome composition based on LRS, ARS and
survival to the following breeding season. Differences in the gut microbiome can
result in sex-specific effects in reproduction (Morimoto et al. 2017) and survival
to the following breeding season (Worsley et al. 2021). Additionally, some gut
bacterial taxa have been found to correlate with increased reproductive success
and higher levels of reproductive hormones (Antwis et al. 2019).



2 METHODS

2.1 Field work and sample collection

211 Europe-wide field work and sampling of study I

A total of eight great tit populations located at different parts of Europe were
tfecal sampled during winter and summer of 2021. First, wild adult great tits of
six different populations were sampled during January and February 2021 in
Oulu (Finland), Jyvéskyld (Finland), Turku (Finland), Tartu (Estonia), Lund
(Sweden) and Pilis-Visegrad Mountains (Hungary). Second, wild adult great tits
at eight different breeding populations were sampled between May and July 2021
in Oulu, Jyvaskyld, Turku, Tartu, Lund, Westerheide (Netherlands), Pilis-
Visegrad Mountains, and La Hiruela (Spain) (Fig. 3). During winter, birds were
caught near supplementary feeding stations with mist nets. Supplementary
feeding was used because catching great tits is nearly impossible without
supplementary feeding during winter. During summer, adult birds were caught
from their nest boxes as they were breeding birds. Each bird was ringed with an
aluminium band for identification. Due to difficult winter conditions (deep snow
coverage and colder temperatures than expected) and resulting ecological
reasons in 2021, there are no winter samples from Westerheide and La Hiruela
populations.

Fecal samples were used in this study and the other studies of this PhD to
represent the gut microbiome (here, the colon part of the GI tract). Fecal samples
are considered the best available non-invasive way to get a good representation
of the bacteria within the colon. Currently, there are no non-invasive ways to get
a proper representation of the caecum and ileum, which are the upper parts of
the bird GI tract (Videvall et al. 2018). To sample the upper parts of the GI tract,
it would require euthanizing the birds (Grond et al. 2018). To collect fecal
samples, each bird was placed in a lined paper bag until defecation (i.e., for
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approximately 5-10 minutes). To avoid contamination and destruction of the
sample, a rubber covered metal wire grid was placed on top of the sterilized
plastic bottom liner following the method by Knutie and Gotanda (Knutie and
Gotanda 2018). After defecation, each bird was sexed, weighed and their wing-
length was measured. At the end, each bird was released. A total of 285 birds
were sampled (population specific sample numbers are indicated in brackets in
Fig. 3).

Data of biogeographic and environmental variables was collected onsite
(latitude, habitat type, supplementary feeding) and post sample collection
(average temperature (°C) and rainfall (mm)). Latitude was population specific
and both average temperature and rainfall were sample specific. Average
temperature and rainfall were recorded for each bird and was based on daily
records from 2 weeks prior to sampling. Habitat types were population specific
and categorized as 1) mixed coniferous and deciduous forests and 2) deciduous
forests. Mixed coniferous and deciduous forests were dominated by a mix of pine
(Pinus sp.), spruce (Picea sp.) and evergreen deciduous trees such as aspen
(Populus sp), alder (Alnus sp.), willows (Salix sp.) and shrubs. Deciduous forests
were dominated by the before listed evergreen deciduous trees and shrubs.
Populations inhabiting mixed coniferous and deciduous forests were Jyvaskyld,
Turku, Tartu, Westerheide and La Hiruela. Populations inhabiting deciduous
forests were Lund and Pilis-Visegrdd Mountains. Samples from the Oulu
population were collected from birds inhabiting a deciduous habitat during
winter and summer samples from birds inhabiting a mixed coniferous and
deciduous habitat because of sampling logistics. These two sampling sites where
approximately 4 kilometres apart. As great tits can disperse multiple kilometres
between their winter and breeding grounds especially in northern Finland (Orell
1989, Kvist et al. 1999), it is likely that the great tits moved between sampling sites
between summer and winter in this study as well. Supplementary feeding type
was population specific, and the feed was either sunflower seeds or sunflower
seeds and peanuts.
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FIGURE3 A map of the location for each great tit population (I). The numbers in brackets
at each location indicate the number of samples from each population
(winter/summer).

2.1.2 Experimental manipulation of great tit broods in study II

A brood size manipulation experiment was carried out in a nest box population
of great tits in Ruissalo Turku (60°25'59.99" N 22°09'60.00" E) during the breeding
season between May and July in 2020. The Ruissalo habitat is mostly temperate
deciduous forest and meadows, and it has some small patches of coniferous trees.
First, great tit broods were monitored weekly and then daily when clutches were
close to their estimated hatching date. Second, brood sizes were manipulated two
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days after hatching so that 2 nestlings were either added or removed from nests
(Fig. 4). The decision to move +/- 2 nestlings was based on previous research in
which similar manipulation has been used: changes in great tit brood size can
lead to lowered weight in both nestlings and adults (Smith et al. 1987, Horak et
al. 1999, Sanz 1999, Tinbergen and Verhulst 2000, Neuenschwander 2003). Great
tit nestlings were moved between nest boxes so that there were four treatment
groups. In the enlarged group, each brood was increased by two nestlings. In the
reduced brood, each brood was decreased by two nestlings. There were also two
different control groups: the control broods and the unmanipulated control
broods. In the control brood, nestlings were moved between nests, but the
original brood size remained the same. In the unmanipulated control brood, no
nestlings were moved. This treatment group was used to control for any effects
on the nestlings that may be caused by the moving of the nestlings. Potential bias
caused by hatching date was avoided by allocating nests evenly to each treatment
in any given day. Also, the initial brood size in each treatment group was checked
so that all groups had an equal brood size on average: the aim was not to only
reduce large broods and enlarge small broods. Nest pairs for reducing or
enlarging brood size were selected based on similar hatching date. When there
was an uneven number of nests hatching within a day, one or three nests were
assigned to the unmanipulated control group. Before any moving of nestlings,
nestlings were weighed with a digital scale with a precision of 0.1 g and identified
by clipping selected toenails. Then in each nest, the added / removed nestlings
were of similar weight to avoid effects that may result from changing the sibling
hierarchy of the brood. All nestlings were moved as quickly as possible and
transported in a warmed box to limit stressors caused by the moving.

Third, to study the possible effects of the early-life environment on nestling
gut microbiome and its association to individual nestling body mass, survival to
tledging and apparent juvenile survival, nestlings were fecal sampled seven days
after hatching (Fig. 5). Two samples were collected from each nest so that one
sample came from an original nestling and another sample from a foster nestling.
Fecal samples were collected by gently stimulating the cloaca with the collection
tube. Fecal samples were collected straight into sterile 1.5 ml Eppendorf tubes to
avoid contamination. Each nestling was weighed (0.1 g) and ringed for
individual identification using aluminium bands. Each treatment group had the
following number of sampled nestlings: reduced group had 24 nestlings in 16
nests, enlarged group had 23 nestlings in 15 nests, control group had 23 nestlings
in 15 nests, and unmanipulated control group had 22 nestlings in 13 nests.
Finally, all samples were stored in cool bags onsite and then transported into a -
80 °C freezer for storage until DNA extraction.

14 days after hatching, nestlings were weighed, and their wing-length was
measured to detect any effects the manipulation may have had on nestling
growth. All nests were monitored for fledging success, which was used as an
indicator of short-term survival. Also, apparent juvenile survival was monitored
approximately 3 months after fledging. Juvenile great tits were caught with mist
nets at six different feeding stations in the brood size manipulation nest box
areas. These feeding stations had a continuous supply of sunflower seeds and
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suet blocks. Capturing was done on three separate days during October-
November 2020 for three hours at a time with a total of 69 hours of mist netting.
At the end 88 juveniles from the brood size manipulation experiment were
caught. These juveniles were weighed, and their wing-length was measured. This
catching method provides an estimate of post-fledging apparent juvenile
survival, but it can be slightly biased by juvenile dispersal. However, wide
dispersal is likely limited given previous results from the same study population
(Cossin-Sevrin et al. 2022). Unfortunately, sequencing of these juvenile samples
to characterize the gut microbiome failed and thus, it was not possible to measure
whether there were associations between the gut microbiome of nestlings and the
gut microbiome of juveniles.

Before manipulation After mani tion
> 44, Enased
Enlarged nest gained four nestlings from reduced
l nest. Additionally, two nestlings from the original
‘ enlarged nest were moved to the reduced nest.
Reduced
44 4 Reduced nest lost two nestlings when four of the
V4 4‘ > 4 nestlings were moved to the enlarged nests and only
4‘ V 4 two nestlings were moved back to the reduced nest.
4 p
=)
4 4 Control

Moved across broods but original and
manipulated brood sizes were identical.

e
Pl > 44
~ < 4
Unmanipulated control
Y 4 ot moved at all, but only sampled for a
:g% =l 42} :ac;lsam(;letatl::l:y;pols‘!,,t-hatgtg.df

FIGURE4 A diagram of the brood size manipulation experiment with each treatment
group. 2 days after hatching nestlings were moved between nest boxes to either
enlarge or reduce original brood size (an example with brood size of seven is
given in the diagram). Some nests were control nests (“Control”) in which
nestlings were moved but brood size remained the same, and some were
unmanipulated control nests (“Unmanipulated control”) in which no nestlings
were moved at all. The original brood size varied between nests. Diagram
adapted from Liukkonen et al. 2023.
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recorded by mist netting at
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FIGURES5 A diagram of the brood size manipulation experiment timeline.

2.1.3 Long-term monitoring data and field work of study III

Adult collared flycatchers were caught at 12 different locations on the island of
Gotland Island, Sweden (57°03' N, 18°17' E) during the breeding season in the
summer of 2015. Both female and male birds were caught at the nest boxes with
nest box traps to collect fecal samples to represent the gut microbiome. Captured
birds were placed inside a paper bag until defecation using the same method as
described in I (Knutie and Gotanda 2018). Here, the birds were only fecal
sampled once (in 2015). This one-year fecal sample is a proxy of lifetime
differences in the gut microbiome across all individuals. After defecation, the
birds with no previous identification rings were ringed. Most birds used in this
study had been ringed previously on Gotland Island, which has been used as a
collared flycatcher study site since the 1970’s. All birds were aged based on
ringing data, sexed and they were weighed, and their wing and tarsus lengths
were measured. Body condition for each bird was calculated based on the
residuals of body mass on tarsus length (as done in e.g., Hemborg and Lundberg
1998, Potti 1999, Rosivall et al. 2009). A total of 185 birds (females = 122, males =
63) were sampled. The number of nestlings and successful fledging of these
nestlings was recorded for each of the adult collared flycatchers that were fecal
sampled to measure ARS. Then, this collected data was combined with previous
and following years’ fledging success details to estimate LRS (as done in
Bouwhuis et al. 2015, Wysocki et al. 2019). Survival to the following breeding
season was estimated based on whether the birds that were sampled in 2015 were
caught after 2015 on Gotland Island. Collared flycatchers have high site fidelity,
and it is common that collared flycatchers that were born on Gotland Island
return to breed on Gotland Island (Gustafsson 1985, 1986). Therefore, it is
possible to estimate LRS and survival to the following breeding season for these
collared flycatchers.
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2.2 DNA extraction and sequencing of the 16S rRNA gene

Each of the three studies followed a similar protocol in fecal sample processing
and bioinformatics. A more detailed description of study-specific analyses can be
found in the two manuscripts and in Liukkonen et al. (2023). First, DNA was
extracted from each fecal sample with Qiagen QIAamp PowerFecal Pro DNA kit
(Qiagen; Germany) following the manufacturer’s protocols. In I and III, an
incubation in 65 °C for 10 minutes was used prior to lysis step but not in II. Each
extraction patch included a negative (RNAse and DNAse free ddH20O) control to
control for contamination during extraction. Second, the extracted DNA samples
were amplified with polymerase chain reactions (PCR) in which the
hypervariable V4 region in the 165 rRNA gene was targeted. The following
primers were used:

e 515F_Parada (5'-GTGYCAGCMGCCGCGGTAA-3) (Parada et al. 2016)
e 806R_Apprill (5-GGACTACNVGGGTWTCTAAT-3) (Apprill et al. 2015).

Each PCR in all three studies followed the same PCR protocol (Fig. 6):

PCR1 PCR2
1. Initial denaturation at 95 °C 1. Initial denaturation at 95 °C
for 3 minutes for 4 minutes
2. 30cycles of: 2. 18 cycles of
1. 95°C for 45 seconds 1. 98 °C for 20 seconds
2. 55°C for 60 seconds 2. 60 °C for 15 seconds
3. 72°C for 90 seconds 3. 72°C for 30 seconds
3. 10-minute extension at 72°C | 3. 3-minute extension at 72 °C

FIGURE 6  The two PCR protocols that were used to target the V4 region of the 165 rRNA
gene and to attach Illumina barcodes for sample identification.

Third, the PCR products were measured for DNA concentration (Quant-IT
PicoGreen dsDNA Assay Kit, ThermoFicher Scientific; Waltham, MA, USA) and
quality was checked (TapeStation 4200, Agilent; Santa Clara, CA, USA). Finally,
the PCR products were pooled and purified and sequenced with Illumina
(Illumina, San Diego, CA, USA) Miseq platform (II) and Illumina Novaseq 6000
platform (I, III).

Raw sequences were processed with the platform provided by CSC - IT
Centre for Science (Fig. 7). Raw sequences were quality checked and trimmed,
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and then they were assigned for taxonomy. The sequence data was processed
using the DADA2 pipeline (Callahan et al. 2016). In II, DADAZ2 pipeline was run
with R studio version 4.11.0 (R Core Team). In I and III, QIIME2 (Bolyen et al.
2018) with the DADA2 plugin was used to process the sequences. The resulting
sequence data was imported into R studio for downstream analyses.

DNA. — QIAGEN PowerFecal Pro kit
extraction
PCR —16S rRNA gene V4 region
Sample .
pooling and Qualified Trimmed Processed xonomy
purification reads reads sequence data [=Faatirsiabla
Phylogenetic
‘ r; r; tree
Raw Sequence Adaptor Taxonomic Gut
sequence - quality trimming assignment microbiome
data check data analysis
Illumina Miseq
in chapter i — FastQC — Cutadapt L QIIME2 + DADA2 L R studio
_!llumlna Novaseq | SiLvA V132 Phyloseq
in chapters | and Ill
Decontam
Microbiome
Vegan

FIGURE7 A schematic diagram describing the fecal sample processing from DNA

extraction to the beginning of downstream analysis.

2.3 Downstream analyses of gut microbiome data

2.3.1 A short introduction to key gut microbiome metrics

At the core of gut microbiome measurements are two terms that measure
variation in the gut microbiome: alpha diversity and beta diversity (i.e.,
composition). Alpha diversity represents the within-sample diversity, and it can
be measured with different metrics. For example, observed richness measures the
number of unique Amplicon Sequence Variants (hereafter, ASVs) that are found
in each sample (i.e., bacterial richness). Each ASV represents a unique (bacterial)
taxon. In this PhD thesis, Shannon Diversity Index (hereafter, Shannon) and
Chaol Richness (Chao, 2006; hereafter, Chaol) were used as the core alpha
diversity metrics. Shannon considers both the number of observed ASVs and
their evenness within the sample, which makes it more robust in case the sample
has a lot of rare taxa. Chaol is an estimation of the observed number of taxa, and
it is more sensitive to rare taxa.



34

Beta diversity measures the similarity or dissimilarity of the gut
microbiome between samples, which means that it measures between-sample
diversity. For example, beta diversity measures sample dissimilarity i.e., the
difference in microbial composition among all samples with the value of 0
representing a complete similarity in composition and the value of 1 representing
complete dissimilarity. As with alpha diversity, beta diversity can also be
measured with different metrics such as the Bray-Curtis dissimilarity (Bray and
Curtis 1957), Unweighted Unique Fraction (hereafter, UniFrac) and weighted
UniFrac (Lozupone and Knight 2005) metrics. The Bray-Curtis dissimilarity
considers the relative abundance of bacterial communities between samples,
which makes it robust to rare taxa and to homogeneity assumption violations
(Anderson and Walsh 2013, Schroeder and Jenkins 2018). The Weighted UniFrac
metric considers both phylogenetic information and the relative abundance of
taxa, whereas the Unweighted UniFrac considers the presence and absence of
taxa. In this PhD thesis, the aim was to disentangle the potential causes and
consequences of this variation in the alpha and beta diversities. For example, the
potential causes of gut microbiome variation such as early-life environment,
habitat, season, and population were investigated in I, Il and III. In IT and III, the
potential consequences of this gut microbiome variation such as associations
between the gut microbiome and reproductive success and individual survival
were investigated. In this PhD thesis the terms “gut microbiome diversity” is
used for alpha diversity and “gut microbiome composition” for beta diversity.

2.3.2 General analyses

After the initial sequence processing was completed (see sub-chapter 2.2), the
resulting files were imported into R studio (version 4.3.1 and 4.3.3; R Core Team)
and combined into a phyloseq object with the phyloseq package (version 1.44.0;
McMurdie and Holmes 2013). First, possible contaminants and non-bacterial
sequences were removed from the dataset using the decontam package (version
1.12; Davis et al. 2018). Second, after decontamination the phyloseq object was
rarefied to control for variation in sequencing depth between samples
(McMurdie and Holmes 2014, Schloss 2024). Third, alpha and beta diversity
metrics were calculated. Alpha diversity metric (Shannon and Chaol) was used
in statistical models (see statistical analyses specific to each study) to measure
how it associates with chosen variables. For each model, Variance Inflation
Factors were tested to assess the multicollinearity of the predicting variables with
the package DHARMa (version 0.4.6; Hartig and Hartig 2017). The chosen
predicting variables (e.g., habitat or brood size) were tested with Permutational
Multivariate Analysis of Variance (PERMANOVA with 9999 permutations) by
using the package vegan (version 2.6-4; Oksanen et al. 2013). This PERMANOVA
result showed how much of the variation in beta diversity was explained (R?
value, p < 0.05) by the chosen predicting variables and how much was left
unexplained (residual variance). Finally, a differential abundance analysis
(DESeq?2) was used to check for differentially abundant bacterial taxa between
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groups with the package DESeq2 (version 1.42.1; Love et al. 2014). All
downstream analyses were performed in R studio.

2.3.3 Statistical analyses specific to study I

To study how population and season and select biogeographical factors defined
by population and season associate with the variation in the gut microbiome,
linear mixed effects models with the R package Ime4 (version 1.1-35.3; Bates et al.
2015) were used. First, alpha diversity was set as the response variable and
population and season as the predicting variables to measure whether these two
variables associate with gut microbiome alpha diversity. Second, it was
measured how select biogeographical factors (latitude, habitat, average
temperature, average rainfall, supplementary feed during winter) associate with
gut microbiome alpha diversity. These models were first run for all populations
across both winter and summer and then specifically for each season to see
specific within-season associations. In these models, population was used as a
random effect to control for multiple sampling within a population. Each model
was first run with the Shannon metric as response variable and then with the
Chaol metric. The output of each of these models resulted in a list of factors that
associate with alpha diversity. To measure which factors contributed to beta
diversity, PERMANOVA (Bray-Curtis dissimilarity) with the adonis2 function of
the package vegan (version 2.6-4; Oksanen et al. 2013) was used. These models
followed the alpha diversity models: 1) do population and season associate with
beta diversity, and 2) do the biogeographical factors associate with beta diversity.
The output of these models showed the proportion (R? value) of explained
variance by each predicting factor and the variance that was left unexplained
(residual variance). The DESeq?2 test from the R package DESeq2 (version 1.42.1;
Love et al. 2014) was used to investigate whether the populations that were
sampled both at winter and summer had differentially abundant taxa between

seasons. For more detailed description of these analyses, please see Liukkonen et
al. (2024).

2.3.4 Statistical analyses specific to study II

To study whether the early-life environment associate with nestling gut
microbiome and survival, linear mixed effects and generalized linear models
were used. First, alpha diversity (first Shannon, then Chaol) was set as the
response variable and brood size manipulation treatment, original brood size,
weight on day 7 post-hatch and hatching date as predicting variables to measure
whether the treatment associated with nestling gut microbiome alpha diversity.
Second, the same model was run but brood size manipulation treatment was
replaced with the manipulated brood size (continuous variable) to see whether
the size of the brood associated with gut microbiome alpha diversity. Nest of
origin and nest of rearing were set as random effects to check the magnitude of
explained variance of these factors. Third, two additional analyses were done to
check whether 1) the brood size manipulation treatment and 2) actual brood size
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influenced nestling body weight on day 7 and day 14 post-hatch as this may
indicate effects on nestling performance and furthermore, survival. Fourth, to
measure whether alpha diversity associated with survival to fledging (short-term
survival) and apparent juvenile survival in Autumn 2020, survival (yes-no) was
set as the response variable and alpha diversity, weight on day 7 post-hatch,
hatching date and manipulated brood size as the predicting variables. Fifth, for
gut microbiome beta diversity, PERMANOVA with the Euclidean distance
matrix was used to study whether the predicting variables contributed to
variation in gut microbiome composition. Here, the same predicting variables as
in the models with alpha diversity above were used. Nest of rearing was set as a
blocking factor in the PERMANOVA to control for sampling of foster siblings
within a nest. Finally, a DESeq2 test was run to see whether there were
differentially abundant bacterial taxa between the treatment groups. For more
detailed description of the methods, please see Liukkonen et al. (2023).

2.3.5 Statistical analyses specific to study III

In this study, it was studied whether the gut microbiome associates with
estimated lifetime reproductive success (hereafter, LRS), annual reproductive
success (hereafter, ARS), and survival to the following breeding season. First,
linear mixed effects models for LRS / ARS as the response variable and
generalized linear mixed effects model for survival to the following breeding
season as the response variable were run. In each model, gut microbiome alpha
diversity, age, and body condition were set as the predicting variables and area
of sampling as the random effect. These models were first run for both sexes and
then separately for each sex as the number of females and males was unbalanced
(females =122, males = 63). Second, it was tested whether LRS, ARS and survival
contributed to the explained variance in gut microbiome beta diversity with
PERMANOVA (Bray-Curtis dissimilarity). These models were first run for both
sexes and then separately for each sex so that LRS / ARS / survival to the
following breeding season, age, body condition and area were set as factors that
may contribute to the explained variance. Finally, the DESeq2 test was done to
check whether there are differentially abundant taxa between the birds that
survived and the birds that did not survive to the following breeding season. This
test was run for both sexes combined and then separately for each sex. For more
details regarding the statistical analyses, please see III.



3 RESULTS AND DISCUSSION

3.1 Key results

In this PhD thesis, the associations between gut microbiome variation, the
environment and individual performance and fitness in wild passerine birds
were investigated. The investigation has produced three manuscripts two of
which have already been published in peer-reviewed journals, Journal of Animal
Ecology and Animal Microbiome. In this results chapter the key results of this
PhD thesis are summarized.

1. Gut microbiome diversity was higher during winter than summer and in
birds that inhabited mixed forests compared to those in deciduous forests.
Temperature was negatively associated with gut microbiome diversity.
Season and temperature were both minorly associated with gut
microbiome composition. To conclude, gut microbiome variation
associates with season and biogeographical factors but is not population
specific (I).

2. Gut microbiome variation had little association with early-life
environment and none with survival to fledging. Differences in brood size
did not associate with gut microbiome variation or survival to fledging /
apparent juvenile survival. Furthermore, even though the nest of rearing
indicated higher contribution to gut microbiome diversity than the nest of
origin, the difference was not statistically significant. To conclude, the
results indicate that there may be other factors that contribute to the
nestling gut microbiome variation (II).

3. Gut microbiome diversity associated with both LRS and ARS in male but
not female collared flycatchers. There was no association between the gut
microbiome and survival to the following breeding season. To conclude,
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there could be sex-specific interactions between the gut microbiome and
fitness in wild birds (III).

To summarize, these three studies examine the dynamics between the gut
microbiome, the environment and individual performance in wild small
passerine birds (Fig. 8). The results provide new knowledge regarding within-
species gut microbiome variation at a large biogeographical scale and the
association between the gut microbiome, individual performance and (lifetime)
reproductive success in wild birds.
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FIGURE 8 An overview of the main results that were found in the studies included in this
PhD thesis.

3.2 Seasonal and environmental variation associates with the
variation in the gut microbiomes of wild adult great tits (I)

In this study, it was found that wild great tit gut microbiomes differ between
summer and winter (I, Fig. 9A). During winter, gut microbiomes were more
diverse than during summer and season was also a significant (but minor) factor
associating with differences in gut microbiome composition. Additionally, it was
found that mixed forest habitats correlate with higher gut microbiome diversity
than the deciduous forest habitats during winter (I, Fig. 9B). Finally, temperature
associated with both gut microbiome diversity and composition, and results from
the diversity analyses showed that lower temperatures associate with higher gut
microbiome diversity (I, Fig. 10). These results followed the predictions, yet



39

concerning season, winter but not summer associated with higher gut
microbiome diversity. Contrary to expectations, there was no indication of
population level differences in great tit gut microbiomes nor associations
between the gut microbiome and latitude, rainfall, type of supplementary winter
tfeed or individual physiological metrics.
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FIGURE9  Plots showing how the gut microbiome diversity (Shannon) associates with A)
season and B) habitat during winter. Overall, diversity was higher during
winter than summer and higher in mixed forest habitats during winter.
Vertical black bar indicates standard error and black tilted square indicates the
mean. Figure taken and adapted from Liukkonen et al. (2024).
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FIGURE 10 The linear model plot showing how gut microbiome diversity (Shannon)
associates with average temperature when all samples (both winter and
summer) are included in the analysis. Dashed vertical red line indicates zero
on the temperature scale and each sample is represented with a black dot. Plot
taken from the supplementary files of Liukkonen et al. (2024).



40

Previous studies with wild vertebrate species have found that season is
significantly associated with gut microbiome variation (Davenport et al. 2014,
Renet al. 2017, Xiao et al. 2019, Baniel et al. 2021, Géngora et al. 2021) and the result
is in line with these studies. However, the result was opposite to the hypothesis
because winter indicated higher gut microbiome diversity than summer. It is
possible that the great tits had a more diverse diet during winter than summer.
Great tits are omnivorous, and they can use a wider variety of dietary items such
as plant material, insects and human provided feed. This diet diversity could be
more prevalent during winter than during summer when the birds usually feed
mostly on insects such as lepidopteran larvae (Vel'ky et al. 2011). Moreover, as
the great tits had access to supplementary feed at the winter fecal sampling sites
and because supplementary feed was not offered during summer, the seasonal
differences may be explained by the availability of supplementary feed. These
kinds of dietary effects on bird gut microbiomes have been studied before and
diet has been shown to be a significant contributor of gut microbiome diversity
(Knutie et al. 2019, Teyssier et al. 2020, Jones et al. 2023). However, I would urge
caution with this as this was not experimentally tested and it is only speculation
based on previous knowledge.

Gut microbiome diversity, but not composition, associated with habitat
during winter. Birds inhabiting mixed forests had higher gut microbiome
diversity than their counterparts inhabiting deciduous forests. This result
followed the original hypothesis. Mixed forest habitats are usually diverse and
the higher the diversity of e.g., trees and other plant species, the higher the
diversity of other forest associated species (Ampoorter et al. 2020, Tinya et al.
2021). Diverse diets have been found to associate with high gut microbiome
diversity (Bodawatta et al. 2022b) and this is a likely explanation here as well.
Moreover, a minor association between average temperature and the gut
microbiome was found. Lower temperature associated with higher gut
microbiome diversity, which was opposite to the original hypothesis. The
association between temperature and the gut microbiome has been observed
previously with studies done in captivity (Wang et al. 2018, Tian et al. 2020, Yang
et al. 2021, Dietz et al. 2022) but are rarely studied in the wild. As an endothermic
species, the great tit and its gut microbiome may not be heavily influenced by
ambient temperature (Ingala et al. 2021). Moreover, it is likely that this
temperature result is connected to the result regarding winter (season)
associating with higher gut microbiome diversity than summer. The study
populations are subjected to a varying range of temperatures throughout the year
and this variation could potentially reflect to variation in the gut microbiome as
well. Curiously, the gut microbiome composition was only minorly explained by
the factors (season and temperature) that were measured in this study. This raises
a question on whether there are some underlying mechanisms that contribute to
gut microbiome composition but were not identified in this study.

Overall, the results indicate that the great tit gut microbiome reflects
variation in seasonal and environmental conditions but are not population
specific. Higher diversity can improve the stability of the gut microbiome, which
benefits the host; a diverse gut microbiome can be more stable because
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functionally similar bacterial taxa can replace one another (Lozupone et al. 2012).
A more diverse gut microbiome can improve host metabolism and digestion and
benefit host nutritional uptake and physiology and therefore, positively
contribute to host phenotype (Grond et al. 2018).

3.3 Minimal association between the gut microbiome and the
early-life environment, but not survival, of wild great tit
nestlings (II)

There was variation in the gut microbiome between great tit nestlings, but this
variation was not associated with nestling survival to fledging / apparent
juvenile survival. Brood size as an early-life factor did not associate with gut
microbiome diversity. Gut microbiome composition was not explained by brood
size manipulation, hatch date, or weight on day 7 post-hatch. Nest of rearing
explained some variation in gut microbiome diversity. These results suggest that
the early-life environment has little association with nestling survival and
nestling gut microbiome variation. The results are supported by one previous
study in which the association between great tit nestlings’ performance and gut
microbiome was investigated (Davidson et al. 2021). However, a large majority
of literature shows that the early-life environment correlates with nestling
condition and thus, possibly affects nestling performance (Askenmo 1977,
Pettifor et al. 1988, Sanz 1997, Wright et al. 1998, Burness et al. 2000, Naef-Daenzer
et al. 2000, Rytkonen and Orell 2001) and variation in the gut microbiome (Kohl
et al. 2018, Teyssier et al. 2018a).

First, it could be that a larger manipulation (more than + / - 2 nestlings per
nest) may have resulted in some differences in the nestlings. However, the + / -
2 nestlings were justified based on previous studies (e.g., Hegner and Wingfield
1987, Horak 2003, Parejo and Danchin 2006). Second, it could be that the
differences in early-life environment were reflected on the parents instead of the
nestlings. The lack of associations between brood size and the gut microbiome
could be a result of the parental compensation. No effect was found between
brood size and nestling body weight on day 7 post-hatch, which indicates that
the parents may have compensated for the differences in brood size. For example,
the parents of enlarged nests may have increased their provisioning efforts
(Cossin-Sevrin et al. 2023). This could increase parental stress and decrease
further reproductive success such as making a second clutch (Hegner and
Wingfield 1987, Sanz and Tinbergen 1999, Tinbergen and Verhulst 2000, Parejo
and Danchin 2006). In III, an association between the adult gut microbiome
diversity and LRS / ARS was found, thus indicating that brood size may indeed
be reflected on the parents instead of the nestlings.

Third, food quality is a significant factor influencing gut microbiome
variation and this has been observed in previous research (Teyssier et al. 2020,
Gongora et al. 2021, Bodawatta et al. 2022b, Jones et al. 2023). Changes in diet can
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be a result of the parents foraging for different types of food items. Birds such as
the great tit feed on a wide variety of insects and especially larvae during the
breeding season. These food items can vary across the breeding season based on
insect and larvae abundances (Nager and van Noordwijk 1995, Naef-Daenzer
and Keller 1999, Naef-Daenzer et al. 2000, Wilkin et al. 2009). Therefore, this
variation in diet quality could reflect on the gut microbiome (Davidson et al. 2020,
Teyssier et al. 2020, Goéngora et al. 2021, Schmiedova et al. 2022, Jones et al. 2023).
Future studies should consider these two aspects and investigate whether these
differences in the nestlings’ early-life environment were intertwined with the
parents (and their gut microbiome) and variation in diet quality.

No association between the gut microbiome variation and survival to
tfledging / apparent juvenile survival was found. This result is supported by III
in which the association between the gut microbiome variation and survival in
adult birds was studied. However, the results contrast a previous study by
Worsley et al. (2021) in which gut microbiome composition was associated with
survival to the following breeding season in the Seychelles” warbler. Even though
a more diverse gut microbiome is generally considered beneficial for host
survival it could be that host health is connected to specific taxa within the gut
microbiome instead of diversity in general (Lozupone et al. 2012, Zaneveld et al.
2017). For example, the functions of specific gut microbiome taxa could associate
with host adaptation to variation in the environment (such as early-life
environment) (Hanning and Diaz-Sanchez 2015). In the Seychelles’ warbler
specific gut microbiome taxa were correlated with individual survival (Worsley
et al. 2021) and there was a link between specific major histocompatibility
complex (MHC) genes and gut microbiome variation, which indicates a
connection between individual immune system and the gut microbiome (Davies
et al. 2022). However, these Seychelles” warbler studies were conducted with
adult birds. Nestling gut microbiomes are rather flexible when compared to adult
gut microbiomes (Grond et al. 2017). Great tit nestling gut microbiomes develop
rapidly on between 8- and 15-days post-hatch: diversity decreases and the
abundance of taxa such as Firmicutes increases (Teyssier et al. 2018a). The
nestlings were sampled at day 7 post-hatch, which is before this 8 to 15-day time
window. It is possible but only speculation that a later sampling day could have
resulted in a different result regarding survival to fledging and apparent juvenile
survival.

These results demonstrate the importance of understanding how early-life
environment associates with the gut microbiome. The results indicate that there
are unknown factors that contribute to variation in nestling gut microbiomes. I
would urge further investigation to 1) understand what these unknown
environmental factors may be, 2) how they potentially contribute to nestling gut
microbiomes and 3) whether the performance of the parents may mediate
variation in early-life environment. Additionally, there may be many unknown
factors in the nestlings that may prevent (or aid) certain microbes from colonizing
the host gut such as gut physiology.
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3.4 Gut microbiome associates with reproductive success in wild
adult collared flycatchers (III)

The collared flycatcher has not been used in gut microbiome studies before and
these are the first 165 rRNA gene sequencing results of this species. The collared
flycatcher gut microbiome was dominated by Actinobacteria, Firmicutes and
Proteobacteria (111, Fig. 11).
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FIGURE 11 A plot of the relative abundance of most common bacterial phyla in the collared
flycatcher gut microbiome. Taxa with abundance <10 % are summed up to one
category to improve plot readability. Figure is taken from manuscript IIL
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The gut microbiome diversity of wild adult collared flycatchers was positively
associated with LRS and ARS in males but not females (III, Fig. 12 and Fig. 13).
No association between the gut microbiome and survival to the following
breeding season was found. Moreover, there was no association between gut
microbiome composition and LRS, ARS or survival to the following breeding
season. Because high gut microbiome diversity is often linked to better individual
quality (Lozupone et al. 2012), it is likely that the positive association between gut
microbiome diversity and LRS / ARS is a result of differences in individual
quality in the collared flycatchers. Generally, wild passerine birds that are in
better condition are more likely to produce higher quality offspring (Blomqvist
et al. 1997, Wendeln and Becker 1999, Jensen et al. 2004, Szoll6si et al. 2009,
Pigeault et al. 2020). However, there was no correlation between individual body
condition and gut microbiome, yet it could be that other predictors of individual
quality may explain the association.
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Results of previous studies are inconclusive on whether the gut microbiome
is directly associated with body condition (Potti et al. 2002, Phillips et al. 2018,
Teyssier et al. 2018a, Videvall et al. 2019, Worsley et al. 2021). Because the
association between gut microbiome diversity and LRS / ARS was only present
in males but not females, it suggests that there may be some sex-dependent
association between the gut microbiome and reproductive success. These kind of
sex-specific effects between the gut microbiome and reproductive success have
been found in fruit flies: variation in gut microbiome increased males” mating
duration, females’ offspring production and daughters’, but not sons, gut
microbiome (Morimoto et al. 2017). Unfortunately, further studies investigating
these sex-specific effects are still lacking.

Mammal studies have indicated that testosterone levels positively correlate
with gut microbiome diversity (Markle et al. 2013, Shin et al. 2019) and the gut
microbiome may have a regulatory role in testosterone production (Colldén et al.
2019). In birds, a gut microbiome study by Escallon et al. (2017) found that higher
testosterone levels correlated with increase cloacal bacterial diversity, which
largely resembles the gut microbiome. High testosterone levels reflect on
aggressive behavior and can improve the males’ chances of securing a good
quality territory and thus, improve breeding success (Szasz et al. 2019). This could
also promote extra pair copulation (hereafter, EPC) and EPP because it increases
the males’ chances of producing more offspring (Wingfield 1984, Raouf et al. 1997,
Grear et al. 2009). EPC and EPP can increase the number of social contacts per
bird and these social contacts could lead to cross infection of cloacal and possibly,
gut bacteria (Escallon et al. 2019). This is only speculation and requires further
investigation, but EPC and EPP could reflect to the higher gut microbiome
diversity in this study. There are few studies that have shed a light on EPC and
EPP’s influence on gut and cloacal gut microbiomes, but their results remain
inconclusive (Kreisinger et al. 2015, Escallon et al. 2019, Priiter et al. 2023). The role
of EPC and EPP was not investigated in this study but could be incorporated in
future studies.

Gut microbiome composition was not associated with ARS, LRS or survival
to the following breeding season. This result contrasted with the previous, yet
limited and correlative studies that have investigated the relationship between
gut microbiome composition and reproductive success (Neuman et al. 2015,
Antwis et al. 2019, Mallott ef al. 2020, Williams et al. 2020, Burnham et al. 2023). Of
the other measured factors, breeding area was the most significant contributor of
differences in gut microbiome composition, which underlines the importance of
the environment on gut microbiomes. This is in line with the results of I and
previous knowledge in which habitat has been found to be a significant
contributor of bird gut microbiomes (Hird et al. 2014, Loo et al. 2019, Grond et al.
2019, Drobniak et al. 2022, Maraci et al. 2022a).
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FIGURE 12 A linear model plot of the association between gut microbiome diversity and
ARS in A) male and B) female collared flycatchers. Plot is taken from III.
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FIGURE 13 A linear model plot of the association between gut microbiome diversity and
LRS in A) male and B) female collared flycatchers. Plot is taken from III.

Overall, the results provide brand new information not only of the collared
flycatcher gut microbiome but also the relationship between the gut microbiome
and reproductive success in a wild bird. Darwinian fitness i.e., the number of
offspring an individual produces in its lifetime defines what qualities are passed
on to the next generation. Here, individuals with higher LRS and ARS had higher
gut microbiome diversity. As the individuals with higher gut microbiome
diversity produce more offspring and thus, pass their genes to more offspring
than the birds with lower LRS and ARS, selection favors the individuals with
higher gut microbiome diversity. Here, it was not studied whether variation in
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LRS / ARS or gut microbiome diversity is associated with genetic differences
between the birds. This should be investigated in future studies because the host
genotype could influence the gut microbiome (as suggested by Lee et al. 2020).

It should be noted that as in I and II, most factors contributing to gut
microbiome composition were left unexplained. It was also found that in female
(but not male) birds LRS and ARS were both associated with hatch date: earlier
hatch date indicated a higher LRS / ARS. This was expected as birds that breed
earlier are usually more successful breeders. Earlier breeding may enable the
females to rear their young more successfully and therefore, increase
reproductive success (Verhulst et al. 1995, Siikamdki 1998, Verboven and Visser
1998, Halupka et al. 2021).



4 CONCLUSIONS AND FUTURE DIRECTIONS

The key results of this PhD thesis suggest that 1) environmental variation is a
determinant of wild bird gut microbiome variation, and that 2) gut microbiome
diversity associates with reproductive success in especially male birds. It was
found that season, winter habitat and temperature all associate with variation in
the gut microbiome (I), and that the breeding area contributes to gut microbiome
composition (III). It was found that early-life environment explains some of the
gut microbiome diversity in nestling great tits, but it does not associate with
nestling survival (II). Regarding survival, similar result was found in adult
collared flycatchers: gut microbiome variation did not associate with survival to
the following breeding season (III). Finally, it was found that variation in the gut
microbiome associates with both estimated LRS and ARS and this association
was specific to male birds (III). Furthermore, most of the variation in the gut
microbiome was left unexplained, which raises the question: what are the other
factors that explain the gut microbiome variation? Overall, the results suggest
that the gut microbiome is connected to both the environment in which the birds
live in and to reproductive success. It might well be that the environment induces
variation in the gut microbiome and is a part of individual phenotypic variation
and thus, affects individual performance and reproductive success. However,
this is pure speculation and these causal effects of gut microbiome on fitness (and
whether they exist) require further investigation.

Season significantly associated with gut microbiome variation and birds
had higher gut microbiome diversity during winter (I). These results follow
previous knowledge in which season has been found to be a significant
contributor to gut microbiome variation in birds. However, contrary to
expectations it was winter but not summer that showed higher gut microbiome
alpha diversity. It is possible that the great tits use a wider variety of dietary items
such as insects, plant material and human supplemented feed during winter than
during summer (Vel’ky et al. 2011). During winter, individuals inhabiting mixed
forest habitats harbored a more diverse gut microbiome than their deciduous
forest inhabiting counterparts. Temperature was also associated with gut
microbiome variation and lower temperatures indicated higher gut microbiome
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diversity. The results follow previous studies in which season (Drovetski et al.
2019, Goéngora et al. 2021, Tang et al. 2023), habitat (Loo et al. 2019, Drobniak et al.
2022), and temperature (Ingala et al. 2021) have been found to be significant
contributors of variation in wild bird gut microbiomes. However, there was little
correlation between the gut microbiome variation and early-life environment in
wild nestling birds; nest of rearing explained some of the observed variation in
gut microbiome diversity, but no other factors had any significant correlation
with the gut microbiome (II). The results increase the understanding of the
ecological drivers that may shape the wild bird gut microbiomes. They also
indicate that the environment may be differentially associated with the gut
microbiome variation of nestlings and adults (as found by Somers et al. 2023).
Gut microbiome variation was positively correlated with both LRS and ARS
in wild birds and further investigation revealed that this pattern is sex specific.
As there are no previous studies investigating the gut microbiome’s association
with reproductive success in wild birds, these results encourage further
investigation of the interaction between the gut microbiome and reproductive
success. The existing evidence from laboratory mice and human studies has
found a link between the gut microbiome and testosterone production, but the
mechanisms of this link are still to be investigated (Markle et al. 2013, Colldén et
al. 2019, Shin et al. 2019). I would urge researchers to investigate the mechanisms
between the gut microbiome, the endocrine system, and the immune system.
Multiple studies have found a connection between metabolism, the immune
system, and the gut microbiome (e.g., humans: Kau et al. 2011, Hooper et al. 2012,
laboratory mice: Murga-Garrido et al. 2021, broiler chickens: Zenner et al. 2021)
and it is possible that there are complex interactions between the three.
Previously, it has been hypothesized that testosterone could decrease immune
system functioning, but the results remain inconclusive (described as the
Immunocompetence Handicap Hypothesis) (Roberts et al. 2004, Rantala et al.
2012, but see Nowak et al., 2018). From an ecological point of view this is
interesting because an individual with high testosterone level would have high
gut microbiome diversity, but also decreased immune system functioning.
Therefore, an individual that has high reproductive success may also have an
individual “cost” of having this high reproductive success (as discussed in III).
Curiously though, there was no correlation between the gut microbiome and
individual survival in either nestlings (II) or adults (III). This adds to the existing
and mixed knowledge regarding gut microbiome’s association with survival in
wild birds (Teyssier et al. 2018a, Davidson et al. 2021, Worsley et al. 2021).
Overall, the results of this PhD thesis increase the understanding of host gut
microbiome interactions and their importance in wild bird ecology and
evolution. As a part of the individual phenotype, the gut microbiome can
influence host ecology. Here, gut microbiomes were different based on season,
winter habitat and temperature. If this variation was based on adaptive changes
that improve individual survival, it could connect to selection. Moreover,
individuals with higher gut microbiome diversity had more offspring, which
indicates that there may be selection for individuals with high gut microbiome
diversity. If there is selection for individuals that harbor higher gut microbiome
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diversity, this would be important in e.g., bird conservation. Anthropogenic
environmental change poses a severe threat to global biodiversity, and it is not
known whether species are able to adapt as fast as needed. Studies in which wild
bird gut microbiomes have been studied in rural vs. urban conditions have
shown that urbanization and human influence can increase detrimental effects
such as pathogen prevalence in wild birds (Murray et al. 2020, Teyssier et al. 2020).
The gut microbiome is considered to enable better host adaptation and survival
in a changing environment because these host associated microbes have shorter
generational timespans and thus, evolve more rapidly (Alberdi et al. 2016, Gould
et al. 2018).

In this PhD thesis, most of the gut microbiome variation was left
unexplained. These results suggest that there are factors that have significant
influence on bird gut microbiomes and were not measured here (e.g., diet). Bird
gut microbiomes are likely dynamic (as suggested by Grond et al. 2019) and it
could be that they are more affected by extrinsic factors than e.g., mammals.
Future studies could aim to do multiple sampling per individual at different
timepoints across the individual’s annual cycle to investigate whether the gut
microbiome is more dynamic rather than stable. Another possibility is that the
unexplained variation in the gut microbiome is only noise. I speculate that this
“noise” is transient bacterial taxa that are ingested with diet and from the
environment and are passing through the bird gut microbiome but are not in fact
a significant or resident part of the gut microbiome. Multiple previous studies
have found this same large proportion on unexplained variation in bird and
mammal studies (Waite and Taylor 2014, Hird et al. 2015, Avena et al. 2016, Grond
et al. 2019), but it is not known what the reason behind it is. As the bird gut
retention time is short because of adaptation to powered flight (Caviedes-Vidal
et al. 2007) it is possible that only a part of the gut microbiome has a significant
role in e.g., the host metabolism or immune system functioning. Many bacteria
(here, the unexplained variation) could be taxa that are redundant in their
functionality and pass through the gut without much significance (Moya and
Ferrer 2016).

It must be noted that the results of this PhD thesis are mostly correlative
and understanding the potential cause and consequence relationships between
the host gut microbiome and its surrounding environment, requires further
experimental research. Also, the results measure gut microbiome diversity and
composition and the result interpretations are based on these two metrics. The
16S rRNA gene sequencing enables the identification of bacteria in microbiome
samples, but it does not tell what the functions of the identified taxa are. For more
in-depth understanding of the actual role of the gut microbiome on wild birds,
one would need to apply tools such as metagenomic sequencing to support the
results of the 165 rRNA gene sequencing. It would be wise to incorporate omics
methods such as (shotgun) metagenomics, transcriptomics, and metabolomics
(Worsley et al. 2024) to understand how this potentially environment-induced
variation in the gut microbiome may relate to functional changes in the gut
microbiome, and changes in transcription and host metabolism.
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Future studies should aim to use experiments in which wild-caught birds
are subjected to varying environmental conditions. These kinds of experiments
could disentangle the causes of environmental variation on the gut microbiome.
As suggested before, sampling the same individuals at different timepoints
would enable investigation of the potentially dynamic nature of the gut
microbiome. It would be important to combine this longitudinal fecal sampling
(for gut microbiome) with endocrinology methods to investigate whether
variation in the gut microbiome e.g., before, during and after the breeding season
connects to variation in reproductive hormone levels.

To conclude, this PhD thesis adds to the existing knowledge that wild bird
gut microbiomes are connected to environmental variation and it sheds a light
on the association between the gut microbiome and reproductive success.
Phenotypic variation is at the core of evolution; individuals that perform better
can reproduce more and pass their genes to the next generation. In this PhD
thesis, there was no correlation between the gut microbiome and individual
survival. However, the positive correlation between gut microbiome diversity
and reproductive success strongly encourages further research because it could
be that the gut microbiome underlies some aspect of reproduction and therefore,
evolution.
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YHTEENVETO (RESUME IN FINNISH)

Suolistomikrobiomin, ympadristotekijoiden ja yksilon menestyksen yhteys
luonnonvaraisilla linnuilla

Eliolajit ovat sopeutuneet eldméadn erilaisissa ymparistoissd, ja yksilon ominai-
suudet médrittelevit sen, miten yksilo menestyy elinympéristossdan. Yksilon fe-
notyyppi eli ilmiasu mddrdaytyy perimdn ja ympdriston perusteella. Fenotyyppi
muodostuu yksilon rakenteesta, fysiologiasta, kehityksestd ja kadyttdytymisesta.
Mitd paremmin yksilon fenotyyppi mahdollistaa sopeutumisen elinympaéris-
toon, sitd paremmat mahdollisuudet yksilolld on lisddntyad ja siirtdd ominaisuuk-
siaan jdlkeldisilleen. Fenotyyppisen vaihtelun syitd ja seurauksia on tutkittu run-
saasti, mutta elioyksilossd eldvien mikroskooppisten organismien merkitysta fe-
notyyppiseen vaihteluun ei ole juurikaan tutkittu. Viime vuosina yhd useampi
tutkimus on yrittanyt selvittdd, miten nama iséntdayksilon kanssa vuorovaikutuk-
sessa eldvdt mikrobit mahdollisesti vaikuttavat yksilon fenotyyppiseen vaihte-
luun.

Suolistomikrobiomi on yksi tunnetuimmista isdntdyksilon ja mikroskoop-
pisten organismien muodostamista kokonaisuuksista. Suolistomikrobiomilla tar-
koitetaan iséntdyksilon ruoansulatuselimistoé ja sielld olevia bakteereita, arkkeja,
sienid, yksisoluisia eliditd, viruksia ja bakteriofageja sekd ndiden kaikkien peri-
mad. Suolistomikrobiomin koostumukseen vaikuttaa paitsi isantdayksilon periméa
myo6s ymparisto, ja tatd koostumusta onkin tutkittu runsaasti ihmisilld ja labora-
torioeli6illd. Suolistomikrobiomilla on merkittava tehtdava yksilon aineenvaih-
dunnassa, immuunipuolustuksessa ja kdyttdytymisessd. Suolistomikrobiomi esi-
merkiksi sddtelee immuunipuolustuksen toimintaa ja suojaa isdntdyksilod tau-
dinaiheuttajilta. Liséksi se vaikuttaa isdntdyksilon energia-aineenvaihdunnan
sddtelyyn, geenien aktiivisuuteen sekd kudosten ja solukoiden toimintaan. Thmi-
silld tehdyissd tutkimuksissa on havaittu, ettd fenotyypin ja suolistomikrobiomin
vdlilld on yhteys. Suolistomikrobiomi vaikuttaa muun muassa yksilon vilisiin
aineenvaihduntaeroihin, jotka voivat puolestaan olla yhteydessa lihavuuteen, tu-
lehduksellisiin suolistosairauksiin ja masennukseen. Koska suolistomikrobiomin
ja fenotyypin vililld on yhteys, suolistomikrobiomilla voi olla merkitystd myos
yksiloiden sopeutumiskykyyn ja mahdollisesti evoluutioon.

Suolistomikrobiomi saa alkunsa yksilon syntyessd ja kehittyy voimakkaasti
heti syntyman jdlkeen ja yksilon kasvaessa. Suolistomikrobiomin kehitykseen
vaikuttavat esimerkiksi alatiesynnytys (nisdkkailld), jonka aikana uusi yksilo al-
tistuu synnytyskanavan mikrobeille sekd syntymadympadristo, sosiaaliset kontak-
tit ja ruokavalio. Tutkimuksissa on havaittu, ettd hiiriét suolistomikrobiomin
muodostumisvaiheessa syntyman jdlkeen voivat vaikuttaa yksilon suolistomik-
robiomiin my6s mydhemmin elaméssa. Esimerkiksi keisarileikkaus tai antibioot-
tihoito voivat aiheuttaa pysyvid muutoksia suolistomikrobiomin koostumuk-
sessa. Yksilon varttuessa yksilo kohtaa jatkuvasti uusia mikrobeita, jotka voivat
vaikuttaa suolistomikrobiomiin. Yksilon perimd, lisdéantyminen, fysiologia, ter-
veys, ikd ja ruokavalio ovat yksilolle tyypillisid sisdisid tekijoitd, jotka vaikuttavat
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suolistomikrobiomiin. Liséksi yksilon ulkopuoliset tekijdt, kuten elinymparisto,
saatavilla oleva ravinto, sosiaaliset kontaktit ja vuodenajat saattavat vaikuttaa
suolistomikrobiomiin. Esimerkiksi vuodenaikaiset vaihtelut elinymparistossa tai
ravinnossa voivat heijastua suolistomikrobiomin koostumukseen. Se, missd maa-
rin ndma sisdiset ja ulkoiset tekijat vaikuttavat suolistomikrobiomiin, on mielen-
kiintoista, koska yhdessd ne voivat vaikuttaa yksilon fenotyyppiin ja kykyyn so-
peutua muuttuvaan ympéaristoon.

Suurin osa suolistomikrobiomitutkimuksista on tehty joko ihmisill4 tai la-
boratoriossa kasvatetuilla eli6illd. Ndiden tutkimusten tuloksia ei kuitenkaan voi
yleistdd laajasti kaikkiin eliclajeihin, koska erityisesti luonnonympaéristoissa ela-
viét lajit ovat jatkuvassa vuorovaikutuksessa lukuisten muiden lajien kanssa. Lin-
nut ovat yksi tdllainen elioryhmé4, joiden levinneisyys kattaa jokaisen Maapallon
mantereen, ja joiden suolistomikrobiomia ei ole vield tutkittu yhtd paljon kuin
esimerkiksi ihmisten tai laboratorioeliiden. Koska linnut lisddntyvat munimalla
ja ovat pddasiassa lentokykyisid, eroavat ne huomattavasti esimerkiksi ihmisesta.
Aiemmat tutkimukset ovat osoittaneet, ettd lintujen suolistomikrobiomiin vai-
kuttavat elinymparisto ja erityisesti ruokavalio. Lisédksi elinkierron vaiheet, ku-
ten kevit- ja syysmuutto, voivat heijastua suolistomikrobiomin koostumukseen.
Lintujen suolistomikrobiomia on tutkittu runsaasti taloudellisesti tarkeilld lajeilla
(kuten siipikarjalla) seka yksittdisilld lintulajeilla. Suurin osa tutkimuksista kes-
kittyy kuitenkin vain tietylld alueella eldvddan saman lajin populaatioon tai yh-
biomin vaihteluun ja koostumukseen. Lisdksi linnuilla ei ole juurikaan tutkittu,
miten suolistomikrobiomi saattaa vaikuttaa yksilon selviytymiseen ja lisddnty-
miskykyyn. Seké selviytyminen ettd lisdantymiskyky ovat tekijoitd, jotka vaikut-
tavat sithen, mitka yksilon ominaisuudet mahdollisesti siirtyvit seuraavalle su-
kupolvelle.

Tdssa vditoskirjatutkimuksessa ja sen kolmessa erillisessd tutkimusartikke-
lissa selvitettiin 1) mitka tekijdt vaikuttavat suolistomikrobiomin vaihteluun sa-
man lajin eri lintupopulaatioissa laajalla maantieteelliselld alueella, 2) vaikut-
taako varhainen kasvuympéristo suolistomikrobiomiin pesdpoikasilla, ja 3) onko
suolistomikrobiomin, lisddntymismenestyksen ja yksilon selviytymisen valilld
yhteyttd. Ensimmadisessd tutkimuksessa tarkasteltiin suolistomikrobiomin eroja
luonnonvaraisissa lintupopulaatioissa, jotka ovat levittaytyneet laajalle maantie-
teelliselle alueelle. Tutkimuslajina oli talitiainen (Parus major) ja sen eri populaa-
tiot Oulussa, Jyvéaskyldssd, Turussa, Tarttossa (Viro), Lundissa (Ruotsi), Wester-
heidessa (Alankomaat), Pilis-Visegrad vuorilla (Unkari), ja La Hiruelassa (Es-
panja). Tutkimuksen hypoteesina oli, ettd suolistomikrobiomin vaihtelu selittyy
populaatiolla ja vuodenajalla, ja ettd maantieteellinen sijainti, elinympaéristo, lam-
potila ja sademaédrad voivat mahdollisesti selittdd suolistomikrobiomin vaihtelua
ja koostumusta populaatioiden ja yksildiden vililld. Tutkimuksessa havaittiin,
ettd vuodenaika ja talviajan elinympéaristd merkitsevasti selittdvat suolistomikro-
biomin runsautta. Lisdksi havaittiin, ettd vuodenaika ja lampotila ovat yhtey-
dessd suolistomikrobiomin koostumukseen. Suolistomikrobiomissa ei kuiten-
kaan ollut merkitsevid eroja talitiaispopulaatioiden vélilla. Talviaikaan
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suolistomikrobiomi oli monipuolisempi ja on mahdollista, ettd tima selittyy mo-
nipuolisemmalla ravinnonhankinnalla verrattuna kesddn ja pesimédkauteen. Yk-
sil6illd, joiden elinympaéristo oli sekametséd, oli myds monipuolisempi suolisto-
mikrobiomi kuin yksil6illd, jotka elivét lehtimetsissad. Sekametsisséd on usein run-
saampi lajisto ja tdma voi heijastua myds sekametsissd asuvien lintujen suolisto-
mikrobiomiin. Onkin mahdollista, ettd monipuolisempi elinympaéristo tukee suo-
listomikrobiomin monimuotoisuutta.

Toisessa tutkimuksessa selvitettiin, miten varhainen elinympéristé6 mah-
dollisesti vaikuttaa talitiaisen poikasten suolistomikrobiomiin ja onko suolisto-
mikrobiomilla merkitystd poikasten selviytymisessad. Tutkimuksessa muokattiin
talitiaisen poikueiden kokoa Turun Ruissalossa. Poikuekokoa muokattiin siirta-
malld poikasia pesien vililld ja suurentamalla (+ 2) tai pienentdmalld (- 2) poiku-
eiden kokoa. Lisédksi poikasten lentoonldhttd seurattiin, jotta voitiin mitata poi-
kasten selviytymistd. Tuloksen osoittivat, ettd kasvuymparisto selitti jonkin ver-
ran suolistomikrobiomin vaihtelusta. Poikuekoolla ei kuitenkaan ollut vaiku-
tusta suolistomikrobiomiin tai poikasten selviytymiseen. On mahdollista, ettd
poikuekoolla ei ollut merkitystd, koska pesintdkaudella oli optimaaliset olosuh-
teet ja runsaasti ruokaa.

Kolmannessa tutkimuksessa selvitettiin, onko sekd suolistomikrobiomin ja
lisdantymismenestyksen ettd suolistomikrobiomin ja yksilon selviytymisen va-
lilla yhteyttd. Tutkimuksessa kdytettiin luonnonvaraisia sepelsieppoja (Ficedula
albicollis), jotka pesivit Gotlannissa Ruotsissa. Tutkimuksessa hyodynnettiin pit-
kaaikaista seuranta-aineistoa ja jokaiselta lintuyksiloltd keréttiin tiedot koko elin-
idn aikaisesta pesintdamenestyksestd (yksilon kelpoisuus) ja yhden lisddntymis-
kauden pesintdmenestyksestd. Lisdksi selvitettiin yksiloiden selviytyminen. Tu-
lokset osoittivat, ettd suolistomikrobiomin ja lisdantymismenestyksen vililld on
yhteys, ja ettd taméd yhteys on merkitseva erityisesti koirailla. On mahdollista,
ettd suolistomikrobiomi on kytkeytynyt koiraiden kayttdytymiseen (aggressiivi-
suus) ja lisddntymiseen kytkeytyneisiin hormoneihin (testosteroni), ja ettd moni-
puolisempi suolistomikrobiomi vaikuttaa positiivisesti esimerkiksi paremman
pesintdreviirin hankintaan. Suolistomikrobiomin ja yksiléiden selviytymisen va-
lill4 ei ollut yhteytta.

Koko viitoskirjatyon ja sen artikkeleiden perusteella voidaan sanoa, etta
ympadristolld on huomattava merkitys suolistomikrobiomin muodostumisessa ja
muovautumisessa, ja ettd suolistomikrobiomi on merkittava tekija yksiloiden li-
sdantymismenestyksessd. Koska suolistomikrobiomi kytkeytyy yksilon lisddnty-
mismenestykseen, on mahdollista, ettd suolistomikrobiomilla on merkitys yksi-
16n fenotyyppisessa vaihtelussa ja mahdollisesti evoluutiossa.
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1 | INTRODUCTION

The role of the gut microbiome on host traits has been of interest to
many researchers, and it has been connected to issues such as host
obesity (Tilg & Kaser, 2011), allergies (McKenzie et al., 2017) and
mental health (Du Toit, 2019; Lucas, 2018). Additionally, the impor-
tance of gut microbiome in evolutionary biology, including its role in
metabolism, pathogen susceptibility and adaptation has been dis-
cussed (Alberdi et al., 2016; Hird, 2017; Kopac & Klassen, 2016) and
the biological mechanisms of host-microbiome interactions have been
debated (Rosenberg & Zilber-Rosenberg, 2018; Zilber-Rosenberg
& Rosenberg, 2008). However, many of the studies are focusing on
captive-bred species such as birds (e.g., van Veelen et al., 2020; Xie
et al.,, 2016; Zhu et al., 2021), mammals (e.g., Antwis et al., 2019; Beli
etal., 2018; Grond et al., 2021) and invertebrates (e.g., Morimoto et al.,
2017; Walters et al., 2020), or small-scale variation within or among
closely located populations (birds e.g., Berlow et al., 2021; Gadau
et al., 2019; Davidson et al., 2021; Drobniak et al., 2022; Phillips
et al.,, 2018; Worsley et al., 2021; and mammals e.g., Baniel et al., 2021;
Murillo et al., 2022; Ren et al., 2017; Roche et al., 2023). To our knowl-
edge, there are no studies investigating the large-scale variation in
the gut microbiome of wild sedentary birds. Understanding the role
of the gut microbiome in eco-evolutionary research requires studying
associations between host microbiome and environmental variation in
natural environmental conditions, across large biogeographical scales
among and within populations and across taxa.

Interestingly, previous studies have found that there is large-
scale intraspecific variation in gut microbiome across populations
(Rothschild et al., 2018; Sullam et al., 2012). Population-level dif-
ferences in gut microbiome have been demonstrated in various
taxa, including humans (Gilbert et al., 2018), wild red squirrels (Ren
etal., 2017), brown frogs (Tong et al., 2020) and several insect (Sabree
& Moran, 2014) and fish species (Liu et al., 2016; Sullam et al., 2012,
2015). However, the environmental drivers behind the population
differences are not always well understood. Furthermore, whereas
mammalian gut microbiomes are largely defined by phylogeny, many
studies have highlighted that environmental variation is likely more
important for explaining gut microbiome variation in other taxa, es-
pecially birds (Grond et al., 2019; Loo et al., 2019).

Historically, birds have been largely neglected in microbiome
research and only the recent years have shown an increasing in-
terest in gut microbiome studies with (wild) birds (Bodawatta, Hird,
et al., 2022; Waite & Taylor, 2014). Birds are a good model species
for gut microbiome studies because (1) they inhabit every continent
on Earth and their varying ecology and species diversity enables us
to study host life history and environmental effects simultaneously
(Bibby, 1999; Pereira & Cooper, 2006; Pigot et al., 2020; Rahbek &
Graves, 2001; Winkler et al., 2002). As a result of bird species' dis-
persal across the Earth and the biannual migration for some species,
birds have developed ways to adapt to a wide range of environmen-
tal conditions (Gregory et al., 2005; Koskimies, 1989). This makes
them an interesting taxon for studying different mechanisms, such

as patterns in the gut microbiome, associated with environmental

variation (Grond et al., 2018). (2) Within a species, populations are
known to differ in phenotype (Charmantier et al.,, 2008; Husby
et al., 2010), and the gut microbiome may contribute to this pheno-
typic variation among populations. (3) Due to life-history traits such
as egg laying, powered flight and migration, the avian gut microbi-
ome may be different from that of, for example, mammals (Grond
et al., 2018). Distinct morphological characteristics and the ability to
fly have resulted in a high-energy requirement and fast metabolism
both of which are influenced by the gut microbiome (Kohl, 2012).
Yet, surprisingly, large-scale studies focusing on among-population
variation, and the environmental variables explaining variation in the
gut microbiome of wild birds among and within populations are still
poorly studied (Capunitan et al., 2020; Hird et al., 2015).
Population-level differences in avian gut microbiomes could be
a result of a specific habitat (Drobniak et al., 2022; Loo et al., 2019;
Wau et al., 2018), or a set of environmental factors such as diet (Singh
et al., 2017), temperature (Sepulveda & Moeller, 2020) and humidity
(Tajima et al., 2007). For example, there is a strong seasonal change
in the gut microbiome composition of wild mice, which has been sus-
pected to be a result of the transition from an insect to a seed-based
diet (Maurice et al., 2015). In thick-billed murres, Uria lomvia variation in
the gut microbiome across the breeding season was explained by prey
specialization and differences in diet and sex during the breeding sea-
son (Gongora et al., 2021). Similar effect was found in barn swallows
Hirundo rustica: The swallow diet varied across the breeding season
and was correlated with gut microbiome (Schmiedova et al., 2022). In
birds, the associations between habitat characteristics and gut micro-
biome have been studied to some extent. In blue tits, Cyanistes caeru-
leus a population living in dense deciduous forests had a higher gut
microbiome diversity than a population inhabiting open areas and hay
meadows. This may be explained by dense forests having higher over-
all species abundance and therefore, food item diversity (i.e., diet) and
abundance (Drobniak et al., 2022). Diet is also shown to have a positive
effect on eastern bluebirds' Sialia sialis nestling gut microbiome; food
supplementation increased the relative abundance of Clostridium spp.
and was positively correlated with antibody response and lower para-
site abundance, thus increasing nestling survival (Knutie, 2020).
Among the abiotic environmental factors, the association between
temperature and humidity and the gut microbiome have also been stud-
ied, but mostly in other taxa than birds. This study focuses on endo-
thermic species (for ectothermic species see e.g., Bestion et al., 2017;
Fontaine et al., 2018; Kohl & Yahn, 2016; Moeller et al., 2020), which
maintain their body temperature by generating heat via metabolism
(Chevalier et al., 2015; Rosenberg & Zilber-Rosenberg, 2016). Part of
this temperature maintenance has been connected to the gut micro-
biome; the gut microbiome composition of cold-exposed laboratory-
bred mice Mus musculus changed to so-called cold microbiota,
potentially helping the host to tolerate periods of higher energy de-
mand (Chevalier et al., 2015). In another study with laboratory-bred
mice a change in temperature and humidity together with the expo-
sure to wild environment led to different gut microbiome composition
than their wild and laboratory-bred counterparts that resided in lower
temperature and humidity (Bar et al., 2020). These changes in the gut
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microbiome can mediate changes at molecular level and thus, enable
adaptation to varying environmental conditions. Temperature has
also been shown to have effects on poultry gut microbiomes. Higher
temperature can lead to increased gut microbiome species richness
and significantly different gut microbiome composition (Wang, Chen,
et al., 2018), and lower temperatures correlate with changes in bacte-
rial composition and muscle amino acid deposition (Yang et al., 2021).
In domestic Shaoxing ducks, Anas platyrhynchos exposure to higher
temperatures increased gut microbial abundance and changed the
metabolic and transcription-related pathways, which suggests that
gut microbiome may have enabled host adaptation to a new thermal
environment (Tian et al., 2020). Recent work with wild birds has also
shown associations between temperature, host gut microbiome and
host health, although the results are not conclusive (Dietz et al., 2022;
Ingala et al., 2021).

The overall aim of this study was to characterize variation in the
gut microbiome of wild adult great tit Parus major populations across
the species' distribution range in Europe. The great tit is a well-known
study species in the fields of ecology and evolution (Krebs, 1971) and
provides an attractive study system as this species inhabits vast geo-
graphical areas and lives in highly seasonal environments thus, offering
the possibility to study the drivers that affect seasonal and population-
level variation in the gut microbiome. Here, we investigated how (1)
population and season contribute to the variation in the gut microbi-
ome, and (2) how environmental factors associated with population and
season, such as latitude, habitat, average rainfall, average temperature
and supplementary feeding during winter shape the gut microbiome.
We expected to see larger seasonal differences in populations living
at higher latitudes because abiotic environmental conditions such as
snow coverage, rainfall and temperature vary more towards the polar
regions (Anderson & Jetz, 2005; Williams et al., 2015). We predicted
that summer season would result in higher gut microbiome diversity,
because food abundance, diversity and time for food foraging is gen-
erally higher during summer than winter (Cody, 1981; Karr, 1976).
Moreover, we predicted that individual and population-specific factors
such as habitat, average temperature and rainfall significantly con-
tribute to variation in the gut microbiome (Lewis et al., 2017; Murray
et al., 2020). For example, a more biodiverse habitat may offer more
diverse and abundant prey items and warmer temperatures and mod-
erate rainfall a higher insect abundance, which could lead to higher
microbiome diversity and differences in composition (Cox et al., 2019).
To our knowledge, this is the first study to characterize how environ-
mental variation at a biogeographical scale shapes the variation of the
gut microbiome in a wild bird.

2 | METHODS
2.1 | Studyarea
Faecal samples were collected from wild adult great tits across

Europe during winter (January and February) and summer (May
and June, breeding season) in 2021 from eight different locations

Journal of Animal Ecology E EE'E?E;JM ?

(Figure 1; Data S1). The aim was to collect samples from ca. 20 to 25
individuals from winter and 20 to 25 from summer from each location.
All winter samples were collected from a specific mist netting area
located at the supplementary feeding (supplement: sunflower seeds
or sunflower seeds + peanuts) site. Due to difficult winter conditions
such as colder temperatures and deeper snow coverage, we failed
in collecting winter samples from the Westerheide and La Hiruela
populations. During summer, samples were collected from breeding
adult great tits that were caught at the nest box during chick-rearing
stage, that is, all the birds in our study had started reproduction. In
total, we collected 285 samples, of which 124 samples from winter
and 161 samples from summer.

2.2 | Faecal sample collection

To capture wild great tits, we used mist nets and feeding traps dur-
ing winter, and nest box traps during summer. Sample collection fol-
lowed a protocol by Knutie and Gotanda (2018): adult great tits were
captured and put inside a paper bag until defecation, which usually
took between 5 and 15 min. Faecal samples were then placed straight
into 1.5mL Eppendorf tubes and kept on ice until they were placed
in long-term storage in a -80°C freezer. Each bird was also ringed
for identification, sexed, weighed (~0.1g) and their wing length was
measured with a metal ruler (~1 mm). Habitat characteristics and lati-
tude were recorded at each population (population level), and tem-
perature (average ambient temperature) and rainfall (average mm per
day) data from 2weeks prior to sampling of each individual bird (indi-
vidual level) were collected from the European Climate Assessment
and Dataset (Winkler et al., 2002), using the nearest weather station
to the sampling location. We chose this 2-week time window based
on our own gut microbiome studies conducted in the laboratory en-
vironment where temperature caused changes in the gut microbiome
after 2weeks of exposure to a new temperature regime (Davies,
Ruuskanen et al., in preparation). Moreover, Davidson et al. (2020)
noticed similar diet-induced changes under a 2-week period. During
winter, birds of this study very likely used supplementary winter
feeding as the birds were caught near the feeding station (Data S1).
Because the type of supplementary feeding (sunflower seeds or
peanuts) could influence the birds' gut microbiome, all of our winter
analyses included the type of supplementary feed (population level).
We acknowledge that other types of supplementary feeding have
likely occurred as it is common practice by the general public. We did
not record summer diet because birds were caught straight from the
nest boxes during summer and summer supplementary feeding is not
that common. Permits for capturing birds and sample collection were

acquired by collaborators at each population.

2.3 | DNA extraction and sequencing

We extracted DNA from the collected faecal samples using the
Qiagen PowerFecal Pro Kit and followed the manufacturers
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FIGURE 1 Locations, sample sizes (winter and summer) and habitat types of the eight different great tit populations across the species'

distribution range.

protocol with minor adjustments: we added a 10-min incubation
step at 65°C prior to lysis step and used a double elution (eluent
was put through the filter twice) to improve DNA vyield. To control
for contamination and bias during DNA extraction, we included one
negative control to each extraction batch and distributed samples
from different populations to each extraction batch equally. After
extraction, the V4 region of the 16S rRNA gene (approx. length
254bp) was amplified using the following primers: 515F Parada
(5-GTGYCAGCMGCCGCGGTAA-3’) (Parada et al., 2016) and 806R _
Apprill (5-GGACTACNVGGGTWTCTAAT-3') (Apprill et al., 2015).
A total volume of 12uL was used in PCR reactions with MyTaq
RedMix DNA polymerase (Meridian Bioscience, Cincinnati, OH,
USA). We used the following PCR protocol: (1) an initial denaturation
at 95°C for 3min; (2) 30cycles of 95°C for 455, 55°C for 60s and
72°C for 90s and (3) a 10-min extension at 72°C at the end. After
the first round of PCR, a second round was conducted to apply
barcodes for sample identification. For this, the protocol was (1)
initial denaturation at 95°C for 3min; (2) 18 cycles of 98°C for 20s,
60°C for 15s and 72°C for 30s and (3) final extension at 72°C for
3min. Each PCR plate also contained a negative control to control
for contamination and a ZymoBIOMICS community standard (Zymo

Research Corp., Irvine, CA, USA) to ensure successful amplification.
PCR products' DNA concentration was measured with Quant-IT
PicoGreen dsDNA Assay Kit (ThermoFischer Scientific, Waltham,
MA, USA) and quality was checked with gel electrophoresis (1.5%
TAE agarose gel). PCR products were then pooled equimolarly
and purified using NucleoMag NGS Clean-up and Size Select
beads (Macherey-Nagel, Diiren, Germany). Finally, the pools were
sequenced with lllumina Novaseq 6000 2x250bp (San Diego, CA,
USA) at the Finnish Functional Genomic Center at the University of
Turku (Turku, Finland).

2.4 | Bioinformatics

The de-multiplexed sequence data was processed with QIIME2
version 2021.11 (Bolyen et al., 2018) following the 16S rRNA gene
V4 region sequence processing protocol. Adapters were removed
using the Cutadapt plugin version 4.4 (Martin, 2011) and quality
scores were visually inspected. We used the DADA2 plugin version
2021.4.0 (Callahan et al., 2016) to truncate reads at 220bp and
to generate amplicon sequence variants (hereafter ASVs), which
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stand for each individual bacterial sequence (Eren et al., 2013).
We used the SILVA v132 database with the sk-learn classifier
to assign taxonomy (Quast et al., 2013; Yilmaz et al., 2014). We
used the phylogeny plugin to construct a rooted phylogenetic
tree, and removed singletons, eukaryotes, mitochondria, archaea,
chloroplasts and unassigned taxa in QIIME2 before further
analysis. We then combined the resulting ASV table with metadata,
taxonomy table and phylogenetic tree using the phyloseq package
version 1.44.0 (McMurdie & Holmes, 2013) in R program version
4.3.0 (R Core Team). Contaminants (N=61 ASVs) were removed
using the decontam package version 1.20.0 (Davis et al., 2018). We
also filtered samples that had less than 100 reads as they were
likely a result of an error in amplification. The resulting data set
had 15,288 ASVs in 284 samples (total number of reads in the
whole data set 16,629,323, average number of reads per sample
57,740, median number of reads 17,189) (Data S2).

For downstream analyses of gut microbiome diversity (i.e., alpha
diversity), the data set was rarified at 1000 reads based on the level
at which the rarefaction curves plateaued. This was conducted to ac-
count for uneven sequencing depth between samples to normalize
the data and to avoid the bias that rare taxa may have in the analyses
(Cameron et al., 2020; Schloss, 2023; Weinroth et al., 2022). Seven
samples were excluded from the data set in rarefying resulting in a
total of 277 samples and 6883 ASVs, which divided into 121 win-
ter samples and 156 summer samples. We tested both the rarefied
and unrarefied data sets for consistency in gut microbiome diversity
(Data S7). For analyses of gut microbiome composition (i.e., beta di-
versity), we used the unrarefied data set. For both gut microbiome
diversity and composition analyses, we checked that the results

were consistent between the unrarefied and rarefied data sets.

2.5 | Dataanalysis
2.51 | Gut microbiome diversity

We used Shannon Diversity Index and Chao1 Richness (Chao, 2006)
as the gut microbiome diversity (i.e., alpha diversity) metrics using
the phyloseq package version 1.44.0 (McMurdie & Holmes, 2013).
In each model, we first ran the model with Shannon Diversity Index
as the response variable and then with Chaol Richness. We use
these two metrics because Shannon Diversity Index considers
both taxa abundance and evenness and Chaol Richness measures
the observed number of taxa. Chaol Richness is more sensitive
to rare taxa, whereas Shannon Diversity Index is more robust as
it is not easily affected by the presence of rare taxa (Haegeman
et al., 2013). For all gut microbiome diversity analyses, we use the
rarefied dataset (N=277). Additionally, we use both body condition
(linear regression residual of weigh ~wing) and weight as proxies for
individual condition: We ran each model first with body condition
and then with weight replacing body condition. Because some birds
escaped prior to measurements, and in one population wing length

was not recorded, we do not have a weight and wing measurement
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for every bird in this study (total of 46 birds from three different
populations).

All statistical analyses were conducted in R program version
4.3.0 (R Core Team). Normality and homoscedasticity of the resid-
uals were visually assessed. Variance inflation factors (VIFs) were
assessed for each model with the package DHARMa version 0.4.6
(Hartig & Hartig, 2017). Linear mixed effects models were con-
ducted using the packages Ime4 version 1.1-33 (Bates et al., 2014)
and car version 3.1.2 (Fox et al., 2012).

First, we used a linear model to test if season (categories: win-
ter and summer) and population (six categories) contribute to the
gut microbiome diversity across all samples. We used gut microbi-
ome diversity as the response variable and population and season
as the predicting variables. VIF values suggest that there was no
multicollinearity between factors (VIFs <4). We also ran this same
model with an interaction between season and population to test
for population differences across seasons (Data S5). In these models,
the Westerheide and La Hiruela populations were excluded as those
populations were only measured during summer and including them
may bias the results. Oulu was set as the population reference level
because it was the northernmost of our study populations.

Second, we tested in more detail, which environmental fac-
tors across and within populations and seasons associated with
the variation in gut microbiome diversity. We ran a linear mixed
effects model with gut microbiome diversity as the response vari-
able and the following fixed factors: latitude (continuous variable),
habitat (categories: mixed and deciduous), rainfall (continuous
variable) and temperature (continuous variable) using data across
both seasons. Sex (category variable) and body condition/weight
(continuous variable) were also included in the model as fixed fac-
tors to control for individual differences within population because
physiological factors may contribute to variation in the gut micro-
biome (Amato et al., 2019; Corl et al., 2020; Goéngora et al., 2021;
Jasarevic etal.,, 2016; Ley et al., 2008; Zhao et al., 2013). Population
was included as a random effect as multiple individuals were sam-
pled within each population. In these models, we excluded the
Westerheide and La Hiruela populations as those populations were
only recorded during summer. VIF values suggest that there was no
multicollinearity between factors (VIFs <4).

Third, because of the uneven sample sizes for winter and summer
observations and because diet was only monitored during winter, we
analysed gut microbiome diversity separately by season. For winter
data (Nsamp|e5=121), we ran a linear mixed effects model to analyse
whether latitude, habitat, temperature, rainfall and supplementary
feeding (categories: sunflower seeds and sunflower seeds+ pea-
nuts) contribute to gut microbiome diversity in populations during
winter. Again, body condition/weight and sex were also included in
the model and fixed factors and population as a random effect. The
type of winter model supplementary feeding (categories: sunflower
seeds and sunflower seeds + peanuts) as an explanatory variable as
we sampled individuals at the supplementary winter-feeding site and
the birds frequently visited the feeding site. VIF values suggest that
there was no multicollinearity between factors (VIFs <4).
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For summer data (N =156), we ran a similar model as we

samples
did for the winter data. Wepused gut microbiome diversity as the re-
sponse variable and latitude, habitat, rainfall, temperature and body
condition/weight and sex as explanatory variables. Population was
included as a random effect in this model as well. VIF values suggest
that there was no multicollinearity between factors (VIFs<4). For
each model, we tested the significance factors using F-test ratios in
analysis of variance (ANOVA, Sattertwaithe's method for calculating

degrees of freedom).

2.5.2 | Gut microbiome composition

For gut microbiome composition (i.e., beta diversity), we used the
microbiome package version 1.22.0 (Lahti & Shetty, 2018). We
visualized the gut microbiome compositions between popula-
tions and seasons with non-metric multidimensional scaling. For
these visualizations, we used the Bray-Curtis dissimilarity metric
that examines the dissimilarity of microbes among samples (Bray
& Curtis, 1957). To analyse variation in gut microbiome communi-
ties among populations, we used permutational analysis of variance
(PERMANOVA; vegan package, version 2.6-4, Oksanen et al., 2013)
with the adonis2 function and 9999 permutations. We constructed
these PERMANOVA models the same way as we did the multiple
linear regression models for the gut microbiome diversity measure-
ments. First, we analysed whether season and population contrib-
ute to the variation in gut microbiome composition. Second, we
analysed whether latitude, body condition/weight, habitat, rainfall
and temperature and sex contribute to the variation in gut micro-
biome composition across both seasons. Third, we used the win-
ter and summer data subsets to analyse associations between the
gut microbiome composition and environmental variables within
season. We tested the homogeneity of variance (beta dispersion),

which showed similar dispersion for populations (BETADISPER?"??,

Fs=1.104, p=0.374) and seasons (BETADISPER"", F,=1.417,
p=0.235), thus affirming that PERMANOVA is appropriate for com-
paring community compositions.

We also ran a differential abundance analysis (DESeq2) to see
whether there are differences in bacterial taxa abundance within
populations between winter and summer. For this analysis, we
only used the populations that have both winter and summer data
(N=6 populations) because the aim of this analysis was to com-
pare within-population differences in taxa abundance between
seasons. All taxa are identified at least to family level and some to
genus level. Unfortunately, many of these observed taxa are less
studied and their functions in the gastrointestinal tract, especially
beyond humans, are not known. Furthermore, changes in func-
tionality may not change gut microbiome diversity or composition
(Moya & Ferrer, 2016). Here, we focus on the taxa that are more
studied in gut microbiome research. For visualizing the DESeq2 re-
sults, we used order level to make the plot readable. We used the
package DESeq2 version 1.40.1 (Love et al., 2014) for the differen-
tial abundance analysis.

3 | RESULTS

3.1 | Gut microbiome diversity among populations
and across both seasons

There were 27 bacterial phyla detected across all samples, and
the most abundant phyla were Proteobacteria, Actinobacteria and
Firmicutes. While there was variation in gut microbiome between
populations, population did not significantly influence gut micro-
biome diversity (Figure 2a; Table 1; Data S4). Season significantly
influenced gut microbiome diversity when Shannon Diversity Index
was used as the response variable (p=0.011, Figure 2b; Table 1;

Data S4): diversity was higher in winter than in summer. We found no

(a) (b)
Latitude increases —> 3.00
P
3 © 2.75
'§ 4 Population ]
E. - Pilis-Visegrad Mountains E-
[ B Lund 'g
g ‘ Tartu regi = 2.50
2 B 5
g 2 ES Jyvaskyla e
E E Oulu E
7] » 2.25
0 2.00
summer winter summer winter
Gut microbiome diversity among populations Season

FIGURE 2 (a) Gut microbiome diversity (Shannon Diversity Index) among populations and between seasons ordered by latitude (south to
north) and (b) season controlling for among-population gut microbiome diversity (mean and standard error).
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TABLE 1 Association between gut microbiome diversity (Shannon and Chao1) and (A) population and season, (B) latitude, habitat,
temperature, rainfall, body condition and sex between seasons, (C) latitude, habitat, temperature, rainfall, type of supplementary feeding,
body condition and sex during winter and (D) latitude, habitat, temperature, rainfall, body condition and sex during summer.

Shannon R?/R adj. df F p

(A) Both seasons 0.034/0.010 N=239
Population 5 0.541 0.745
Season 1 6.630 0.011*

R?/Radj.  df 7 p

(B) Both seasons N=225
Latitude 1 2.994 0.084
Habitat 1 2.304 0.129
Temperature 1 4121 0.042*
Rainfall 1 0.291 0.590
Body condition 1 2.102 0.147
Sex 1 0.059 0.809

(C) Winter N=102
Latitude 1 0.069 0.792
Habitat 1 5.030 0.025*
Temperature 1 0.689 0.406
Rainfall 1 0.201 0.654
Suppl. feed. type 1 1.278 0.258
Body condition 1 2.627 0.105
Sex 1 0.258 0.612

(D) Summer N=129
Latitude 1 2.103 0.147
Habitat 1 0.428 0.513
Temperature 1 0.011 0.917
Rainfall 1 0.060 0.807
Body condition 1 1.819 0.177
Sex 1 2.007 0.157

Chao1 R%/R adj. df F p
0.015/-0.010 N=239
5 0.491 0.783
1 1.618 0.205
Chaol R?/Radj.  df Va p

N=225
1 1.128 0.288
1 0.674 0.412
1 2.030 0.154
1 0.151 0.698
1 0.082 0.774
1 1.930 0.165
N=102
1 1.342 0.247
1 0.594 0.441
1 0.003 0.960
1 0.011 0.918
1 1.023 0.312
1 1.179 0.278
1 1.023 0.312
N=129
1 0.162 0.688
1 1.960 0.162
1 2.055 0.152
1 0.641 0.424
1 0.137 0.712
1 0.003 0.959

Note: Linear model was used in (A) and linear mixed effects models in (B-D). The ANOVA output with Satterthwaite's method is reported in the table.

Statistically significant values (p < 0.05) are indicated with a *.

significant interaction between season and population (p all >0.05,
Data S5). Furthermore, latitude, habitat, average rainfall and body
condition did not associate with gut microbiome diversity when the
model included populations from both seasons (Table 1; Data S4).
However, temperature negatively associated with gut microbiome
diversity: lower temperatures correlated with higher Shannon diver-
sity (p=0.042, Table 1; Data S4 and S8). When Chao1l Richness was
used as the response variable, none of the explanatory factors sig-
nificantly contributed to gut microbiome diversity (Table 1; Data S4).
Population as a random effect did not contribute to gut microbiome
diversity (var.<0.000, SD <0.000).

3.2 | Winter subset

In winter, gut microbiome diversity was higher in individuals inhab-
iting mixed forests than deciduous forests when measured with

Shannon Diversity Index (p=0.025, Figure 3; Table 1; Data S4), but
not when measured with Chaol Richness (Table 1; Data S4). The re-
sult was the same for habitat when body condition was replaced with
weight in the model (Shannon p=0.033, Data S9; Chaol p=0.218,
Data S4). Latitude, temperature, rainfall and supplementary feeding
(p all >0.05) did not contribute to gut microbiome diversity in any
of the models (Table 1, see Data S4) and neither did population as a
random effect (var.<0.000, SD <0.000).

3.3 | Summer subset

Neither latitude, habitat, temperature and rainfall nor body condi-
tion/weight and sex contributed to gut microbiome diversity during
summer (p all >0.05, Table 1; see Data S4). Population as a random
effect did not contribute to gut microbiome diversity (var.<0.000,
SD<0.000).
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3.4 | Gut microbiome composition
As with gut microbiome diversity, visual observation of the gut
microbiome composition showed that there was population-level
variation in composition (Figure 4). However, PERMANOVA showed
that population did not significantly contribute to differences in gut
microbiome composition among populations (R2=0.021, p=0.397,
Figure 4; Data Sé).

PERMANOVA showed that there were significant differences in
composition between seasons, but season only explained 0.5% of

3.5

g
=)

Shannon Diversity Index
N
2
——

2.0

deciduous mixed coniferous and deciduous

FIGURE 3 Gut microbiome diversity (mean and standard error)
in two different habitats during winter. Populations inhabiting
deciduous habitats are Oulu, Lund and Pilis-Visegrad Mountains

and populations inhabiting mixed habitat are Jyvaskyla, Turku and
Tartu.
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these differences (R>=0.005, p=0.034, Data Sé). Of the environ-
mental factors, temperature explained 0.6% of differences in gut
microbiome composition in all data across both seasons (R?=0.006,
p=0.012, Figure 5; Data S6). When looking at the winter and sum-
mer subsets of data, none of the measured factors explained the
differences in gut microbiome composition (p all >0.05, Data Sé).
Seasonal differences in bacterial taxa abundance were detected
in each population (Figure 6; Data S7), and some of these taxa were
of interest to us due to their known beneficial or pathogenic effects.
Of the well-known taxa, the order Bacillales were more abundant
in Pilis-Visegrdad Mountains, Turku and Jyvaskyld during summer
than winter, and more abundant in Oulu during winter than sum-
mer. The order Bifidobacteriales were more abundant in Turku
during winter than summer. The order Chlamydiales were more
abundant in Turku and Jyvaskyld during summer than winter. The
order Enterobacteriales were more abundant in Oulu during summer
than winter. The order Lactobacillales were more abundant in Pilis-
Visegrad Mountains during summer than winter and in Turku during
winter than summer. The order Micrococcales were more abundant
in Tartu, Lund, Pilis-Visegrad Mountains, Oulu and Turku during win-

ter than summer.

4 | DISCUSSION

The goal of this study was to characterize large-scale variation
in wild adult great tit gut microbiomes and analyse whether
environmental factors associated with population and season
associate with the gut microbiome. Most of bacterial taxa in our
samples belonged to the phyla Proteobacteria, Firmicutes and
Actinobacteria, which was expected as they are the key phyla of

Winter

Phylum
- < 20% abundance
- Actinobacteria
[ chiamydiae
[ Firmicutes
Planctomycetes
- Proteobacteria
Tenericutes
.

Verrucomicrobia

puny
nuep
nyjang

elhysenir

FIGURE 4 Among-population comparison of gut microbiome relative abundance on phylum level between seasons. Less abundant phyla

are summed up as ‘<20% abundance’ to improve plot readability.
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FIGURE 5 Non-metric
multidimensional scaling (NMDS) 0.50
measured with Bray-Curtis dissimilarity
representing the microbial composition
dissimilarity among populations between
winter and summer. Points are coloured

0.25
according to population. Ellipses represent
95% confidence intervals.
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FIGURE 6 Visualization of the differential abundance analysis comparing six great tit populations between winter (positive
log,FoldChange) and summer (negative log,FoldChange). Each dot represents one taxon within a bacterial order. All taxa are identified at
least to Family level (Data S7), but for figure readability they are plotted on order level.

great tit gut microbiome (as described in Bodawatta, Freiberga,
et al., 2021; Teyssier, Lens, et al.,, 2018). We did not find large-
scale among population variation in the gut microbiome diversity
or composition. Instead, we found the gut microbiome diversity
(Shannon) and composition to be dependent on seasons and

diversity (Shannon) to be dependent on habitats during the
winter season. Variation in Chaol Richness was not significantly
explained by the predictors we investigated. This most likely
means that there was no significant association between the
number of bacterial taxa and our predictors. We found a slight
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negative association between average temperature and Shannon
diversity and average temperature was little associated with gut
microbiome composition. We did not find evidence for the effects
of latitude or average rainfall conditions, and much of the variation

was left unexplained suggesting unknown sources of variation.

4.1 | No major differences among populations in
microbiome diversity or composition

We found no evidence for population differences in the gut
microbiome diversity or composition. This is surprising in light
of apparent differences in environmental factors and given that
great tits also show population-level differences in physiology
(Saulnier et al., 2023) phenotypes (Dingemanse et al., 2012; Gamero
et al., 2015) and minor genetic differentiation (Lemoine et al., 2016;
Noordwijk et al., 2002), which have been shown to contribute to
among-population variation in the gut microbiome of various taxa
(Gadau et al., 2019; Meng et al., 2014; Spor et al., 2011; Wang, Chen,
et al., 2018; Wen et al., 2021). We observed high within-population
variation in gut microbiome diversity, which was expected because
especially in smaller bird species individual variation in gut
microbiome diversity has been found to be very high (as mentioned
in Bodawatta, Koane, et al., 2021). In our study, all populations
were in forested habitats with high plant species diversity, which
could explain why large among-population differences in the gut
microbiome were not observed [compared with e.g., the observed
microbiome differences between urban and rural habitats (Phillips
et al., 2018; Teyssier et al., 2020)].

4.2 | Gut microbiome diversity and composition
differ across seasons

We found that gut microbiome diversity (Shannon) is higher in great
tit populations during winter than summer and that gut microbiome
composition varies between seasons. This is in line with many studies
reporting seasonal variation in the gut microbiome (Baniel et al., 2021;
Davenport et al., 2014; Géngora et al., 2021; Ren et al., 2017; Xiao
et al., 2019). However, we expected that the gut microbiome diver-
sity and composition would be lower during winter due to limited
foraging times and the breadth of available dietary items for great
tits (Grubb, 1978; McNamara et al., 1994; Vel'ky et al., 2011). During
winter, great tits can use both insects (lepidopterans, coleopterans
and dipterans), plant material (seeds and buds) and human provided
food, compared to mostly insectivorous diet during summer (Vel'ky
et al., 2011). The birds in our study populations were able to use sup-
plementary feeding during winter. This supplementary feeding could
reflect to their gut microbiome and possibly explain the higher gut
microbiome diversity during winter: we did not provide any sup-
plementary food during summer and therefore, part of the seasonal
differences could be a result of the supplemented diet. The specula-
tion would also follow some previous studies in which diet diversity

has been connected to gut microbiome diversity (Jones et al., 2023;
Knutie et al., 2019; Teyssier, Rouffaer, et al., 2018). Higher gut micro-
biome diversity during winter could also relate to bacterial functions
in the gut. Cold exposure can increase gut microbiome diversity and
enhance digestion (Fontaine et al., 2018). It can also increase energy
intake and gut absorption and thus, improve the host's ability to
tolerate cold (Chevalier et al., 2015; Zhang et al., 2018). Moreover,
bacterial taxa such as Firmicutes that produce short-chain fatty acids
and are responsible for carbohydrate and energy metabolic path-
ways could be more active during winter months when birds need
to maintain their body temperature (Den Besten et al., 2013; Grond
etal.,, 2018; Sun et al., 2016).

We observed within-population seasonal shifts in taxa abun-
dances that could potentially associate with the variation between
winter and summer diets. However, we can only speculate what the
functions of these differentially abundant taxa are within the great
tit gut microbiome, as there is a major lack of data regarding bac-
terial taxonomic functionality in wild animals (Worsley et al., 2024).
Of the populations we sampled Oulu, Jyvaskyld and Turku were the
most northern and experienced the widest range of environmental
changes between winter and summer and are therefore expected
to show the largest changes. The rest of the populations were lo-
cated more to the south and west of Europe, which can mean milder
seasonal changes in environment and less snow cover (Baker, 1939).
Of the six populations compared here, Jyvaskyld showed the most
differences in between-season taxa abundance and Oulu the least
differences, which was opposite to what we expected. The order
Enterobacteriales was more abundant in Lund, Pilis-Visegrad
Mountains and Oulu during summer than winter. Many bacterial
taxa belonging to the order Enterobacteriales such as Salmonella
enterica and Escherichia coli are known pathogens in birds (Cheville
& Arp, 1978; Tizard, 2004). The order Chlamydiales was more abun-
dant in Jyvaskyld and Turku during summer than winter. These
pathogens are likely to be more abundant during summer, because
individual birds can pass them on to other individuals during copu-
lation (Escallén et al., 2019; Grond et al., 2018). The order Bacillales
(not to be mixed with Lactobacillales), which contains several patho-
genic genera such as Staphylococcus, Bacillus and Listeria, was also
more abundant in Pilis-Visegrdd Mountains, Jyvaskyld and Turku
during summer than winter and more abundant in Oulu during win-
ter than summer.

Of the beneficial taxa, the order Lactobacillales abundance var-
ied between populations: they were more abundant during winter
than summer in Turku and more abundant during summer than win-
ter in Pilis-Visegrad Mountains and Jyvaskyla. Especially the genus
Lactobacillus of the order Lactobacillales is known for its impor-
tance digestive health (Reid & Burton, 2002), and these beneficial
health effects are also known from poultry (Al-Khalaifah, 2018).
Lactobacillus species are found in the gut microbiome of many spe-
cies, and they are known for their beneficial functions in the gut.
Lactobacilli are involved in host metabolism via, for example, car-
bohydrate transport and metabolism, amino acid metabolism and
protein synthesis and thus, influence the main metabolic pathways
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of the host individual (De Angelis et al., 2016). Lactobacilli can pro-
tect the host against incoming potentially pathogenic microbes, and
they influence host gene expression in, for example, immune and ep-
ithelial cells (Tappenden & Deutsch, 2007). Furthermore, it has been
suggested that beneficial gut microbes such as Lactobacilli have co-
evolved with the host because of they improve host health (Backhed
et al., 2005; Ley et al., 2006; Walter, 2008).

4.3 | Habitat associates with gut microbiome
diversity, but not composition, during winter

Mixed forest associated with higher gut microbiome diversity than
deciduous forest during winter, but not during summer. There
were no differences in microbiome composition between habitats.
Habitats with mixed tree and other plant species promote diversity
in forest-associated taxa (Ampoorter et al., 2020; Tinya et al., 2021),
resulting in a wider range of dietary items for the great tits. A more
diverse diet has been found to associate with higher gut microbiome
diversity (Bodawatta, Kleckova, et al., 2022) and could also explain
why great tits inhabiting mixed forest had more diverse gut
microbiomes during winter. Higher gut microbiome diversity can
potentially improve the stability of the gut microbiome and benefit
the host. Generally, a more diverse gut microbiome is more stable
because functionally similar taxa can potentially replace one another
and therefore, the host is more tolerant to changes in the gut
microbiome (Lozupone et al., 2012). Also, as the gut microbiome is
involved in, for example, host metabolism and digestion by breaking
down dietary items into compounds that can be used by the host,
a diverse gut microbiome can influence host nutritional uptake and
physiology (Grond et al., 2018).

Furthermore, breeding greatly influences physiology (Norte
et al., 2010) and gut microbiome diversity (Escallén et al., 2019;
Goéngora et al., 2021; Zheng et al., 2020). Such physiological changes
could overrun effects of the environment, such as the habitat, in
the samples collected during the breeding season (but see Drobniak
et al., 2022). It also leaves us questioning whether the differences
in gut microbiome diversity between habitats would appear later
during summer. As breeding comes with a great physiological cost
(Norte et al., 2010), the gut microbiome may change prior, during and
after the breeding season (Escallon et al., 2019).

4.4 | Weak associations between abiotic and
intrinsic biotic factors on the gut microbiome
variation

We found no association between latitude, rainfall, winter supple-
mentary feeding and gut microbiome diversity or body condition/
weight, sex and gut microbiome diversity. However, we did find that
lower average temperature was associated with higher gut microbi-
ome diversity (Shannon, but not Chaol) and that temperature was
also weakly linked to gut microbiome composition.

Journal of Animal Ecology E Egtgt'%w

The result regarding gut microbiome diversity was opposite to
our prediction that lower temperature would lead to lower gut mi-
crobiome diversity. However, as expected temperature associated
with microbiome composition, which follows previous studies with
bird gut microbiomes (Dietz et al., 2022; Ingala et al., 2021; Tian
et al., 2020; Wang, Chen, et al., 2018; Yang et al., 2021) and mammal
studies (e.g., Worthmann et al., 2017; Zhang et al., 2018). Great tits
are an endothermic species, which most likely means that ambient
temperatures may not have major effects in the gut microbiome di-
versity/composition (Ingala et al., 2021) even though in mice studies
effects between temperature and gut microbiome have been found
(Chevalier et al., 2015). However, many of the previous studies were
conducted with extreme temperatures and in captive conditions. For
example, in egg laying hens spells of extreme hot temperatures lead
to a decrease in Firmicutes abundance, a taxon that is known for its
importance in short-chain fatty acid metabolism (Zhu et al., 2019).
It is likely that the slight association between temperature and the
gut microbiome is a result of the populations being in different parts
of Europe and thus, they experience a varying range of tempera-
tures throughout the year. Furthermore, this negative association
between temperature and gut microbiome diversity was only signif-
icant in the analysis with both seasons included. It is likely that this
result is connected to the result in which winter was associated with
higher gut microbiome diversity.

Furthermore, both rainfall and snowfall can affect food item di-
versity and abundance and reflect on the gut microbiome diversity
(Baniel et al., 2021; Schmiedova et al., 2023). For example, rainfall
can influence insect abundances during summer, which are signifi-
cant dietary items for great tits (Scholl et al., 2016). Severe weather
can also limit foraging time leading to temporary depletion in food
intake (Brittingham & Temple, 1988). This can result in increased
physiological stress that has been shown to impact the gut microbi-
ome diversity (Noguera et al., 2018). However, this limited foraging
time may be more reflected on the nestlings (Radford et al., 2001)
as the gut microbiome is established at the nestling stage (Davidson
et al., 2021; Teyssier, Lens, et al., 2018).

We found no association between the type of supplementary
food during winter and the gut microbiome. We provided sunflower
seeds or peanuts or the mix of those two, which may not signifi-
cantly change the gut microbiome, and most importantly, great tits
will additionally use a wide variety of other food items within and
across all populations. Finding associations between supplemented
food quantity or quality/diet and the gut microbiome requires more
fine-tuned experiments such as captive experiments in which di-
etary items and food intake are carefully monitored (such as Teyssier
et al.,, 2020). Also, sampling the same individuals at multiple time-
points could be used to see possible longitudinal changes the gut
microbiome (as suggested in Davidson et al., 2021).

Our results concerning body condition/weight are in line with
recent studies that have not found a single conclusion between the
gut microbiome diversity/composition and body condition. Here,
gut microbiome diversity was not associated with individual body
condition/weight. Generally, a higher body condition has been
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connected to a higher gut microbiome diversity as it improves host
gut stability (Lozupone et al., 2012) and this diversity is especially
important in adult individuals as it can improve their overall fitness
(Jones et al., 2023). Previous studies investigating the relationship
between body condition and the gut microbiome with birds how-
ever show mixed results (Davidson et al., 2021; Kohl et al., 2018;
Phillips et al., 2018; Teyssier, Lens, et al., 2018; Worsley et al., 2021).
In nestling great tits, one study found that better body condition
connected to higher gut microbiome diversity (Teyssier, Lens,
et al., 2018), whereas in another study there was no association be-
tween the two factors (Liukkonen et al., 2023). In adult birds, there
was no association between body condition and the gut microbiome
diversity in Seychelles' warblers Acrocephalus sechellensis (Worsley
et al., 2021) or in white-crowned sparrows Zonotricia leucophrys
(Phillips et al., 2018). Yet, similarly to our results, in adult female
steppe buzzards Buteo buteo vulpinus body condition associated with
higher gut microbiome diversity, but no effect was found in male
birds (Thie et al., 2022). It may be beneficial to sample birds at mul-
tiple timepoints throughout the year to detect possible longitudinal
changes in gut microbiome and body condition. Furthermore, the
association between sex and gut microbiome diversity has proven
to be inconclusive in previous avian gut microbiome studies. In blue
tits, sex did not associate with gut microbiome diversity or compo-
sition (Drobniak et al., 2022) and similar result was found in barn
swallows (Kreisinger et al., 2015). During the breeding season, bird
species that have multiple sexual partners pass cloacal microbiota
during copulation, which could result in more similar gut microbi-
ome samples between sexes (Grond et al., 2018). Also, sex-based
differences in bird gut microbiomes may be difficult to detect with
restricted sample sizes (Capunitan et al., 2020).

5 | CONCLUSIONS

This study is among the first to characterize the large-scale
variation in the gut microbiome of wild adult great tits. It adds to
the knowledge about the causes of variation in wild avian gut
microbiomes. Our key finding is that season significantly associates
with both gut microbiome diversity and composition and factors
such as habitat and temperature, which are largely influenced
by season, also associate with the gut microbiome. Our results
indicate that changes in environmental conditions can alter the
gut microbiome, thus highlighting the importance of studying the
effects of environmental change on gut microbiomes. Future studies
should try and incorporate omics methods to detect possible
changes in gut microbiome functions between seasons and habitats.
This would help us understand how variation in gut microbiome
diversity and composition may influence host metabolism and, for
example, reproduction. More work is needed to understand the
origins of the observed within and among-population variation
in great tit gut microbiomes and how this variation connects to
population performance and the functionality of the gut microbiome

in changing environmental conditions.
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Abstract

Background The gut microbiome forms at an early stage, yet data on the environmental factors influencing the
development of wild avian microbiomes is limited. As the gut microbiome is a vital part of organismal health, it is
important to understand how it may connect to host performance. The early studies with wild gut microbiome have
shown that the rearing environment may be of importance in gut microbiome formation, yet the results vary across
taxa, and the effects of specific environmental factors have not been characterized. Here, wild great tit (Parus major)
broods were manipulated to either reduce or enlarge the original brood soon after hatching. We investigated if brood
size was associated with nestling bacterial gut microbiome, and whether gut microbiome diversity predicted survival.
Fecal samples were collected at mid-nestling stage and sequenced with the 16S rRNA gene amplicon sequencing,
and nestling growth and survival were measured.

Results Gut microbiome diversity showed high variation between individuals, but this variation was not significantly
explained by brood size or body mass. Additionally, we did not find a significant effect of brood size on body mass or
gut microbiome composition. We also demonstrated that early handling had no impact on nestling performance or
gut microbiome. Furthermore, we found no significant association between gut microbiome diversity and short-term
(survival to fledging) or mid-term (apparent juvenile) survival.

Conclusions We found no clear association between early-life environment, offspring condition and gut microbi-
ome. This suggests that brood size is not a significantly contributing factor to great tit nestling condition, and that
other environmental and genetic factors may be more strongly linked to offspring condition and gut microbiome.
Future studies should expand into other early-life environmental factors e.g., diet composition and quality, and paren-
tal influences.

Keywords Avian microbiome, Brood size, Gut microbiome, Parus major, 16S rRNA gene

Introduction

The digestive tract hosts a large community of differ-
ent microorganisms (i.e., gut microbiome) and is known
to be a fundamental part of organismal health and a
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powerful proximate mechanism affecting host perfor-
mance [1, 2]. The gut microbiome has been studied
across a wide range of animal taxa e.g., humans [3-5],
fish [6], and economically important species such as
poultry [7], and data from wild populations is slowly
increasing [8]. Generally, a more diverse gut microbi-
ome is considered beneficial for individual health [9], but
there are also community structure effects that define
the functionality [10]. For example, laboratory-bred mice
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with a less diverse gut microbiome have a substantially
lower chance of surviving an influenza infection com-
pared to their wild counterparts unless receiving a gut
microbiota transplant from their wild counterparts [11,
12]. Moreover, gut microbiome had been linked to host
fitness and survival in the Seychelles warbler (Acrocepha-
lus sechellensis). Individuals that harbored opportunistic
pathogens, i.e., microbes that usually do not cause dis-
ease in healthy individuals, but may become harmful in
individuals that are immunocompromised, in their gut
microbiome showed higher mortality [13, 14]. Therefore,
understanding how gut microbiome affects fitness within
and between individuals is necessary for not only under-
standing species survival but also evolution [15-17].

Gut microbiome forms at a young age and remains
somewhat stable in adulthood as found for example in
laboratory bred mice [18-20]. Disruption in the gut
microbiome that leads to a microbiome imbalance at
a young age could result in both short-term and long-
term changes in the gut microbiome [21, 22]. Of the
environmental effects, diet [23], including e.g., macro-
nutrient balance (carbohydrates, fats, amino acids) [3,
24] has been concluded to be major determinants of rat
and mouse gut microbiome, and this effect has recently
been seen in avian models as well [25-28]. Moreover,
macronutrient balance has been linked to intestinal
microbiome composition [3, 24] and the functioning of
individual immune response [29, 30]. However, as a large
part of the prior research has focused strictly on humans
or species living in controlled environments in which
environmental effects on both the microbiome and host
are sidelined [31, 32], many species, including most birds
[8], have only started to attract attention [33].

The mechanisms of bacterial colonization of the bird
gut are somewhat unique as avian life-histories differ sig-
nificantly from those of e.g., mammals [34]. In mammals,
the offspring are exposed to bacterial colonization dur-
ing vaginal birth [35] and lactation [36, 37], whereas bird
hatchlings are exposed to bacteria first upon hatching
[20, 38]. Few studies have investigated the possibility of
bacterial colonization in ovo, but results are still lacking
[39]. Genetics [40—42] as well as the post-hatch environ-
ment [20, 43-46] have a significant effect on the forma-
tion of the avian gut microbiome. Once hatched, most
altricial birds feed their young, which exposes the hatch-
lings to various bacteria that originate from the parents
i.e., via vertical transmission [47]. It has also been shown
that environmental factors are major contributors in the
formation of gut microbiome [48-51], one of these being
the rearing environment in the nest [44].

As early-life environment is connected to the estab-
lishment of gut microbiome, brood size may affect gut
microbiome [52]. Brood size is often associated with
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parents’ performance and ability to feed their young [53],
and the trade-off between offspring quality and quantity
has been studied widely [54, 55]. Food quantity per nest-
ling can decrease in enlarged broods, as parents may not
be able to fully compensate for the additional amount of
food an enlarged brood requires [56, 57]. For example,
in great tits (Parus major) it has been shown that nest-
lings from reduced broods may have a higher body mass
[58] and tend to survive better [59]. Importantly, great
tit nestling body mass has been connected to gut micro-
biome diversity and composition: body mass positively
correlates with gut microbiome richness [52]. This could
imply that good physiological condition and high food
availability would allow the host to have a diverse gut
microbiome that promotes a healthy gut.

Alterations in early-life gut microbiome could have
long-term consequences on individual performance [60],
yet such effects have rarely been studied in wild organ-
isms. In wild birds, some bacterial taxa have been linked
to better survival. For example, a high abundance of bac-
teria in the order Lactobacillales of the phylum Firmi-
cutes is related to higher individual fitness in Seychelles
warblers [14] and great tits [61]. These bacteria are also
known for the benefits for bird health in economically
important species such as poultry, in which Lactobacilli
are used as probiotics to boost immune functioning [62].
Besides Lactobacillales, gut bacteria belonging to other
genera such as Clostridium and Streptococcus are impor-
tant for the degradation of non-starch polysaccharides
and for the synthesis of essential molecules such as the
short-chain fatty acids [63, 64]. Short-chain fatty acids
are important in host energy metabolism [65] and there-
fore crucial for performance. Changes in nestling’s early-
life gut microbiome could affect such key physiological
processes that could influence for example nestling body
mass, which is tightly linked to survival to fledging [58,
59]. Because the gut microbiome establishes at a young
age and is less plastic later in life [18—20], gut microbi-
ome and changes to its richness can have long-term
effects on juvenile and adult survival [21, 22]. For exam-
ple, antibiotic treatment at infancy can affect the expres-
sion of genes involved in immune system functioning and
lead to long-term effects on host metabolism [20]. More-
over, changes in the rearing environment can affect indi-
vidual physiology and these effects can carry over to later
stages of an individual’s life such as survival to fledging
and lifetime reproductive success [66].

Here, we use an experimental approach to investi-
gate whether brood size manipulation influenced wild
great tit nestlings’ bacterial gut microbiome diver-
sity on day 7 post-hatch. We also investigated whether
brood size influenced nestling body mass on day 7 or on
day 14 post-hatch, and if the gut microbiome predicts
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short-term (i.e., survival to fledging) and mid-term (i.e.,
apparent juvenile) survival. The great tit is a well-studied
species in the fields of ecology and evolution, and it is
easy to monitor in the wild due to its habit of breeding
in nest boxes. Great tit nestlings’ gut microbiome under-
goes profound shifts during early life [52], and it has been
linked to nestling natal body mass and body size [52, 61],
yet studies focusing on gut microbiome associations with
survival are still scarce. Here, we manipulated wild great
tit broods by reducing or enlarging the original brood
size in order to analyze if this affected the gut microbi-
ome. In large broods, nestlings need to compete for their
food more [67, 68], and the lower food availability could
result in a lower gut microbiome diversity. This might
impair nestling body mass and fitness prospects [13, 52].
We used a partial cross-fostering design that enabled us
to disentangle the relative contributions of genetic back-
ground, early maternal effects, and rearing environment
such as parents, nest and nestmates on gut microbiome.
Furthermore, we used an unmanipulated control group
in which no nestling was cross-fostered to control for the
possible effects of moving the nestlings between nests.
For example, early human handling such as marking and
weighing at day 2 post-hatch could influence gut microbi-
ome later on. We hypothesized that (1) in reduced broods
nestlings would have a higher body mass, (2) in reduced
broods nestling gut microbiome would be more diverse
than in enlarged broods, and (3) higher gut microbiome
diversity on day 7 post-hatch would increase survival to
fledging and potentially reflect apparent juvenile sur-
vival. Such knowledge could provide new information
about gut microbiome in wild passerine bird population
and how the early-life environment may associate with
nestling gut microbiome, body mass, and short-term and
mid-term survival.

Methods

Study area and species

The great tit is a small passerine bird, which breeds in
secondary holes and artificial nest-boxes, making it a
suitable model species. Great tits breed throughout
Europe and inhabit parts of Northern Africa and Asia as
well, and the breeding areas differ in environment and
diet [69]. In Finland the great tit is a common species
with an estimate of 1.5 to 2 million breeding pairs. They
lay 6 to 12 eggs between April and May and the female
incubates the eggs for 12—15 days. The nestlings fledge
approximately 16 to 21 days after hatching. The study was
conducted during the breeding season (May—July 2020)
on Ruissalo island (60°25’59.99” N 22°09’60.00” E). Ruis-
salo island habitat is a mostly temperate deciduous for-
est and meadows, and some areas have small patches of
coniferous trees.
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Brood size manipulation experiment
Nest boxes were first monitored weekly and later daily
when clutches were close to the estimated hatching date.
Brood size manipulation took place on day 2 after hatch-
ing. Increases in great tit brood size can lead to lowered
weight in both the nestlings and adults [70-75], and our
decision on the number (i.e., +2 or —2) of manipulated
nestlings (i.e, +2 or —2) followed the cited studies. We
had four treatment groups (see Fig. 1): in the ‘enlarged
group (henceforward called E), we increased the brood
size by two individuals that were taken from a ‘reduced
brood. Correspondingly, in the ‘reduced group (hence-
forward called R), we decreased the brood size by two
individuals, that were added to the enlarged broods. In
the ‘control group (henceforward called C); we swapped
nestlings between nests but did not change the brood
size. And lastly, in the ‘unmanipulated control group
(henceforward called COU), we only weighed and col-
lected fecal samples on day 7 but did not move the nest-
lings between nests. We also moved nestlings between
the reduced nests to ensure that all nests except for COU
had both original and fostered nestlings. Control nests
were used to control for potential cross-fostering effects
unrelated to brood size. Additionally, in the unmanipu-
lated control group nestlings were not moved or weighed
on day 2 in order to control for any handling effects per
se. This study design enabled us to test the potential
impacts of handling nestlings and swapping the nest early
after hatching. We aimed to move approximately half of
the chicks in the manipulated nests, so that the number
of original and the fostered nestlings would be the same
in each nest after manipulation.

Before they were moved, nestlings were weighed using
a digital scale with a precision of 0.1 g and identified
by clipping selected toenails. We aimed to add/remove
nestlings that were of similar weight to avoid changing
the sibling hierarchy in the brood. The moving proce-
dure was performed as quickly as possible to minimize
the risk of stress and the nestlings were kept in a warmed
box during transportation. For each pair of nests in the
brood size manipulation experiment, we selected nests
that had a similar hatching date. In case of uneven num-
ber of nests hatching within a day, one or three nest(s)
was/were allocated to the COU group. To avoid poten-
tial bias from hatching date, we allocated nests in any
given day evenly to each treatment. We also checked
that the treatments had an equal brood size on average
i.e., we did not want to only reduce the larger clutches
and enlarge the smaller clutches. These is also a signifi-
cant bias towards COU nests being later in the season on
average (Table 1).
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After manipulation

Enlarged nest gained four nestlings from reduced
nest. Additionally, two nestlings from the original
enlarged nest were moved to the reduced nest.

Reduced nest lost two nestlings when four of
R the nestlings were moved to the enlarged nests
and only two nestlings were moved back to the
reduced nest.

Moved across broods but
original and manipulated brood
sizes were identical.

Not moved at all, but only
sampled for a fecal sample at

COou

Unmanipulated control

day 7 post-hatch.

Fig. 1 Brood size manipulation experiment schematic diagram. 2-day-old nestlings were moved between nestboxes to enlarge or to reduce
original brood size (an example with brood size of seven is given). Some nests were kept as control nests (nestlings were moved but brood size
remained the same) and some were kept as unmanipulated control nests (nestlings were not moved at all to test whether early-life handling affects

gut microbiome). The original brood size varied between nests

Fecal sample collection

To study the effects that brood size may have on the nest-
ling gut microbiome and its links to individual nestling
body mass, survival to fledging and apparent juvenile
survival, we used a subset of data from a larger experi-
ment (Cossin-Sevrin et al., unpublished data). In this
subset, we use individuals from which fecal samples were
collected on day 7 after hatching and analyzed for micro-
biome diversity and composition (C=23 nestlings/15
nests, COU=22/13, E=23/15, R=24/16) We aimed to
collect two samples (one from original and one from fos-
ter nestlings) per nest. Fecal samples from the nestlings
were collected gently by stimulating the cloaca with the
collection tube. Samples were collected straight into a
sterile 1.5 ml Eppendorf tube to avoid possible contami-
nation of the sample. At time of sampling, each nest-
ling was weighed (0.1 g), and the nestlings were ringed
for individual identification using aluminum bands.
The samples were stored in cool bags onsite and after-
wards moved to a -80 °C freezer for storage until DNA
extraction.

Apparent juvenile survival
We monitored all study nests until fledging to measure
short-term survival. On day 14 post-hatch, the sampled

nestlings were weighed, and wing-length was measured
to detect if the manipulation had any effects on nestling
growth. Nests were subsequently monitored for fledging
success. Additionally, we monitored our study population
for apparent juvenile survival (i.e., mid-term survival)
after the breeding season (i.e., approximately 3 months
after fledging) to assess the association between gut
microbiome and post-fledging survival. We captured
juvenile great tits by mist netting during the autumn-—
winter 2020 at six different feeding stations that had a
continuous supply of sunflower seeds and suet blocks.
Feeding stations were located within the previously men-
tioned nest box population areas. For each site mist net-
ting with playback was conducted on three separate days
during October—November 2020 for three hours at a
time, leading to a total of 69 h of mist netting. A total of
88 individuals from the brood size manipulation experi-
ment were caught, and the caught juvenile great tits were
weighed, and wing length was measured. Our catching
method provides an estimate of post-fledging survival
yet, it could be slightly biased based by dispersal. In a
previous study in our population [76], none of the birds
ringed as nestlings were recaptured outside the study
area, suggesting that dispersal is likely limited.
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Table 1 (A) Brood size before and after manipulation, (B) hatching date across treatments
(A) Brood size Before manipulation (mean + SD) After
manipulation
(mean £ SD)
Enlarged broods (E) 7700161 9.65041.309
Reduced broods (R) 8.375+£1.637 6.375+1.637
Control broods (C) 7.56541.805 7.56541.805
Unmanipulated broods 78102112 na
ANOVA F3=0.987, p=0403
(B) Hatching date Mean+SD
Enlarged broods (E) 58.60+£5.77
Reduced broods (R) 59834641
Control broods (C) 58.74+534
Unmanipulated broods 63.81+£4.79
(B) Tukey'’s post-hoc for between-group comparisons
Average hatching date
ANOVA F3=3.964, p=0.011%
Contrasts Estimate SE t.ratio p
COU-C 5.070 1.70 2983 0.019*
COU-E 5210 1.76 2.961 0.020*
COU-R 3976 1.68 2363 0.092
C-E 0.139 1.72 0.081 0.100
C-R —1.094 1.64 —0.666 0910
E-R —1233 1.70 —0723 0.888

(E) enlarged brood size, (R) reduced brood size, (C) control brood size, (COU) unmanipulated control brood size. Brood size was successfully either reduced or enlarged

by two chicks

DNA extraction and sequencing

We chose two samples per nest for DNA extraction, yet
in such a way that both fledged and not-fledged nestlings
would be included in the dataset. DNA was extracted
from nestling fecal samples using the Qiagen QIAamp
PowerFecal Pro DNA Kit (Qiagen; Germany) following
the manufacturer’s protocols. Additionally, we included
negative (RNAse and DNAse free ddH,O) controls to
control for contamination during DNA extraction and
additional controls to confirm successful amplification
during PCR. A short fragment of hypervariable V4 region
in the 16S rRNA gene was amplified using the purified
DNA samples as template with the following primers:
515F_Parada (5-GTGYCAGCMGCCGCGGTAA-3’) and
806R_Apprill (5-GGACTACNVGGGTWTCTAAT-3)
[77, 78]. PCRs were performed in a total volume of 12 uL
using MyTaq RedMix DNA polymerase (Meridian Bio-
science; Cincinnati, OH, USA). The PCR cycling condi-
tions were as follows: first, an initial denaturation at 95 °C
for 3 min followed by 30 cycles of 95 °C for 45 s, 55 °C
for 60 s, and 72 °C for 90 s, and finished with a 10-min
extension at 72 °C. After the first round of PCR, a sec-
ond round was conducted to apply barcodes for sample

identification [79]. For this, PCR cycling conditions were
as follows: first, an initial denaturation at 95 °C for 4 min
followed by 18 cycles of 98 °C for 20 s, 60 °C for 15 s,
and 72 °C for 30 s, and finished with a 3-min extension
at 72 °C. We performed replicate PCR reactions to con-
trol for errors during the amplification. Further on, the
PCR products were measured for DNA concentration
with Quant-IT PicoGreen dsDNA Assay Kit (ThermoFis-
cher Scientific; Waltham, MA, USA) and for quality with
TapeStation 4200 (Agilent; Santa Clara, CA, USA). The
samples from each of the PCR replicates were pooled
equimolarly creating two separate pools and purified
using NucleoMag NGS Clean-up and Size Select beads
(Macherey—Nagel; Diiren, Germany). Finally, pooled
samples were sequenced (2x 300 bp) on the Illumina
MiSeq platform (San Diego, CA, USA) at the Finnish
Functional Genomic Center at the University of Turku
(Turku, Finland).

Sequence processing

All statistical analyses were performed with R (v. 4.11.0;
R Development Core Team 2021) unless otherwise
stated. The demultiplexed Illumina sequence data was
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first processed with Cutadapt version 2.7 [80] to remove
locus-specific primers from both R1 and R2 reads. Then,
the DADA2 pipeline (v. 1.24.0; [81]) was used to filter the
reads based on quality, merge the paired-end (R1 and R2)
reads, to define the single DNA sequences i.e., Amplicon
Sequence Variants (henceforward ASV), and to construct
a ‘seqtab’ Seqtab is a matrix also known as otutable or
readtable: ASVs in columns, samples in rows, number
of reads in each cell, using default parameter settings.
In total, our seqtab consisted of 6,929,537 high-quality
reads. Reads were assigned to taxa against the SILVA
v132 reference database [82] resulting in 8658 ASVs. To
control for contamination, negative DNA extraction and
PCR controls were used to identify contaminants (60
ASVs) using the decontam package (v. 1.12; [83]) and all
were removed from the dataset. Sequencing runs (rep-
licate PCR’s) were merged using the phyloseq package
(v. 1.32.0) and non-bacterial sequences (mainly Chloro-
phyta) were removed from the data as they were not of
interest in this study resulting in a total of 6566 ASVs
(a total of 4,107,028 high-quality reads in all samples;
mean per sample: 15,155.085; mean range per sample:
0-97,264). Singleton reads were removed from the data-
set by the DADA?2 pipeline. Data was further analyzed
with the phyloseq package (v. 1.32.0; [84]), and the micro-
biome package (v. 1.18.0; [85]) and visualized with the
ggplot2 package (v. 3.3.6; [86]).

The final dataset contained 92 samples from great tit
nestlings resulting in a total of 3,161,696 reads (mean
per sample: 34,366.261; mean range per sample 108
— 189,300 reads), which belonged to 6,505 ASVs. The
dataset was then rarefied for alpha diversity analyses at
a depth of 5000, as this was where the rarefaction curves
plateaued (see Additional file 2). The rarefied dataset
contained 4,791 ASVs in 88 samples. For beta diversity,
the unrarefied dataset was used after confirming that the
beta diversity statistics were quantitatively similar for the
rarefied and unrarefied datasets. Bacterial relative abun-
dances were summarized at the phylum and genus level
and plotted based on relative abundance for all phyla
and genera. A Newick format phylogenetic tree with the
UPGMA algorithm to cluster treatment groups together
was used to visualize sample relatedness (see Additional
file 3) and was constructed using the DECIPHER (v.
2.24.0; [87]), phangorn (v. 2.8.1; [88]), and visualized with
ape (v. 5.6-2; [89]), and ggtree (v. 3.4.0; [90]) packages.

Statistical analyses
Nestling body mass
First, to analyze whether brood size manipulation
affected nestling body mass in the C, E, and R treatment
groups, we ran two linear mixed-effects models with the
Ime4 package (v. 1.1-29; [91]). In these models we used
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either body mass on day 7 or 14 as the dependent vari-
able and brood size manipulation treatment, hatching
date, body mass on day 2 post-hatch and original brood
size as predicting variables. Hatching date is used as a
predicting variable because it is known to affect nestling
body mass during the breeding season [92] and there
were differences in hatching date between the COU and
other treatment groups (see Table 1). We included the
interaction between original brood size and brood size
manipulation treatment in both models as the effect of
manipulation may depend on the original brood size. For
example, there could be stronger effect of enlargement in
already large broods. Nest of origin and nest of rearing
were used as random intercepts to control for the non-
independence of nestlings sharing the same original or
foster nests. Here, we did not include the COU group in
the analysis because we wanted to measure the effects
of treatment on nestling body mass, and only enlarged,
reduced or control broods’ nestlings were moved
between nests.

Second, to analyze whether the actual brood size
affected nestling body mass, we ran two models where
we used it as a continuous dependent variable to explain
body mass either on day 7 or on day 14 post-hatch.
Hatching date and body mass on day 2 post-hatch were
used as predicting variables and nest of origin and nest
of rearing as random intercepts to control for the non-
independency of samples. We included the interaction
between manipulated brood size and hatching date in the
models because the effect of brood size may depend on
the hatching date. For example, hatching date can reflect
environmental conditions and large broods may perform
poorly late in the season due to poorer food availability.
The COU group was initially excluded from this model
to see which of the two random effects, nest of origin or
nest of rearing, explained a larger portion of variation
in the treatment groups. In the COU group, nest of ori-
gin and nest or rearing were the same, which meant we
could not include both random effects in models where
all treatment groups were present due to the model fail-
ing to converge. Nest of origin explained more of the
variation in the first model (see Additional file 4) and
therefore, we used it in the full models with all treat-
ment groups: C, COU, E and R. In these models, nestling
body mass either on day 7 and or on day 14 post-hatch
was used as a dependent variable and manipulated brood
size as the explanatory variable. Hatching date and body
mass on day 2 post-hatch were set as predicting variables.
Nest of rearing was used as a random intercept to control
for the non-independence of nestlings sharing the same
foster nests. The significance of factors included in the
models were tested using the F-test ratios in analysis of
variance (Type IIl ANOVA).
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Alpha diversity

For alpha diversity analyses, which measures within-
sample species diversity, we ran two linear mixed-effects
models with the /me4 package (v. 1.1-29; [91]) to measure
if either brood size manipulation or manipulated brood
size as a continuous variable were associated with gut
microbiome diversity. We used two alpha diversity met-
rics: the Shannon Diversity Index, which measures the
number of bacterial ASVs and their abundance even-
ness within a sample, and Chaol Richness, which is an
estimation of the number of different bacterial ASVs in a
sample. Both metrics were used to check if alpha diver-
sity results were consistent across different metrics. Each
diversity index was used as the dependent variable at a
time and either brood size manipulation treatment or
manipulated brood size as a predicting variable. In both
models we included original brood size, weight on day 7
post-hatch and hatching date as covariates. We included
interaction between brood size manipulation treatment
and original brood size as there could be a stronger effect
of enlargement in initially large broods. We also included
interaction between manipulated brood size and weight
on day 7 post-hatch because effect of brood size on
microbiome may depend on nestling weight. We also
tested whether alpha diversity predicted weight on day 7
post-hatch, as weight and gut microbiome diversity have
been connected in previous studies. In this analysis we
used weight on day 7 post-hatch as the dependent vari-
able and alpha diversity (Shannon Diversity Index and
Chaol Richness), treatment and hatching date as predict-
ing variables and nest of rearing as the random effect. In
these sets of models, we first excluded the COU group
to see which of the two random effects, nest of origin or
nest of rearing, explained a larger proportion of variation
in the treatment groups. Nest of rearing explained more
of the variation in this model (see Additional file 4) and
therefore, we used it in the full model with all treatment
groups: C, COU, E and R. The significance of factors
included in the models were tested using the F-test ratios
in analysis of variance (ANOVA).

Short-term survival

To explore whether alpha diversity associated with sur-
vival to fledging (i.e., short-term survival) and with
apparent juvenile survival in Autumn 2020 (i.e., mid-
term survival), we used generalized linear models with
binomial model (v. 1.1-29; Ime4 package, [91]), and then
tested the significance of factors with type 2 ANOVA
from the car package (v. 3.0-13; [93]). Type 2 ANOVA
was used because the model did not contain interac-
tion between predicting and there was no order between
covariates, as they could not be ranked. Survival to
fledging and recapture in Autumn 2020 were used as
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the binomial response variable (yes—no) in each model.
Alpha diversity (Shannon Diversity Index and Chaol
Richness) was the main predicting variable, and weight
on day 7 post-hatch (same time as sampling the fecal gut
microbiome), hatching date and manipulated brood size
were included as covariates in the model. We did not
include brood size manipulation treatment in the sur-
vival models as not enough birds from each treatment
group were recorded for fledging and juvenile survival.
Moreover, we excluded random effects from this model
as the model failed to converge. 65 nestlings fledged suc-
cessfully, while 8 nestlings were found dead in nest boxes.
For 15 nestlings we had no fledging record, so these were
excluded from the survival to fledging analysis. In appar-
ent juvenile survival, 19 birds out of 92 (with data on
microbiome diversity) were recaptured as juveniles. For
all analyses, the R package car (v. 3.0-13; [93]) was used
to test Variance Inflation Factors (VIFs) and the package
DHARMa (v. 0.4.5; [94]) to test model diagnostics for lin-
ear mixed-effects and generalized linear models.

Beta diversity

For visualizing beta diversity, i.e., the similarity or dis-
similarity between the treatment group gut microbiomes,
non-metric multidimensional scaling (NMDS) was used
with three distance matrices: Bray—Curtis [95], weighted
UniFrac, and unweighted UniFrac [96]. Permutational
multivariate analysis of variance (PERMANOVA) using
the Euclidean distance matrix and 9999 permutations
was tested with the R package vegan (adonis2 function;
v. 2.6-2; [97]) to investigate if any variables affected to the
variation in gut microbiome composition. Nest of rearing
was set as a blocking factor in the PERMANOVA to con-
trol for the non-desirable effects of the repeated sampling
of foster siblings. The test for homogeneity of multivari-
ate dispersions was used to measure the homogeneity of
group dispersion values. We used the phyloseq package
(v. 1.32.0; [84]) to run a differential abundance analysis
with a significance cut-off p<0.01 to test the differential
abundance of ASVs between the treatment groups.

Results

The effects of brood size manipulation on nestling body
mass

Brood size manipulation did not significantly affect
nestling body mass on day 7 post-hatch (ANOVA: F,
25830 =0.441, p=0.648; see Additional file 5). Moreo-
ver, there was no significant interaction between brood
size manipulation and original brood size (ANOVA: F,
2a610=0.678, p=0.517; see Additional file 5). On day 14
post-hatch, brood size manipulation did not significantly
affect nestling body mass (ANOVA: F, ,,33;=0.831,
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p=0.448; see Additional file 5). However, body mass
increased with increasing hatching date (ANOVA: F,
sa070=13.367, p=0.001; see Additional file 5). Next, we
did not find any significant associations between manip-
ulated brood size and nestling body mass (ANOVA for
weight on day 7: F 35,49=1.777, p=0.191; ANOVA for
weight on day 14: F 5949 =2.156, p=0.153; see Addi-
tional file 6). Nest of origin explained a larger proportion
of the variation in weight than the nest of rearing on both
day 7 (nest of origin 41.1% and nest of rearing 24.4%) and
day 14 (nest of origin 65.5% and nest of rearing 21.9%)
post-hatch, but this result was not statistically significant
(Pr>x2=1) (see Additional file 4).

Alpha diversity

As 7-day-old nestlings, most bacterial taxa belonged to
the phyla Proteobacteria, Firmicutes, and Actinobacte-
ria (Fig. 2).

Brood size manipulation did not significantly influ-
ence alpha diversity (Shannon Diversity Index)
(ANOVA: F; 4405 =1.026, p=0.390, Fig. 3; see Addi-
tional file 7). Moreover, original brood size (ANOVA:
Fi 50260=0.388, p=0.536; see Additional file 7),
weight on day 7 post-hatch (ANOVA: F, 455, =0.003,
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p=0.959; see Additional file 7), and hatching date
(ANOVA: F| 50,7=1.073, p=0.305; see Additional
file 7) did not significantly associate with alpha diver-
sity. There was no significant interaction between
brood size manipulation and original brood size
(ANOVA: F; 45053=0.126, p=0.944; see Additional
file 7). Results for Chaol Richness were quantitatively
similar: brood size manipulation did not affect alpha
diversity (ANOVA: F; 4593,=0.358 p=0.784, Fig. 3;
see Additional file 7). Nest of rearing explained a larger
proportion of the observed variance in alpha diversity
(27.7%) than nest of origin (10.8%), but the result was
not statistically significant (Pr>x2=1) (see Additional
file 4).

Next, we tested whether the manipulated brood size
as a continuous variable was associated with alpha
diversity (Shannon Diversity Index), but found no sig-
nificant association (ANOVA: F, 4; 49 <0.001, p=0.984;
see Additional file 8) in this analysis either. Weight on
day 7 post-hatch (ANOVA: F| g)40=0.015, p=0.903;
see Additional file 8) and hatching date (ANOVA: F|
50734 =0.137, p=0.713; see Additional file 8) did not
correlate with alpha diversity in this model either. There
was no significant interaction between manipulated
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Fig. 2 Bacterial relative abundances on Phylum level across the four treatment groups. Each bar represents an individual sample. Treatment groups
are control (C), unmanipulated control (COU), enlarged (E), and reduced (R). N =88 samples divided into treatment groups as follows: C =23,
COU=21, E=20, R=24. Phyla with less that 10% in relative abundance is collapsed into the category "< 10% abundance”
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Fig. 3 The gut microbiome alpha diversity of 7-day-old great tit
nestlings across the four treatment groups visualized with two
diversity metrics: A Shannon Diversity Index and B Chao1 Richness.
The black dots represent each observation within a treatment group.
The whiskers represent 95% confidence intervals. Treatment groups
are control (C), unmanipulated control (COU), enlarged (E), and
reduced (R). N=288 samples divided into treatment groups as follows:
C=23,C0U=21,E=20,R=24

brood size and weight on day 7 post-hatch (ANOVA: F
82702 < 0.000, p=0.998; see Additional file 8). Results for
Chaol Richness were quantitatively similar (ANOVA:
F) 65060=0.246, p=0.622; see Additional file 8): manip-
ulated brood size did not affect alpha diversity, and
neither did weight on day 7 post-hatch (ANOVA: F,
g3.513 = 0.690, p=0.409; see Additional file 8) nor hatch-
ing date (ANOVA: F, 5, ,,0=1.133, p=0.292; see Addi-
tional file 8).

Alpha diversity and short/mid-term survival
Next, we explored whether alpha diversity (Shannon
Diversity Index and Chaol Richness) contributed to pre-
dicting short/mid-term survival (survival to fledging and
apparent juvenile survival). Survival to fledging was not
predicted by alpha diversity (Shannon Diversity Index:
Xx2=0.010, df=1, p=0.923; see Additional files 9 and 10),
manipulated brood size (x2=0.090, df=1, p=0.764; see
Additional file 9), weight on day 7 post-hatch (x2=0.388,
df=1, p=0.533; see Additional file 9) or hatching date
(x2=10.438, df=1, p=0.508; see Additional file 9).
Apparent juvenile survival was not significantly asso-
ciated with alpha diversity (Shannon Diversity Index:
x2=1916, df=1, p=0.166; see Additional file 9 and
Additional file 10). Moreover, there was no significant
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interaction between alpha diversity and manipulated
brood size (x2=1.268, df=1, p=0.260; see Additional
file 9). However, apparent juvenile survival was nega-
tively associated with hatching date (x2=4.654, df=1,
p=0.031; see Additional file 9). Additional analyses to
check for the consistency of results were tested the fol-
lowing way: survival to fledging with nestlings from the
COU group removed and apparent juvenile survival
without the nestlings with no recorded survival for fledg-
ing (see methods). These results were quantitatively simi-
lar as in the whole dataset for both Shannon Diversity
Index (survival to fledging: x2=2.285, df=1, p=0.131;
apparent juvenile survival: x2=1.515, df=1, p=0.218;
see Additional file 11) and Chaol Richness (survival to
fledging: x2=0.665, df=1, p=0.415; apparent juve-
nile survival: x2=2.654, df=1, p=0.103; see Additional
file 11).

Beta diversity

Non-metric multidimensional scaling (NMDS) using
weighted and unweighted UniFrac and Bray—Curtis dis-
similarity did not show clear clustering of samples based
on brood size manipulation treatment (see Additional
file 3). The test for homogeneity of multivariate disper-
sions supported the visual assessment of the NMDS
(Betadispersiongggg permutations’ '3, 0.060 =0-650, p<0.001;
see Additional file 12). Pairwise PERMANOVA further
indicated that the treatment (PERMANOVA: R?=0.061,
F=1.951, p=0.278; see Additional file 12), weight on
day 7 post-hatch (PERMANOVA: R?>=0.015, F=1.387,
p=0.091) or hatching date (PERMANOVA: R?=0.0232,
F=2.214, p=0.993) did not significantly contribute to
the variation in gut microbiome composition between
the treatment groups. Differential analysis of ASV abun-
dance between the treatment groups showed that there is
variation in taxa abundance. E group showed higher taxa
abundance when compared to COU and C groups and
was slightly higher than the R group. C and COU groups
were generally lower in taxa abundance than R and E
groups, and COU group showed lower abundance than
the other groups in each comparison (see Additional
file 13).

Discussion

In this study, we investigated the associations between
great tit nestling gut microbiome, brood size, and nestling
body mass by experimentally manipulating wild great tit
broods to either reduce or enlarge the original brood size.
The results show that even though there was individual
variation in the nestling gut microbiome (Fig. 2), brood
size did not significantly contribute to gut microbiome
diversity. Neither did gut microbiome diversity explain
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short-term (survival to nestling) nor mid-term (apparent
juvenile) survival. Body mass was also not significantly
affected by brood size manipulation. The COU group that
functioned as a control for moving and handling effects,
did not differ in this respect from the other groups. This
suggests that human contact or handling nestlings 2 days
post-hatch did not influence nestling gut microbiome
or body mass. The partial cross-fostering design ena-
bled us to disentangle the relative contributions of rear-
ing environment (i.e., parents, nest and nestmates) from
genetic, prenatal such as maternal allocation to egg, and
early post-natal effects such as feeding up to day 2. Nest
of rearing seemed to explain more of the variation in
nestling gut microbiome diversity than the nest of origin
(although not statistically significant), which follows pre-
vious studies. Contrastingly, nest of origin seemed to be a
stronger contributor than the nest of rearing on nestling
body mass on day 7 and day 14 post-hatch. This result
was also not statistically significant.

Brood size manipulation and nestling body mass

First, we explored whether brood size was associated
with nestling body mass, as such changes may explain the
underlying patterns in gut microbiome [52]. Against our
hypothesis, we found no significant association between
nestling body mass and brood size: neither reduction nor
enlargement of the broods resulted in significant body
mass differences in the nestlings on day 7 and day 14
post-hatch. While the result is supported by some stud-
ies in which associations between nestling body mass and
brood size have been tested [61, 98], the majority of the
literature shows that brood size negatively correlates with
nestling body mass: in larger broods nestlings are gener-
ally of lower mass [52, 53, 57, 67, 99-104].

There are a few possible explanations why brood size
manipulation did not affect nestling body mass. Firstly, if
environmental conditions were good, parents may have
been able to provide enough food even for the enlarged
nests and thus, variance in brood size may not result in
differences in nestling body mass between reduced and
enlarged nests. In that case the number of nestlings
transferred between enlarged and reduced nests should
probably have been larger to create differences in nestling
body mass between the two treatments. Still, we think
that the decision to transfer 4 2/— 2 was reasonable since
it was based on extensive evidence from previous stud-
ies [103]. Secondly, it could be that the enlarged brood
size negatively influences some other physiological traits
while body mass was retained at the expense of these
other traits e.g., immune system functioning [105, 106].
Moreover, our analysis showed that hatching date had a
significant effect on nestling body mass: nestlings that
hatched later in the season were of lower weight. This
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could be a result of changes in the food items that great
tits use, changes in temperature conditions or in paren-
tal investment during the breeding season. As the season
progresses, the abundance of insect taxa varies, and this
can result in changes in nutrient rich food [103, 107]. For
example, great tits can select certain lepidopteran larvae
that vary in their abundance during the great tit breeding
season [108]. Thirdly, it could be that the change in brood
size was influencing the parents’ condition instead of
the nestlings [109, 110]. In enlarged broods, parents are
required to forage more which can lead to higher energy
expenditure and increased stress levels in parents [72, 73,
109].

Brood size manipulation and gut microbiome

We found large inter-individual differences in gut micro-
biome diversity, yet this variation was not explained
by brood size or nestling body mass. It is possible that
brood size did not result in differences in food intake.
For example, parents were likely able to provide an
equivalent amount of food, given that body mass was
not significantly affected by the brood size manipula-
tion. Therefore, brood size manipulation did not affect
gut microbiome diversity through differences in nutrient
uptake. Alternatively, in this study, fecal sampling took
place 5 days after the initial brood size manipulation (day
2 post-hatch). It could be that sampling on a later date or
at multiple timepoints [61, 111] would have led to differ-
ent results. Firstly, the time interval may not have been
long enough to detect effects of the brood size manipula-
tion. Secondly, it has been shown in previous studies that
the nestling gut microbiome undergoes profound shifts
at the nestling stage: overall gut microbiome diversity
decreases but relative abundance in some taxa increases
[52]. We suggest that fecal samples could be collected on
multiple days post-hatch to understand the potential day
to day changes in the nestling gut microbiome.

Our results suggest that the variance in gut micro-
biome is a result of other factors than those linked to
brood size. Firstly, one of these factors could be diet (i.e.,
food quality) which has gained attention in gut microbi-
ome studies during the past years [25, 27, 112—115]. The
overall diversity in gut microbiome could be explained
by adaptive phenotypic plasticity because it is sensi-
tive to changes in the environment e.g., changes in diet
[116, 117]. The food provided by the parents can vary
between broods in different environments [118], and this
variation in diet can lead to differences in gut microbi-
ome diversity [114—119]. For example, abundance in cer-
tain dietary items such as insects or larvae can result in
lower gut microbiome diversity than other dietary items
[113-116]. As great tits have been reported to adapt their
diet along the breeding season due to changes in insect
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taxa frequency [103, 107] this could affect the between-
nestling and between-nest gut microbiome diversity.
However, using wild bird populations in gut microbiome
studies limits the ability to control the consumed dietary
items because parents may use variable food resources
and there can be variance in dietary between sexes and
even individuals. Visual assessment of dietary items [116]
and metabarcoding could be of use here as they enable
the identification of food items on genus and even spe-
cies level from e.g., fecal samples [119].

Secondly, breeding habitat may lead to differences
in gut microbiome diversity [120]: adult birds living in
deciduous forests have shown to harbor different gut
microbiome diversity than their counterparts living in
open forested hay meadows. Here, we used a cross-fos-
tering design to study if the rearing environment contrib-
uted to the variation in gut microbiome diversity: Our
study indicated that the nest of rearing seemed to explain
more of the gut microbiome variation than the nest of
origin (although not significant), which follows some pre-
vious results [43, 44, 52]. For example, a study with great
and blue tit (Cyanistes caerulaeus) nestlings showed that
the nest of rearing contributed more to the gut microbi-
ome than the nest of origin [43], and another study with
the brown-headed cowbird (Molothrus ater) concluded
that the sampling locality had a significant contribution
to the gut microbiome [44]. Teyssier et al. [52] conducted
cross-fostering at day 8 post-hatch in great tits and found
that the nest of rearing influenced the gut microbiome
more than the nest of origin. Additionally, parents can
pass down their bill and feather microbiome through
vertical transmission, which could influence nestling gut
microbiome [20].

Results from beta diversity analysis were similar to
that of alpha diversity: brood size manipulation did not
contribute to the variation in gut microbiome composi-
tion. Overall, variation in gut microbiome composition
could be a result of different genetic and environmental
contributors. Firstly, great tit nestling gut microbiome
composition could be explained by underlying genetic
effects that we did not measure in this study. Phylosym-
biosis i.e., the matching of gut microbiome composition
to host genetic structure, could be explained by underly-
ing genetics that may translate into physiological differ-
ences that affect the gut microbiome e.g., founder effects
or genetic drift [121]. Davies et al. [14] found that MHC
genes correlate with gut microbiome composition: the
expression of specific alleles in the MHC genes was con-
nected to the abundance of specific bacterial taxa such
as Lactobacillales and Bacteroidales that influenced host
health. In a study by Benskin et al. [41] captive zebra
finches (Taeniopygia guttata) showed significant varia-
tion in gut microbiome composition between individuals
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even though their diet and housing conditions were
standardized. The study suggested that individual home-
ostatic mechanisms linking to naturally occurring dif-
ferences in individual gut microbiome could be why gut
microbiome composition varied even with standardized
housing conditions [41]. Secondly, gut microbiome com-
position could have been affected by the same environ-
mental effects that may have linked to the variation in
gut microbiome diversity: diet and feeding behavior [115,
116].

Differential analysis of ASV abundance showed vari-
ation in differential abundance of taxa between the
treatment groups. However, several ASVs were not tax-
onomically assigned beyond family level making it diffi-
cult to draw conclusions about the significance of these
results. All treatment groups had taxa belonging to the
order Firmicutes, Proteobacteria and Actinobacteria,
which was to be expected because they are usually the
most core phyla in passerine gut microbiomes [33]. Nest-
lings belonging to E, R or C group showed higher taxa
abundance than the COU group in each comparison.
This result could be a result of the COU nestlings gen-
erally hatching later in the season and potentially having
a less diverse diet [103, 107]. Of the E, R and C groups,
C group was less abundant than E and R groups. Both E
and R group showed high taxa abundance, which is inter-
esting because we hypothesized that nestlings belonging
to the E group would potentially experience less parental
investment per nestling and have lower gut microbiome
diversity and therefore, be less abundant [56, 57, 67, 68].
We did not observe differential abundance in e.g., the
order Lactobacillales which would have been of interest,
because the order hosts taxa that are beneficial for gut
microbiome health [14, 62]. The genus Staphylococcus
was differentially abundant in the E group, but not in the
other groups. Staphylococcus is a gram-positive genus of
bacteria and known to cause infections in its host species
[122]. Curiously, the COU group was differentially abun-
dant in the genus Dietzia, which is a human pathogen
[123].

Gut microbiome and short-term and mid-term survival

Our results showed that gut microbiome diversity
and brood size were not significantly associated with
short-term (survival to fledging) or mid-term (appar-
ent juvenile) survival. However, while a more diverse
gut microbiome is considered a possible indicator of a
healthy gut microbiome, the effects of the gut microbi-
ome on the host health may often be more complex and
related to specific taxa [9, 10]. For example, Worsley et al.
[13] did not find a correlation between body condition
and gut microbiome diversity, yet they found that spe-
cific taxa in the gut microbiome linked with individual
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body condition and survival. Not only environment, but
also genetic background of the individual may contrib-
ute to gut microbiome and survival. In a study by Davies
et al. [14], Ase-ua4 allele of the MHC genes was linked to
lower gut microbiome diversity and it was suspected that
the variation in the MHC genes could affect the sensitiv-
ity to pathogens that could lead to variation in gut micro-
biome diversity and eventually, host survival.

To gain a better understanding of gut microbiome
diversity and the contribution of different taxa to host
survival, functional analyses of the gut microbiome
should be included in gut microbiome studies. Differ-
ent bacterial taxa can have similar functions in the gut
microbiome [5, 124] and therefore, the absence of some
taxa may be covered by other functionally similar taxa,
resulting in a gut microbiome that is functionally more
stable [125]. Similarity in functions may also contribute
to host’s local adaptation e.g., to the changes in the host’s
early-life environment [124]: changes in brood size or
dietary items could result in variation in the gut micro-
biome diversity, yet there may be no effects on host body
condition.

The lack of association between brood size, nestling size
and survival contrasts with previous studies, but it should
be noted that the majority of previous studies have been
done with adult birds and not nestlings. Because nestling
gut microbiome is still quite flexible compared to that of
the adults [20], it is possible that our experiment did not
result in a strong enough effect on the gut microbiome. In
future studies, it would be important to study the parents
as well as it could be more likely to find an association
between adult microbiome and fitness than with nestling
gut microbiome and survival. Also, our sample size in the
survival analyses was small, and it is hard to determine
if the result was affected by the sample size. Firstly, nest-
ling survival is often found to correlate with brood size
and more specifically, with fledging mass and in particu-
lar, the ability to forage for food [61, 126]. Intra-brood
competition may explain survival to fledging, as compe-
tition between nestlings can limit food availability and
thus, leading to lower nestling body condition [68, 127].
A study with blackbirds (Turdus merula) showed that
nestling body mass explained juvenile survival [128], and
similar results have been shown with great tits and col-
lared flycatchers (Ficedula albicollis; [31]). Contrastingly,
Ringsby et al. [129] observed that in house sparrows
(Passer domesticus) juvenile survival was independent of
nestling mass and brood size. Moreover, natal body mass
is often positively correlated with survival to fledging and
juvenile survival as heavier nestlings are more likely to be
recruited [92, 130, 131], yet we failed to demonstrate this
in our study. Hatching date is also often positively corre-
lated with fledging success [132] yet we did not find this
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association in our study, but instead found a significant
association between hatching date and apparent juvenile
survival.

Conclusions

Offspring condition can be affected by the early-life envi-
ronment and early-life gut microbiome, thus highlight-
ing the importance of understanding how changes in the
rearing environment affect individual body mass and sur-
vival. Even though our results showed between-individ-
ual variation in nestling gut microbiome diversity, we did
not find a significant link between brood size and nestling
gut microbiome. Moreover, we did not find a significant
association between nestling gut microbiome diversity
and short-term or mid-term survival. This suggests that
other environmental factors (e.g., diet quality) may con-
tribute more to variation in nestling gut microbiome.
Further research is needed to uncover the environmen-
tal factors that contribute to nestling gut microbiome in
wild bird populations, and how gut microbiome may be
linked to nestling survival. Gut microbiome can adapt
faster to environmental changes than the host, which
makes it important to understand the causes of inter-
individual variation in microbiome, and how variation in
microbiome possibly mediate adaptation to environmen-
tal changes.
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