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ABSTRACT 

Scholier, Tiffany 
Cities and their effects on free-living and host-associated microbes 
Jyväskylä: University of Jyväskylä, 2023, 45 p. 
(JYU Dissertations 
ISSN 2489-9003; 677) 
ISBN 978-951-39-9699-4  
Diss. 

Microbes are essential for all life on Earth and can be found in the environment or in 
association with host organisms, where they perform essential tasks either needed 
for the health of ecosystems or their hosts. Humans impact almost every habitat on 
our planet through various processes such as loss and degradation of habitat 
including urban development, pollution and climate change. As a result, microbial 
communities (also referred to as the microbiota, including bacteria and fungi) are 
expected to respond to these selective pressures by adjusting to a changing 
environment. In this way, human alterations of the natural landscape have the power 
to impact diverse microbiota (both free-living and host-associated), that in turn may 
affect the delivery of the services they provide to ecosystems and their hosts. Using 
an innovative combination of extensive cross-sectional surveys, longitudinal field 
experiments, DNA metabarcoding techniques and stable isotope analyses, my 
doctoral thesis focuses on the impacts of human activities on free-living and host-
associated microbiota, with the aim to quantify the specific variation in bacterial and 
fungal (1) forest soil and (2) rodent (the bank vole) gut microbial communities in the 
context of urbanisation, and (3) the level of resistance (i.e., mechanism by which 
microbial communities do not change after habitat alteration) and plasticity (i.e., 
mechanism by which microbial communities change to match the novel 
environment after habitat alteration) displayed by the rodent bacterial gut 
microbiota in response to a change in the environment (host transfer between urban 
and rural forests). I found both (1) urban soil microbiota and (2) urban rodent gut 
microbiota to be distinct from those occurring in forests that are less impacted by 
urbanisation. Notably, soil pH and a dietary switch were identified as important 
factors in shaping the soil and bank vole gut microbiota, respectively. Additionally, 
I found that (3) both past (resistance) and present (plasticity) habitats influence the 
gut microbiota composition in a wild rodent. This thesis summarises the effects of 
the urban environment on microbial communities in two different systems and 
hereby demonstrates the far-reaching effects of urbanisation on microbial life forms. 

Keywords: Bacteria, fungi, gut microbiota, rodent, soil microbiota, urban, wildlife. 

Tiffany Scholier, University of Jyväskylä, Department of Biological and Environmental 
Science, P.O. Box 35, FI-40014 University of Jyväskylä, Finland 



TIIVISTELMÄ 

Scholier, Tiffany 
Kaupungit ja niiden vaikutukset vapaasti eläviin ja isäntään liittyviin mikrobeihin 
Jyväskylä: Jyväskylän yliopisto, 2023, 45 p. 
(JYU Dissertations 
ISSN 2489-9003; 677) 
ISBN 978-951-39-9699-4 
Diss. 

Mikrobit ovat oleellisen tärkeitä elämälle maapallolla, ja niitä esiintyy vapaina 
ympäristössä tai isäntäorganismeissa tukien ekosysteemien ja/tai isäntien normaalia 
toimintaa. Ihminen vaikuttaa lähes kaikkiin planeettamme elinympäristöihin aiheut-
taen niiden häviämistä ja huonontumista (mukaan lukien kaupunkien rakentami-
nen) sekä ympäristöjen saastumista ja ilmastonmuutosta. Mikrobiyhteisöjen 
(kutsutaan myös mikrobiotaksi, mukaan lukien bakteerit ja sienet) odotetaan 
reagoivan näihin ihmisen aiheuttamiin valintapaineisiin sopeutumalla muuttuvaan 
ympäristöön. Siten ihmisen aiheuttamat muutokset ympäristössä voivat muovata 
mikrobiyhteisöjä (sekä vapaasti eläviä että isäntiin liittyviä) muuttaen mikrobi-
yhteisöjen vaikutuksia ekosysteemeissä ja isännissä. Väitöskirjassani tutkin ihmis-
toiminnan vaikutuksia ympäristössä vapaasti eläviin ja luonnonvaraisissa isäntä-
eläimissä esiintyviin mikrobiyhteisöihin käyttämällä erilaisia tutkimusasetelmia, 
mukaan lukien laaja-alaiset poikkileikkausaineistot ja kokeelliset työt sekä DNA-
metaviivakoodaus ja isotooppianalyysit. Väitöskirjatyöni tavoitteena oli määrittää 
kuinka kaupungistuminen vaikuttaa (1) metsämaaperän ja (2) jyrsijöiden (metsä-
myyrän) suoliston bakteeri- ja sieniyhteisöihin. Lisäksi tarkastelin, kuinka (3) 
metsämyyrän suoliston mikrobiota säilyy muuttumattomana (resistenssi) tai muut-
tuu (plastisuus) vastaamaan uutta ympäristöä elinympäristön vaihtumisen jälkeen 
(isännän siirto kaupunkien ja maaseudun metsien välillä). Tulosteni perusteella 
molemmat, sekä 1) metsän maaperän mikrobisto, että 2) metsämyyrän suolisto-
mikrobisto eroavat kaupunkimetsien ja kaupunkien ulkopuolisten metsien välillä. 
Erityisesti erot maaperän happamuus ja jyrsijöiden ruokavaliossa tunnistettiin 
tärkeiksi tekijöiksi maaperän ja metsämyyrän suolen mikrobiotan muovautumi-
sessa. Lisäksi havaitsin, että elinympäristön muutosta edeltävä ympäristö (resistens-
si) ja uusi ympäristö (plastisuus) vaikuttavat suoliston mikrobiotan koostumukseen 
luonnonvaraisessa jyrsijässä. Väitöskirjani tulokset osoittavat, että kaupunkiluonto 
vaikuttaa mikrobiyhteisöihin kahdessa eri järjestelmässä ja osoittavat täten 
kaupungistumisen kauaskantoiset vaikutukset mikrobien elämänmuotoihin. 

Avainsanat: Bakteerit, jyrsijä, kaupunki, luonnoneläimet, maaperän mikrobisto, 
sienet, suolen mikrobisto. 

Tiffany Scholier, Jyväskylän yliopisto, Bio- ja ympäristötieteiden laitos PL 35, 40014 
Jyväskylän yliopisto 
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Currently, 56% of humans live in cities and this number is expected to increase 
to 70% by 2050 (Gross 2016). This makes urban areas the most common interface 
where humans interact with their surroundings. When natural environments are 
transformed to urban areas, usually homogenisation of the natural species 
assemblage occurs with the specific loss of sensitive and specialist species 
(McKinney 2006). In contrast, generalist species such as many rodents can thrive 
in these artificial environments (Ducatez et al. 2018). Notably, most of what we 
know about the effect of cities on wild living organisms is constrained to 
macroscopic species such as plants and animals. However, it is also crucial to 
understand how the urban environment impacts wildlife that is invisible to the 
naked eye or microbial life forms. Microbes are versatile, and while some are free-
living, others are characterised by a host-associated lifestyle. Even though, 
microbes are hidden from plain sight, they perform important tasks essential for 
proper ecosystem functioning (Fierer 2017), as well as for a healthy human life 
(Rooks and Garrett 2016, Dearing and Kohl 2017). In this thesis, I aim to address 
some simple but very important questions about the impact of urban 
environments on microbial life (both free-living and host-associated), targeting 
both bacteria and fungi.  

Microbial communities, commonly referred to as the microbiota, can be found in 
almost all environments on Earth. These communities typically consist of 
bacteria, fungi and other microorganisms (McFall-Ngai et al. 2013). 
Environmental microbes such as those found in soil are known to be of great 

1 INTRODUCTION 

1.1 Urbanisation as an anthropogenic pressure 

1.2 Microbes in the urban environment 

1.2.1 Environmental microbes 



10 

importance because they perform various ecological functions (e.g., primary 
production, decomposition, carbon cycling and nutrient mineralisation (Fierer 
2017, Delgado-Baquerizo et al. 2020)). Besides their vital role in ecosystem 
functioning, there is also an established link between diverse microbial 
communities in the environment and animal health. For example, humans that 
have little contact with natural environments (e.g., people with an urban lifestyle) 
decrease their interactions with biodiversity on a general scale and are thought 
to experience a lower exposure to naturally occurring microbes (i.e., biodiversity 
hypothesis (Von Hertzen et al. 2011)). However, the proper development of the 
human immune system relies on this exposure to learn how to distinguish 
harmful from benign particles entering the organism. When this process is 
hampered, for example when humans do not experience sufficient contact with 
nature in childhood, chances of developing atopic diseases (e.g., allergies and 
asthma) later in life increases (Hanski et al. 2012). This general detachment from 
nature has been proposed as one of the explanations to why such diseases are 
more common in industrial populations (Von Hertzen et al. 2011). As such, it is 
now clear that free-living microbes are important not only for proper ecosystem 
function but also for human health and well-being. Thus, it is crucial to 
understand the processes that affect the free-living microbial communities. 

By comparing soil microbial communities originating from urban and non-
urban areas, numerous studies have shown that the urban environment can 
impact free-living microbiota and change their compositions. Notably, bacterial 
alpha diversity (for background details, see Section 2.4.1.) was found to be higher 
in cities (Hui et al. 2017, Naylo et al. 2019, Tan et al. 2019), whereas fungal diversity 
has been reported to decline (Andrew et al. 2019, Abrego et al. 2020) or remain 
stable (Tan et al. 2019, Tedersoo et al. 2020). However, many of these studies suffer 
from limitations in the sampling design, and for instance compare urban gardens 
to non-urban forests, or provide little to no information about surveyed habitats. 
In addition, bacteria and fungi are usually studied separately which makes it 
difficult to directly contrast taxon-specific patterns.  

In my thesis, I addressed these issues by utilising the features of the typical 
Finnish landscape, where cities have natural forest patches within their borders, 
to study soil bacteria and fungi in the same soil samples (I). This approach made 
it possible to directly compare “real” forest soil microbiota (in comparison to city 
parks) between urban and non-urban areas. 

Microbes play an important role in biology of their host organisms. For example, 
microbial communities inhabiting the gastrointestinal tract of animals, (i.e., gut 
microbiota) provide important services to their hosts such as aiding digestion, 
securing nutrient supply (Dearing and Kohl 2017), regulating the immune system 
(Rooks and Garrett 2016) and protecting against pathogens (Suzuki 2017). 
Moreover, recent evidence indicate that the gut microbiota can even expand 
animal biology, for example by degrading dietary toxins (Kohl et al. 2014), 
modulating energy metabolism (Sommer et al. 2016), and even influencing host 

1.2.2 Host-associated microbes 
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behaviour (Trevelline and Kohl 2022). However, studies on animal gut 
microbiota have mainly focused on the bacterial component, creating a 
knowledge gap concerning the role of gut fungi (Richard and Sokol 2019). Yet, 
gut fungi are also important players in host-microbiota interactions, and, for 
instance, play a vital role in the development of the host immune system (van 
Tilburg Bernardes et al. 2020).  

Gut microbial communities can be affected by many environmental 
variables (e.g., diversity of environmental free-living microbes (Wang et al. 2017, 
Grieneisen et al. 2019), the amount of (microbes associated with) other 
encountered species and environmental pollution (Coolon et al. 2010)), yet host 
diet is thought to be one of the most important factors (David et al. 2014). Host-
related variation, such as host genetics can also influence the gut microbiota 
composition, however relative to environmental factors, their contribution is 
typically less strong (Rothschild et al. 2018). Although the majority of gut 
microbiota studies are focusing on humans and laboratory animals (Pascoe et al. 
2017), diet and environment-related factors are also thought to play an important 
role in determining the gut microbiota structure in wild animals. Given that the 
composition of the gut microbiota can impact the health and performance of their 
hosts in nature, it is crucial to understand the exact impacts of environmental 
changes on host-associated microbiota of wild animals, particularly in the context 
of environmental changes caused by human activities. 

Urban environments are associated with a change in the composition of the 
bacterial gut microbiota of various animals, with some animals exhibiting alpha 
diversity levels (for background details, see Section 2.4.1.)  that are higher 
(Littleford-Colquhoun et al. 2019, Gadau et al. 2019), lower (Teyssier et al. 2018, 
2020, Fuirst et al. 2018, Murray et al. 2020) or remain unchanged (Anders et al. 
2022) in comparison to their non-urban conspecifics. These contrasting outcomes 
might be explained by differences in environment features at a local scale: 
presence of suitable habitats and habitat heterogeneity (Fuirst et al. 2018, Murray 
et al. 2020), and/or (seasonal) availability of food (Littleford-Colquhoun et al. 
2019, Gadau et al. 2019, Teyssier et al. 2020) rather than their urban status per se 
(Teyssier et al. 2018). Dietary variation is thought to be a major factor in shaping 
the urban microbiota diversity and community composition with a shift towards 
higher sugar metabolism in urban animals (Littleford-Colquhoun et al. 2019, 
Gadau et al. 2019). Such dietary shifts in urban animals could be due to access to 
different dietary items (e.g., anthropogenic foods, (Knutie et al. 2019, Littleford-
Colquhoun et al. 2019, Teyssier et al. 2020, Sugden et al. 2020, Anders et al. 2022)) 
and/or altered behaviour (e.g., predation, (Mazza et al. 2020)). A strong effect of 
host diet was confirmed by an experimental study (Teyssier et al. 2020) that 
carried out cross-feeding trials in birds, such that urban birds were fed a typical 
rural diet and vice versa and found that diet was sufficient to alter the gut 
microbiota in both urban and rural birds (in both directions). It is important to 
note that all aforementioned studies have only examined the bacterial component 
of the gut microbiota, which emphasises the scarcity of data on fungal microbiota 
in wildlife and highlights the need to study the impacts of urbanisation on gut 
fungi. 
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In this thesis, I built on the existing knowledge and investigated the impact 
of living in an urban environment on the gut microbiota of a small rodent 
(Clethrionomys glareolus, formerly Myodes glareolus, in Finnish: metsämyyrä, 
(Kryštufek et al. 2020)), focusing on both bacteria and fungi (II). Moreover, by 
sampling animals from multiple replicated areas along a gradient of habitat 
disturbance (urban, suburban, managed and natural forests in national parks, see 
Section 1.3.), I place the effects of urbanisation into the appropriate contrast with 
natural habitat. Overall, I tested whether changes in the gut microbiota between 
urban and non-urban animals could be detected and whether those differences 
could be linked to variation in the long-term host diet (through stable isotope 
analysis, see Section 2.2.4.). Additionally, I investigated a potential link between 
the presence of bacterial and fungal microbes in the living environment (i.e., soil, 
I) and those found inside the bank vole gut. 

A growing body of evidence suggests that the gut microbiota can modulate host 
capacity to adapt and survive in a changing environment (Alberdi et al. 2016; 
Michel et al. 2022). Consistently, there is considerable interest in understanding 
how the gut microbiota can respond to environment change, especially in wild 
animals. In general, it is established that the immediate environment determines 
the gut microbiota of wild animals (see Section 1.2.2), but this raises the question 
of: “What happens to the gut communities of wild animals when they experience a new 
environment (e.g., move or are being translocated between different habitats)?”. One of 
the potential response mechanisms of the gut microbiota would be plasticity (Fig. 
1A), whereby the gut microbial communities would adjust to a new habitat and 
its specific characteristics (e.g., available food sources). In this scenario, the gut 
microbiota of the migrated/translocated animals are expected to resemble the 
gut microbiota of animals native to this new habitat, thus enabling the host to 
adapt more efficiently to the environment change (Alberdi et al. 2016; Michel et 
al. 2022). The opposite mechanism is called resistance (Fig. 1B), by which the gut 
microbiota communities would not shift in response to environment change but 
instead would retain their original composition, potentially hindering the host 
capacity to adapt to their new environment. While plasticity is thought to be 
mostly driven by changes in the host diet (Alberdi et al. 2016; Michel et al. 2022), 
resistance can be favoured in the presence of strong priority effects (i.e., the 
formerly established microbes prevent further colonisation of (specific) microbes, 
(Robinson et al. 2010, Obadia et al. 2017, Björk et al. 2018)).  

Currently, there is some debate on whether the gut microbiota of wild 
animals generally respond to changes in the environment by exhibiting plasticity 
(Fig. 1A (Alberdi et al. 2016)) or resistance (Fig. 1B (Allison and Martiny 2008)). 
Additionally, the gut microbiota communities could display both plasticity and 
resistance (retaining features of the original microbiota and acquiring portion of 
the microbiota from the new environment, Fig. 1C) or even an interaction 
between the two mechanisms (microbiota of different origin would respond in a 
different way, Fig. 1D). As an alternative, no patterns could be found in the gut 

1.2.3 Plasticity of gut microbial communities 
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microbiota due to high stress levels experienced by the host during the 
migration/translocation (Fig. 1E (Zaneveld et al. 2017)). 

Experimental studies with longitudinal sampling can offer powerful 
insights into the dynamic nature of the important processes of the gut microbiota 
assembly. In this context, reciprocal translocation (RT) experiments are 
particularly useful, as this experimental approach features translocation of 
animals between different habitats. And yet, the RT experiments with full 
factorial design are rare in the wild, and have only been performed with aquatic 
host species (Bletz et al. 2016, Chen et al. 2017, Uren Webster et al. 2020). These 
studies have either confirmed the importance of plasticity in the gut microbiota 
(Uren Webster et al. 2020) or highlighted interaction effects between resistance 
and plasticity based upon the habitat of origin (Bletz et al. 2016, Chen et al. 2017). 

By carrying out the first reciprocal translocation experiment in a terrestrial 
system (with pre- and post-transfer faecal sampling) (III), I was able to 
investigate the longitudinal changes that occur in the gut microbiota of a wild 
rodent in response to a change in the host environment. Specifically, wild bank 
voles were translocated among forests that differ in their levels of anthropogenic 
disturbance (urban and rural forests). With this experimental design, I quantified 
and compared the relative effects of host origin (resistance) and the immediate 
environment (plasticity) on the assembly of the post-transfer gut microbiota. 
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FIGURE 1 Microbiota response scenarios under changing environmental conditions.  

As a response to change in the environment of the host organism, the 
associated gut microbes change their composition according to one of the 
following scenarios: (A) plasticity where the microbiota matches the 
microbiota of animals native to the new environment, (B) resistance where 
the microbiota resists change and (C) cumulative and (D) interaction effects 
between these two mechanisms. When no pattern is observed, it is likely that 
the gut microbiota either have no specific response or that the host organism 
is experiencing stress (E). Dashed lines represent 99% confidence ellipses. 
Horizontal axes explain the variation between the ‘native’ microbiota of 
animals of the two different habitats while the vertical axes show the 
variation within those two groups. Figure taken from Manuscript III. 

Forest patches in Finnish cities are abundant and not extensively managed. Such 
urban lay-out provides the opportunity to directly study the differences between 
urban and non-urban forests without the risk of confounding habitat types by 
comparing urban city parks with more natural forests. To expand the 
anthropogenic disturbance gradient, I incorporated urban forests, suburban 
(managed forests adjacent to a city), managed (managed forests close to a 
national park, located away from cities) and the most pristine forests that can be 
found in industrialised countries (national parks) into our study design. To 
minimise spatial bias in the cross-sectional datasets (I-II), I sampled three cities 
(Jyväskylä, Kuopio, Mikkeli) and their corresponding suburban forests and seven 
national parks and adjacent managed forests. Additionally, each of these sample 

1.3 Study system 
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locations was represented by multiple replicate sampling sites (n sampling 
sites=382). In the longitudinal experiment (III), I included twenty urban and 
twenty suburban (also referred to as rural) sampling sites in and around the city 
of Jyväskylä (n sampling sites=40). All sampling sites were dominated by 
Norway spruce (Picea abies), Scots pine (Pinus sylvestris), and silver and downy 
birch (Betula pendula and B. pubescens), with bilberry (Vaccinium myrtillus) and 
lingonberry (V. vitis-idaea) as undergrowth. 

In this thesis, soil samples and bank voles (Clethrionomys glareolus, formerly 
Myodes glareolus, in Finnish: metsämyyrä, (Kryštufek et al. 2020)) were collected 
at each sampling site. Soil microbes were used to study the urban impact on free-
living environmental microbes (Fig. 2, I) while bank voles were used to 
investigate the effect of urban lifestyle on the gut microbiota of a wild rodent (Fig. 
2, II-III). The bank vole is one of the most widespread and abundant small 
mammals in Northern Europe and is commonly used as a model species for 
ecological and evolutionary research (Schneider et al. 2021). As such, their 
physiology and life history traits are well studied and their gut microbiota have 
been described (Lavrinienko et al. 2018, 2020, Brila et al. 2021). Wild bank voles 
are also easily bred in laboratory settings (Lonn et al. 2017), which enables large 
sample sizes and provides the possibility to conduct experimental work. 
Moreover, the bank vole is an ecologically relevant model since it is a common 
host organism for various zoonotic disease agents (i.e., disease that can be 
transmitted between animals and humans (Han et al. 2015)) that can impact 
human health (e.g., Puumala hantavirus (Voutilainen et al. 2016)).  

The research on wild animals was conducted in accordance with the 
relevant laws and all procedures performed had an ethical committee approval 
(ESAVI/3981/2018). 
 

         
 
FIGURE 2 Two types of study systems used in this thesis. Environmental microbes 

associated with the organic layer of forest soil (left) and host-associated 
microbes residing in the gut of wild bank voles (right) were studied in this 
thesis. Photo credits to Piko Rautio. 

  



16 

This thesis contributes to a better understanding of the effects of the urban 
environment on the health of ecosystems and wild mammals through its 
interactions with free-living and host-associated microbes. I address key 
knowledge gaps, by conducting large-scale surveys and field experiments and 
by considering both bacterial and fungal components of the soil and animal gut 
microbiota.  

Specifically, my thesis addresses the following research questions (Fig. 3): 
 

I. Does the urban environment impact bacterial and fungal communities in 
soil (in a similar way)? 
 

II. Does urban lifestyle impact the bacterial and fungal gut microbiota in 
bank voles (in a similar way)?  

a. If yes, do the changes in the gut microbiota composition reflect the 
changes in microbial communities from the immediate living 
environment (soil)?  

b. If yes, do changes in the gut microbiota composition associate 
with a shift in host diet? 
 

III. Is the composition of the bacterial gut microbiota in wild bank voles 
more influenced by its current or past environment?  

 
FIGURE 3 The diagram provides an overview of the research questions that have been 

studied in the manuscripts included in this thesis.   

1.4 Objectives 



In the summer of 2019, large-scale field work was carried out in twenty sampling 
locations across Central-Finland. The sample locations were divided into four 
forest types that had different levels of anthropogenic disturbance (Fig. 4). 
Specifically, seven national parks and adjacent managed forests, together with 
three cities (Jyväskylä, Kuopio, Mikkeli) and adjacent suburban forests were 
included in this survey (I-II). Numerous replicate sites per each sample location 
(12-22 replicates, Fig. 1) were used in the study design to minimise spatial bias. 

To validate this categorical division of forest types, the Human Influence 
Index (HII) was calculated for every sampling site by importing the Global 
Human Influence Index Dataset (https://doi.org/10.7927/H4BP00QC) into 
ArcGIS v.10.8.1 software. The HII summarises nine data layers that reflect the 
level of anthropogenic habitat disturbance, including human population density, 
human land use, infrastructure (built environment, nighttime lights, land 
use/land cover), and human access (coastlines, roads, railroads, navigable 
rivers). I found that the HII was sufficient to successfully differentiate between 
three out of four forest types (Fig. 4), with HII levels being the highest in urban 
areas, intermediate in suburban forests and lowest in managed forests/national 
parks (p<0.01). In contrast, managed forests and national parks had similar 
values for HII (likely due to the lack of human settlements/infrastructure around 
these areas). This indicates that the HII is a useful tool to distinguish between 
types of human impact that alter the topography of a landscape (e.g., 
urbanisation). 

Soil samples were collected in every forest site (n total soil=312, Fig. 5) with 
a metal core instrument (diameter=3cm, depth=10cm), after which the mineral 
and leaf litter layers were removed, and the remaining organic layer was 
immediately put on dry ice in the field and transferred to the -80 °C freezer until 
sample processing.  

2 METHODS 

2.1 Field work and sample collection 

2.1.1 Cross-sectional soil and faecal samples 
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During the same field work effort, soil sampling sites were used to capture 
wild bank voles by live trapping (n total bank voles=382, Fig. 5). Fur samples 
were collected by trimming the upper thorax of each bank vole and were stored 
on room temperature. All animals were euthanised by cervical dislocation in the 
field, put on dry ice and stored in the -80 °C freezer until dissections. 
 

 
FIGURE 4 Forest soil sampling and study design. The figure on the left shows an 

overview of the sampling locations: seven national parks (dark purple), 
adjacent managed forests (light purple), suburban (orange) and urban (yellow) 
forests of three cities (Jyväskylä, Kuopio and Mikkeli). Every point on the map 
represents 12-22 forest sites where soil samples and bank voles were collected. 
The figure on the right shows the association between the Human Influence 
Index (HII) and the four types of forests surveyed in this thesis. Figures taken 
from Manuscript I. 

 
Plant species that were common in all forest types (Sorbus, bilberry and 
lingonberry) were collected as well and stored in dry paper envelopes at room 
temperature until further processing (Fig. 5). 

Additionally, I also quantified the variability of the environment through 
structural habitat surveys (modified from (Ecke et al. 2002) for a subset of the 
sampling sites (n=178, Fig. 5). The surveys described twenty-three (a)biotic 
properties of the habitat, ranging from categorical classification of the above 
ground vegetation to the number of fallen trees (see Manuscript I for more 
details). 
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FIGURE 5 Overview of the multiple data layers analysed in this thesis (I-II). On the left, 
figures symbolise the work that was done in the field during the summer of 
2019. Terms in black colour represent work that was done in the lab, while 
terms in white colour and blue boxes represent the outcomes and data 
retrieved. 

In the summer of 2020, a large-scale reciprocal transplant experiment was carried 
out, where bank voles were transferred between twenty urban and twenty rural 
(referred to as suburban forests in other studies, I-II) forests in and around the 
city of Jyväskylä (III). Pregnant females were live trapped in urban and rural 
forests with the use of Ugglan traps and brought to the facilities at JYU for 
housing until they gave birth. Then, the nursing mothers with their newborn 
offspring were transferred to a forest site that was different from their origin site, 
such that four experimental groups were created as part of the experiment (Fig. 
6). Transferring mothers with newborn offspring increased the chances that the 
female adult would not disperse but would rather stay in the area until her young 
would be fully nursed. By the end of the nursing time, we recaptured the mothers 
(average nursing time for bank voles ~3-4 weeks). 

In this study, every experimental individual was sampled twice: 1) the 
initial pre-transfer sampling after which the animal was kept in captivity until 
the birth, and 2) the post-transfer sampling after which the animal was released 
back into the field as soon as possible. During both sampling sessions in the field, 
bank voles were immediately put into plastic boxes (sterilised with ethanol) for 
transport. At the JYU facilities, sterilised tweezers were used to collect the faecal 
matter from the boxes into sterile tubes that were then transferred to the -80⸰C 
freezer until further processing. At the end of the experiment, I successfully 
collected pre- and post-transfer faecal samples for 28 mothers (n experimental 
faecal samples=56). 

2.1.2 Experimental faecal samples 
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FIGURE 6 Reciprocal transplant experiment design. Forty urban and forty rural adult 

female bank voles were captured in the field and brought to the JYU facilities 
to give birth. Pre-transfer faecal samples were collected on the day of their 
initial arrival to the lab. Two days after birth, the mothers were transferred to 
the wild together with their offspring. Mothers never returned to their exact 
site of origin. Mothers were recaptured after spending 3-4 weeks in their new 
forest habitat, brought back to the JYU facilities where the post-transfer faecal 
samples were collected. Figure taken from Manuscript III. 

All bank voles that were captured as a part of the cross-sectional dataset (n cross-
sectional faecal samples=382) were dissected at the JYU facilities. The distal part 
of the colon (~2cm) was removed to collect faecal matter which was immediately 
stored on dry ice and then transferred to -80°C until DNA extractions. Jaws 
including teeth were also collected and stored in ethanol. Body mass, sex and 
breeding characteristics were recorded for each animal. Body composition, 
including bone area (in cm2), total tissue mass, and percentage of body fat were 
measured for each bank vole using the dual energy x-ray imaging (Lunar 
Piximus, General Electric). 

The DNA from all faecal samples (n soil samples=312 (I), n cross-sectional faecal 
samples=382 (II), n experimental faecal samples=56 (III)) was extracted at the 
JYU facilities using a Qiagen DNeasy PowerSoil Pro Kit following the 
manufacturer’s instructions. Sequencing of the DNA was performed using an 
Illumina HiSeq at the Beijing Genomics Institute (BGI, 
https://www.bgi.com/global/), using the 515F/806R primer pair (Caporaso et 

2.2 Laboratory analyses 

2.2.1 Animal dissection and x-ray imaging 

2.2.2 DNA extraction and sequencing 

https://www.bgi.com/global/
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al. 2011) for amplification of the V4 region of the 16S ribosomal RNA (rRNA) gene 
in bacteria (I-III), and the ITS3/ITS4 primer pair (White et al. 1990) to target the 
ITS2 region in fungi (I-II). The exact number of reads acquired through the 
process of amplicon sequencing differed between studies, thus detailed 
information can be retrieved from each individual manuscript. 

The soil pH was measured (I) from all soil samples by oven drying the samples 
at 38°C for three days, after which the dry mass was diluted in deionised water 
(1:3 ratio, soil to water). The solution was mixed on a shaker platform for 1 hour 
before using a combination pH electrode (Mettler Toledo, InLab® Expert Go, 
Vantaa, Finland) to determine the soil pH. 

The isotopes of nitrogen (δ15N) and carbon (δ13C) were quantified in both bank 
vole fur and environmental vegetation material using stable isotope analysis 
(Crawford et al. 2008). The isotopes in bank vole hair reflect the long-term diet of 
the animal since isotopes are assimilated in newly grown hair, and the 
composition correspond to the dietary intake (Kurle et al. 2014). Since hair is a 
metabolically inert material, the hair shaft contains the isotopes that are 
assimilated over a long period of time (~1-2 months prior to capture). 
Additionally, the isotopes present in the collected vegetation material (Sorbus, 
bilberry, lingonberry) can be used to approximate the level of elements present 
in the environment and in putative food sources (Butet and Delettre 2011). Hence, 
the isotopes in the vegetation were used to examine the baseline variation in 
nitrogen and carbon among the four forest types (Balčiauskas et al. 2018). 

Fur samples collected during field work were processed to remove the 
lipids using a 2:1 chloroform:methanol solution (Blight and Dyer 1959). 
Environmental samples were homogenised by TissueLyser II (Qiagen) and steel 
beads. All samples were oven dried on 60○C C for 24h before 0.5-1.2 mg of each 
sample was analysed for carbon and nitrogen isotopes by using a Thermo 
Finnigan DELTAplus Advantage stable isotope ratio mass spectrometer 
connected to a Carlo Erba Flash EA1112 elemental analyser. Calibration of the 
results was done according to the method described in Lavrinienko et al. 2020.  

Jaw samples obtained during the dissections were boiled to facilitate the removal 
of individual teeth. The first lower molar tooth on the right and left mandible 
were selected. The mean length of the root was used as a proxy for age since in 
bank voles the roots continue to grow throughout life. The protocol was carried 
out using an Olympus SZ51 stereomicroscope according to the methods 
described in Meri et al. (2008). 

2.2.3 Soil pH measurements 

2.2.4 Stable isotope analysis 

2.2.5 Bank vole age estimation 
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All sequence data were processed using QIIME2 (the implemented versions of 
QIIME2, associated plugins and reference databases differed between studies and 
are described in each individual manuscript (Bolyen et al. 2019), following the 
same workflow. First, adaptor sequences were removed with the CUTADAPT 
plugin (Martin 2011). Then, the DADA2 plugin (Callahan et al. 2016) was used to 
trim off primers, truncate the 3’end of low-quality reads (exact cut-offs differed 
between studies and are described in each individual manuscript), to merge the 
paired reads, and filter out chimeric sequences. These steps generated feature 
tables of amplicon sequence variants (ASVs). Next, non-target (e.g., Archaea, 
Eukaryota (when working with bacteria), mitochondria, chloroplasts and 
sequences without assigned Kingdom) and low-frequency ASVs (i.e., less than 10 
reads overall) were filtered from the feature tables. After this step, rarefaction 
was applied to ensure that all samples contained the same number of total read 
sequences (Weiss et al. 2017). To gain taxonomic information, I assigned 
taxonomy to each ASV by training the Naive Bayes classifiers on the SILVA 
database for the V4 region of 16S rRNA in bacteria (Quast et al. 2012), and on the 
UNITE database for fungi (Nilsson et al. 2019). For both kingdoms, clustering of 
reference sequences was applied according to the 99% sequence similarity 
threshold. Phylogenetic midpoint rooted trees were constructed with the use of 
the FASTTREE plugin (Price et al. 2010), but only for bacteria, since the ITS2 fungal 
region evolves too rapidly to be useful for phylogeny-based analyses (Nilsson et 
al. 2008). 

Functional traits were assigned to bacterial and fungal ASVs in soil by 
implementing FAPROTAX (Louca et al. 2016) and FUNGUILD (Nguyen et al. 2016), 
respectively (I). The latter program was also used as an additional tool to 
manually curate the fungal ASVs found in the bank vole gut into likely non-
resident fungi (e.g., groups of fungi known to grow fruiting bodies, (Lavrinienko 
et al. 2021)) and potential resident fungi after which the first group was filtered 
out of the dataset (II).  

To study the temporal differences in the gut microbiota communities of the 
experimental bank voles (III), I used the Q2-LONGITUDINAL plugin (Bokulich et al. 
2018b) within QIIME2. The output (i.e., paired-differences and paired-distances) 
was loaded into R for further analysis. To clarify, paired differences correspond 
to the difference in alpha diversity (see Section 2.4.1) between the pre-transfer 
and post-transfer faecal gut microbiota of the same individual, while paired 
distances equal the amount of compositional change (beta diversity, see Section 
2.4.2) that occurred within the gut microbiota of a single individual between the 
pre- and post- transfer sample collection times. 
  

2.3 Bioinformatic analyses  
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Microbial communities are usually studied in terms of their diversity and 
composition, and the two metrics that are commonly used to describe these 
patterns are alpha diversity and beta diversity. Alpha diversity represents the 
within-sample diversity, and the simplest way of calculating it is by estimating 
the number of unique ASVs (or microbial species) per sample (i.e., richness). In 
contrast to alpha diversity, beta diversity represents the between-sample 
diversity. Therefore, this metric is measured on the group level as opposed to the 
individual sample level. The simplest beta diversity metric measures the 
difference in microbial composition among samples (dissimilarity), making it 
possible to compare the inter-sample diversity between different study groups 
or treatments. The value for beta diversity ranges between 0 (complete overlap 
in the composition of different samples) to 1 (no overlap in the composition of 
different samples). Beta diversity can be measured with different distance 
metrics, with each metric focused on a different aspect of the community. For 
example, the Bray-Curtis metric is the ideal metric to use when relative 
abundances of taxa should be taken into account (abundant taxa will influence 
the calculations more than rare taxa) but it does not consider the phylogenetic 
relationship between these taxa. When both relative abundances and 
phylogenetic information are important, the Weighted UniFrac metric can be 
implemented instead. The corresponding metrics for the Bray-Curtis and the 
Weighted UniFrac, yet that give more weight to rare taxa, are the Jaccard Index 
and the Unweighted UniFrac metric, respectively. Data on alpha diversity are 
mostly summarised using boxplots or scatter plots, while beta diversity is 
typically visualised by ordination plots (with samples that have similar microbial 
compositions being plotted closer together). Information about the alpha and 
beta diversity gives an overview of the regional diversity in samples (diversity 
within each sample and the diversity between samples). The goal of many 
microbiome studies is to identify environmental or host-associated variables that 
can (at least partially) explain the patterns and any differences in alpha and beta 
diversity between different groups of samples. For example, in this thesis, I 
examined whether forest type (urban vs non-urban) influences the microbiota 
alpha and beta diversity of microbiota found in soil (I) and the bank vole gut (II).  

The feature tables were transformed into phyloseq objects with the PHYLOSEQ 
package (McMurdie and Holmes 2013) in R (the implemented versions of R and 
individual packages differed between studies and are described in each 
individual manuscript (R Core Team 2020)), and the phyloseq objects based on 
the rarefied data were used to calculate the alpha and beta diversity metrics. 
Next, the importance of variables of interest (e.g., forest type) were tested by 

2.4 Statistical analyses 

2.4.1 Background information on key microbiota metrics 

2.4.2 General analyses  
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running PERMANOVA tests with the adonis2 function in the R package VEGAN 
(Oksanen et al. 2020). The output of these tests showed how much of the variation 
in the composition of the microbiota found in soil/gut samples (beta diversity) 
could be explained per factor and included the effect size (R2) and significance 
level (p<0.05). The alpha diversity estimates were compared between the 
different forest types using the Kruskal-Wallis (KW) test with a Benjamini–
Hochberg adjustment (BH) for multiple comparisons with the DUNN.TEST R 
package (Dinno 2015). Lastly, differential abundance analyses were performed 
on the unrarefied feature tables with the DESEQ2 (I (Love et al. 2014)) and ALDEX2 
(II (Fernandes et al. 2014)) packages in R. 

To study the effects of the environmental variables (attained from the habitat 
surveys and pH measurements, I), I first removed collinearity in the data by 
examining correlations between variables with the Spearman's rank correlation 
tests (when ranked categorical variables were compared) or the Pearson's 
correlation coefficient (when numeric variables were compared). The remaining 
variables were fitted into a linear model with the use of the lm function, with 
alpha diversity as the response variable, after which the dredge function in the 
MUMIN R package (Barton 2020) was applied for model selection. The output of 
this workflow yielded the list of important variables influencing alpha diversity. 
To examine which variables impacted beta diversity the most, I used additional 
PERMANOVA tests with the adonis2 function to compare the portion of 
explained variation (R2) associated with each variable. Additionally, differences 
in the bacterial and fungal functional traits between different forest types were 
examined using the DUNN.TEST R package (KW test with BH correction). 

The relative contribution of soil microbes (I) to the total composition of the gut 
microbiota in bank voles (II) was examined using the QIIME2 plugin 
SOURCETRACKER2 (Knights et al. 2011). The dietary niche width per bank vole and 
the dietary niche overlap between bank voles was calculated with the SIBER 
((Jackson et al. 2011) and RJAGS (Plummer 2003) packages in R. A plugin 
implemented in QIIME2 (supervised learning classifier plugin (Bokulich et al. 
2018a)) was used to determine the accuracy with which the machine learning 
models could successfully predict the forest type solely based on the bank vole 
gut microbiota composition. Differences in bank vole host variables (i.e., weight, 
age, body composition data, fur isotope data) and environmental vegetation 
isotope data between forest types were tested using the DUNN.TEST R package 
(KW test with BH correction). 
  

2.4.3 Analyses specific to Manuscript I 

2.4.4 Analyses specific to Manuscript II 
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Appropriate QIIME2 outputs (i.e., paired-differences (alpha diversity) and paired-
distances (beta diversity)) were used to test if alpha and beta diversity changed 
within an individual throughout the experiment, and whether the magnitude of 
these changes differed between animals belonging to different experimental 
groups (‘Urban-Urban’, ‘Urban-Rural’, ‘Rural-Urban’ and ‘Rural-Rural’, III). 
Specifically, linear models were constructed by using the lm function with either 
paired-differences or paired-distances as response variables and the site of origin, 
the site of transfer, and their interaction as explanatory variables. Inter-group 
comparisons were calculated with Tukey Honest Significant Differences with the 
aov and TukeyHSD functions in R.  

Besides studying the magnitude of change in the gut microbiota, I was also 
interested in understanding the directionality of these changes. For example, I 
examined whether the post-transfer gut microbiota of animals transferred 
between different forest types (e.g., ‘Urban-Rural’) more resembled the gut 
microbiota of animals associated with the native microbiota of their origin site 
(‘Urban-Urban’) or their transfer site (‘Rural-Rural’). Therefore, I used the alpha 
diversity data from the post-transfer gut microbiota and implemented the same 
workflow as described above with the use of the lm, aov and TukeyHSD functions. 
To gather information about the directionality of the beta diversity, I ran 
PERMANOVA tests that included a distance metric based upon the post-transfer 
compositions within the adonis2 function to examine whether the site of origin, 
site of transfer and/or their interaction was more important for explaining the 
composition of the post-transfer gut microbial communities. Additionally, the 
ordination function with a priori given hypothesis (i.e., site of origin + site of 
transfer) within the PHYLOSEQ package was used to create Constrained Analysis 
of Principal Coordinates plots to aid the visualisation of the beta diversity 
patterns in the bank vole gut microbiota. 
 

2.4.5 Analyses specific to Manuscript III 



By quantifying the bacterial and fungal microbial communities, I found that the 
urban environment shapes both free-living microbiota in soil, and host-
associated microbiota residing in the gut of wild bank voles. For soil 
communities, soil pH (more alkaline soil in cities) was identified as an important 
factor influencing the community composition (Fig. 7, I), while an apparent shift 
in host diet is likely responsible for the changes observed in the gut microbiota 
of urban bank voles (Fig. 7, II). Additionally, I did not find evidence for frequent 
or abundant microbial spill-over between microbes in the soil and microbes in 
the gut microbial communities of bank voles. In addition, I found that for animals 
translocated between urban and rural forest sites, both the past and present 
habitat have an influence on the gut microbiota composition. This suggests that 
urban and rural environments not only shape the gut microbiota directly, 
through the presence of different dietary items, but also prime bank voles during 
their early life. In other words, the effects on the gut microbiota of living in an 
urban (or rural) environment are not entirely reversible in wild rodents (Fig. 7, 
III).  

Taken together, the three manuscripts included in my doctoral thesis 
provide a comprehensive view on the impacts of anthropogenic habitat 
disturbance on free-living and host-associated microbiota (Fig. 7). 

3 RESULTS AND DISCUSSION 

3.1 Key findings 
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FIGURE 7 The diagram provides an overview of the results that have been found in the 

manuscripts included in this thesis.   

In this study, I found that the composition of forest soil microbiota changes 
depending on the level of anthropogenic disturbance, with urban forests having 
the most distinct soil microbiota in comparison to other forest types (i.e., 
suburban, managed forests, and national parks, I). Alpha diversity of soil 
communities was positively associated with the level of anthropogenic 
disturbance, such that urban soil samples contained the highest alpha diversity 
(Fig. 8). From all studied environmental variables, I found soil pH to be the 
strongest predictor of the microbial alpha (Fig. 9) and beta diversity in forest soil. 
In accordance, I also found a consistent increase in soil pH with the level of 
anthropogenic disturbance. This pattern can be explained by rain run-off through 
alkaline concrete material such as streets and gutters (Davies et al. 2010, Nugent 
and Allison 2022). Indeed, soil alkalisation is most likely an inherent property of 
the built environment (Delgado-Baquerizo et al. 2021), which contributes to the 
differences observed between soil microbial communities in urban and natural 
forests. 

In contrast to bacteria, where I found little difference in the prevalence of 
functional traits between urban and non-urban forests, I identified a decline in 
the relative abundance of ectomycorrhizal fungi in urban forests. One potential 
reason for this could be a concurrent decline in ectomycorrhizal plant species in 
urban areas (Tedersoo et al. 2020, Delgado-Baquerizo et al. 2021). 

3.2 Urban forest soils harbour distinct and more diverse 
communities of bacteria and fungi (I)  
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FIGURE 8 Boxplots showing the alpha diversity (ASV richness) of soil microbial 

communities with regard to the disturbance level of the forest, for bacteria 
(A) and fungi (B). Higher levels of bacterial and fungal alpha diversity are 
observed in forests with higher disturbance. Letters refer to significance 
levels. Figure taken from Manuscript I. 

 
With these results, I demonstrate that even when habitats are comparable, urban 
and non-urban areas can still be distinguished from one another solely based on 
the composition of soil microbiota. As such, one implication of these findings is 
that rewilding cities (through the development of urban green spaces, the 
‘rewilding paradigm’ (Mills et al. 2017)) is likely to be insufficient for recreating 
‘natural’ microbial communities in urban areas. 

Interestingly, the highest levels of microbial diversity were found in the 
least pristine habitats which suggests that the diversity measures commonly used 
for preserving macrospecies (i.e., higher diversity means higher conservation 
status) do not work equally well on the microbial level. One somewhat surprising 
implication is that humans living a rural lifestyle are not necessarily exposed to 
the highest diversity of soil microbes in comparison to humans living in cities. In 
this context, perhaps exposure to specific microbial taxa is likely to be more 
important for an adequate immune system stimulation (rural lifestyle is linked 
to lower incidence of atopic diseases, see Section 1.2.1.), rather than exposure to 
more diverse microbial communities per se. Alternatively, the key microbial 
exposure might occur through other pathways, such as frequent contact with 
domestic/ companion animals or via ingestion of more natural vs. processed 
foods (von Mutius and Vercelli 2010), rather than through direct contact with 
environmental microbes found in soil.  
 

  
FIGURE 9 Correlation between soil pH and the ASV richness of bacterial (A) and fungal 

soil communities (B). A positive association between soil pH and bacterial and 
fungal diversity can be observed. Colours correspond to the disturbance level 
of the forest. Figure taken from Manuscript I. 
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I found that the bacterial and fungal gut microbiota of bank voles differed 
depending on the level of habitat disturbance (Fig. 10, II), with urban bank voles 
harbouring the most distinct gut microbiota in comparison to animals inhabiting 
any other forest type. Indeed, the machine learning algorithm successfully 
assigned nearly all urban samples to their origin solely based on the bank vole 
gut microbiota composition (100% of samples for gut bacteria, and 96% for gut 
fungi). I did not find significant differences in the alpha diversity of the bacterial 
gut microbiota among forest types. In contrast, I found a negative association 
between the alpha diversity of the gut fungi in bank voles and the disturbance 
level in their site of origin. 

 

 
FIGURE 10 Ordination plots showing the composition of the bacterial (A) and fungal (B) 

communities residing in the gut of wild bank voles. Each dot represents a 
single faecal sample, coloured according to the forest type. The visualised 
ordinations are based upon the Bray-Curtis distance metric. Figure taken from 
Manuscript II.  

 
These gut microbiota patterns are likely driven by a change shift in the bank vole 
diet. Indeed, the dietary niche width was 29-44% higher in urban bank voles and 
only had an overlap of 29-40% with the dietary niches of bank voles inhabiting 
any other forest type. Moreover, in comparison to bank voles living in the 
national parks, urban bank voles also had a 5% increase in fat percentage, and a 
significant increase in nitrogen levels found in their fur (which could not be 
explained by an increase in environmental nitrogen, as shown by comparing 
vegetation samples, Fig. 11), as well as higher proportions of microbial genera 
associated with low-quality processed foods. Interestingly, taken together these 
data suggest that urban bank voles experience a dietary shift towards a typical 
“western diet” (Dillard et al. 2022). 

3.3 Dietary change alters the gut microbiota in urban rodents (II) 
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FIGURE 11 Starplot visualising the nitrogen and carbon content in the fur of wild bank 

voles. Each dot represents a single sample, coloured according to the forest 
type. Figure taken from Manuscript II.  

 
 
The small dietary niche overlap with bank voles inhabiting other forest types, 
higher body fat percentage, and higher proportions of microbial genera related 
to processed foods could potentially be attributed to urban animals encountering 
a greater spectrum of novel anthropogenic and energy-rich food items (Anders 
et al. 2022). Indeed, an increase in nitrogen in the bank vole fur also suggests that 
these animals increase their protein intake, Fig. 11 (Kelly JF 2000)). In practice, 
this can potentially be explained by an enhanced predatory behaviour or broader 
changes in foraging of urban voles, which for instance could lead to a more insect 
rich diet or more frequent consumption of fungal fruiting bodies (Galetti et al. 
2016). Additionally, using microbial source tracking analysis, I did not find a 
clear link between the microbes found in the soil and the gut microbiota of bank 
voles living in the same forest patch. However, I found a discrepancy in microbial 
source tracking between bacteria and fungi, with soil fungal ASVs contributing 
more to the bank vole gut microbiota than soil bacteria. This differences in 
recovery rate of ASVs between bacteria and fungi could be due to fungal spores 
exhibiting resistance to the acidic gastric passage (Coluccio et al. 2008) which 
would suggest that many of the observed fungal ASVs are not functional 
members of the gut mycobiota. Nevertheless, such overall negligible contribution 
of soil microbes to the bank vole gut microbiota is somewhat surprising and 
suggest that even with their soil-dwelling lifestyle, soil is unlikely to be a 
significant source of microbes for adult bank voles. In accordance with the results 
of this study, I highlight the importance of studying wildlife in the context of both 
urban and non-urban settings since their lifestyle, their gut microbiota and 
perhaps their behaviour can be different in cities, which subsequently can change 
natural dynamics of host populations. 
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In this study, I demonstrate that the bank vole gut microbiota are shaped by the 
cumulative effects of resistance and plasticity (Fig. 1C, Fig. 12, III), with both 
mechanisms explaining roughly equal amount of variation present in the gut 
microbiota (~5%). Indeed, the non-phylogenetic beta diversity metrics (Bray-
Curtis, Jaccard) detected both signs of resistance (site of origin) and plasticity (site 
of transfer) while the Unweighted UniFrac metric (see Section 2.4.1. for more 
information) only identified resistance as an important mechanism. There were 
no differences between experimental groups on the level of abundant 
phylogenetically dissimilar taxa (Weighted UniFrac metric). Taken together, 
these results suggest that the past habitat (site of origin) of bank voles mostly 
determines the presence of rare phylogenetically different taxa, while the present 
habitat (site of transfer) influences the distribution of abundant and 
phylogenetically similar taxa. 
 

 
FIGURE 12 Effect of site of origin and site of transfer on the post-transfer gut microbiota of 

bank voles. Ordination plot showing the composition of the post-transfer 
bacterial communities residing in the gut of wild bank voles, coloured by the 
experimental group they belong to (A). Each dot represents a single faecal 
sample. The ordination is based upon the Unweighted UniFrac distance metric. 
The x axis separates animals originating from different forest habitats while the 
y axis divides the animals according to the different type of forest they were 
transferred to. The exact amount of variation in the composition explained by 
the two variables of interest is shown per distance metric (B). Asterisks refer to 
significant results (p<0.05). Figure taken from Manuscript III.  

 
 
The implication of these findings is that after translocation, bank voles retain part 
of their original gut microbiota (Allison and Martiny 2008), but also gain features 

3.4 Effects of past and present habitat on the gut microbiota of a 
wild rodent (III) 
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of the ‘typical’ microbiota associated with the new transfer environment (Ren et 
al. 2016). While reasons and exact mechanism behind these observations remain 
unknown, this pattern could be driven by priority effects that hinder complete 
plasticity (Robinson et al. 2010, Obadia et al. 2017, Björk et al. 2018). In the context 
of urban effects, I found a trend towards a higher turnover in the gut microbiota 
of bank voles originating from urban forests in contrast to rural forests (Fig. 13). 
In addition, bank voles originating from urban forests also had a higher level of 
alpha diversity in their post-transfer gut microbiota. 

This study demonstrates the importance of considering previous exposures 
when assessing gut microbiota and adaptive responses of wild animals 
experiencing environment change, and highlights the relevance of rare taxa. I 
also show that both living in a natural (rural forests) or an artificial environment 
(urban forests) can have a long-lasting effect on the wildlife gut microbiota. These 
findings make a significant contribution to the field of evolutionary ecology and 
microbiome research, and in the long term could also provide an impact in a 
more applied dimension, by informing decision-making in the field of 
conservation, especially with regard to translocation of animals (Carthey et al. 
2019, van Leeuwen et al. 2020). 
 

 
 
FIGURE 13 The turnover in the bacterial gut composition within the same individual 

bank vole between the pre- and post-transfer gut samples, summarised per 
experimental group. There is a trend towards a higher turnover in the 
bacterial gut composition in bank voles originating from urban forests in 
contrast to animals from rural forests. Turnover rates are shown for both 
weighted UniFrac (A) and unweighted UniFrac (B) distances. The colours 
represent the different experimental groups. Figure taken from Manuscript 
III. 

 
 



Through the indirect effect of building cities, humans have the capacity to change 
microbial communities found in the environment and inside the gastrointestinal 
tract of wild urban animals. Concrete materials in urban areas associate with 
alkaline soil which impacts soil communities (Delgado-Baquerizo et al. 2021), 
while access to anthropogenic foods can potentially create a shift in the diet of 
wild bank voles and hence their gut microbiota communities (Dillard et al. 2022, 
Anders et al. 2022). Such changes in the gut microbiota appear to be long-lasting, 
as urban animals retain urban-specific rare taxa in their gut microbiota even after 
spending considerable amount of time in a rural forest. Differences between free-
living microbes in urban and non-urban areas suggest that the microbial 
exposure experienced by humans in cities is different from that experienced by 
people living in more natural environments. This brings unknown repercussions 
for human health (Sonnenburg and Sonnenburg 2019) and the functioning of the 
human immune system and could be linked to a higher prevalence of atopic 
diseases in more urbanised human populations (Von Hertzen et al. 2011, Hanski 
et al. 2012). At the same time, animals that roam freely in cities have a different 
gut microbiota than their conspecifics living in more natural habitats, likely 
because they have access to novel food items of anthropogenic origin. It is 
possible that the changes in the gut microbiota of urban animals can interfere 
with the animal host health and can stimulate the overgrowth of certain 
pathogenic microbial strains. This in turn could also have important 
consequences for disease risk in humans, especially if such urban host species are 
common reservoirs for zoonotic diseases (such as rodents). As such, humans, 
animals, microbes and the environment are undeniably interconnected.  

Although key findings in my thesis are based on robust data, these broader 
conclusions regarding human and animal health remain to be constrained by the 
limitations of largely correlative observations. For example, further mechanistic 
studies are needed to investigate direct links between environmental microbial 
communities and the incidence of atopic diseases in humans to identify microbial 
taxa important for proper human immune development. In my research on wild 
animals, some key limitations include the absence of data on short-term diet (e.g., 

4 CONCLUSIONS AND FUTURE DIRECTIONS 
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through diet metabarcoding), direct measurements of health impacts (e.g., 
immune markers), pathogen/parasite burden data, and the lack of assessments 
of long-term fitness parameters (e.g., survival rates and reproduction). If time and 
resources would not be an issue, one potential approach to study the fitness 
consequences of urbanisation upon the bank vole gut microbiota would be 
carrying out a faecal microbiota transplant experiment between urban and rural 
animals to evaluate changes in host health and physiology, both in laboratory 
and (semi-)natural settings (e.g., outdoor enclosures). It would also be interesting 
to gain more knowledge and resolution about the identity and function of urban 
microbes, and to examine the relevance of functional redundancy (i.e., different 
taxonomic taxa perform the same functions), for instance via integration of multi-
omics techniques (i.e., shotgun metagenomics and metabolomics). Finally, one 
other crucial next step would be to investigate how general the findings in this 
thesis are, for instance by examining multiple host species that differ in life-
history traits and/or lifestyle, and surveying cities that differ in sizes (and thus 
have different levels of disturbance) and biomes. 

While this thesis generates a number of new questions and hypotheses that 
can be tested in future studies, it is clear that the microbial communities found in 
urban soil and in the gut of urban animals differ from those found in natural 
forests. Although health consequences of such differences remain to be 
quantified, I would kindly suggest that all people start to invest in reconnecting 
with nature since it is entirely possible that the benefits of being in nature extend 
far beyond having a breath of fresh air. 
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