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This thesis is dedicated to the land that raised me and inspired me to study our ecological 

connection to it. 

The following is a poem I wrote in dedication to my home. It contains what this land has taught me. Of death (the 
Eagle), of fear (the Adder), of ego (the Forest), of complacency (the Ocean), of vulnerability (the Desert), of the 

humanity of parents (the Sun and the Earth), of the power of self-awareness (the Groundwater), of perspective (the 
Mountain), of compassion (the Rain), of contrasts creating beauty (the Light and the Shadows), of handling thoughts 
and feelings (the Wind), of being of the land (Nakedness). Such is my journey through life and meaning as we cross 

Jupiter’s night, all upon this shining blue dot.  

The Eagle and the Adder 
An eagle circles 

over. 
Vicariously, 

Pondering me. 
Waiting on me. 

Patiently. 
~ 

Within the forest a 
child dreams the 

bad dreams. 
 

A Death Adder 
looks the child in 

the eyes, 
Dares the child to 

open. 
Snakes along the 

road. 
Fear projections 
and serpentine 

shadows. 
‘Why won’t you 

open?’ 
 

In the forest, 
Stands a tree for 

every dream. 
Trees for the 

hiding. 
Trees to stop the 

wind, 
And the thoughts. 

Trees to build a 
bearable world. 

Trees for the ego. 
Trees for the 
dissociative. 

 
The adder speaks, 
‘Child, it is time to 

leave, 
The forest is blind 

and fearful. 
Find the edge. 

Find beginning.’ 
~ 

Shadow passing, 
Raises something 

ancient in me. 
Eagle passing, 

Watching over me. 
Patiently. 

Moving me. 
~ 

Young and fearless. 
Watching waves 

roll in, 
Crashing and 

receding. 
Complacent to the 

wind. 
Wondering where 
the snakes have 

been? 
 

The wind gently 
picks up. 

Catches dust and 
swell, 

Of the child and 
grave within. 

Of thoughts and 
fears. 

 
Caught in a tempest 

of the soul, 
And a desire for the 

trees. 
~ 

Cries of the sky. 
Eagle following 

me. 
Reminding me. 

~ 
In the desert, 
Marches the 

independent and 
invincible. 

Headlong into 
reckoning,  
Into peace. 

 
 
 

Beneath the 
burning Sun, 

The transient father 
wound, 

Teacher of survival,  
Anywhere but 

inside. 
 

Soon thirsty, soon 
hot. 

 
Upon the martyred 

mother Earth, 
Eroded for her soil. 

 
Soon weak, soon 

desperate. 
 

The desert light is 
held to the soul.  

Caught naked and 
weeping. 

No trees now, no 
hiding. 

Nothing left but to 
dig, to confront. 

 
Release the sweet 

groundwater. 
Release the truth. 

Bathe in her 
fountain. 

Grow now in the 
water, 

In the Sun, 
In the Earth. 

~ 
Fallen eagle’s 

feather, 
Reveals a place of 

sacred rest. 
Not yet. 

~ 
 
 

 
 
 

Old now, upon the 
mountain view. 

The diorama spread 
beneath, 

Shadows framing 
light in the valley. 
Fear and trauma 

describing beauty. 
 

Distant rain 
resuscitates the 

sinners, 
And placates the 

rulers. 
Drops of life for the 

newborn, 
For the weak. 

 
Wind passes 

untamed. 
Wild and transient. 

Free of ruminant 
being, 

Free of, 
Responsibility. 

 
Naked above the 

vastness. 
Outstretched, out 

for all to see. 
Stripped to see all 

within. 
Humbled by this 

place. 
 

Of this land of 
spirits. 

Of this land of 
guides. 

Outstretched, out 
in the dirt. 

~ 
Eagle, 

Take me home.
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ABSTRACT 
Humans harbour communities of coevolved microbiota known as ‘old friends’ and together we form 

‘holobionts’ – multi-cellular organisms teeming with microbes that perform many critical functions for their 

host. These microbiota are important for our healthy physiological and immunological development, and 

disturbances to them can result in disease states such as chronic inflammatory conditions. The absence of 

certain microbes from the human body has been linked to chronic conditions, such as asthma or anxiety, and 

more broadly to the state of inflammation in our brain, lungs, gut, and skin.  

Modern processes, such as the state of our industrial food system, loss of biodiversity, and increasing 

urbanisation, are causing a loss of exposure to these coevolved microbiota that have been linked to the 

proliferation of many diseases worldwide. Urbanisation is one of the most widespread impacts, due to human 

demographic changes and limited exposure to biodiversity, but urban ecological restoration is a way to 

provide exposure to these ‘old friends’ in urban settings. 

A key focus of this thesis is to explore the potential of ecological restoration in urban green spaces to restore 

beneficial microbial diversity. The proceeding chapters empirically explore the interplay between 

environmental microbial diversity, the diversity of vegetation communities used in urban ecological 

restoration, and microbial interactions with humans in green spaces.  

In Chapter 1, we reviewed the literature relating to the nexus of microbially-mediated health (in humans, other 

animals, and plants), urbanisation, and restoration ecology. In Chapter 2, we investigated the effect of native 

revegetation on restoring urban soil microbiota to a remnant state in an Australian city. We found that 

revegetation of complex biodiverse vegetation states supported soil microbial communities that were more 

similar to remnant vegetation blocks, compared to those of low biodiversity urban spaces such as lawns, 

vacant lots, and parklands. However, urban vegetation communities can vary widely across the Earth. 

Therefore, in Chapter 3, we investigated the broader relationship between urban vegetation complexity and 

soil microbiota in multiple cities. Here, we found that high vegetation complexity (typically defined by higher 

structural, functional, and species diversity) was generally associated with unique microbial communities 

when compared to low vegetation complexity. Lastly, in Chapter 4, we investigated the effect of native 

revegetation on restoring disturbed microbial communities of human skin. We found that natively revegetated 

green space had a stronger effect on restoring human skin microbial communities than sports field (turf) green 

space and that staying indoors had no effect on restoring skin microbiota.  

These findings have implications for the application of biodiversity management in public, private, and 

educational spaces. However, future work needs to focus beyond the microbial ecology and cover the 

physiological and immunological responses of children using ecologically restored green space and on the 

potential risks (e.g., zoonotic spill-over) of increasing urban biodiversity interaction with high population 

densities. 
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CHAPTER 1: INTRODUCTION 

1.1 THESIS STRUCTURE 
The main content of this thesis is comprised of five chapters that are the central works of my PhD candidature. 

As such, they are the final works of projects that have been lead and primarily authored by me to answer the 

ultimate question of this PhD – can urban ecological restoration affect the human microbiome? I will use the 

pronouns ‘we/our’ throughout this thesis as the main work within was a collective effort. 

Chapters 1-4 are papers that are either published or submitted for publication in scientific journals. These 

chapters are presented as the final published versions or formatted as submitted, and each is preceded by an 

authorship statement signed by all co-authors attesting to their contributions. All supplementary information 

can be found in the appendices, along with a bibliography of all my primary and collaborative works 

throughout my PhD candidature. Chapter 5 is my thesis’ general discussion. 

Chapter 1 is an introduction that herein outlines the thesis structure and then provides a literature review to the 

research done for this PhD program. The review, published as a perspective article in Frontiers in 

Microbiology (2019), is where my co-authors and I emphasise the case that humans, as holobionts with 

myriads of microbial partners, need to live in biodiverse ecosystems rich in microbial diversity for the sake of 

better physiological and immunological functioning. Chapter 1 sets up the main thesis and context for my 

research in establishing the importance of researching the relationship between human microbial diversity and 

urban biodiversity. 

Citing an ever-expanding body of literature in the perspective article, we argue that microbial diversity is 

necessary for human health and that urban habitats can provide much of this diversity. Furthermore, we argue 

that cities can be designed or redesigned to support the need for microbial diversity through the ecological 

restoration of urban green spaces. We also argue that restoration of native biodiversity will be able to provide 

a cost-effective, primary health intervention for many non-communicable diseases.  

There are two recent papers that are important updates to the literature since the perspective article was 

published in March 2019. These two articles include results from intervention studies, where half their 

participants (all young children in both studies) were exposed to biodiverse sites and the other halves were 

not. However, there were major differences in their interventions. Mainly, one study imported biodiverse 

forest soil to day-care centres (Roslund et al. 2020), while the other developed a program to increase 

interaction with existing and permanent urban green space (Sobko et al. 2020). In the first study, Roslund et 

al. (2020) found that exposure to forest soil significantly increased skin microbial diversity and immune 

function over one month relative to unexposed children. In the second, Sobko et al. (2020) found that gut 

microbial diversity and serotonin release increased, while social behaviour improved in children that were 

prescribed greater interactions with urban green space. These two studies have added important knowledge 

that biodiversity interventions can have important immunological, physiological, and psychological benefits 

in association with increased human microbial diversity. 

~ 

The primary research of my PhD is presented in Chapters 2 to 4 where we investigated the following 

questions: 

Chapter 2 – what is the relationship between urban vegetation contexts and soil microbial diversity? 

Chapter 2 is an original research article published in Restoration Ecology (2020), where we investigated the 

association between urban native revegetation of green space and soil microbial communities. Briefly, we 

were investigating the utility of revegetation on restoring urban soil microbiota to a remnant state. This 

investigation was based on our earlier findings that restored pasture grazing systems achieved this goal of 
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restoring remnant-like soil microbiota (Gellie et al. 2017; Yan et al. 2018; Yan et al. 2019). Using rRNA 

marker gene analysis for bacteria (16S rRNA gene), fungi (ITS), archaea (16S rRNA gene), and micro-

eukaryotes (18S rRNA gene), we found that revegetated green spaces had soil microbiotas that were more 

similar to those of local remnant vegetation patches compared to more typical urban green spaces such as 

lawns, vacant lots, and parklands. Overall, we concluded that urban revegetation can also rewild soil 

microbial communities. However, we were interested to know if more complex urban vegetation in other 

cities and climates also associated with more remnant-type soil microbial communities. 

Chapter 3 – what is the relationship between vegetation diversity and microbial diversity in urban green 

spaces of multiple cities? 

Chapter 3 is an original research article published in Access Microbiology (Mills et al. 2022), where my co-

authors and I investigated the broad link between soil microbial diversity and vegetation complexity for urban 

green spaces in three cities across the world. Higher vegetation complexity is often associated with higher 

levels of biodiversity and lower levels of urbanisation (Melliger et al. 2018). However, based on our findings 

in Chapter 2 (Mills et al. 2020), we wanted to know if higher vegetation complexity in urban areas was 

associated with soil microbial community characteristics across multiple cities. Using 16S rRNA marker gene 

analysis, we found a complex relationship between vegetation complexity and soil microbiota driven mostly 

by geographical differences. Higher vegetation complexity was associated with higher microbial diversity in 

one city. Meanwhile, in the other two cities we did not see this relationship, but there, microbial community 

composition and structure were different between ‘high’ and ‘low’ vegetation complexities. Overall, we found 

that a broad relationship exists between urban vegetation complexity and soil microbiotas across cities. The 

findings of Chapters 2 and 3 led us to the research in Chapter 4, where we asked if native revegetation has a 

positive impact on disturbed communities of human microbiota. 

Chapter 4 – what is the relationship between urban vegetation contexts and restoring disturbed microbiota of 

human skin? 

In Chapter 4, my co-authors and I experimentally tested the effect of school yard biodiversity on the recovery 

of human skin microbiota that had been experimentally disturbed. This research was based on several urban 

versus rural human microbiota studies that concluded that proximity to biodiversity in rural areas was 

beneficial for human microbial diversity (e.g., Hanski et al. 2012; Stein et al. 2016; Lehtimäki et al. 2017). 

Specifically, we wanted to test if increased urban biodiversity via revegetation also increased human 

microbial diversity, a research avenue that falls under the Microbiome Rewilding Hypothesis (Mills et al. 

2017; Mills et al. 2019). We found that high biodiversity areas of the school (i.e., natively revegetated forest) 

were more effective than low biodiversity (i.e., sports field) and indoor (i.e., classroom) areas at restoring skin 

microbial diversity and providing new microbial species to interact with. Our finding has implications for 

school yard design and class-time environments. 

The final chapter, Chapter 5, provides an overall discussion of the research within this thesis that has 

investigated relationships between urban vegetation diversity, soil microbiotas, and human microbiotas. 

Firstly, the preceding chapters are summarised and synthesised. I then discuss the future opportunities arising 

from this body of work and the limitations of it. I finish by providing recommendations for the design of 

urban public, educational, and private green spaces. 
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Jacob G. Mills1*, Justin D. Brookes1, Nicholas J. C. Gellie1, Craig Liddicoat1,

Andrew J. Lowe1, Harrison R. Sydnor1, Torsten Thomas2, Philip Weinstein1,
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A relatively unaccounted ecosystem service from biodiversity is the benefit to human

health via symbiotic microbiota from our environment. This benefit occurs because

humans evolved alongside microbes and have been constantly exposed to diverse

microbiota. Plants and animals, including humans, are organised as a host with

symbiotic microbiota, whose collective genome and life history form a single holobiont.

As such, there are interdependencies between biodiversity, holobionts, and public

health which lead us to argue that human health outcomes could be improved by

increasing contact with biodiversity in an urban context. We propose that humans,

like all holobionts, likely require a diverse microbial habitat to appropriate resources

for living healthy, long lives. We discuss how industrial urbanisation likely disrupts the

symbiosis between microbiota and their hosts, leading to negative health outcomes. The

industrialised urban habitat is low in macro and microbial biodiversity and discourages

contact with beneficial environmental microbiota. These habitat factors, alongside diet,

antibiotics, and others, are associated with the epidemic of non-communicable diseases

in these societies. We suggest that restoration of urban microbial biodiversity and micro-

ecological processes through microbiome rewilding can benefit holobiont health and aid

in treating the urban non-communicable disease epidemic. Further, we identify research

gaps and some solutions to economic and strategic hurdles in applying microbiome

rewilding into daily urban life.

Keywords: ecosystem services, immune, holobiont, microbiome, non-communicable disease, restoration
ecology, biophilic cities, urban

INTRODUCTION

The concept of holobionts (see SupplementaryMaterial for glossary) encompasses the coevolution
of complex life and microbiota in a microbial world. A holobiont is a host and its microbiota,
which together form an individual with a metagenome under natural selection (Turnbaugh et al.,
2007) (c.f. the hologenome theory of evolution, Zilber-Rosenberg and Rosenberg, 2008). Indeed,
microbiota are essential to many biological systems and processes. These processes are diverse

Frontiers in Microbiology | www.frontiersin.org 1 March 2019 | Volume 10 | Article 550
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and include phytohormone production in plants (Friesen et al.,
2011) and immunomodulation in animals, including humans
(Rook et al., 2003).

Microbiota have key roles in forming holobionts while
also providing and supporting multiple ecosystem services
that benefit human health. Indeed, resilience of ecosystems
and improvement in public health are increased by greater
biodiversity, which is important to consider during rapid global
change (WHO, 2015). It is therefore of no surprise that people
who live in more biodiverse environments and with better access
to parks and large green spaces become ill less often and live
longer than those who live in less biodiverse areas, regardless of
socioeconomic status (Evans, 2003; Brindley et al., 2018). These
health benefits likely result from, in part, exposure to a rich source
of microbiota to fulfil the needs of holobionts and are provided by
biodiverse environments (Sarukhan et al., 2005).

Land-use change, such as industrial urbanisation (proceeding
mentions of ‘urban’ refer to ‘industrialised urban’), alters the
exposure of inhabitants to natural habitats. In a microbial
world, such alterations may interfere with the microbial
colonisation of a host and disrupt holobiont development. Our
perspective article focuses on the impacts of land-use change,
specifically urbanisation, on the interdependencies of ecosystems,
holobionts, and non-communicable disease.We argue that urban
health issues can be somewhat alleviated through microbiome
rewilding – the restoration of microbial biodiversity in urban
areas (Figure 1) – and discuss an initiative that aligns with this
way of thinking. Additionally, we highlight possible solutions
for economic and strategic hurdles that need to be addressed to
implement microbiome rewilding as a preventative urban health
intervention (Mills et al., 2017).

HOLOBIONTS ARE FORMED THROUGH
ENVIRONMENTAL INTERACTIONS
PROVIDING HEALTH BENEFITS

Holobiont microbiota are determined by many factors that
influence their colonisation of a host, including genetics, lifestyle,
and environmental interactions (Rook et al., 2014). Initial
microbial colonisation has been described under the ecological
theory of succession (Costello et al., 2012). For example,
the primary succession of a child is tumultuous in early-
life. As children gather immunomodulatory microbiota their
immune systems learn to properly respond to the diversity of
environmental inputs (Figure 2). The gut microbiota eventually
stabilise around the age of three (Grice et al., 2009) and
this early-life colonisation appears most critical for immune
training and health outcomes (Gilbert et al., 2018). However,
microbiota are susceptible to disturbance, such as medical
treatment (e.g., antibiotics) or large changes to lifestyle (e.g.,
severe dietary change; David et al., 2014). Additionally, pathogens
are subject to ecological processes such as competitive exclusion
and predation. Several known pathogens, including Bordetella
spp., use immune-mediated competition (Weyrich et al., 2012),
while others, such as Vibrio spp., use direct competition with the
host microbiota (Unterweger et al., 2014). Succession principles

play key roles in establishing andmaintaining healthymicrobiota.
Altering these principles, especially in early-life, can have
detrimental health outcomes.

Health outcomes are thought to be improved by the immune
protective e�ects of biodiverse environments via coevolved
microbiota. For example, microbiome di�erences were observed
between the Amish (manual agriculturalists) and the Hutterites
(mechanised agriculturalists), which associated with greater
immune protection in the Amish (Stein et al., 2016). Further,
urban children, whose microbiomes di�er to those of rural
children, are more susceptible to asthma compared to farm
children, who are apparently also protected from allergies by
the microbiome of their house dust (Hanski et al., 2012; Schuijs
et al., 2015; Birzele et al., 2017). Also, an Australia-wide study
suggests biodiversity has a protective role for respiratory health
(Liddicoat et al., 2018b).

Greater contact with environmental microbiota may
also be protective against infectious disease. Environmental
microbiota supplement our own protective microbiota,
participate in immune signalling (promoting both inflammatory
and tolerance-inducing responses), and help build adaptive
immunity. Together, these factors contribute to immune fitness
against infectious disease (von Hertzen et al., 2011; Molloy et al.,
2012; Rook et al., 2014). For example, bacteria can play a key
role in controlling adaptive immunity against a viral respiratory
infection (Ichinohe et al., 2011). Also, reduced rates of infectious
and parasitic disease were found in populations surrounded by
high cation exchange capacity soils, which generally support high
microbial diversity (Liddicoat et al., 2018a).

ECOSYSTEM IMPACTS, URBAN
HABITATS, AND DISEASE: THE CASE
FOR MICROBIOME REWILDING

Impacted Ecosystems Cause Public
Health Issues
Healthy ecosystems and their resident macro-organisms have
a microbiota that is moderated by ecological processes, such as
resource availability and competition. Further, environmental
microbiota are key components of many ecosystem processes,
such as nutrient cycling and water filtration. However,
urbanisation can impact on these processes and allow certain
taxa to thrive or be diminished, sometimes resulting in important
consequences for human health. For example, eutrophic urban
waterways combined with altered water flows can allow
cyanobacteria to bloom. Eutrophication occurs when excess
nutrients (e.g., fertiliser) run-o� from lawns, gardens, and
decaying leaf litter (Wallace et al., 2008) into waterways, priming
for bloom conditions. Cyanobacteria can produce a suite of
hepatotoxins and neurotoxins, which have been associated with
health issues, including tumour promotion and liver failure
(Falconer, 1991; Falconer et al., 1994; Cheung et al., 2013).
Moreover, the cyanotoxins implicated in disease find their way
into the diets of many holobionts, including humans, through
bioaccumulation in fishery species (Ibelings and Chorus, 2007;
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FIGURE 1 | The microbiome rewilding hypothesis proposes the return of human habitat to one high in microbial diversity and with wilder symbiotic, competitive, and

predatory micro-ecological processes. States of human habitat have varied levels of biodiversity and microbiota exposure, immune protection, microbial processes,

and non-communicable disease rates. Genetics and diet can remain the same across habitat states.

Scott et al., 2018). Many non-communicable diseases are
associated with impacted habitats which likely then degrades the
ecosystem that is a holobiont.

Habitat Change From Urbanisation
Strongly Associates With Disease
Mammalian-holobionts are walking ecosystems with coevolved,
yet distinct, microbiota (Nelson, 2015; Robinson et al., 2018;
Ross et al., 2018), and di�erences in their microbiota relate to
di�erentiation in genetics, diet, lifestyle, and habitat. Microbiota
that colonise, or simply pass through, from the environment
are important to mammalian health because they influence
immunomodulatory development in early-life. Therefore, when
mammalian habitats change, such as when raised in captivity,
microbiota and immune function are also altered. For instance,
Mexican black howler monkeys, Alouatta pigra, living in
degraded or captive habitat had less diverse gut microbiomes
compared to those in natural habitats (Amato et al., 2013).
Additionally, A. pigra living in the non-natural habitats had less
diverse diets and reduced abundances of microbial genes related
tometabolism and immune function. Another study looked at the
microbiome and immune development in piglets born indoors
vs. outdoors, which showed those raised indoors had relatively

low microbial diversity (Mulder et al., 2011). Piglets born
outdoors also had more normal microbially-mediated immune
function in early-life, but this di�erence reduced over time as all
piglets were subsequently raised in a high-hygiene facility.

Domestication has also influenced the microbiota and
health of mammals. The gut microbiome of a domesticated
horse species, Equus ferus ssp. caballus, was less diverse than
the world’s only undomesticated horse species, E. ferus ssp.
przewalskii, living in nearby native grasslands (Metcalf et al.,
2017). In a study of domestic dogs, those from urban areas
had more allergies and a more human-like skin microbiome
than rural dogs, who carried more environmental microbiota
(Lehtimäki et al., 2018). Furthermore, domesticated animals also
su�er non-communicable diseases common to urban people
(Jensen-Jarolim, 2017). In addition, most animal species placed
in zoos with a ‘domesticated’ lifestyle also maintain lower
diversity and distinct gut microbiomes compared to wild
counterparts (Muegge et al., 2011). The impacts of lifestyle and
habitat changes on mammalian-holobiont disease states are also
found in humans.

Industrialised cities continue to see global rises in many
human non-communicable diseases despite advances in modern
medicine (Ehlers et al., 2010). This rise has been linked tomodern
lifestyles and the urban environments and microbial exposures
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FIGURE 2 | Microbiome rewilding via the restoration of biodiversity to urban

habitats holds great potential as an environmental input to

microbially-mediated health regulation of holobionts, including humans, as a

primary health intervention that transcends socioeconomic status.

in industrialised countries (Rook et al., 2003; von Hertzen et al.,
2011). Similarly, many non-communicable immune diseases are
linked to altered microbial community structure in the gut, and
include childhood asthma (Depner et al., 2017), multiple sclerosis
(Berer et al., 2017), some cancers (Ahn et al., 2013; Schwabe and
Jobin, 2013), diabetes (Karlsson et al., 2013), and many others
(reviewed in Cho and Blaser, 2012). Indeed, studies in mouse
models have begun to mechanistically link altered microbiomes
to non-communicable, inflammatory diseases (Turnbaugh et al.,
2006; Schrumpf et al., 2017). These microbiome alterations
change the immune profile of unhealthy individuals, increasing
their inflammation and resulting in disease.

Further, the risk of developing inflammatory bowel disease
(IBD) is increased for industrial urban residents (Loftus et al.,
2009; Cholapranee and Ananthakrishnan, 2016; Paramsothy
et al., 2017). This trend indicates that the IBD burden is, to
some degree, associated with inadequate exposure to biodiversity.
For example, ownership of cats and dogs which carry outdoor

microbiota, and exposure to farms which contain large microbial
diversities, are both negatively associated with altered microbiota
and IBD (Radon et al., 2007), suggesting that both domestic
and environmental biodiversity are immune protective. However,
while IBD is tightly linked with altered gut microbiota, it is still
unclear whether this alteration is pathological or symptomatic.
Although routine early-life exposure to biodiverse environments
is likely to have a positive health influence on humans via their
immunomodulatory microbiota.

Restoring biodiverse habitat for animals and people in urban
areas should lead to the improved health of those exposed
(Figure 2). Importantly, it remains to be tested whether and
how the human microbiome changes from interactions with
high biodiversity urban areas, and whether such interactions lead
to positive health outcomes. Indeed, early-life interactions with
rewilded or agricultural urban spaces and domesticated animals
may be the most critical time for positive health outcomes.
Even though the microbiota obtained from animals and the
environment are not likely to be adapted for living within the
human body (e.g., non-human parasites, soil bacteria) they would
provide a fleeting immune challenge and subsequent immune
training. Furthermore, as plant communities are restored, food
webs will become diversified with important implications for the
environmental microbiota that help promote and support the
increasing diversity of plants and animals.

Importance of Considering Risks of
Microbiome Rewilding in Context
Microbiome rewilding of urban areas potentially comes with
increased risks, such as interactions with dangerous animals and
zoonotic diseases. Moreover, increased vegetation structure may
increase the risk of falling branches, while poorly designed green
spaces may be more flammable (e.g., if dominated by eucalypts
or pines). Factors like these highlight the need for well-designed
green spaces with flora and fauna management, especially when
these high biodiversity green spaces are set among high-density
urban residences. However, there is a trade-o� between these
risks and the risks of maintaining traditional urban habitats.

Public health risks come with maintaining traditional urban
habitats. For example, the previously mentioned cyanobacteria
growing unchecked in eutrophic water exude dissolved organic
carbon as they grow and die. Organic carbon reacts with
chlorine – added as a disinfectant during water treatment to
eliminate microbial pathogens – forming halogenated organic
compounds (Tomlinson et al., 2016). These compounds,
collectively referred to as disinfection by-products, can reach
problem levels when algal abundance is high in the source water
and when there is a high dissolved organic carbon load exported
from the catchment. Health risks linked with disinfection by-
product exposure include the potential association with bladder
cancer, as well as links to miscarriages and birth defects (Hrudey,
2009; Thomson et al., 2014). Promoting native biodiversity,
that leaches less nutrients from leaf litter (Wallace et al., 2008)
with less fertiliser input and run-o�, could reduce waterway
eutrophication and toxic blooms. Therefore, restoring urban
green spaces with native and biodiverse plant communities could
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help prevent disease by absorbing and sequestering nutrients.
Overall, functionally intact ecosystems should support public
health by regulating both free-living and symbiotic microbiota,
which feedback to the overall health of ecosystems. However,
research on the risks and benefits of rewilding functional and
microbially-rich ecosystems in urban contexts remains limited.

PLANT-HOLOBIONTS: THE PRIMARY
MICROBIOME REWILDERS

Diverse plant communities attract and support microbial and
animal diversity, such as insects, birds, and mammals, which
are themselves holobionts and promoters of microbial diversity.
These plant communities have long played a major role in the
basis of healthy mammalian habitats, however, they are heavily
impacted by urbanisation. Therefore, we will explore the plant-
holobiont to demonstrate their key role in rewilding micro-
ecological processes to urban habitats.

Microbiota and plants have well-studied coevolutionary
relationships (Bonkowski et al., 2009; Van Nuland et al., 2016).
For example, many plants use a two-step selection process to
filter their rhizosphere microbiota from high diversity bulk soil
(Bulgarelli et al., 2013; Philippot et al., 2013). First, plants exude
photosynthates – an attractive source of carbon – that influence
microbial exchange from bulk soil to rhizosphere (Bonkowski
et al., 2009; Berendsen et al., 2012). These photosynthates
can support a core rhizosphere microbiome, often with lower
diversity than surrounding bulk soil (Bulgarelli et al., 2012;
Urbina et al., 2018). Secondly, microbes filter internally from
the root surface, again with decreased diversity. Microbes that
are adapted to this internal environment are selected by host-
specific mechanisms. In addition, generalist saprotrophic taxa
are often enriched inside roots, which contain dead woody
material (Bulgarelli et al., 2012; Urbina et al., 2018). Complex
interactions such as this likely lead to covariation between plant
and microbial communities.

This covariation between plant and microbial communities
is likely explained by feedback loops between plant traits and
their environment. In these loops, symbiotic microbiota are both
a driver and a responder, which influence and are influenced
by plant traits (Rosado et al., 2018). For example, in a long-
term vegetation community trial, plant species richness, plant
functional identity, and plant community functional diversity
explained 41% of leaf surface microbiome structure, while
leaf microbial diversity explained a large amount of variation
in plant community productivity (Laforest-Lapointe et al.,
2017). Additionally, microbiota can be powerful mediators of
plant functional traits (Vandenkoornhuyse et al., 2015). They
can synthesise bioactive compounds that plants cannot, while
also producing many phytohormones (Friesen et al., 2011).
Studies also indicate that endo- and epiphytic microbiota
have functional roles in plants, such as influencing water
retention and nitrogen fixation on leaf surfaces (Beattie, 2011;
Moyes et al., 2016). Additionally, an alteration of symbiotic
microbiota can impede plant growth (Wubs et al., 2016).
Further, leaf microbial diversity can improve plant health by

providing resilience to pathogens through competitive exclusion
(Ritpitakphong et al., 2016).

As such, the plant-holobiont has a strong influence on
its environmental microbiota, as well as being a primary
producer in food webs. Correlated succession of environmental
microbiota and plant communities follow natural disturbances
and ecological restoration (Rime et al., 2015; Gellie et al.,
2017; Yan et al., 2018). Therefore, restoration of diverse plant
communities in urban areas may provide human health benefits
by diversifying the environmental microbiota. To provide these
health benefits, future work needs to focus on how to design,
restore, and manage urban green spaces to optimise microbial
exposure (Mills et al., 2017; Robinson et al., 2018).

MICROBIOME REWILDING – FROM
HYPOTHESIS INTO PRACTISE

An important issue in the restoration economy is that projects
are predominantly accounted for in market terms, such as
carbon, water, and timber products (De Groot et al., 2013).
These products do not accurately reflect non-market financial
benefits. For example, urban restoration projects may provide
several direct and indirect health benefits (e.g., green space for
exercise; microbially-mediated health benefits), yet these are not
well considered or quantified. Such restoration projects may
not fall within traditional restoration ecology, but incorporate
values of ‘microbiome-inspired green infrastructure’ (MIGI)
that influence the microbial exposure of urban residents
while incorporating co-benefits (Robinson et al., 2018). Co-
benefits of incorporating MIGI to urban areas may include
spaces for food foraging or urban community gardens, which
come with dietary benefits, and green walls with diverse
flora, fauna, and microbiota, which can also intercept air and
noise pollution.

However, restoration projects face financial challenges. For
example, the net return of achieving the Bonn Challenge of
restoring 350 million hectares of degraded land by 2030 has
recently been estimated at $USD 2-to-9 trillion in ecosystem
services over 50 years (Verdone and Seidl, 2017). This return
would seem to be a legitimate incentive for investment,
particularly in and around urban areas. Yet, the Bonn Challenge
remains underfunded (Ding et al., 2017), illustrating the need
for reform on how restoration projects are accounted for
and financed. An opportunity exists in overcoming some of
these funding shortfalls by consciously aligning the restoration
and health economies; rewilding urban microbiota through
restoration should provide direct human health benefits and
public health cost savings (Mills et al., 2017). As such, restoration
projects that aim to align the co-benefits of microbiome rewilding
(e.g., air filtration, heat-island mitigation, human health) should
actively look for synergies by working in partnership with health
sectors and local governments. For example, the Healthy Urban
Microbiome Initiative (HUMI) aims to develop urban restoration
projects around the world that incorporate the interests of
communities who have needs, local governments who want to
maximise co-benefits, and health sectors who oversee disease
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management (for more information see https://www.humi.site/
and Flies et al., 2018). Combining these three interests under
HUMI should maximise the potential economic benefits of
microbiome rewilding by leveraging funds for each interest
group. Indeed, the absence of aligning these interests and not
funding interventions may be costly.

It is estimated that where health interventions are not
implemented, non-communicable diseases (such as asthma,
atopic allergies, inflammatory bowel disease) will cost low-
and middle-income countries $USD 7 trillion for the period
2011–2025 (WHO, 2014). Hypothetically, that cost could
be reduced by $USD 350 billion if the relatively low-
cost intervention of microbiome rewilding reduces non-
communicable diseases by just 5%. Using inflammatory bowel
disease (IBD) as an example of health costs associated with
a potential microbial exposure deficit, we can estimate a
fraction of the costs that restoration could recover. As of
2013, the European Union was spending €4.6 to 5.6 billion
annually on IBD treatment (Ganz et al., 2016). Therefore,
if urban restoration can reduce health care costs by 5%
then the European Union could save €230-to-280 million per
annum on IBD alone.

The health of holobionts, including humans, is fundamentally
linked to the health of ecosystems and potentially driven by
the state of environmental microbiota. While further work is
needed on the specific causative mechanisms underpinning these

positive health associations, restoring urban biodiversity provides
a low risk and low-cost investment that is likely to rewild urban
microbial processes and have potential to pay generational health
dividends. We believe that these restoration investments are
imperative for tackling the ongoing decline in urban green spaces,
rapid growth in urban populations, and increases in microbially-
mediated non-communicable diseases.
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2.2 REVEGETATION OF URBAN GREEN SPACE REWILDS SOIL MICROBIOTAS WITH 
IMPLICATIONS FOR HUMAN HEALTH AND URBAN DESIGN 

 

RESEARCH ART ICLE

Revegetation of urban green space rewilds soil
microbiotas with implications for human health and
urban design
Jacob G. Mills1,2 , Andrew Bissett3, Nicholas J. C. Gellie1 , Andrew J. Lowe1, Caitlin A. Selway4,
Torsten Thomas5, Philip Weinstein1, Laura S. Weyrich4,6, Martin F. Breed1,7

Many noncommunicable diseases are linked to degraded diversity in the human and environmental microbiota and are rising
globally in epidemic proportions in industrialized urban populations. Reducing this disease burden may be aided by the eco-
logical restoration of microbiota and their habitat in urban green spaces—a process termed microbiome rewilding. Micro-
biome rewilding could serve as a mechanism to increase urban exposure to biodiversity; biodiversity could introduce
microbiota species or functional diversity to improve immune training and regulation in urban populations. As a !rst step in
examining this hypothesis, we explored the microbial diversity and composition of a variety of urban green space vegetation
types relative to urban revegetated woodlands of varying levels of vegetation diversity, including lawns, vacant lots, parklands,
and remnant woodlands.We generated amplicon sequence variant community pro!les from bacterial and archaeal 16S rRNA,
fungal ITS1 region, and eukaryotic 18S rRNA marker genes. We also made trophic-mode predictions of the fungal amplicon
sequence variants. Across sites, soil microbiotas in revegetated urban green spaces were similar to remnant woodland micro-
biotas and differed greatly from lawns and vacant lots. There were several differentially abundant genera likely driving these
differences that had strong correlations to plant species richness, soil pH, and conductivity.We provide the !rst evidence, as far
as we know, that revegetation can improve urban soil microbiota diversity toward a more natural, biodiverse state by creating
more wild habitat conditions. This evidence supports initiating further studies within the growing !eld of microbiome
rewilding.

Key words: ecological restoration, exposure, immune protection, microbiome, non-communicable disease, public health

Implications for Practice

• Urban design principles that incorporate biologically
diverse communities (above and below ground) within
green spaces can improve microbiota diversity, which
has been linked to human health bene!ts.

• This study provides support for global and local initia-
tives at the nexus of restoration ecology, urban design,
and public health that seek to establish urban green space
interventions to improve human health outcomes.

• This study encourages further empirical studies to explore
the mechanistic interactions between ecological restora-
tion, urban design, human microbial exposure, and public
health.

Introduction

Microbial “old friends” are a more-than-human part of the body
that, through coevolution, has become involved in training and
regulating our immune systems, among many other functions
(Rook et al. 2003). Many of these “old friends” come from our

environment and colonize us, particularly during childhood. A
lack of exposure to these “old friends,” perhaps due to poor qual-
ity environment or diet, is implicated in noncommunicable dis-
eases (Gilbert et al. 2018).

Given that most of human evolution has occurred in bio-
diverse and wild environments, it is not surprising that
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noncommunicable disease rates are disproportionately rising
in industrialized urban populations more than in rural
populations (von Hertzen et al. 2011). For example, good
respiratory health positively correlates with biodiversity
exposure in rural residents (Stein et al. 2016; Liddicoat
et al. 2018).

The global burden of urban-associated diseases, such as many
auto-immune and in!ammatory diseases (reviewed in Flies et al.
2019), have partly been attributed to a loss of human microbial
diversity. This loss is evident in the decrease of diversity in
urban versus rural populations (von Hertzen et al. 2011; Lehti-
mäki et al. 2017). Further, microbiota—a community of micro-
organisms in a de"ned environment (Marchesi & Ravel 2015)—
of indoor and outdoor built environments have been linked in
many ways to human health status and the structuring of the
human microbiota in early life (reviewed in Sbihi et al. 2019).
Indeed, like urban people, urban built environments have been
shown to be relatively low in microbial diversity compared to
rural environments (Kembel et al. 2012; Kirjavainen et al.
2019). Moreover, built environments, along with differences
in diet and sedentary lifestyles, were found to be the main factors
attributed to an allergy epidemic in the Finnish Karelia
(Haahtela et al. 2015).

Recent studies have directly shown the in!uence of nature on
the human skin microbiota. For example, children that attend
nature-based childcare facilities have been shown to have a
more diverse skin microbiota (Lehtimäki et al. 12018a), as have
those exposed to sandboxes inoculated with microbially rich
organic soil (Hui et al. 2019). However, these approaches are
unlikely to be socio-economically transcendent nor sustainable
where access to a freely available and ever-present microbial
source is needed. Therefore, the ecological restoration of envi-
ronmental microbiomes—microbiomes being the microbiota,
their genomes, and the surrounding environmental conditions
(Marchesi & Ravel 2015)—into urban habitats may provide
the long-term microbial exposure that is required for positive
health outcomes for all people living in a built environment
(Mills et al. 2017; Robinson et al. 2018; Lehtimäki et al.
12018b).

Previous studies suggest that ecological restoration within
urban environments has the potential to “rewild”microbiotas.
For example, wild-land restoration interventions that increase
vegetation diversity and rewild soil microbiota (Gellie et al.
2017; Yan et al. 2018) may support more niche-adapted,
rather than opportunistic pathogenic bacteria in degraded
ecosystems (Liddicoat et al. 12019a). Moreover, a random-
ized controlled trial found that exposure to soils from high
vegetation diversity areas can supply the mouse gut with
anxiety-reducing bacteria (Liddicoat et al. 12019b). Further,
natural soil microbiota are found in rural house dusts, which
are causatively linked to immune protection in experiments
with laboratory mice and comparative studies of rural and
urban people (Haahtela et al. 2015; Stein et al. 2016; Lehti-
mäki et al. 12018b).

As such, microbiome rewilding of urban outdoor spaces
could provide “nature-like” microbiota to urban homes. There-
fore, it is important to understand the in!uence of revegetation

on urban soil microbiota if this solution is to be offered as a
cost-effective and permanent source of diverse environmental
microorganisms for early-life exposure in the urban environ-
ment (Mills et al. 2019).

In this study, we compared the soil microbial diversity and
composition of revegetated urban green spaces to other com-
mon urban vegetation types with the expectation that they
would be more similar to local remnant patches. We examined
the structure, diversity, and differential abundance of bacterial,
fungal, archaeal, and eukaryotic soil microbiota in the context
of the vegetation and soil characteristics in different vegetation
types of urban green space. Speci"cally, we wanted to know
whether revegetated urban green spaces have soil microbiome
characteristics more similar to local remnant patches or to
more traditional urban green spaces with lower vegetation
diversity.

Methods

Study Sites

We focused our study on "ve vegetation types of urban
green space in the City of Playford, Kaurna Country, South
Australia, Australia. The "ve vegetation types were lawns,
vacant lots, parklands, revegetated open woodlands, and
remnant open woodlands in urban patches. Each vegetation
type was replicated three times in a spatially independent
design (Fig. 1). Two randomly located quadrats within each
replicate were sampled. Each quadrat was a 25 ! 25 m plot
in a NSEW orientation, with geo-references and photos
taken at the SW corner. The vegetation types represented
different land-uses across a gradient of vegetation structure
and diversity.

Vegetation Surveys

Vegetation surveys were undertaken between 31 October and 4
November, 2016. All revegetated woodlands had been restored
with locally native species more than 15 years before sampling
to resemble the pre-European open grassy woodlands that
existed in the area. The vegetation of each replicate was
described by a point-intercept survey of "ve 25-m transects run-
ning EW (modi"ed from White et al. 2012) and an assessment
based on the National Vegetation Information System
(ESCAVI 2003) to determine functional groups and structural
characteristics of the vegetation in the green spaces. We col-
lected specimens of all plant species within the quadrat. The
point-intercept survey provided count data of each plant species
within the quadrat and these data were used to calculate Shan-
non’s diversity and effective species number (taken as the expo-
nent of Shannon’s diversity).

Soil Sampling

Soils were sampled for microbiota and physicochemical
analysis according to the Biomes of Australian Soil Envi-
ronments (BASE) project protocol (Bissett et al. 2016)
between 1 and 16 September, 2016. In brief, 100–200 g
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of soil was randomly sampled from nine points within the
quadrat and mixed. Of this pooled sample, 50 g was taken
for DNA analysis and 250 g for physicochemical analysis.

Soil physicochemical characteristics were analyzed by
CSBP Laboratories (Perth, Western Australia) (see
Table S1 for the variables analyzed).

Figure 1. Sampling locations and photos of urban green space vegetation types in the City of Playford, South Australia. Constrained analysis of principal
coordinates (CAP) of soil bacteria, fungi, archaea, and eukaryotes constrained by uncorrelated soil physicochemical variables (pH; sand; ammonium, NH4;
nitrate, NO3; conductivity, Cond.; calcium, Ca; copper, cu; phosphorus, P) and plant species richness (Rich.). Wald test for the difference between revegetated
woodland (Rev) soil microbiotas to those of lawns (Law), vacant lots (Vac), parklands (Par), and remnant woodlands (Rem); negative binomial multivariate
GLM; bacteria, fungi, archaea, eukaryotes, W = 285.4, 177.9, 235.4, 156.6, p = <0.001, <0.001, <0.001, <0.001.
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DNA Extraction, Library Preparation, and Sequencing

Soil DNA extraction, library preparation of bacterial and
archaeal 16S rRNA, fungal ITS1 region, and eukaryotic 18S
rRNA marker genes, and next generation sequencing were done
according to Bissett et al. (2016) by the Australian Genome
Research Facility and Bioplatforms Australia under the BASE
protocol. Brie!y, DNA was extracted in triplicate (3 ! 0.25 g)
using the MOBIO Power Soil kit, as per the manufacturer’s rec-
ommendations. The fungal ITS region primers ITS1F (Gardes &
Bruns 1993) and ITS4 (White et al. 1990), partial bacterial 16S
rRNA genes (primers 27f [Lane 1991]) and 519r (Lane et al.
1985)) and partial 18S rRNA genes (primers 1391f (Amaral-
Zettler et al. 2009), and EukBr (Caporaso et al. 2012)) were
ampli"ed and sequenced using the Illumina MiSEQ platform.
The 16S and ITS amplicons were sequenced using 300 bp
paired end sequencing, while 18S amplicon reads were gener-
ated using 150 bp paired end sequencing (Bissett et al. 2016).

Sequenced 16S and 18S rRNA gene amplicons were merged
with FLASH (Magoč & Salzberg 2011), and merged reads con-
taining Ns or homopolymer runs >8 bp were removed using
MOTHUR v1.34.1 (Schloss et al. 2009). For ITS sequences,
the ITS1 region was extracted from Illumina R1 reads using
ITSx (Bengtsson-Palme et al. 2013), and sequences containing
ambiguous bases removed. The remaining analysis steps were
the same for all amplicons and used to produce sequence abun-
dance tables per amplicon. Sequences were denoised using the
UNOISE3 algorithm (Edgar & Flyvbjerg 2015) with
USEARCH v11 (Edgar 2010) (!minsize 4) and abundance pro-
"les built by mapping all data to identi"ed amplicon sequence
variants (ASVs) (USEARCH–otutab–maxaccepts 0). ASVs
were classi"ed using the RDP classi"er (Wang et al. 2007) in
MOTHUR at a 60% probability cut-off, against SILVA132
(Quast et al. 2012) for 16S and 18S amplicons and UNITE SH
v7 (Nilsson et al. 2018) for fungal ITS.

Data Access

Sequence data are available from the Australian Microbiome
(BASE) data portal (https://data.bioplatforms.com/
organization/about/australian-microbiome) under sample IDs
39101-39159 (odd numbers only) or from the NCBI Sequence
read archive under Bioproject accession no. PRJNA317932
and Biosamples ID’s SAMN07449116-SAMN07449174 (even
numbers only). Marker gene sequences, ASV and taxonomy
tables, and soil and vegetation metadata is available on "g-
share.com with the DOI 10.25909/5db8cd2782ebd.

Statistics

Data Preparation. Prior to analysis, ASVs assigned to mito-
chondria, chloroplast, “unknown” or incorrect domain or king-
dom (e.g. archaea in the bacterial database) were deleted. The
eukaryote dataset was further "ltered at the phylum level to
focus on micro-eukaryotes. This "ltering excluded fungi (cap-
tured in the fungal dataset), land plants, brown and red algae,
vertebrates, and macro-invertebrates. The read abundances of
each ASV between the two quadrats of each replicate were

summed because we only had vegetation data for one quadrat
within each replicate of vegetation type. Soil physicochemical
variables of the two quadrats of each replicate were averaged
as, for example, we cannot sum particle percentages or pH.

Environmental Predictor Analysis. All statistics were done in
R version 3.5.3 (R Core Team 2019). Generalized linear models
(GLMs) with negative-binomial link functions were used to test
for signi"cant differences of the soil physicochemical variables
between the revegetated woodlands and the other vegetation
types with the MASS package version 7.3.51.4 (Ripley et al.
2013). GLMs with a Poisson link function (in base R) were used
to test for differences of the vegetation community characteris-
tics between the revegetated woodlands and the other vegetation
types (i.e. number of growth forms and height classes, species
richness, Shannon’s diversity, effective species number [Shan-
non’s]). All GLMs were tested and con"rmed for goodness-of-
"t with chi-squared tests, with p > 0.05 for a good "t.

Microbiome Analysis—Diversity. The phyloseq package ver-
sion 1.26.1 was used for microbiota analysis of alpha- and beta-
diversity and differential abundance testing (McMurdie &
Holmes 2013). All ASVs that had fewer than "ve sequence
reads across all samples were removed to account for possible
sequencing errors. Phylogenetic trees were constructed using
the msa package version 1.16.0 (Bodenhofer et al. 2015) for
multiple sequence alignment and the phangorn package version
2.5.5 (Schliep 2010) for phylogenetic tree building.

Samples were rare"ed to the read count of the sample with
fewest reads (bacteria, 30,074 reads; fungi, 86,026; archaea,
123,363; eukaryotes, 12,261) for alpha-diversity analysis of
ASVs (observed ASV richness, Faith’s phylogenetic diversity,
Shannon’s diversity index). ASV richness and Shannon’s diver-
sity were calculated with the “estimate_richness” function in
phyloseq and Faith’s phylogenetic diversity was calculated with
the “pd” function of the picante package version 1.8 (Kembel
et al. 2010). GLMs with negative-binomial link functions were
used to test for differences in the alpha-diversity of soil micro-
biotas between revegetated woodlands and the other vegetation
types with the MASS package.

Microbiome Analysis—Composition. Before ordination, the
environmental predictor variables were mean centered using
the “scale” function (in base R). Environmental predictor vari-
ables (soil physicochemical and vegetation metrics) were ini-
tially checked for multicollinearity with the “pairs.panels”
function of the psych package version 1.8.12 (Revelle 2015)
with Spearman’s rho >0.7 or <!0.7 as cut-offs and the most rel-
evant variables to microbiotas, such as pH and ammonium, were
retained for constrained ordination. We then ran variance in!a-
tion factor analysis on the remaining predictor variables to fur-
ther reduce multicollinearity with the “stepVIF” function of
the pedometrics package version 0.7.0 (Samuel-Rosa 2020).
The predictor variables remaining after collinearity reduction
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were plant species richness, soil calcium, copper, ammonium,
nitrate, phosphorus, pH, and percentage of sand (Table S1).

Visualization of beta-diversity was based on unrare!ed data
with weighted UniFrac distance and ordinated using the “ordi-
nate” function in phyloseq with unconstrained principal coordi-
nates analysis (PCoA) and then with the predictor variables in
constrained analysis of principal coordinates (CAP). We ran
four CAP models as follows, distance ~ vegetation type, dis-
tance ~ vegetation type + predictor variables, distance ~ predic-
tor variables, distance ~ predictor variables + vegetation type.
Both models including the predictor variables and vegetation
type overdetermined the variation (constrained proportion
explained >0.94 for bacteria, fungi, archaea, and eukaryotes).
However, the model with only predictor variables explained
more variation in microbiota structure for all four taxonomic
groups (constrained proportion explained = 0.81 [bacteria];
0.77 [fungi]; 0.84 [archaea]; 0.77 [eukaryotes]) than the model
with only vegetation type (constrained proportion
explained = 0.71 [bacteria]; 0.59 [fungi]; 0.60 [archaea]; and
0.59 [eukaryotes]). As such, we visualized the constrained
model with only the predictor variables as they provided a better
explanation of the variance between green spaces than the veg-
etation types themselves.

We ran permuted analysis of variance (ANOVA; n = 999) on
the constrained axes of each ordination to identify statistically
important axes with the “anova” function of the base R package.
Differences in beta-diversity of the microbial community struc-
ture of the vegetation types were analyzed using multivariate
negative-binomial GLMs and Wald tests implemented in the
“manyglm” function of the mvabund package version 4.0.1
(Wang et al. 2012). Predictor variables used in the ordination
models were correlated to the two main axes (CAP1 and
CAP2) of the CAP analyses with two-tailed Spearman’s correla-
tion tests with the “cor.test” function of the stats package ver-
sion 3.6.1 (R Core Team 2019).

Microbiome Analysis—Differential Abundance Testing. We
tested for differentially abundant microbial taxa across the veg-
etation types, using revegetated woodlands as the reference
group. ASVs were agglomerated to genus level for differential
abundance testing of genera using the “tax_glom” function of
phyloseq. Log-2 fold-change measurement of genera within
bacteria, fungi, archaea, and eukaryote datasets was done using
the “DESeq” function in the DESeq2 package version 1.22.2
(Love et al. 2014). DESeq2 has been shown to work well for
designs with unrare!ed data, high sequencing depth, and low
sample numbers per treatment (Weiss et al. 2017), such as in
our study. Differentially abundant genera (alpha level of 0.01)
were plotted into heatmaps using the “pheatmap” function of
the pheatmap package version 1.0.12 (Kolde & Kolde 2015).
The differential abundance heatmap (Fig. 2) rows and columns
were clustered based on Manhattan distance. The differential
abundance heatmap (Fig. 2) scale represents the mean abun-
dance of each genus across samples as 0 with!3 standard devi-
ations. Unidenti!ed genera were removed for plotting. Archaea
only had 1 identi!ed differentially abundant genus; therefore, a

heatmap was not produced for them. Differentially abundant
genera were correlated with environmental variables using
Spearman’s correlation with the “cor” function of the base R
package to produce a correlation matrix. This matrix was pruned
to have genera as rows and environmental variables as columns,
and then these correlations were plotted into heatmaps using the
“pheatmap” function of the pheatmap package version 1.0.12
(Kolde & Kolde 2015). The correlations heatmap (Fig. 3) rows
and columns were clustered based on Manhattan distance.

Microbiome Analysis—Functional Assignment. The online
version of FUNguild (http://www.stbates.org/guilds/app.php)
was used to make trophic predictions for the fungal ASV dataset
(Nguyen et al. 2016). We used GLMs with a binomial link func-
tion to test proportions (derived from unrare!ed sequence reads)
of fungal trophic modes for signi!cant differences between
revegetated woodlands and the other vegetation types. Please
see Supplement S1 for R script.

Results

Environmental Characterization of Urban Green Spaces

We collected 122 plant specimens across the 15 urban vegetation-
type replicates. Fifty-three Australian native and 45 introduced
plant species were identi!ed, with 24 specimens unidenti!ed.
The revegetated and remnant woodlands comprised more native
plant species than the other vegetation types, although they still har-
bored exotic species. Revegetated woodlands had a signi!cantly
higher number of growth forms (i.e. proxy for functional diversity)
of plants compared to lawns, vacant lots, and parklands (Table 1
and Fig. S1). Revegetated woodlands also had a signi!cantly
greater number of plant height classes (i.e. proxy for structural
diversity) compared to lawns and vacant lots (Table 1 and Fig. S1);
and signi!cantly higher plant species richness and effective species
number compared to lawns and vacant lots (Table 1 and Fig. S1).
The revegetated woodlands were not signi!cantly different from
the remnant woodlands in any of the vegetation variables
(Table 1 and Fig. S1).

Soil physicochemical variables that signi!cantly differed
between the revegetated and other vegetation types were silt, clay,
ammonium, potassium, sulfur, iron, manganese, zinc, and calcium
(Table S1). Ammonium was higher in lawns than revegetated
green spaces. Organic carbon was also higher in lawns, revege-
tated, and remnant green spaces; however, it was also highly vari-
able and therefore not signi!cantly different across these urban
green space types. Overall, soil and plant community variables
are important to these vegetation types and these are explored fur-
ther in the context of the soil microbiome below.

Soil Microbial Diversity

Soil in revegetated woodlands had a signi!cantly higher bacte-
rial and fungal ASV richness when compared to lawns; how-
ever, the opposite was true for eukaryotes (Table 2 and
Fig. S2). Richness of soil bacteria, fungi, archaea, and eukaryote
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ASVs in revegetated woodlands were signi!cantly lower than in
remnant woodland patches (Table 2 and Fig. S2). Faith’s phylo-
genetic diversity and Shannon’s diversity index was not signi!-
cantly different between revegetated woodlands and all other
vegetation types for fungi and archaea (Table 2 and Fig. S2).

However, Faith’s phylogenetic diversity of eukaryotes was sig-
ni!cantly lower in revegetated woodlands than all other vegeta-
tion types. Further, Faith’s phylogenetic diversity of bacteria
was signi!cantly higher in remnant woodlands than revegetated
woodlands.

Figure 2. Differentially abundant genera of (A) bacteria, (B) fungi, and (C) eukaryotes in the urban green space vegetation types measured by log-2 fold-change
with p value < 0.01. Extreme ends of the heat color scale represent 3 standard deviations from the mean rare!ed abundance for each genus across samples.
Clustering of genera (rows) and vegetation replicates (columns) are both by Manhattan distance.

September 2020 Restoration Ecology S327

Revegetation rewilds urban soil microbiotas



 27 

Environmental Characteristics Relating to Soil Microbial
Community Composition

The constrained microbial community structures of bacteria,
fungi, and archaea in revegetated woodland green space soils
were signi!cantly different from all other urban vegetation

types—lawns, vacant lots, parklands, and remnant woodlands
(Fig. 1 and Table 3). Eukaryotic communities of revegetated
woodlands were signi!cantly different from lawns, vacant lots,
and parklands but not remnant woodlands. Overall, revegetated
woodlands had bacterial, fungal, archaeal, and eukaryotic

Figure 3. Spearman’s correlations between differentially abundant genera of (A) bacteria, (B) fungi, and (C) eukaryotes and environmental variables (pH; sand;
ammonium, NH4; nitrate, NO3; conductivity, Cond.; calcium, Ca; copper, cu; iron, Fe; manganese, Mn; potassium, K; phosphorus, P; organic carbon, org. C;
plant species richness, Rich.). Clustering of genera (rows) and vegetation replicates (columns) are both by Manhattan distance. Scale is Spearman’s correlation
coef!cient.
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communities that were most similar to remnant woodland
microbiotas and most dissimilar to those of lawns and vacant
lots. Community structure of all four microbial groups studied
here were somewhat similar between constrained (Fig. 1) and
unconstrained ordinations (Fig. S3).

We correlated environmental predictor variables with the pri-
mary and secondary axes of the constrained ordinations to iden-
tify potential drivers of the patterns that we observed in the
microbial community structure between the vegetation types
(Fig. 1 and Table S3). However, the primary axes of all four
ordinations were the only axes in each model signi!cantly
explaining the variation (Table S3, permuted ANOVA,
F = 14.2bacteria, 8.4fungi, 16.3archaea, 6.7eukaryotes; df = 1, 5;
p = 0.03bacteria, 0.07fungi, 0.01archaea, 0.003eukaryotes). Plant spe-
cies richness, soil conductivity, and pH were major predictors
of the bacterial community composition according to Spear-
man’s rank correlations (p < 0.05; Fig. 1 and Table S3). Further,
plant species richness, soil pH, and ammonium were major pre-
dictors of the fungal community composition (p < 0.05; Fig. 1
and Table S3). Meanwhile, plant species richness, conductivity,
and calcium were major predictors of the archaeal community
composition (p < 0.05; Fig. 1 and Table S3). Plant species rich-
ness, soil pH, and conductivity were major predictors of the
eukaryotic community composition (p < 0.05; Fig. 1 and
Table S3). Plant species richness, a signi!cant predictor of all
four taxonomic groups represented here, was signi!cantly, pos-
itively correlated with all other vegetation community
characteristics—number of growth forms and height classes,
Shannon’s diversity, and effective species number (rho >0.7;
Table S2). Overall, plant species richness, soil pH, and conduc-
tivity were the strongest predictors of soil microbiotas across the
green space vegetation types.

Differential Abundance of Genera

Bacteria, fungi, archaea, and eukaryotes had 50, 50, 1, and 8 gen-
era, respectively, that were differentially abundant across the
vegetation types (based on a log-2 fold-change compared to
revegetated woodlands with an adjusted p value threshold of
<0.01). Differentially abundant bacterial genera generally fell

into three groups by vegetation types as seen in Figure 2a—
lawns and vacant lots (e.g. Flavobacterium, Pseudomonas);
vacant lots, parklands, revegetated, and remnants
(e.g. Nitrospira, Parviterribacter); and parklands, revegetated,
and remnants (e.g. Rhodoplanes, Solirubrobacter). Most differ-
entially abundant fungal genera were highly abundant in one
replicate or another (Fig. 2b). The only identi!ed archaeal gen-
era that differed was Haloterrigena, which was found in one
lawn replicate. Differentially abundant eukaryotic genera also
formed three groups by vegetation type. These eukaryote groups
were more abundant in lawns (e.g. Naegleria, Labyrinthula), or
lawns and vacant lots (e.g. Pythium, Vermamoeba), while the
family Cercomonadidae were higher in abundance in remnant
and revegetated woodlands (Fig. 2c).

We found that several environmental variables correlated
strongly with the differentially abundant genera. The bacteria
and fungi split into two groups, those correlated with soil con-
ductivity, pH, ammonium, nitrate, potassium, phosphorus, and
copper (e.g. bacteria Sporacetigenium and fungi Heteroconium,
Fig. 3), and those that correlated with plant species richness,
organic carbon, manganese, sand, and calcium (e.g. bacteria
Nitrospira and fungi Geastrum, Fig. 3). The eukaryotes split
into three groups; the Cercomonadidae that correlated positively
with plant species richness, sand, organic carbon, manganese,
calcium, phosphorus, nitrate, and potassium; those that strongly,
negatively correlated with plant species richness, sand, organic
carbon, and manganese (e.g. Pythium); and those strongly, neg-
atively correlated with plant species richness (e.g. Naegleria).
Overall, the vegetation types had differentially abundant genera
driving the differences in their soil microbiota community struc-
ture. The differential abundance of these genera was likely
driven strongly by environmental variables such as soil pH
and conductivity, and plant species richness.

Functional Predictions of Trophic Modes

Functional predictions of fungi revealed high-level trophic pat-
terns across the urban vegetation types (Fig. 4). There was a sig-
ni!cantly greater relative abundance of pathotrophic fungi in
vacant lots than revegetated woodlands (GLMBinomial,

Table 1. Vegetation functional (growth form, NVISgf; NVIS is the National Vegetation Information System) and structural diversity (height class, NVISht) and
species diversity (richness; Shannon’s, H0; and effective species number [ESN], exp.[H0]) between the !ve urban green space vegetation types. Values are “mean
(SD)” on the !rst line, and “z score, p value” from Poisson GLMs with “Revegetated” as the comparison group on the second line. Degrees of freedom were 14
(null deviance) and 10 (residual deviance). p Values: p < 0.001 ‘***’, p < 0.01 ‘**’, p < 0.05 ‘*’, p < 0.10 ‘!’, p > 0.10 ‘ns’.

Green Space (n = 15) n NVISgf n NVISht n richness H0 ESN

Lawns (n = 3) m (SD) 3.0 (0.0) 1.0 (0.0) 8.7 (3.5) 1.0 (0.6) 3.0 (1.5)
!1.70, ! !2.66, ** !5.04, *** !1.31, ns !3.63, ***

Vacant lots (n = 3) 2.0 (0.0) 1.7 (0.6) 17.0 (3.6) 1.8 (0.2) 6.1 (1.1)
!2.33, * !2.27, * !2.59, ** !0.53, ns !2.24, *

Parklands (n = 3) 3.0 (0.0) 3.7 (0.6) 21.3 (3.1) 2.3 (0.2) 10.0 (2.1)
!1.70, ! !0.96, ns !1.41, ns !0.10, ns !0.61, ns

Revegetated (n = 3) 6.0 (1.0) 5.3 (0.6) 27.0 (4.6) 2.4 (0.3) 11.7 (3.7)
(Intercept) 7.60, *** 6.70, *** 29.66, *** 2.39, * 14.54, ***
Remnant (n = 3) 6.3 (1.2) 4.3 (0.6) 29.3 (3.8) 2.4 (0.3) 11.0 (3.1)

0.16, ns !0.56, ns 0.54, ns !0.05, ns 0.80, ns
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t14,10 = 3.56, p < 0.01). Remnant woodlands had a signi!cantly
higher relative abundance of pathotrophic-saprotrophic fungi
than revegetated woodlands (GLMBinomial, t14,10 = 2.44,
p < 0.05). Pathotrophic-symbiotrophic fungi were signi!cantly
higher in relative abundance in lawns (GLMBinomial,
t14,10 = 2.33, p < 0.05) and remnant woodlands (GLMBinomial,
t14,10 = 2.22, p < 0.10) than revegetated woodlands. Lawns
(GLMBinomial, t14,10 = 8.28, p < 0.001) and remnant woodlands
(GLMBinomial, t14,10 = 3.32, p < 0.01) also had a signi!cantly
higher relative abundance of saprotrophic fungi than revege-
tated woodlands. Relative abundance of saprotrophic-
symbiotrophic fungi was signi!cantly higher in revegetated
woodland soils than lawns (GLMBinomial, t14,10 = !2.97,
p < 0.05) and vacant lots (GLMBinomial, t14,10 = !3.03,
p < 0.05). Symbiotrophic fungal relative abundance was also
signi!cantly higher in revegetated soils than lawns
(GLMBinomial, t14,10 = !3.13, p < 0.05) and vacant lots
(GLMBinomial, t14,10 = !2.04, p < 0.10). Overall, the functional
pro!le of the fungal soil community was varied by
vegetation type.

Discussion

We report evidence that urban ecological restoration may rewild
the soil microbiota in green space vegetation types commonly
found in cities, such as parks. We observed that the structure
of soil microbiota between urban vegetation types changed with
levels of macro-biodiversity, from low vegetation-diversity
lawns and vacant lots, increasing to parklands, to the higher
vegetation-diversity revegetated and remnant woodlands. Plant
species richness, soil pH, and electrical conductivity were
strong predictors of the observed differentiation in microbiotas
between urban vegetation types. These results indicate that reve-
getated urban green spaces have microbiota that are similar to
areas of biodiverse, natural remnant vegetation. This similarity,
therefore, highlights the potential to align urban green spaces
with rural spaces to become bene!cial to human, animal, and
plant health. However, more work is needed to determine the
direct interactions between microbiome rewilding and human
health.

Diversifying Green Space Microbiota With Diverse Plant
Communities

Ecological restoration of urban green spaces could lead to
changes in the microbial diversity of urban soils. In our study,
bacterial and eukaryotic microbiotas had signi!cant differences
in alpha-diversity between the revegetated and other vegetation
types. However, such microbial diversity differences are neither
consistently observed in ecological restoration projects nor gen-
erally predicted by changes to vegetation diversity (Prober et al.
2015; Gellie et al. 2017; Hamonts et al. 2017). This inconsis-
tency across studies is likely due to the nuances of spatial het-
erogeneity such as land-use history and soil types interacting
with the restoration intervention. Nevertheless, what is gener-
ally consistent across studies is the relationship between plantTa
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community turnover and soil microbiota structure (Banning
et al. 2011; Prober et al. 2015; Liddicoat et al. 12019a).

Our beta-diversity results show that revegetated soil micro-
biotas were signi!cantly different to all other urban vegetation
types, though they were most similar to remnant woodland
sites—potentially leaving room for inoculations with remnant
soils to close the gap and improve the restoration outcome
(Wubs et al. 2016). Additionally, the importance of plant species
richness to bacterial, fungal, archaeal, and eukaryotic commu-
nity structure in this study follows trends in previous studies.
For example, the revegetation of managed pasture sites to wood-
lands has been shown to return soil bacterial and fungal

communities to near-remnant reference states after several years
(Gellie et al. 2017; Yan et al. 2018). Further, plant functional
groups (e.g. growth forms in this study) and diversity have been
shown to in"uence soil microbiota structure in unique ways
(Chen et al. 2017; Hui et al. 2017; McGee et al. 2019).

Taken together, the results of this and the other studies men-
tioned here suggest that more heterogeneous, or “nature-like,”
green spaces—such as botanic gardens that combine many veg-
etation types in one location—could be used to increase the
overall microbial diversity of an individual green space. This
heterogeneity should increase the diversity of microbes that peo-
ple using that space are exposed to considering that microbial
diversity is important for health outcomes associated with the
human microbiome (Stein et al. 2016; Lehtimäki et al.
12018b). Furthermore, “nature-like” green spaces are more
likely to be sought out by people compared with traditional
low-diversity local parks (Lin et al. 2014); therefore, such spaces
will improve the likelihood of exposure. However, more
research is needed on the in"uence of urban green space hetero-
geneity on the human microbiome.

Associations Between Soil Physicochemistry and Microbiota

Soil pH, well known to in"uence soil microorganisms (Fierer
2017), was strongly correlated with the structure of bacterial,
fungal, archaeal, and eukaryotic microbiotas as well as certain
genera in our study and was higher in the lawns and vacant lots.
As such, the structure of the lawn microbiota observed in our
study may be in"uenced by applications of mineral ammonium
fertilizer that can temporarily increase the soil pH (Geisseler &
Scow 2014). Eventually, this fertilization can decrease soil pH
as nitri!cation of ammonium to nitrite and then nitrate produces
protons that acidify the soil. However, nitri!cation appeared less
active in lawn soils as some nitrifying bacteria (i.e. Nitrolancea,
Nitrobacter, Nitrospira) were less abundant in the lawns of our
study where ammonium and pH were higher, relative to other
vegetation types (Sorokin et al. 2014; Spieck & Bock 2015;
Daims & Wagner 2018). These abundances suggest that the
lawn soils were under the temporary increase in soil pH due to
some interaction between mineral ammonium fertilization and
reduced nitrifying capacity. Moreover, the higher abundance
of the aforementioned nitri!ers in the more "oristically diverse
green spaces potentially led to more active nitri!cation, theoret-
ically leading to the observed lower pH and ammonium levels in

Table 3. Revegetated urban woodland soil microbiotas signi!cantly differ to other urban soil microbiotas, particularly lawns, vacant lots, and parklands. Neg-
ative binomial multivariate GLM, n = 15 with “Revegetated” as the comparison group. Values are “Wald statistic (W), p value.” p Values: p < 0.001 ‘***’,
p < 0.01 ‘**’, p < 0.05 ‘*’, p < 0.10 ‘!’, p > 0.10 ‘ns’.

Green space (n = 15) Bacteria Fungi Archaea Eukaryotes

Overall W, p value 285.4, *** 177.9, *** 235.4, *** 156.6, ***
Lawns (3) 124.1, *** 80.4, *** 112.4, ** 71.05, ***
Vacant lots (3) 132.4, *** 73.6, ** 113.6, ** 63.5, *
Parklands (3) 118.4, *** 61.9, ** 136.5, *** 61.0, *
Revegetated (3) (Intercept) 293.3, *** 134.4, * 389.7, *** 165.1, **
Remnant (3) 101.1, * 64.3, * 90.4, ! 57.9, ns

Figure 4. Proportions of soil fungi trophic mode predictions of the urban
green space vegetation types. Binomial GLM, t14,10 was used to test for
signi!cant differences between revegetated woodland soil microbiotas and
those of lawns, vacant lots, parklands, and remnant woodlands.
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those soils. Furthermore, the nitrogen-!xersMesorhizobium and
Ensifer (Dhaoui et al. 2016; Beukes et al. 2019) that were more
abundant in lawns and vacant lots were correlated with ammo-
nium, suggesting that ammoni!cation, as well as fertilization,
was leading to the higher ammonium and pH levels in the lawn
soils.

Additionally, eukaryotic differences along pH gradients have
previously been shown to be marked by differences in parasites
and saprotrophs (Dupont et al. 2016). These differences are sup-
ported by our results as we found several eukaryotic taxa associ-
ated with parasitism, pathotrophy, or saprotrophy to be
signi!cantly more abundant in lawn soils and strongly corre-
lated with soil pH. These taxa included Pythium (plant and ani-
mal parasite), Labyrinthula (wasting disease in plants), fungal
saprotrophs, and a genus of soil amoeba, Naegleria (found
mostly in lawn soils of our study). Within the Naegleria genus,
the species N. fowleri can be found in water and soil and can
infect humans causing brain damage and possibly death
(SAHealth 2019). The length of our ASV sequence did not
allow us to unambiguously identify the species of Naegleria in
the lawn soils; however, the general abundance of this genus
indicates that conditions may be suitable for N. fowleri.

Previous work has identi!ed that degraded and depauperate
soils potentially harbor more human pathogens (Liddicoat
et al. 12019a) and this is tentatively supported by our results.
While lawns certainly have value for sports and recreational pur-
poses that come with their own health bene!ts, they are arguably
not an ecologically “healthy” urban green space. Lawns nega-
tively impact the environment because they are extensive in land
area, high in fertilizer and pesticide use, have excessive carbon
emissions from maintenance and lost standing-carbon storage
capacity (Milesi et al. 2005; Wheeler & Nauright 2006), and
now appear to potentially harbor more opportunistic pathogens
compared to biodiverse green spaces. Furthermore, previous
studies have shown that people are more inclined to use biodi-
verse green spaces over lawns and that these provide greater
physiological and mental well-being bene!ts (Lin et al. 2014;
Shanahan et al. 2016). Weight should therefore be given to these
factors during planning of green space land-use proportions in
urban designs.

The importance of heterogeneity of plant communities and
soil components—key characteristics of biodiverse
ecosystems—on soil microbiota are highlighted by our results.
Therefore, such heterogeneity will be generally important for
practitioners to consider implementing during microbiome
rewilding. While further empirical research is needed, our study
provides a footing for urban planners and designers to place the
environmental microbiome and access to diverse green spaces in
their design principles when developing and rejuvenating urban
areas. This placement may be important because the rapid rise of
human noncommunicable diseases in industrialized urban areas
across the globe has been linked to reduced biodiversity expo-
sure (von Hertzen et al. 2011). One hypothesis for this rise is that
urban children receive inadequate interactions with microbiotas
from natural ecosystems, which are important for immune train-
ing during early life (Rook et al. 2003; Gilbert et al. 2018).
Microbiome rewilding has potential to help reduce the rising

noncommunicable disease burden in cities across the world by
improving biodiversity exposure, particularly to natural micro-
biotas, in a cost-effective and socio-economically transcendent
manner (Prescott et al. 2017; Robinson et al. 2018; Mills
et al. 2019).

Our study suffered from several limitations as follows. More
replicates per treatment would have improved the accuracy of
our differential abundance testing (Weiss et al. 2017); however,
the City of Playford does not contain many revegetated and rem-
nant woodlands. We also suspect that may be the case in most
cities across the globe. Furthermore, our study was cross-
sectional and would have bene!ted from temporal sampling
before and after revegetation and across seasons and years. Also,
testing our hypotheses across various biomes and climatic zones
would be of great interest to this !eld. Additionally, while 16S
rRNA gene databases are extensive, there remains a current lack
of knowledge and microbial annotation relative to the diversity
of microorganisms in the world. Our results must be considered
in the light of these limitations.
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Abstract

Vegetation complexity is potentially important for urban green space designs aimed at fostering microbial biodiversity to 
benefit human health. Exposure to urban microbial biodiversity may influence human health outcomes via immune train-
ing and regulation. In this context, improving human exposure to microbiota via biodiversity- centric urban green space 
designs is an underused opportunity. There is currently little knowledge on the association between vegetation complex-
ity (i.e. diversity and structure) and soil microbiota of urban green spaces. Here, we investigated the association between 
vegetation complexity and soil bacteria in urban green spaces in Bournemouth, UK; Haikou, China; and the City of Playford, 
Australia by sequencing the 16S rRNA V4 gene region of soil samples and assessing bacterial diversity. We characterized 
these green spaces as having ‘low’ or ‘high’ vegetation complexity and explored whether these two broad categories con-
tained similar bacterial community compositions and diversity around the world. Within cities, we observed significantly 
di"erent alpha and beta diversities between vegetation complexities; however, these results varied between cities. Rare 
genera (<1% relative abundance individually, on average 35% relative abundance when pooled) were most likely to be 
significantly di"erent in sequence abundance between vegetation complexities and therefore explained much of the dif-
ferences in microbial communities observed. Overall, general associations exist between soil bacterial communities and 
vegetation complexity, although these are not consistent between cities. Therefore, more in- depth work is required to be 
done locally to derive practical actions to assist the conservation and restoration of microbial communities in urban areas.

INTRODUCTION
Micro- organisms are important to every major biogeochemical process on Earth. !ey "x nitrogen, draw carbon- dioxide down 
from the atmosphere, weather rocks, decompose organic material, and, among many other things, form the base of the food web 
[1, 2]. Furthermore, micro- organisms form symbiotic relationships with many plants and animals where they o#en have important 
roles in regulating host health [3–5]. However, these ecosystem functions and services are being degraded by anthropogenic 
global change leading to climate, biodiversity and health crises. Urbanization in particular is linked to a public health crisis of 
rapidly rising non- communicable disease rates that are linked to losses of human exposure to microbial biodiversity [4, 6]. Indeed, 
there have been repeated calls to conserve and restore microbial biodiversity [3, 7–9] due to the impact of human activities on 
ecosystem and human health [6, 10].
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One potential area where microbial communities could be conserved and restored is urban green spaces, and these areas are 
already used to help mitigate many issues that urbanization has on public health in general [9, 11]. Certain urban green space 
designs can reduce air pollution [12, 13] and heat island e!ects [14], while potentially restoring microbial biodiversity to bene"t 
ecosystem services [15, 16]. Indeed, restoring the urban microbiota by planting native vegetation could improve the exposure to 
microbes that humans need for immune training and regulation, thus contributing to reducing the immune disease prevalence 
found in cities [4, 6, 17]. Further, there is growing evidence that environmental microbiota can transfer readily to humans through 
inoculated play- ground media [18] or by simply using green spaces [19], and that vegetation type or diversity near the home is 
associated with human microbial diversity [20].
Community characteristics of vegetation, such as species richness and functional diversity, are closely linked to microbial 
communities, including urban soils [21–23]. Soil in revegetated urban areas have microbial communities more representative 
of remnant areas compared to typical Victorian- era green spaces, such as lawns [23, 24]. #ese associations are likely driven by 
plant- microbe- soil chemistry feedback loops [25, 26]. However, this evidence for the relationship between vegetation complexity 
of urban green space and their associated soil microbiota remains limited. As such, here we build on our earlier work in a single 
city [23] to focus on the association of vegetation complexity and soil bacterial communities both within and between three cities 
across di!erent regions of the world.

METHODS
Study sites
We focused our study on urban green spaces that represented ‘low’ or ‘high’ complexity vegetation in the cities of Bourne-
mouth, UK; Haikou, China; and the City of Playford (herea$er known as Playford), Australia (Fig.%1). Bournemouth has 
a ‘marine’ climate with short dry summers and heavy precipitation during mild winters, Haikou has a ‘humid subtropical’ 
climate, and Playford has a ‘Mediterranean’ climate. #e green spaces were categorized as ‘high’ (i.e. remnant woodlands, 
revegetated woodlands or regenerated woodlands) or ‘low’ (i.e. lawns, vacant lots or parklands) complexity vegetation based 
on the diversity and structure of their vegetation (Fig.%1). #ese two categories were based on our previous quanti"cation 
of vegetation diversity (i.e. plant species richness) and structure (i.e. layers of plant growth- forms creating 3D structure) in 
the urban green space sites of Playford (quanti"ed in [23]). In each city, we selected six sites of ‘low’ and six sites of ‘high’ 
complexity vegetation (example photos in Fig.%1) by using local knowledge of existing urban green space vegetation types. 
Within each site, a 25&25 m quadrat in a NSEW orientation was sampled, with geo- references and photos taken at the SW 
corner.

Fig. 1. ‘Low’ and ‘high’ complexity vegetation urban green spaces were sampled in Bournemouth, UK; Haikou, CHN; and Playford, AUS.
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Soil sampling
Soils were sampled for DNA extraction according to the Biomes of Australian Soil Environments (BASE) project protocol [27] 
in September and October 2016. In brief, 100–200 g of soil from nine points within the quadrat were randomly sampled, pooled 
and homogenized. From this pooled sample, 50 g were stored at !20 °C until microbial analysis. "e Bournemouth and Haikou 
samples have not been analysed previously. "e Playford samples are a subset of those reported in Mills et al. [23], including all 
samples except those from ‘Parkland’ sites.

Microbial community analysis
Soil DNA was extracted (one extraction from 0.2 g of each 50 g sample) using the DNeasy Powerlyser soil kit (QIAGEN) in the 
country of sampling, as per the manufacturer’s instructions. Extraction blank controls were not used; however, high biomass 
samples, such as soil, are less susceptible to contamination compared to those of low biomass and are therefore unlikely to produce 
results heavily swayed by contaminants [28, 29]. Extracted DNA was then shipped to the University of Adelaide for downstream 
analysis as per Selway et al. [19]. Brie#y, the bacterial 16S rRNA V4 gene region was ampli$ed using primers 515F and barcoded 
806R (Table S1, available in the online version of this article) [30, 31], and PCR components and cycling conditions were followed 
as previously described in Selway et al. [19]. PCR products were pooled into groups of approximately 30 samples at equimolar 
concentrations. Pools were cleaned (AxyPrep Mag Clean- up kit; Axygen Scienti$c), quanti$ed and pooled together into a $nal 
sequencing pool before sequencing the DNA (with primers in Table S2) at the Australian Genome Research Facility using a 
2%150 bp kit on an Illumina MiSeq.
In QIIME2 (v 2018.8), DNA sequences were merged, trimmed to 150 bp, and quality $ltered (>Q4), resulting sequences were then 
denoised with deblur [32] to create amplicon sequence variants (ASVs), as previously described in Selway et al. [19]. Representa-
tive ASVs were assigned to the &'()* database (version 132). To remove laboratory contaminant sequences, ASVs were identi$ed 
from PCR negative controls using the prevalence method within the decontam package (v 1.8.0 [33]; in R (v 4.0.0 [34]; and with a 
threshold probability of 0.5. Any identi$ed contaminants were removed from all biological samples before downstream analysis. 
Additionally, ASVs assigned to mitochondria, chloroplast, Archaea or ‘unknown’ kingdom were also removed, and ASVs with 
fewer than ten reads across all samples in the dataset were excluded. Post- $ltering, there were at least $ve ‘low’ and $ve ‘high’ 
complexity vegetation replicates for each city (see sample metadata via links in ‘Data access’).

Statistical analyses
All statistics were done in R (v 4.0.0 [34]. ASVs were agglomerated to genus level for statistical analysis using the ‘tax_glom’ 
function of the phyloseq package (v 1.32.1 [35]. During the genus agglomeration, all unresolved taxa at genus level (i.e. ‘NA’ or 
‘blank’) were removed.
Before alpha diversity was calculated, the agglomerated genus level data was rare$ed to 2396 reads with the ‘rarefy_even_depth’ 
function of the phyloseq package. Alpha diversity was calculated as observed genus richness and Shannon’s diversity with the 
‘estimate_richness’ function in phyloseq, and Faith’s phylogenetic diversity was calculated with the ‘pd’ function of the picante 
package (v 1.8.1 [36]. We used generalized linear mixed models (GLMMs) to test for di+erence in alpha diversity by crossing the 
$xed factors of ‘city’ and ‘vegetation complexity’ and nesting the random factor of ‘site’ within ‘city’. GLMMs were done with the 
‘glmer’ function of the lme4 package v 1.1–25 (v 1.1–25) [37]. Distributions for the GLMMs were Poisson for observed genus 
richness (count data), and Gamma for Faith’s phylogenetic diversity and Shannon’s diversity (positive, non- integer, non- parametric 
data). "e Poisson GLMM was tested for over- dispersion (result: ratio=0.46). Main e+ects of the GLMMs were tested by Type 
II Wald Chi2 tests with the ‘Anova’ function of the car package (v 3.0–10 [38]. Pairwise comparisons of ‘city’ and ‘vegetation 
complexity’ combinations were tested by z- tests with Holm–Bonferroni P- adjustment with the ‘glht’ function of the multcomp 
package v 1.4–15 (v 1.4–15) [39].
Ordinations of beta diversity were done with the ‘ordinate’ function in phyloseq. Ordinations were based on unrare$ed data 
in principal coordinates analysis (PCoA) with Bray–Curtis and Jaccard distance matrices. We used PERMANOVA, with 
999 iterations, with the ‘adonis’ function of the vegan package (v 2.5–6) [40]; to test the model of ‘vegetation complexity’ 
nested within ‘city’. Pairwise comparisons between nested vegetation complexities (e.g. Bournemouth Low vs. Bournemouth 
High) were tested by PERMANOVA with 999 iterations with the ‘pairwise.adonis2’ function of the  pairwise. adonis package 
(v 0.0.1) [41].
We created a relative abundance stack plot by converting the rare$ed genus abundances to percentages. All genera with total 
rare$ed sequences across all samples being less than 1% of total rare$ed sequences were pooled into a single group named 
‘<1% abund.’. "e less than 1% cut- o+ was determined by a rank- abundance curve of percentage abundance across all samples 
(Fig. S1). We tested for di+erentially abundant bacterial genera between ‘low’ and ‘high’ complexity vegetation sites within 
each city. Log- 2 fold- change measurement of bacterial genera was done using the ‘DESeq’ function of the DESeq2 package 
in phyloseq (v 1.28.1) [42]. DESeq2 does an internal normalization, where the count of each genus within a sample is divided 
by the mean of that genus across samples. Di+erentially abundant genera (alpha=0.05) were plotted into heatmaps using 
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the ‘pheatmap’ function of the pheatmap package (v 1.0.12) [43]. !e di"erential abundance heatmap scale represents the 
mean abundance of each genus across samples as 0 with#±3 standard deviations. !e di"erential abundance heatmap rows 
and columns were clustered based on Manhattan distance to most e$ciently arrange the grid. !e heatmap trees represent 
how closely related a row or column are, not taxa, based on the scale in each cell. Unclassi%ed genera were not included in 
the heatmap.

RESULTS AND DISCUSSION
Each city had distinct soil microbial communities
We compared soil bacterial genera between cities and found that the communities were quite distinct from each other, regardless of 
vegetation complexity, both in terms of alpha diversity [observed genus richness, Chi2=28.67, Pr(>Chi2)<0.001; Faith’s phylogenetic 
diversity, Chi2=21.02, Pr(>Chi2)<0.001; Shannon’s diversity, Chi2=21.80, Pr(>Chi2)<0.001; Fig.#2a] and beta diversity distances 
[Bray–Curtis, F=19.61, Pr(>F)=0.001; Jaccard, F=10.68, Pr(>F)=0.001; Fig.#2b]. Further, beta diversity at the ASV- level had 
similar patterns to the genus- level results; however, the data were over- dispersed (i.e. signi%cantly more variable than predicted 
for the model) and therefore not used further (Fig. S2). !ese di"erences between cities were expected given their di"erences in 
geography and climate, where for example, temperature, aridity and distance from the equator vary and each are strong predictors 
of soil microbial diversity [44]. Moreover, strong biogeographic zoning and distance–decay relationships have previously been 
observed for urban soil bacterial communities across ten cities within China [45].

‘Low’ and ‘high’ complexity vegetation soils have similar diversity
We next compared diversity of sites with ‘low’ versus ‘high’ vegetation complexity within all three cities. In Bournemouth, 
‘high’ complexity vegetation green spaces were signi%cantly more diverse than ‘low’ complexity spaces for their bacterial 
genera (observed genus richness, z=3.17, P=0.014; Faith’s PD of genera, z=&2.93, P=0.034), (Table#1, Fig.#2). In contrast, 
alpha diversity of bacterial genera in soil from Playford and Haikou for all three measures were non- signi%cantly di"erent 
between the ‘low’ and ‘high’ complexity vegetation (Table#1). However, there was a signi%cant interaction between ‘city’ and 
‘vegetation complexity’ for all three alpha diversity measures (Fig.#2a). !is interaction was caused by the Playford soils being 
lower in diversity in the ‘high’ complexity vegetation soils relative to the ‘low’ complexity soils, whereas diversity was higher 
in these ‘high’ sites in Bournemouth and Haikou.
!e di"erence in diversity between ‘low’ and ‘high’ complexity vegetation soils in Playford compared to Bournemouth and Haikou 
may be due to Playford’s relatively drier climate and the tendencies of native vegetation in this part of Australia to prefer relatively 
arid conditions. Such conditions are less conducive to supporting high microbial biodiversity [44]. In these drier environments, 
areas of lower vegetation complexity, such as urban lawns, are o'en heavily watered and fertilized. !is practice can lead to higher 
nutrient loads relative to higher vegetation complexity native soils, potentially increasing microbial diversity independent of 
vegetation complexity. However, we note that our previous work with the Playford samples [23] indicated a consistent pattern 
in alpha diversity as found here in Bournemouth and Haikou (i.e. more vegetation complexity associated with greater bacterial 
alpha diversity). Although, our earlier study reported data from the V1- 3 region of the 16S rRNA gene, rather than the V4 region 
reported here. As such, future work should further explore the e"ect of marker gene choice on vegetation- bacterial diversity 
associations.

Di!erences in bacterial composition between vegetation complexities vary between cities
We next tested relationships between soil bacterial composition at the genus- level and the vegetation complexity of urban green 
spaces. !e composition of bacterial communities was signi%cantly di"erent between ‘low’ and ‘high’ complexity vegetation in 
both Haikou [Bray–Curtis, F=4.05, Pr(>F)<0.05; Jaccard, F=3.19, Pr(>F)<0.01] and Playford [Bray–Curtis, F=4.42, Pr(>F)<0.05; 
Jaccard, F=3.22, Pr(>F)<0.05) (Table#2, Fig.#2]. However, Bournemouth had no signi%cant di"erence between the vegetation 
complexities for both Bray–Curtis and Jaccard distances (Fig.#2b).
Vegetation type (e.g. lawn, remnant woodland) is a known driver of microbial diversity and composition in urban soil [21, 23]. 
However, there is little consistency between soil microbial communities in what seem to be broadly similar ecological settings, 
as in our study, due to a complexity of multiple driving factors. Such factors include plant species turnover and soil proper-
ties that vary on broad spatial scales, such as temperature [32] and, at %ner scales, pH and salinity [46]. Certainly, pH and 
salinity have previously been found to strongly associate with urban soil bacterial community composition [16, 23]. While 
we did not measure soil physicochemical properties here, they may, in some instances, override any e"ect of the vegetation 
community on the soil community and potentially lead to results as we saw in Bournemouth.

Rare genera contribute to di!erences in community structure
We performed di"erential abundance testing to investigate which genera may have been driving the di"erences between the 
‘low’ and ‘high’ complexity vegetation soils. Rare genera (i.e. <1% relative abundance) dominated the signi%cantly di"erentially 
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Fig. 2. (a)‘City’ by ‘Vegetation complexity’ (Vc) for the alpha diversity GLMMs on observed genus richness, Faith’s phylogenetic diversity (PD), and 
Shannon’s diversity. Results are Chi2 values from Type II Wald Chi2 tests on the GLMMs followed by significance codes for Pr(>Chi2). See Table!1 for 
pairwise results. Significance codes: ‘ns’ not significant; ‘°’ P<0.10; ‘*’ P<0.05; ‘**’ P<0.01; ‘***’ P<0.001. (b) PCoAs of soil bacterial genus communities in 
urban green spaces by Bray–Curtis and Jaccard distance. Main PERMANOVA test with 999 iterations of ‘Vegetation complexity’ (Vc) nested within ‘City’ 
(distance!~City/Vc); R2 and P- value significance codes [‘***’, Pr(>F)<0.001]. Within city ‘Vegetation complexity’ di"erences were tested with pairwise 
PERMANOVA. Cities surrounded by dotted boxes were significantly di"erent between their ‘low’ and ‘high’ vegetation complexity green spaces. Cities 
surrounded by dashed boxes were not significantly di"erent between their ‘low’ or ‘high’ vegetation complexity green spaces. For detailed main and 
pairwise PERMANOVA results see Table 2. (c) Relative abundance (%) of soil bacterial genera across all sites. Genera read left to right by rows in the 
legend and correspond to bottom to top in the stack plot.
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abundant bacteria between ‘low’ and ‘high’ complexity vegetation soils. For example, in Bournemouth, Bacillus (characteristic 
of ‘high’ complexity vegetation soils) was the only genus out of seven di!erentially abundant genera (P<0.05, Fig."3) that was 
also dominant in relative abundance (>1% relative abundance, Fig."2c) between the vegetation complexity levels – the other six 
genera were less than 1% in relative abundance. In Haikou, Rubrobacter (characteristic of ‘low’ complexity vegetation soils) was 
the only genus out of four di!erentially abundant genera to also be greater than 1% in relative abundance (P<0.05, Fig."3), and 
in Playford, Flavisolibacter and Gemmata (both characteristic of ‘low’ complexity vegetation soils) were the only di!erentially 
abundant genera out of 23 that were also dominant (P<0.05, Fig."3). Overall, di!erential abundance tests showed that there are 
soil bacteria characteristics of either ‘low’ or ‘high’ complexity vegetation within each city and that rare taxa are important in 
de#ning these communities. $is result is consistent with other #ndings that rare bacteria biogeographically distinguish forensic 
soil samples [47, 48].
$e rare genera (<1% relative abundance) that dominated the di!erential abundance testing between the vegetation complexities 
(P<0.05, Fig."3) were potentially functionally important to these locations as has been found in greenhouse soils [49]. For example, 
Luteibacter was the only genus to signi#cantly represent ‘high’ vegetation complexity across all cities in this study and species 
of this genus are known to live both in soil and on humans [50, 51]. $e ‘high’ complexity vegetation soils of Bournemouth had 
signi#cantly more Sinorhizobium (nitrogen- #xers) [52]; and Kaistia (methanotrophs) [53]; of the order Rhizobiales [54] than ‘low’ 
complexity soils. However, most di!erentially abundant genera in Bournemouth were higher in only one site relative to others; 
therefore, they are not characteristic of either vegetation complexity studied here. In Haikou, Haliangium (producer of fungicidal 
haliangicins) [55], Rubrobacter and Acetobacter were signi#cantly more abundant in the ‘low’ than in the ‘high’ vegetation diversity 
soils, whereas Erwinia (genus of many plant pathogen species) [56, 57]; was more abundant in the ‘high’ vegetation diversity soils. 
In Playford, Rhizobium (nitrogen- #xers) [54]; were signi#cantly more abundant in the ‘high’ complexity vegetation.
$e di!erential abundance #ndings that imply rare genera are driving the community di!erences are further supported by the similarity 
between Bray–Curtis and Jaccard ordinations (Fig."2b). Further, ordinations of only the rare genera (those"<1% relative abundance) 
were similar to ordinations using the whole community (Fig. S3), therefore implying that rare genera are driving these patterns; 
however, these data were over- dispersed. Additionally, the rank- abundance curve showed there were 300 of 318 genera with less than 
1% relative abundance across all sites (Fig. S1), and, when pooled, had an average relative abundance of 35% across all sites (Fig."2c). 
$ese #ndings indicate that rare genera may be quite valuable to urban soils and that they should not be overlooked when planning 
soil microbial conservation. To that end, rare micro- organisms have been identi#ed to play key functional roles, from biogeochemical 
cycles to holobiont health [58]. Further exploration of the functional contribution of rare bacteria in urban green spaces would provide 
deeper understanding of their value in conservation and restoration e!orts.

Table 1. Pairwise alpha diversity – observed genus richness, Faith’s phylogenetic diversity (PD), and Shannon’s diversity – of soil bacterial genera 
under the GLMM interaction of ‘City’ by ‘Vegetation complexity’. Significance codes: ‘ns’ not significant; ‘°’ P<0.10; ‘*’ P<0.05; ‘**’ P<0.01; ‘***’ P<0.001

City * vegetation complexity Observed genus richness Faith’s PD of genera Shannon’s diversity

z- value Pr(>|z|) Sig. z- value Pr(>|z|) Sig. z- value Pr(>|z|) Sig.

Bournemouth High - Haikou High %2.22 0.183 &' 2.98 0.032 * 2.78 0.058 °

Bournemouth High - Playford High 3.81 0.002 ** %2.04 0.209 &' %1.21 0.790 &'

Bournemouth High - Bournemouth Low 3.17 0.014 * %2.93 0.034 * %2.79 0.058 °

Bournemouth High - Haikou Low %0.24 1.000 &' 0.64 1.000 &' 1.38 0.790 &'

Bournemouth High - Playford Low 1.36 0.521 &' 0.75 1.000 &' 1.70 0.619 &'

Haikou High - Playford High 5.76 0.000 *** %4.80 0.000 *** %3.82 0.002 **

Haikou High - Bournemouth Low 5.15 0.000 *** %5.66 0.000 *** %5.33 0.000 ***

Haikou High - Haikou Low 2.00 0.276 &' %2.37 0.124 &' %1.46 0.790 &'

Haikou High - Playford Low 3.43 0.007 ** %2.13 0.198 &' %1.03 0.790 &'

Playford High - Bournemouth Low %0.62 1.000 &' %0.86 1.000 &' %1.51 0.790 &'

Playford High - Haikou Low %4.04 0.001 *** 2.65 0.068 ° 2.53 0.092 °

Playford High - Playford Low %2.36 0.145 &' 2.67 0.068 ° 2.79 0.058 °

Bournemouth Low - Haikou Low %3.40 0.007 ** 3.54 0.005 ** 4.10 0.001 ***

Bournemouth Low - Playford Low %1.74 0.405 &' 3.53 0.005 ** 4.30 0.000 ***

Haikou Low - Playford Low 1.59 0.447 &' 0.14 1.000 &' 0.39 0.790 &'
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CONCLUSIONS
Our study suggests that a global comparison of cities in terms of vegetation factors driving microbial diversity may be limited due to 
the overall strength of their di!erences driven by geographic or climatic factors. However, investigating trends related to vegetation 
complexity within cities may produce general recommendations about fostering microbial biodiversity. Certainly, rare taxa should not 
be overlooked when considering the conservation of microbial biodiversity. Urban green space design for conservation of microbial 
biodiversity, biogeochemical cycling, public health outcomes and public usability will likely require complementary proportions 
of both ‘low’ and ‘high’ complexity vegetation green spaces. However, what those proportions are will need to be investigated on a 
city- by- city, or region- by- region basis.
Restoration of biodiversity in urban green spaces has the potential to build native microbial communities. Such endeavours will require 
local adaptive management within urban green space landscapes that will allow practitioners to understand the knowledge gaps pertaining 
to their city and properly investigate the outcomes of their e!orts [59]. Local knowledge gaps may include understanding functional 
microbial biodiversity, examining how di!erently designed green spaces in"uence environmental and human microbiota (e.g. ‘low’ and 
‘high’ complexity, native and novel species mixtures), and determining if the use of remnant inoculations accelerates the recovery of 
native microbial phylogenetic and functional diversity. Further, there is currently a strong call to ‘decolonize’ public spaces in colonial and 
imperial countries [60, 61]. #erefore, it would be interesting to track whether such cultural modi$cations to urban designs in"uences 
environmental and human microbiota given that ‘low’ and ‘high’ complexity green spaces are somewhat representative of these cultural 
di!erences. More work is needed to describe the functional contributions of rare bacteria in urban soils and to determine the best ways to 
conserve and restore microbial biodiversity to provide the breadth of ecosystem services that they could provide to the urban landscape.

Table 2. Main and pairwise PERMANOVA on soil bacterial genus communities for vegetation complexity nested within cities. Significance codes Pr(>F): 
‘ns’ not significant; ‘°’ P<0.10; ‘*’ P<0.05; ‘**’ P<0.01; ‘***’ P<0.001

Formula=distance~city/vegetation complexity

Main PERMANOVA   Bray–Curtis Jaccard

  R2 F Pr(>F) R2 F Pr(>F)

City df2,26 0.52 19.61 *** 0.39 10.68 ***

City/Vegetation complexity df3,26 0.13 3.25 *** 0.14 2.56 ***

Pairwise PERMANOVA   Bray- Curtis Jaccard

  R2 F Pr(>F) R2 F Pr(>F)

Bournemouth High - Haikou High df1,9 0.30 3.82 ** 0.23 2.70 *

Bournemouth High - Playford High df1,9 0.60 13.36 ** 0.45 7.35 **

Bournemouth High - Bournemouth Low df1,9 0.16 1.78 %& 0.14 1.49 %&

Bournemouth High - Haikou Low df1,10 0.42 7.19 *** 0.32 4.75 **

Bournemouth High - Playford Low df1,9 0.54 10.54 ** 0.40 5.95 **

Haikou High - Playford High df1,8 0.69 17.99 ** 0.53 8.94 **

Haikou High - Bournemouth Low df1,8 0.56 10.30 ** 0.43 6.13 *

Haikou High - Haikou Low df1,9 0.31 4.05 * 0.26 3.19 **

Haikou High - Playford Low df1,8 0.61 12.58 ** 0.46 6.76 **

Playford High - Bournemouth Low df1.8 0.72 20.44 ** 0.56 10.35 *

Playford High - Haikou Low df1,9 0.58 11.81 ** 0.45 7.34 **

Playford High - Playford Low df1,8 0.36 4.42 * 0.29 3.22 *

Bournemouth Low - Haikou Low df1,9 0.61 13.86 ** 0.48 8.25 **

Bournemouth Low - Playford Low df1,8 0.67 16.22 * 0.52 8.52 *

Haikou Low - Playford Low df1,9 0.49 8.74 ** 0.39 5.71 **
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Data access
Raw sequence reads are available on QIITA Gonzalez et al. [62] with the following details: Playford, AUS: Study ID 13064, EBI acces-
sion ERP124074 (https://www.ebi.ac.uk/ena/browser/view/PRJEB40432); Bournemouth, UK and Haikou CHN: Study ID 13559, 
EBI accession ERP126847 (https://www.ebi.ac.uk/ena/browser/view/PRJEB42921). Sample metadata, ASV, reference sequence and 
taxonomy tables and scripts used for analysis are available at .
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Fig. 3. Di!erentially abundant bacterial genera from Bournemouth, Haikou and Playford measured by log- 2 fold- change with P- value<0.05. Extreme 
ends of the heat colour scale represent three standard deviations from the mean rarefied abundance for each genus across samples. Hierarchical 
clustering of genera (rows) and vegetation replicates (columns) are both by Manhattan distance.
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Abstract
Creating biodiverse urban habitat has been proposed, with growing empirical support, as an intervention for increasing human 
microbial diversity and reducing associated diseases. However, ecological understanding of urban biodiversity interven-
tions on human skin microbiota remains limited. Here, we experimentally test the hypotheses that disturbed skin microbiota 
recover better in outdoor schoolyard environments and that greater biodiversity provides a greater response. Repeating the 
experiment three times, we disturbed skin microbiota of fifty-seven healthy 10-to-11-year-old students with a skin swab (i.e., 
cleaning), then exposed them to one school environment—either a ‘classroom’ (n = 20), ‘sports field’ (n = 14), or biodiverse 
‘forest’ (n = 23)—for 45!min. Another skin swab followed the exposure to compare ‘before’ and ‘after’ microbial commu-
nities. After 45!min, the disturbance immediately followed by outdoor exposure, especially the ‘forest’, had an enriching 
and diversifying e"ect on skin microbiota, while ‘classroom’ exposure homogenised inter-personal variability. Each e"ect 
compounded over consecutive days indicating longer-term exposure outcomes. The experimental disturbance also reduced 
the core skin microbiota, and only outdoor environments were able to replenish lost species richness to core membership (n 
species > 50% prevalent). Overall, we find that environmental setting, especially including biodiversity, is important in human 
microbiota recovery periods and that the outdoors provide resilience to skin communities. This work also has implications for 
the inclusion of short periods of outside or forest exposure in school scheduling. Future investigations of the health impacts 
of permanent urban biodiversity interventions are needed.

Keywords Human microbiome!· Urbanisation!· Microbial ecology!· Urban ecology!· Lifestyle!· Urban design

Introduction

There is increasing awareness that skin microbiotas are 
mechanistically important for human health, including 
immune and physiological responses [1–3]. Microbiota 
on the skin, and at other sites in the body, develop mostly 
through environmental factors and acquisition during early 
life following principles of community ecology and suc-
cessional theory [2, 4–6]. These environmentally acquired 

microbiota, in particular co-evolved ‘old-friends’ microbiota 
[7], have the potential to shape life-long health trajectories 
[8].

However, there are everyday medical and lifestyle prac-
tices that can disturb the skin microbiota’s diversity and 
composition [e.g., hand sanitisation; 3, 9] and could con-
tribute to the development and outcomes of skin diseases [2, 
10]. Moreover, exposure to diverse environmental sources 
of microorganisms has become severely limited in modern 
cities, as humans spend more time indoors under clean or 
industrial conditions, which is linked to decreasing microbial 
diversity within the human body [11]. Overall, decreases in 
microbial exposure can have a number of potential health 
implications [12].

The recently proposed ‘microbiome rewilding hypoth-
esis’ suggested that exposure to highly biodiverse urban 
environments may increase microbial diversity in humans 
[13, 14]. Recent experimental research showed that tempo-
rary biodiversity interventions, including importing forest 
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soil rich in microbiota to day-care centres and playground 
sandpits, can increase microbial diversity on children’s skin 
and improve immune function [15, 16]. These results are 
akin to what is seen in children with more agrarian lifestyles 
[17, 18]. Therefore, simple urban biodiversity interventions 
plausibly constitute a positive health intervention. However, 
skin microbiotas have barely been examined in connection to 
permanent outdoor environments and outside play [19, 20], 
which is important for our understanding of the mechanis-
tic interactions between a healthy skin microbiota and the 
broader environment.

Here, we aimed to understand the e!ect of permanent 
urban green spaces and relative biodiversity quality (e.g., 
functional diversity of ecological communities) on human 
skin microbial community enrichment after a disturbance 
common to modern behaviour—skin cleaning [3]. We tested 
two main hypotheses using ‘before’ and ‘after’ skin swab-
bing for microbiota of fifty-seven, 10–11-year-old, students 
around repeated, 45-min, exposures to indoor and outdoor 
schoolyard environments. Hypothesis one: after experimen-
tal skin community disturbance (the ‘before’ swab acted to 
clean the skin patch), exposure to green space will, within 
45"min, restore diversity and change the composition and 
structure of skin microbial communities more than staying 
indoors; and hypothesis two: exposure to more biodiverse 
green space (forest) will have a greater e!ect on skin com-
munity diversity, composition, and structure than a less bio-
diverse green space (sports field).

Methods

Ethics

This project was done under ethics approval by The Uni-
versity of Adelaide’s Human Research Ethics Committee 
(approval number H-2019–064) and the South Australian 
Government’s Department for Education (approval number 
2019–7,388,569).

Metadata

Prior to participating in sampling, the school students and 
their parents or guardians were asked to complete a ques-
tionnaire about exclusion criteria: antibiotic use in the pre-
vious 6"months, allergies to sampling materials, and skin 
conditions.

Design and!Sampling

The study site was a primary school in Adelaide, Kaurna 
Country, South Australia, Australia. Participants were 
10–11-year-old students at the school. We requested consent 

for 90 participants (80% recruitment, n = 72), and fifty-seven 
(n female = 25) passed our exclusion criteria.

Participants were already divided into three classes and 
had spent 9"months of the 2019 school year in this configura-
tion before sampling in November. We assigned the classes 
to one of three treatment groups, or schoolyard environ-
ments—‘classroom’ (n = 20, n females = 10), ‘sports field’ 
(n = 14, n females = 7), or ‘forest’ (n = 23, n females = 8)—
based on their teachers pre-existing proclivity to spend time 
in these environments to not disrupt their normal scheduling. 
We then followed a ‘before’ and ‘after’ exposure sampling 
regime, where the ‘before’ sampling also acted as a distur-
bance event to the skin microbiota and therefore provided 
pre-disturbance information. Participants were swabbed 
before and after a 45-min exposure to their assigned treat-
ment environments.

The experiment was repeated over three consecutive days, 
 13th November to  15th November 2019, where we ran 1-h 
sessions from 9 to 10 am each day. After spending approxi-
mately 30–60"min in the classroom, the sessions started with 
a ‘before’ exposure sample in the classroom, followed by 
45"min of standard school activities in their treatment envi-
ronments followed by an ‘after’ exposure sample back in 
the classroom. The ‘before’ exposure samples on day one 
allowed us to test for di!erences in long-term microbiota 
divergence between groups over the course of the 2019 
school year.

Samples were an epidermal skin swab collected by apply-
ing two drops of sterile saline solution (Reclens Saline Solu-
tion, Aaxis Pacific, Blacktown, Australia) to the inside of 
the participant’s left wrist as in Selway, et"al. [19] followed 
by having them rub a nylon FLOQ swab (COPAN, Brescia, 
Italy) according to manufacturer’s instructions in an area 
3"cm in diameter. The environments were also sampled for 
comparison to the human samples with swabs taken of the 
classroom tables (desks) and benches (sideboards) (n = 8), 
the sports field grass (n = 6), and the forest leaf surfaces 
(n = 4) and soil (n = 4). The swab tips of human and envi-
ronmental samples were collected in 1"mL eNAT DNA 
stabilisation solution (COPAN, Brescia, Italy) and stored 
at # 20"°C until DNA extraction.

DNA Extraction, PCR, Library Preparation, 
and!Bioinformatics

DNA extractions were done across two di!erent laborato-
ries with di!erent technicians due to COVID-19 restrictions. 
Samples were randomly assigned to the extraction labs. The 
first lab, Australian DNA Identification and Forensic Facility 
(ADIFF), randomly selected one sample from each sampling 
group (i.e., ‘treatment group’ $ ‘exposure’ $ ‘day’, or envi-
ronmental sample) for each extraction batch done in that lab 
(n samples extracted at ADIFF = 140), and the remainder 
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(n samples = 202) were sent to the second lab, the Austral-
ian Genome Research Facility (AGRF). DNA was extracted 
from human and environmental samples in both laborato-
ries using the DNeasy PowerSoil Pro Kit (QIAGEN) as per 
the manufacturer’s instructions. Extraction blank controls 
(EBCs) were used for samples processed at ADIFF.

PCR amplification and sequencing of all samples were 
done by the AGRF. Bacterial 16S V3–V4 PCR amplicons 
were generated using the primers and conditions outlined in 
Table!S1. Thermocycling was completed with an Applied 
Biosystem 384 Veriti and using Platinum SuperFi II mas-
ter mix (Invitrogen, Australia) for the primary PCR. The 
first stage PCR was cleaned using magnetic beads (Beck-
man Coulter, SPRI), and samples were visualised on 2% 
Sybr Egel (Thermo-Fisher). A secondary PCR to index the 
amplicons was performed with the same polymerase mas-
ter mix. The resulting amplicons were cleaned again using 
magnetic beads, quantified by fluorometry (Promega Quan-
tifluor) and normalized. The equimolar pool of all amplicons 
was cleaned a final time using magnetic beads to concen-
trate the pool and then measured using a High-Sensitivity 
D1000 Tape on an Agilent 2200 TapeStation. The pool was 
diluted to 5!nM, and molarity was confirmed again using a 
Qubit High Sensitivity dsDNA assay (ThermoFisher). This 
was followed by sequencing on an Illumina MiSeq (San 
Diego, CA, USA) with a V3, 600 cycle kit (2 " 300 base 
pairs paired-end).

Bioinformatics

Pre-processing was performed by AGRF using QIIME2 [21] 
version 2019.7. Samples were demultiplexed using Illu-
mina scripts. Raw sequences were searched and trimmed 
for template-specific primers using Cutadapt with default 
quality settings [22]. Amplicon sequence variants (ASVs) 
were then generated at 240 bases using DADA2 [23]. Tax-
onomy was assigned to ASVs with the Silva 132 ‘sklearn’ 
classifier using a trained database for the 16S V3–V4 gene 
region [24].

We removed ASVs that were 100% biassed to one extrac-
tion lab or the other. Furthermore, we identified nine con-
taminant ASVs from non-template EBC and PCR controls 
using the prevalence method within the decontam package 
[v 1.8.0; 25] in R [v 4.0.0; 26] and with a threshold probabil-
ity of 0.5. The nine identified contaminants were removed 
from all biological samples before downstream analysis. 
Additionally, 137 ASVs assigned to mitochondria, chloro-
plast, Archaea, or ‘unknown’ were removed, and 22 ASVs 
found in fewer than two biological samples in the dataset 
or with fewer than 9 reads [27] across all samples were 
also excluded. After pre-processing, there were 5412 ASVs 
with reference sequences and a total 18,835,659 sequences 
across 342 samples. Multiple sequence alignment for ASV 

sequences was constructed using the msa package [v 1.16.0; 
28], and the phangorn package [v 2.5.5; 29] was used to 
build unrooted phylogenetic trees.

Core-Community of!Human Skin Samples

We determined core bacterial communities to test for experi-
mental changes to the wrist community. To determine the 
core community, we divided the main dataset of human 
skin samples into six subsets based on the six exposure 
groups (i.e., treatment group by exposure combinations)—
‘classroom before’, ‘classroom after’, ‘sports field before’, 
‘sports field after’, ‘forest before’, and ‘forest after’—with 
the ‘subset_samples’ function of the phyloseq package [v 
1.32.1; 30]. We then used the ‘ps_prune’ function of the 
MicEco package to keep only those ASVs that were present 
in at least 50% of the samples within each of these subsets. 
Once the # 50% prevalent ASVs were identified, they were 
merged back into a single dataset using the ‘merge_phy-
loseq’ function of the phyloseq package. This process iden-
tified 39 ASVs as core to the skin samples of this project. 
We constructed an unrooted phylogenetic tree for the core 
community as above. We then merged the data of those 39 
ASVs from the environmental samples into the human core 
community dataset for comparison between human and envi-
ronmental sample types. From the 39 core ASVs, there were 
6,451,217 total sequences across human and environmental 
samples.

Statistics

All statistics were calculated in R [v 4.0.0; 26]. Three data-
sets were analysed, human skin communities (from skin 
swabs), core human skin communities (from skin swabs), 
and environmental communities (from soil, leaf surface, and 
classroom surface swabs).

Before alpha diversity was calculated, the filtered ASV 
datasets were rarefied to 3124 reads for the human skin com-
munities, 1103 reads for the core human skin communities, 
and 10,933 reads for the environmental communities with 
the ‘rarefy_even_depth’ function of the phyloseq package [v 
1.32.1; 30]. Alpha diversity was calculated as observed ASV 
richness and Shannon’s diversity with the ‘estimate_rich-
ness’ function in phyloseq, and Faith’s phylogenetic diversity 
was calculated with the ‘pd’ function of the picante package 
[v 1.8.1; 31]. We converted Shannon’s diversity to e$ective 
number of ASVs by taking its exponent [32]. We used gen-
eralised linear mixed models (GLMMs) to test for di$erence 
in alpha diversity by crossing the fixed factors of ‘treatment 
group’, ‘exposure’, and ‘day’ and adding the random factors 
of ‘student id’, ‘student id interacting with day’ to account 
for repeat sampling, and ‘student id interacting with expo-
sure’ to account for repeat exposures. GLMMs were done 
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with the ‘glmer’ function of the lme4 package [v 1.1–25; 
33]. Distributions for the GLMMs were negative-bino-
mial for observed ASV richness (count data) and Gamma 
for Faith’s phylogenetic diversity and e!ective number of 
ASVs (Shannon’s), which were positive, non-integer, and 
non-parametric. Main e!ects of the GLMMs were tested by 
Type II Wald  Chi2 tests with the ‘Anova’ function of the car 
package [v 3.0–10; 34]. Pairwise comparisons of ‘treatment 
group’, ‘exposure’, and ‘day’ combinations were done by 
z-tests with Tukey P value adjustment with the ‘emmeans’ 
function of the emmeans package [v 1.6.0; 35].

Ordinations of beta diversity on the three datasets were 
done with the ‘ordinate’ function in phyloseq. Ordinations 
were based on unrarefied data in principal coordinates analy-
sis (PCoA) with weighted-UniFrac and unweighted-UniFrac 
distance matrices [36]. We used PERMANOVA, with 999 
iterations, with the ‘adonis’ function of the vegan package [v 
2.5–6; 37] to test the model of ‘treatment group’ by ‘expo-
sure’ by ‘day’. The combinations of the treatment groups 
with the exposure created the variable of exposure groups 
(i.e., treatment group level + exposure level, e.g., ‘classroom 
before’, ‘classroom after’). Pairwise comparisons between 
exposure groups (e.g., ‘forest before’ vs. ‘forest after’) were 
tested by PERMANOVA with 999 iterations with the ‘pair-
wise.adonis2’ function of the pairwise.adonis package [v 
0.0.1; 38].

Shared ASVs between environmental, ‘before’ exposure, 
and ‘after’ exposure human samples were tallied using the 
‘ps_venn’ function of the MicEco package [v 0.9.15; 39]. 
ASVs were plotted by sample type into detected/undetected 
heatmaps using the ‘pheatmap’ function of the pheatmap 
package [v 1.0.12; 40]. The heatmap cells were clustered 
based on Pearson correlation between rows and columns.

Data Access

Raw sequence data is stored on the Sequence Read Archive 
server with BioProject ID: PRJNA738964. Phyloseq com-
patible metadata, ASV table, taxonomy table, ASV reference 
sequences, R scripts used, and ethics approvals can be found 
on Figshare with the https:// doi. org/ 10. 25909/ 14787 867.

Results

Pre-Existing Di!erences Between Groups

Pre-existing di!erences between treatment groups (those 
exposed to classroom, sports field, or forest) were tested 
because each student group was together prior to this study 
for approximately 9"months of the 2019 school year [6]. 
There was no statistical support for di!erences in alpha 
diversity of bacterial communities between treatment groups 

prior to exposure on any sampling day (Fig."1a; Table"1). 
However, we found statistically significant di!erences in 
bacterial community structure between ‘classroom’ and 
‘sports field’, and ‘classroom’ and ‘forest’ groups prior 
to environmental exposure (weighted-UniFrac, Fig."1b,c, 
Table"2). Further, all three treatment groups were signifi-
cantly di!erent in pre-exposure community compositions 
(unweighted UniFrac; Figure"S1, Table"2). The ‘forest’ 
group had a significantly less diverse core community (i.e., 
ASVs present in at least 50% of samples within a group) 
prior to exposure on days ‘one’ and ‘three’ compared to 
equivalent ‘classroom’ group samples (Fig."1a, Table"S2). 
The structure of the core skin microbiota of the ‘classroom’ 
group was also significantly di!erent to ‘sports field’ and 
‘forest’ groups (Figure"S2b and S2c, Table"S3). Each treat-
ment group was significantly di!erent to each other in pre-
exposure core community composition (Figure"S2d and S2e, 
Table"S3).

Therefore, for some microbial community measurements, 
there were unique signatures for each group’s skin micro-
biota prior to this experiment. These di!erences are despite 
all students being the same age, living within the same urban 
area, and attending the same school. Such uniqueness found 
between groups was consistent with another study suggest-
ing that increasing time spent together, 9"months in this case, 
normalises within group skin microbiota [6]. Therefore, 
we accounted for pre-existing di!erences by focusing the 
remaining analysis on the impact of environmental exposure 
within each treatment group.

Rapid Outdoor Enrichment of"Disturbed Skin 
Microbiota

Environment plays a large deterministic role in the highly 
variable epidermal microbiota [41, 42]; therefore, we exam-
ined the microbial communities in each of the three exposure 
environments (i.e., swabbing classroom bench tops (side-
boards) and tables (desks), sports field turf, forest soil, forest 
leaves) as potential determinants of student skin microbiota. 
We confirmed that forest soil and leaf bacterial alpha diver-
sity were higher than classroom tables and sports field turf 
(Figure"S3). Somewhat surprisingly, bacterial diversity of 
classroom bench tops was also quite high (Figure"S3).

When we investigated the skin samples, we found 
that the ‘forest’ group had a significant increase in alpha 
diversity above pre-disturbance levels after 45-min expo-
sures on days ‘two’ and ‘three’ (observed richness, e!ec-
tive number, and Faith’s phylogenetic diversity of ASVs; 
Fig."1a, Table"1). The e!ect on the ‘forest’ group’s skin 
bacterial diversity also appeared to compound after 
each 45-min exposure from days one to three (Fig."1a, 
Table"1). This was not so for the ‘classroom’ nor ‘sports 
field’ groups. Furthermore, only the ‘forest’ and ‘sports 
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Fig. 1  Bacterial ASV communities of children’s wrists ‘before’ 
and ‘after’ exposure to schoolyard environments repeatedly sam-
pled across 3! days. a. Observed richness, e"ective number (expo-
nent of Shannon’s diversity), and Faith’s phylogenetic diversity of 
ASVs are shown from the wrists of children exposed to three di"er-
ent schoolyard environments over three consecutive days. Points are 
means ± 95% confidence interval. Significantly di"erent pairs are 
listed in Table!1. ‘1’, day 1; ‘2’, day 2; ‘3’, day 3; ‘C’, classroom; ‘S’, 

sports field; ‘F’, forest. b. and c. PCoA analyses of weighted-UniFrac 
and unweighted-UniFrac values, respectively, from all skin samples 
taken ‘before’ and ‘after’ outdoor exposure. Sampling ‘day’ is shown 
in the unweighted-UniFrac PCoA because it significantly inter-
acted with ‘treatment group’ and ‘exposure’ in the PERMANOVA 
(Table!S4). d. Relative abundance of bacterial phyla and proteobacte-
rial classes in skin swabs. Sample names reflect the treatment group, 
sampling day, and exposure regime
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field’ groups had statistically significant changes in their 
bacterial community structure (weighted UniFrac) after 
exposure to their respective environments (Fig.! 1b,c, 
Table! 2). Composition (unweighted UniFrac) of skin 
bacterial communities significantly interacted between 

the factors ‘treatment group’, ‘exposure’, and ‘day’ (Fig-
ure!S1, Table!2), as the composition turned over signifi-
cantly for the ‘forest’ and ‘sports field’ groups after each 
exposure (Figure!S1, Table!2). We also found that only the 
‘classroom’ group’s skin microbiota became less variable 

Table 1  Alpha diversity of bacterial (16S rRNA ASV) communities 
of student’s wrists before and after exposure to either forest, sports 
field, or classroom environments. EN is e"ective number of ASVs 
calculated as the exponent of Shannon’s diversity index. Faith’s PD is 

phylogenetic diversity of ASVs. Only showing significantly di"erent 
pairs for at least one diversity index. Significance codes Pr(> Chi.2): 
‘ns’ not significant; ‘º’ P < 0.10; ‘*’ P < 0.05; ‘**’ P < 0.01; ‘***’ 
P < 0.001

Descriptive statistics
Treatment * exposure * day

Observed ASV richness EN of ASVs (Shannon’s) Faith’s PD of ASVs
Mean 95% CI SE Mean 95% CI SE Mean 95% CI SE

!!Classroom before 1 110.7 34.4 16.4 43.9 12.5 6.0 14.8 1.3 0.6
!!Classroom after 1 140.1 33.0 15.8 49.8 9.5 4.6 17.1 1.4 0.7
!!Classroom before 2 120.4 26.1 12.5 47.3 9.4 4.5 16.5 1.6 0.8
!!Classroom after 2 81.8 24.0 11.5 39.3 11.4 5.5 16.2 3.4 1.6
!!Classroom before 3 159.3 38.5 18.4 53.8 13.5 6.4 17.4 2.0 1.0
!!Classroom after 3 132.6 30.3 14.5 56.5 10.8 5.1 17.6 1.2 0.6
!!Sports field before 1 137.1 45.1 20.9 54.5 11.8 5.5 18.4 4.6 2.1
!!Sports field after 1 143.6 52.4 23.8 64.9 12.3 5.6 17.9 2.4 1.1
!!Sports field before 2 101.9 47.4 21.7 41.9 11.8 5.4 14.3 2.0 0.9
!!Sports field after 2 108.9 48.8 21.9 59.7 20.5 9.2 17.2 3.4 1.5
!!Sports field before 3 144.6 33.9 15.7 51.7 13.2 6.1 16.3 2.4 1.1
!!Sports field after 3 132.9 27.5 12.7 59.2 16.0 7.4 17.3 2.4 1.1
!!Forest before 1 99.0 31.6 15.2 47.2 9.9 4.8 16.2 1.9 0.9
!!Forest after 1 95.9 26.5 12.8 50.4 10.4 5.0 17.0 2.0 1.0
!!Forest before 2 130.8 39.3 18.8 57.4 15.1 7.2 16.8 2.0 1.0
!!Forest after 2 169.5 56.3 26.9 97.1 31.2 14.9 23.2 2.8 1.3
!!Forest before 3 113.8 34.5 16.5 60.5 15.2 7.3 17.8 2.7 1.3
!!Forest after 3 182.5 58.2 27.8 107.8 26.7 12.8 22.6 3.3 1.6

GLMM—Type II Wald  Chi2 test
 ~ Treatment * exposure * day

Chi2 Pr(>  Chi2) Sig Chi2 Pr(>  Chi2) Sig Chi2 Pr(>  Chi2) Sig

!!Treatment group 0.08 0.963 ns 1.51 0.470 ns 1.55 0.462 ns
!!Exposure 1.58 0.209 ns 10.25 0.001 ** 10.69 0.001 **
!!Day 9.95 0.007 ** 4.18 0.124 ns 1.88 0.391 ns
!!Treatment * exposure 8.62 0.013 * 3.97 0.137 ns 2.99 0.224 ns
!!Treatment * day 27.52  < 0.001 *** 11.09 0.026 * 7.21 0.125 ns
!!Exposure * day 0.62 0.734 ns 1.12 0.573 ns 1.37 0.503 ns
!!Treatment * exposure * day 16.00 0.003 ** 10.61 0.031 * 17.85 0.001 **

Pairwise GLMM
 ~ Treatment * exposure * day

z-ratio P Sig z-ratio P Sig z-ratio P Sig

!!Classroom before 1 – forest after 2  # 2.47 0.551 ns 2.99 0.203 ns 3.78 0.018 *
!!Forest before 1 – forest after 2  # 4.23 0.003 ** 3.53 0.044 * 3.42 0.063 º
!!Forest before 1 – forest after 3  # 3.88 0.013 * 3.29 0.092 º 2.58 0.469 ns
!!Forest after 1 – forest after 2  # 4.27 0.003 ** 3.33 0.082 º 3.35 0.076 º
!!Forest after 1 – forest after 3  # 3.93 0.011 * 3.08 0.162 ns 2.38 0.623 ns
!!Sports field before 2 – forest after 2  # 2.99 0.205 ns 2.86 0.278 ns 3.91 0.011 *
!!Forest before 2 – forest after 2  # 2.00 0.869 ns 2.94 0.230 ns 4.03 0.007 **
!!Classroom after 2 – forest after 2  # 3.99 0.008 ** 3.55 0.041 * 3.14 0.141 ns
!!Classroom after 2 – classroom before 3  # 4.23 0.003 ** 1.90 0.911 ns 0.88 1.000 ns
!!Classroom after 2 – forest after 3  # 3.68 0.026 * 3.35 0.078 º 2.34 0.651 ns
!!Forest before 3 – forest after 3  # 3.14 0.140 ns 3.56 0.040 * 2.93 0.237 ns
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between individuals over repeated days (dispersion test, 
P < 0.05, Table!S4).

Several higher taxonomic groups changed in relative 
abundance between sampling groups in conjunction with the 
changing ASV compositions, reflecting changing dominance 
patterns due to the experimental design. Firmicutes notice-
ably reduced in relative abundance, by between 5.1 and 8.3% 
in after exposure samples (compared with ‘before’), each 
day for groups that went outside, while the classroom group 
ranged between + 1.8 and " 5.1% after exposure (Fig.!1d, 
Table!S5). The alpha-Proteobacteria ranged in relative abun-
dance in the forest groups after exposure samples from + 3.3 
to + 11.3% compared to before exposure, while the sports 
field group ranged between " 0.7 and + 2.7%, and the class-
room group was between " 0.1 and + 1.5%. Meanwhile, the 
gamma-Proteobacteria were marginally less dominant in 
after exposure samples across the board, ranging from + 1.5 
to " 5.2% when compared to before exposure samples 
(Fig.!1d, Table!S5). Furthermore, the Actinobacteria stead-
ily increased across the sampling days for the classroom, 
sports field, and forest groups, ranging from 24.9% relative 
abundance on day one to 31.0% by day three, 30.1% on day 

one to 38.7% by day three, and 26.6% on day one to 37.3% 
by day three, respectively (Fig.!1d, Table!S5).

We next explored which ASVs were shared between 
human and environmental samples as representatives of 
microorganisms that were transferred onto the skin during 
these exposures. Overall, of the 1122 ASVs present in only 
‘after’ exposure skin samples, 81.6% (916) were found in 
environmental samples (Fig.!2a). The ‘forest’ group lost 
26.2% (632 of 2410) of their ‘before’ exposure ASVs but 
gained 1420, totalling 3198 ASVs ‘after’ exposure. For the 
‘forest’ group, 171 of the acquired ASVs were found on for-
est leaf surfaces, 343 in forest soil, and 342 on both, while 
564 had an unknown origin during environmental exposure 
(Fig.!2b). In contrast, the ‘sports field’ group lost 38.5% (742 
of 1929) of their ‘before’ exposure ASVs and gained 692 
during exposure, totalling 1889 ASVs after exposure, with 
212 found on the sports field leaves (turf grass) and 480 of 
unknown origin (Fig.!2c). The ‘classroom’ group lost 780 
of 2318 (33.6%) ASVs from their ‘before’ exposure samples 
and gained 657 ASVs (totalling 2195 ASVs ‘after’ expo-
sure) found on bench tops (174), or tables (14), both (11), or 
unknown origin (458) (Fig.!2d). Overall, during exposure, 

Table 2  Main (with homogeneity of dispersion tests, Disp.) and 
pairwise PERMANOVA on bacterial ASV community structure 
(Weighted-UniFrac) and composition (Unweighted-UniFrac) of stu-

dent’s wrists before and after exposure to assigned school environ-
ments. Significance codes Pr(> F): ‘ns’ not significant; ‘º’ P < 0.10; 
‘*’ P < 0.05; ‘**’ P < 0.01; ‘***’ P < 0.001

Main PERMANOVA
Distance ~ Treatment*exposure*day

Weighted-UniFrac Unweighted-UniFrac
R2 F Pr(> F) Disp. R2 F Pr(> F) Disp.

!!Treatment df2,321 0.09 16.29 *** ** 0.02 3.94 *** ***
!!Exposure df1,321 0.02 7.09 *** ns 0.01 2.29 *** **
!!Day df2,321 0.01 2.02 * ns 0.01 1.57 ** **
!!Treatment*exposure df2,321 0.01 1.94 * º 0.01 1.65 ** º
!!Treatment*day df4,321 0.01 1.11 ns 0.02 1.36 **
!!Exposure*day df2,321 0.01 1.00 ns 0.01 1.05 ns
!!Treatment*exposure*day df4,321 0.01 0.98 ns 0.01 1.22 * **

Pairwise PERMANOVA
Distance ~ Treatment*exposure

Weighted-UniFrac Unweighted-UniFrac
R2 F Pr(> F) R2 F Pr(> F)

!!Forest before – classroom before df1,121 0.06 8.14 *** 0.02 2.44 ***
!!Forest before – sports field before df1,102 0.01 0.96 ns 0.02 1.70 *
!!Classroom before – sports field before df1,100 0.06 6.82 *** 0.01 1.48 *
!!Forest after – forest before df1,123 0.06 7.43 *** 0.02 2.95 ***
!!Sports field after – sports field before df1,77 0.03 2.37 * 0.02 1.52 *
!!Classroom after – classroom before df1,119 0.01 0.72 ns 0.01 0.98 ns
!!Forest after – classroom after df1,121 0.15 21.49 *** 0.04 5.11 ***
!!Forest after – sports field after df1,98 0.02 2.17 º 0.03 2.72 ***
!!Classroom after – sports field after df1,96 0.13 13.65 *** 0.02 2.38 ***
!!Forest after – classroom before df1,121 0.19 28.20 *** 0.05 6.03 ***
!!Forest after – sports field before df1,102 0.05 5.49 *** 0.03 3.64 ***
!!Classroom after – forest before df1,121 0.05 5.77 *** 0.02 1.99 ***
!!Classroom after – sports field before df1,100 0.05 4.76 ** 0.01 1.43 *
!!Sports field after – forest before df1.98 0.04 4.04 ** 0.02 1.61 *
!!Sports field after – classroom before df1,96 0.16 18.18 *** 0.03 2.58 ***
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the ‘forest’ group more than doubled ASVs that were lost 
through disturbance, while the ‘sports field’ and ‘classroom’ 
groups had net losses.

When looking at the total pool of samples (i.e., Fig.!2a), 
we found 206 skin associated ASVs from an unknown envi-
ronmental origin in ‘after’ exposure samples. This was much 
lower than the ‘unknown origin’ fraction of skin microbiota 
in ‘after’ exposure samples when comparing within group 
skin samples to those of their treatment environment only 
(i.e., Fig.!2b–d). For example, the ‘forest’ group had 564 
ASVs of unknown origin when compared only to forest soil 
and leaf samples (Fig.!2b) and not compared to classroom 
or sports field environmental samples, as compared to 206 
when all samples were pooled. This finding means that many 
microbes were found in samples of students between expo-
sure groups but not in all environmental samples between 
school exposure environments.

Common Epidermal Microbiota Fluctuate 
with!Disturbance

In total, there were thirty-nine core ASVs (0.96% of 4058 
total human skin ASVs) that accounted for 35.6% (6,330,543 
of 17,783,080) of total human skin ASV sequences. 
Observed ASV richness of the ‘classroom’ group’s core 
community was significantly reduced after disturbance and 
exposure on days ‘two’ and ‘three’ (Figure!S2a), while e"ec-
tive number and Faith’s phylogenetic diversity of ASVs were 
not significantly di"erent (Table!S2). Therefore, minimal 
classroom recovery of common bacterial associate rich-
ness was possible. In contrast, core richness was not dif-
ferent for the ‘sports field’ nor ‘forest’ groups (Figure!S2a) 
‘after’ exposure, nor across days. However, change of core 
bacterial community structure was strongest in the ‘for-
est’ group when comparing ‘before’ and ‘after’ exposure 

Fig. 2  Shared and unshared 
bacterial community ASVs 
between human samples and 
environmental samples. a. Total 
shared and unshared bacterial 
ASVs between environmental 
samples and human samples 
collected ‘before’ and ‘after’ 
exposure. b. Total shared 
and unshared bacterial ASVs 
between the ‘forest’ environ-
mental samples (soil and leaf 
surfaces) and human samples 
from the ‘forest’ treatment 
group collected ‘before’ and 
‘after’ exposure. c. Total shared 
and unshared bacterial ASVs 
between the ‘sports field’ 
environmental samples (leaf 
surfaces) and human samples 
from the ‘sports field’ treatment 
group collected ‘before’ and 
‘after’ exposure. d. Total shared 
and unshared bacterial ASVs 
between the ‘classroom’ envi-
ronmental samples (bench tops 
and work tables) and human 
samples from the ‘classroom’ 
treatment group collected 
‘before’ and ‘after’ exposure. e. 
Heatmap of detected commu-
nity bacterial ASVs by sample 
type with clustering represent-
ing Pearson correlation between 
columns (samples) and between 
rows (ASVs). H and E on the 
x-axis represent human and 
environmental sample types, 
respectively
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samples (R2 = 0.33) relative to the ‘sports field’ (R2 = 0.26) 
and ‘classroom’ (R2 = 0.24) groups (Figure!S2c, Table!S3). 
Therefore, ASV turnover in the ‘forest’ and ‘sports field’ 
groups core microbiota was bu"ering decreases in diver-
sity within 45!min of skin disturbance. We also note that 
core composition on the skin of the ‘classroom’ (R2 = 0.01, 
P > 0.05, Figure!S2e, Table!S3) and ‘sports field’ (R2 = 0.04, 
P > 0.05) groups did not significantly change between 
‘before’ and ‘after’ exposure, while the ‘forest’ group did 
(R2 = 0.07, P < 0.05).

Lastly, we investigated the community turnover of ASVs 
into the core microbiota from schoolyard exposure. We first 
identified lost core community ASVs. Of the 29 original 
core ASVs across the three groups, eight were lost, while 
ten were gained during exposure to treatment environments 
(Figure!S4a). In the ‘forest’ group, seven core ASVs were 
gained from the environment (6 from forest soil and leaves; 
1 on leaves only), after losing seven from pre-disturbance 
(Figure!S4b). The ‘sports field’ group gained seven new 
core ASVs (6 from sports field leaves; 1 unknown origin), 
after losing nine (Figure S4c). The ‘classroom’ group lost 
six core ASVs and gained two (Figure S4d) (1 on classroom 
benchtops, 1 on tables), with one of these of the potentially 
pathogenic group Escherichia-Shigella [43] (Figure!S4e).

Discussion

Post-Disturbance Environment Determines Skin 
Microbial Heterogeneity

Increased diversity for the ‘forest’ groups skin microbiota 
over successive days shows that repeated and reasonably 
short exposures to more biodiverse areas could have longer-
term diversifying effects, in-line with our hypotheses. 
However, our findings also unexpectedly showed that for 
10–11-year-old children skin microbial diversity and vari-
ability between individuals within a group can reduce over 
time when skin communities are repeatedly disturbed by 
cleaning immediately followed by a short period of indoor 
time. In this regard, environment type immediately post-
disturbance can be diversifying or homogenising for skin 
microbiota, and this may be the direct cause for skin micro-
biota homogenisation seen within groups over time [6]. We 
believe that ours is the first study to show such e"ects after 
just 45!min and thus extend previous studies showing that 
over hours [19] or weeks [16] change can occur to the skin 
microbiota according to exposure.

Age-related physiological changes in skin microbial 
habitats (due to puberty) and use of beauty products have 
previously been proposed to override environmental e"ects 
in homogenising adolescent (14-year-old) skin microbiota 
relative to younger children [44]. Here, we reproduced this 

homogenisation seen in adolescents in younger children by 
disturbing their skin microbiota and keeping them indoors 
immediately afterwards for a short period on each of 3!days. 
Younger children are often found playing outside, and it 
is usually older adolescents who tend to spend more time 
indoors for social reasons, because they have less energy 
for play and their school-based learning becomes more aca-
demic than experiential [i.e., more indoors; 45]. Therefore, 
we propose that environment is not overridden in adoles-
cence, but that variability of environmental experience 
reduces between individuals (i.e., environment becomes 
more indoor). As such, environment is likely a key determin-
ing factor in age-related homogenisation of skin microbiota, 
as well as physiological and beautification factors. However, 
increasing environmental variability must be tested directly 
for increasing adolescent skin microbial diversity.

Health-Associated Shifts in!Dominant Skin Taxa

Shifts of dominant skin bacterial phyla and proteobacterial 
classes in this study align the indoor group with psoriatic 
compositions of dry skin sites while the outdoor groups 
tended towards healthier assemblages [46]. Here, the class-
room group had consistently higher relative abundance of 
Firmicutes than Actinobacteria and Proteobacteria, whereas 
the outdoor groups had an opposing dominance structure. 
Such dominance structures have been found to associate 
with psoriatic lesions or healthy skin, respectively [47, 48]. 
Therefore, school-based, or more general social models of 
higher ratios of outdoor time for children, especially in bio-
diverse areas, may benefit su"erers of psoriasis.

Gamma-Proteobacteria have been found to be more domi-
nant on the skin of children that are both exposed to more 
biodiversity and have higher measured immune function [16, 
49]. However, we observed a general decrease of gamma-
Proteobacteria in all groups from before to after exposure, 
indicating that recovery from skin microbiome disturbance 
may take longer than 45!min for these taxa. Such a finding 
indicates that continual disturbance to the skin may interrupt 
the ability of gamma-Proteobacteria to benefit the immune 
system, regardless of environment.

Environmental Characteristics Influence 
Interactions

Previous studies have shown that floristically diverse urban 
green space soils are richer in microorganisms than less 
biodiverse spaces [50, 51]. Here, the school’s forest was 
generally richer in bacteria than the classroom and sports 
field and contributed to much stronger skin community 
recovery post-disturbance. However, while we found that 
high environmental microbial diversity can aid in increas-
ing skin bacterial diversity after disturbance in a short 
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amount of time, this was not always the case. Despite the 
high microbial diversity of the classroom bench tops the 
group exposed to the ‘classroom’ did not have an increase 
in skin diversity afterwards, highlighting that environmen-
tal microbial diversity probably interacts with environmen-
tal dynamics that vary by environment type. While we did 
not measure environmental dynamics directly, they may 
include lack of touch contact to some surfaces, such as 
students not touching high diversity classroom bench tops 
as much as students outside may directly touch soil or 
leaves [52]. Also, indoor and outdoor air-flow di!erences 
may contribute to aerial entrainment and redeposition 
di!erences of microorganisms onto skin. These factors 
may have reduced student interactions with high diversity 
bench tops around the classroom edges while increasing 
interaction in the forest where stronger recovery from dis-
turbance was observed.

Vegetation contributes to the composition of downwind 
microbiotas, and those communities can be stratified by 
proximity to soil and wind speed [53–55]. Therefore, 
higher air-flow rate, vegetation complexity, and bare soil 
likely contributed to the ‘forest’ group’s increased skin 
diversity. Meanwhile, indoor microbiomes covary with 
outdoor air, ventilation source, air-flow rates, and skin of 
inhabitants [56, 57]. As such, indoor factors likely reduced 
environmental microbe-human interactions despite the 
presence of high diversity on some indoor surfaces. How-
ever, our evidence of cross-environmental sharing sug-
gests that some ASVs from one environment are interact-
ing with students in other environments (likely airborne as 
described above) or that we were not detecting some rarer 
bacteria in all samples [58]. Therefore, our results show 
strong human skin-environment interactions for micro-
bial exchange and that adjacent environments may also be 
important microbial sources.

Core Skin Microbiotas Under Disturbance

Core microbiota represent community members that are 
either temporally stable keystone species, functionally 
important facultative symbionts, or host-adapted obligate 
symbionts [59]. Here, we defined the core community 
as ASVs common to at least 50% of skin samples from 
‘before’ or ‘after’ exposure within each treatment group. 
We found a small but highly abundant core that were vul-
nerable to disturbance and changed significantly accord-
ing to disturbance and environmental exposure. However, 
while human skin core microbiota remains very poorly 
studied, common species are often functionally important 
[59], and further research into core skin microbiota is war-
ranted, especially in the context of skin health.

Conclusions

In line with our study hypotheses, exposure to green 
spaces enabled the recovery and enrichment of the skin 
microbial community within a short space of time (i.e., 
45"min). Furthermore, exposure to a higher biodiversity 
setting (i.e., ‘forest’) provided a stronger e!ect than a 
lower biodiversity setting (i.e., ‘sports field’ or ‘class-
room’). Unexpectedly, we also found that spending time 
indoors immediately post-disturbance can be homogenis-
ing of skin microbiota between individuals over time. 
This suggests that environment in the first 45"min post-
disturbance is important for the state of the community 
in the longer term. Our findings provide further evidence 
that quality of biodiversity in our environments can enrich 
the human microbiota with diverse microbes and provide 
resilience to disturbance—the ability to maintain diver-
sity in a dynamic ecology between environment, host, and 
microorganisms [60].

Diverse skin microbiotas have often been linked to posi-
tive health outcomes [2, 16–18, 49, 61, 62]; however, fac-
tors and mechanisms that underpin environmentally ena-
bled resilience and how this may be related to long-term 
health trajectories require further investigation. Neverthe-
less, biodiversity interventions of urban green spaces have 
potential for positive e!ects on public health that can tran-
scend socio-economic boundaries for health care [14]. If 
measures are not taken rapidly to prevent ‘green gentrifica-
tion’—the increasing exclusivity of urban greening linked 
to socioeconomic status—then biodiversity interventions 
will not help those that are most in need of cost-e!ective 
primary health preventions [63]. The first place to start 
ensuring that people receive adequate access to diverse 
environmental microorganisms is in schools.
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CHAPTER 5: GENERAL DISCUSSION 
5.1 THESIS SUMMARY 

5.1.1 CHAPTER 1 – BACKGROUND AND KNOWLEDGE GAPS: HOLOBIONTS IN THE 
ANTHROPOCENE 
In 2017, we proposed the Microbiome Rewilding Hypothesis (Mills et al. 2017). This concept aimed to 

stimulate research into the potential of urban ecosystem restoration as a preventative healthcare measure. 

More specifically, that healthy and biodiverse ecosystems in and around cities may be used as a preventative 

measure against immune dysregulation in urban populations, through exposure to microbial biodiversity. This 

hypothesis takes both evolutionary and ecological views. The evolutionary view is that humans are co-

evolved with microbial species that perform regulatory and modulatory functions within the human immune 

system – our ‘old friends’ (Rook 2013). The ecological view is that rewilding urban areas with native 

biodiversity will provide better access to these co-evolved microorganisms that are often missing in modern 

urban contexts; thereby allowing ecological processes of human microbial succession and establishment to 

regain dominance over anthropogenic disturbances (Corlett 2016). 

In Chapter 1, we reviewed the existing evidence that the health of holobionts (i.e., hosts with resident 

microbiota, such as humans or plants) is governed by ecological processes from the microscopic to ecosystem 

scales (Mills et al. 2019). We focused our review on the state of the ecosystem that a host lives in during 

development as this is partially determining (along with lifestyle and dietary choices) their microbial 

succession, microbiome establishment, and health trajectories. We found that habitats under strong 

anthropogenic disturbance associated strongly with high rates of microbially-associated diseases for humans 

and other animals. The process of urbanisation produces a disease-associated habitat for its inhabitants, 

whether plants, animals, or humans. However, we also found that macro-scale ecological interventions, such 

as restoration, reintroduction, and rewilding, have the potential to recover the evolutionary processes of 

healthy holobiont development by fostering ecological processes that encourage ecosystem-scale microbial 

diversity. 

Remnant levels of ecosystem-scale microbial diversity have been observed following revegetation of 

degraded landscapes, such as pasture and mining, back to wild-lands (Banning et al. 2011; Gellie et al. 2017). 

However, whether revegetation of urban areas from traditional land-uses of manicured lawns and parklands to 

native vegetation would have a similar effect remained unknown at the start of my doctorate. Furthermore, 

reintroduction of remnant microbiota via inoculation of urban soil with forest soil was shown to have a short-

term effect on the human skin microbiota (Hui et al. 2019). However, it is important to note that 

reintroductions do not constitute rewilding of ecological processes without changing the conditions that allow 

for the perpetuation of microbial communities in the first place. As such, the long-term impacts of 

permanently revegetated urban green space remain unknown for soil and human microbiota.  

My collaborators and myself empirically investigated three key knowledge gaps for the plausibility of 

‘microbiome rewilding’: 

Can native revegetation return remnant, or wild, assemblages of microbiota to urban soils? 

Is there a consistent relationship between vegetation complexity and soil microbial diversity across multiple 

international cities? 

Can permanent and urban vegetation influence recovery of human microbial diversity after disturbance from a 

modern activity – skin washing? 
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5.1.2 CHAPTER 2 – REWILDING URBAN SOIL MICROBIOTA: A CASE STUDY 
The first data project of this thesis was an investigation of the first knowledge gap; can native revegetation 

return remnant, or wild, assemblages of microbiota to urban soils? This study was a spatially-independent 

comparative analysis of soil microbiota in urban green space with different vegetation types in a temperate 

city, the City of Playford, South Australia, Australia (Mills et al. 2020). Community composition of bacteria, 

fungi, archaea, and micro-eukaryotes were compared in soil from lawns, weedy vacant lots, parklands, 

revegetated woodlands, and remnant woodlands. The main aim of this study was to observe if urban green 

spaces revegetated with native plant species had soil microbiota that were more like those of remnant 

woodlands of the urban fringe compared to the traditional and common manicured or weedy urban green 

spaces. 

Our key findings were that all four taxonomic groups of the soil microbiota (bacteria, fungi, archaea, micro-

eukaryotes) in revegetated woodlands were more similar to those of remnant woodlands than in traditional 

urban green spaces. Microbial genera that were characteristic of the differences between vegetation types 

were more strongly associated with plant species richness than other environmental variables (e.g., soil pH). 

Plant species richness was significantly higher in revegetated and remnant woodlands than the other 

vegetation types and was collinear with plant community structural diversity (a measure of functional 

diversity by classifying species by their growth form, i.e., prescribed shape). Therefore, we found that plant 

species richness and structural diversity were most important, above other soil physicochemical variables, for 

delineating urban soil microbiotas in this case study. 

If plant species richness and structural diversity are highly correlated, then we can label them together as 

vegetation complexity. We found that vegetation complexity was strongly associated with bacterial, fungal, 

archaeal, and micro-eukaryotic microbiota in this city. However, that left the question, does vegetation 

complexity delineate soil microbiotas in other cities? This question was investigated in Chapter 3. 

 

5.1.3 CHAPTER 3 – SOIL MICROBIOTA OF THREE GLOBAL CITIES: A COMMON ASSOCIATION 
Vegetation complexity tends to increase with biodiversity and patch size, and decrease with modern 

anthropogenic land-uses, such as urbanisation (Melliger et al. 2018). However, after finding such a strong 

association between vegetation complexity and soil microbiotas in the green spaces of the City of Playford, 

we naturally asked – what about other cities and climates? To examine this question, we sampled soil 

microbial communities from green spaces of Haikou, China, and Bournemouth, England, to compare to those 

of the City of Playford.  

We took soil microbial samples from areas with high and low complexity vegetation within each city. High 

vegetation complexity represented native vegetation communities, and low complexity vegetation represented 

lawns, weedy vacant lots, or parklands. Despite sharp contrasts in climates and plant and microbial 

communities between the cities, we found that vegetation complexity was again a strong delineator of soil 

microbial diversity in each city.  

The general implication of this study is that increasing plant species richness and structural diversity (i.e., 

vegetation complexity) of urban green spaces can contribute to rewilding urban microbiotas. However, if 

urban soil microbiotas can be rewilded by increasing native vegetation complexity in green spaces, what is the 

impact of these environmental microbiotas on human microbiotas? This question relates to knowledge gap 

number three and was investigated in Chapter 4. 
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5.1.4 CHAPTER 4 – SCHOOLYARD DESIGN INFLUENCES SKIN MICROBIOTA: A FOREST FOR 
CHILDREN 
Losses of skin microbial diversity are strongly associated with skin disease states (Byrd et al. 2018). 

Meanwhile, losses of skin microbial diversity are also strongly associated with modern practices of hygiene 

(SanMiguel et al. 2018; Manus 2021). The skin and its microbiotas are in constant contact with the 

environment, which can act as a source of microbial diversity. Combining this knowledge with the evidence 

from Chapters 2 and 3, we experimentally tested if skin microbial diversity increased with the vegetation 

complexity within a schoolyard. Simultaneously, we also tested if higher vegetation complexity associated 

with stronger recovery of skin microbial diversity after disturbing the microbiota by a hygienic act (cleaning 

with saline solution). 

We hypothesised that students that stayed inside classrooms would have less diverse skin microbiota 

compared with students that spent equivalent time outside, and that students that spent time in a forest would 

have higher diversity than those playing on the sports field. Our hypotheses were confirmed, showing that just 

45-minutes spent in a schoolyard forest produced a stronger recovery in the student’s disturbed skin 

microbiota than the sports field, which itself had a stronger effect than staying inside the classroom. 

Furthermore, we found that repeated exposures compounded the losses of skin microbial diversity for those 

staying inside the classroom, but also the gains for those spending 45-minutes in the forest. This result 

indicates that revegetated urban green space may have a positive longer-term effect on skin microbial 

diversity. 

 

5.1.5 SYNTHESIS 
Overall, we found that vegetation complexity and urban revegetation can be used to restore microbial 

communities in soil, and that this can directly influence skin microbial diversity, thus helping in recovery after 

disturbances (e.g., sanitisation). The studies that make up my thesis have advanced the investigations into the 

plausibility of ‘microbiome rewilding’ as a public health intervention. Our discovery that ecologically restored 

urban green space can aid in restoring the skin microbiota after disturbance fits into a new and exciting body 

of literature (Figure 5.1). Other discoveries have found that contact with inoculated sandpits (Hui et al. 2019), 

nature-based day-care facilities (Lehtimäki et al. 2018), and imported forest soil (Roslund et al. 2020) can all 

increase the diversity of the skin microbiota (Figure 5.1). Furthermore, a first study shows that prescribed 

exposure to green space may also influence gut microbiota of children (Sobko et al. 2020).  

In this thesis, we have shown that ecological restoration can be used to create permanent sources of diverse 

remnant-like environmental microbiotas in urban spaces, vegetation complexity matters to urban microbial 

diversity, and more complex vegetation transfers microbial diversity more readily to people than other urban 

environments do. However, these studies are purely ecological in nature and do not explore knowledge gaps 

pertaining to health outcomes. Furthermore, these studies suffered from several limitations. I will discuss 

these knowledge gaps and limitations in the following sections. 
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Figure 5.1 Flow diagram of the state of knowledge and knowledge gaps around urban biodiversity 

interventions for human health improvement. Photo by Eddie Zhang on Unsplash. 

5.2 REMAINING KNOWLEDGE GAPS 

5.2.1 FOSTERING URBAN MICROBIAL BIODIVERSITY 
Should biodiversity management of urban green space become an effective and publicly accepted health 

intervention, then its quality development must be created by considering desired outcomes. For example, if a 

local council simply wants a recreation area, then this can be created and maintained as a green space mostly 

made-up of turf grass. However, a council that wants to create a community space that supports ecological 

functions and provides multiple beneficial services will need to understand how to marry restoration ecology 

CURRENT INVESTIGATIONS – ECOLOGY & HEALTH
Environmental Microbiome Restoration / Augmentation
- Revegetated urban green space soil microbiotas reflect 

remnant / natural soils PP
- Inoculated media diversifies microbial interaction 

potential P?
- Inoculated environment immediately augments 

environmental microbiome P?
- Urban restoration rewilds ecological processes ?
- Indoor microbiome improvement ?

Short-term Human Microbiome Diversification via
- Revegetated urban green space P?
- Nature-based day-care P?
- Inoculated environment P?
- Inoculated media P?

Short-term Improved Immune Function via
- Revegetated urban green space ?
- Nature-based day-care X?
- Inoculated environment P?
- Inoculated media ?

MAJOR HEALTH KNOWLEDGE GAPS
Horizons for Human Health via Urban Biodiversity
- Long-term human microbiome diversification ?
- Causative link with urban green space interventions P?
- Downward non-communicable disease (NCD) 

trajectories at population level ?
- Share of NCD prevention / usefulness as primary 

prevention ?
- Zoonotic disease spill-over potential from urban green 

space restoration ?

LEGEND
PP Multiple studies with positive result
P One study with positive result
X One study with null result
? Under studied / unknown
Studied in this thesis

Urban Green Space Interventions
- Ecological restoration / revegetation
- Nature-based urban design (e.g., school 

yards, day-cares, park lands)
- Tend to be permanent / large scale

Built Environment Interventions
- Inoculated play media (e.g., sandpit)
- Inoculated environment (e.g., bulk soil)
- Green walls / indoor plants
- Tend to be temporary / small scale

PROPOSED BIODIVERSITY INTERVENTIONS FOR HUMAN IMMUNE IMPROVEMENT

ECOLOGICAL x URBAN DESIGN 
GAPS
UGS Quality Targets
- High biodiversity
- Ecological functions & services
- Connectivity
- Self-regulating (Rewilded)
- Community desirability & usability

Risk Factors of Potential Zoonotic 
Disease Spill-over from Green Space
- Urban green space fragmentation
- Poor urban ecological processes
- Adjacent high population density
- Competent host abundance (low 

competition / predation)
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with desirable and usable urban design. Such a crossover of these fields is important, but how to do this 

remains a large knowledge gap that needs to be filled (Figure 5.1). Especially considering that rewilding of 

soil microbiota through ecological restoration in any context remains challenging. 

Using techniques from restoration ecology to create green spaces full of beneficial microbiota is far from 

having a ‘cut and dried’ understanding. For example, there is a significant multi-year time-lag between 

planting native vegetation communities and seeing soil microbiotas begin to reflect remnant soil communities 

through plant-microbe-soil feedbacks (Gellie et al. 2017). Furthermore, some plantings fail or remain stunted 

because the right microbes aren’t there (Wubs et al. 2016). Therefore, creating biodiverse habitat for human 

interaction with native microbial assemblages requires knowledge of how to restore microbial diversity of 

plants and soil.  

Plants are also holobionts, just like humans, that have symbiotic relationships with their microbiota. If the 

microbial communities of plants are unable to develop, or are disturbed, then disease can also occur in plants. 

Plant disease is troublesome for any restoration effort as plants are the primary producers. Quite a lot is 

known about the mechanisms for plant health (Rosado et al. 2018). For example, the manipulation of 

plant/soil microbiota for beneficial outcomes has substantially matured for agricultural applications (e.g., 

plant growth promoting bacteria) (Wallenstein 2017) and those principles and knowledge can be directly 

applied to biodiversity applications. Furthermore, restoration via inoculation experiments may yield the 

answers to fostering and fast-tracking the development of plant and microbial diversity that supports human 

health. 

However, before fast-tracking urban biodiversity interventions to combat the overall urban disease burden, we 

must research the risk of infectious diseases that this may create. We need to know what the balance of risk is 

between providing better immune training and regulation from green space and increasing zoonotic disease 

spill-over potential by transitioning urban ecology (Figure 5.1). This concern arises because increased 

vegetation diversity and productivity inevitably attracts more animal diversity than may normally be found 

living alongside urban people. For example, there may be an increase in known vectors such as avian, bat, and 

tick species. Increased animal diversity may bring more competent zoonotic disease hosts and, therefore, 

create potential for spill-over events at the interface of high biodiversity and high population densities.  

Zoonotic disease spill-overs account for around 60 % of emerging infectious diseases (Jones et al. 2008); 

however, the issue is complex. Increasing biodiversity and rewilding ecological processes in urban spaces 

may decrease the risk of zoonoses by two main beneficial factors; reducing the number of competent hosts 

through increased competition and predation (Morand 2018; Paradis 2018), and improved immunity via 

increased human microbiome diversity. However, risk factors such as land-conversion (Faust et al. 2018), 

habitat fragmentation (Wilkinson et al. 2018), population density (Paradis 2018), and biodiversity ‘at threat’ 

(Morand 2018) may increase the risk of zoonotic disease spill-over.  

The aforementioned risk factors may be inadvertently introduced if urban green space restoration is not done 

adequately because the risk comes from the way humans interact with biodiversity, not biodiversity per se. 

There is potential that along the gradient from less to more (via restoration) or more to less (via urbanisation) 

biodiversity that there is a middle ground that houses these risk factors regardless of direction along that 

spectrum. The question is this: what is the difference between clearing all but one hectare of forest and 

building a city around it, and clearing one hectare within an old city and building a forest within it? Both 

scenarios may be deemed as biodiversity ‘at threat’ in a fragmented landscape. For example, urban 

biodiversity may be increased enough to attract competent disease hosts but not quite enough to attract its 

predators that may need a larger range. Therefore, researching how to create (or convert) and manage 

biodiverse green space in an unfragmented matrix around high density populations that reduces competent 

disease-host abundances remains an important knowledge gap (Figure 5.1).  
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As we can see, there is a lot of complexity and reason to be cautious. Removing the wildness from urban 

environments may have helped cause our current public health issues but restoring our environment 

inadequately may also be damaging to public health. Meanwhile, the global burden of urban non-

communicable disease is rapidly increasing (von Hertzen et al. 2011); therefore, we must fill the risk-to-

benefit knowledge gap associated with urban restoration. 

 

5.2.2 THE ENVIRONMENTAL-HUMAN MICROBIOME 
The skin microbiota appears to play an important role in immune development and regulation. Such roles 

have been reviewed extensively (Prescott et al. 2017; Byrd et al. 2018; Chen et al. 2018), and include 

modulating immune (Naik et al. 2012) and antimicrobial factors (Nagy et al. 2006). However, Prescott et al. 

(2017) concluded that “The fundamental influence of the health of ecosystems in which humans live, on the 

diversity of human skin and mucosal microbiota, underscores the relevance of … rapid urbanization, … and 

gross biodiversity loss to human health …”. Despite this conclusion, very few studies have actually 

investigated the effect of urban biodiversity interventions on the skin microbiota and any resulting influence 

on the immune system (Lehtimäki et al. 2018; Roslund et al. 2020). A lot more work is needed to clarify the 

effectiveness of urban biodiversity interventions on human immunity via acquired microbiota, especially in 

relation to permanent urban green spaces. 

Permanent urban green spaces represent an ongoing aspect of modern human habitat and has been shown here 

and in other studies to be a good source of diverse microbiota. However, we still don’t have a clear 

understanding of whether microbes acquired during human interaction with green spaces are immunologically 

beneficial. Therefore, testing the effectiveness of biodiverse green spaces on the human microbiota, such as in 

Chapter 4, with a rigorous design, which replicates space and controls for diet and lifestyle factors while 

measuring immune responses, as in Roslund et al. (2020), is needed. Furthermore, testing the functions of the 

acquired microbiota and its crosstalk with the immune system in green space-mediated recovery of the human 

microbiome is also needed. 

The gut microbiota has received a lot of public attention in recent years as being important for human health. 

Despite this attention, knowledge of the gut microbiota’s influence on human physiological and psychological 

health remains limited – although positive – because many studies are based in animal models or of small 

scale with incomparable designs (Järbrink-Sehgal & Andreasson 2020; Fan & Pedersen 2021). This limited 

knowledge includes the influence of urban environmental experiences on the human gut microbiome (Sobko 

et al. 2020). How our daily environment influences human gut, mouth, and nasal microbiota remains largely 

untested, but this will be a valuable research area in the future. 

 

5.3 THESIS LIMITATIONS 
Whilst the work from the thesis has been published in high quality journals, there are a number of extra pieces 

of work or design that could have strengthened the interpretation of the work. The study in Chapter 3 had no 

replication of cities within climate zones, which would have been useful for extending the implications of the 

findings. Furthermore, the study in Chapter 4 did not replicate at the school level, which again would have 

allowed a broader synthesis of the findings. Moreover, Chapter 4 would have benefitted from a crossed design 

where students that went to the forest in the first instance swapped with the students that remained indoors. 

Also, measurement of immune markers and stress hormones would have made this study much stronger by 

collecting direct evidence of changing immune function with changing microbiota under the circumstances 

tested. However, this work is ethically challenging to do with young children and there was no funding for 

this level of work during this thesis but would serve as a useful follow up study.  
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All three data chapters used marker gene analysis to barcode the microbiota in the samples. Marker genes are 

limited by their inability to get full taxonomic resolution to species nor strain level and to determine activity 

and functions of taxa present (Knight et al. 2018). Relevant microbial functions could be antibiotic production 

for resistance to pathogens, butyrate production for immune regulation, or antibiotic resistance (Byrd et al. 

2018). These limitations could have been overcome by metagenomics and metatranscriptomics (Knight et al. 

2018) that could have provided finer detail about known commensal or pathogenic microbes; however, these 

are expensive methods. Use of such methods, along with stronger elements, as stated above, could have led to 

more detailed recommendations, and are potential areas of future study. 

 

5.4 RECOMMENDATIONS 
Here, we have shown that urban revegetation (as a method of ecological restoration) can return remnant-like 

microbial assemblages to urban soils; furthermore, such an action can diversify the skin microbiota of children 

after a common disturbance to the skin. Therefore, given the expanding body of literature citing the benefits 

of increased human microbial diversity, I recommend more diverse native plantings for schools and urban 

green spaces. However, such plantings tend to occur more in higher socioeconomic areas. Biodiverse green 

space often adds market value via ecological value such as cleaner and cooler air, habitat, and health benefits. 

Should ecological values be made policy requirements for residential green spaces then there is an opportunity 

to improve low socioeconomic areas without the risk of ‘green gentrification’ (Jelks et al. 2021), as discussed 

in Chapter 4. As such, I encourage the collaboration between restoration and health practitioners and 

researchers with urban planners and designers, and local and state governments to create spaces that meet 

ecological, health, and societal needs. 

However, there are risks with any action and identifying the cost-benefit of action versus status quo is 

important. Therefore, I also recommend that such restoration actions are accompanied by rigorous research 

into the rewilding process within urban green spaces. This research includes the following areas and 

questions. Monitoring macro and micro ecological functions and services – is there any benefit to the 

expenditure? Monitoring and managing over-dominance of particular species to foster a self-regulating system 

– are we creating a balanced ecosystem, or does it require continuous input at high public expense? 

Monitoring and managing animal ecology to reduce over-dominance of competent zoonotic disease hosts – 

are we creating spaces that increase or reduce zoonotic disease risk? 
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Table S2. Correlated predictor variables were removed from the ordination model based on Spearman’s correlation tests with a 

cut off of |r| > 0.7 or < -0.7 and variance inflation factor analysis (VIF). Predictor variables kept for constrained ordination were 

pH (H2O) ; sand %; ammonium, NH4; nitrate, NO3; conductivity, Cond.; calcium, Ca; copper, Cu; iron, Fe; manganese, Mn; 

potassium, K; phosphorus, P; organic carbon, Org. C; and plant species richness, Rich. Removed variables included sulphur, S; 

exc. Potassium, Exc. K; magnesium, Mg; boron, B; aluminium, Al; silt %; clay %; plant shannon’s diversity, H’; plant effective 

species number, ESN; plant growth forms, NVISgf; plant height classes, NVISht.  
Variables kept Variables removed (relationship with kept or VIF removed variable) 

Cond. S (+) 
Ca  
Cu  
NH4 H’ (-), 
NO3  
P  
pH (H2O) pH (CaCl2) (+), NVISht (-) 
Sand Silt (-), Clay (-), Mg (-), B (-) 
Rich. Al (-), NVISgf (+), NVISht (+), H’ (+), ESN (+) 
 K (removed by VIF) – Exc. K (+) 
 Org. C (removed by VIF) – Clay (-), Al (-) 
 Fe (removed by VIF) 
 Mn (removed by VIF) 

 
Table S3. Two-tailed Spearman’s correlation (rho) of predictor variables to CAP1 and CAP2 of the constrained analysis of 

principle coordinates (CAP). These variables are the constraining parameters in the CAP ordinations and are uncorrelated soil 

physicochemical variables (pH; sand, %; ammonium, NH4; nitrate, NO3; conductivity, Cond.; calcium, Ca; copper, Cu; 

phosphorus, P) and plant species richness (Rich.). Significance of CAP1 and CAP2 are also shown. P-values: P < 0.001 ‘***’, P < 

0.01 ‘**’, P < 0.05 '*', P < 0.10 'º', P > 0.10 ‘ns’. 

Variable Bacteria Fungi Archaea Eukaryotes 
CAP1 CAP2 CAP1 CAP2 CAP1 CAP2 CAP1 CAP2 

Variance 
explained 52.8 %* 10.9 %ns 38.7 % º 18.9 %ns 52.9 %* 17.2 % ns 28.3 %** 20.9 %ns 

Ca 0.28 ns -0.38 ns 0.06 ns 0.15 ns 0.59 * -0.32 ns -0.08 ns 0.36 ns 
Cond. -0.84 *** 0.23 ns -0.41 ns -0.51 º -0.80 *** -0.25 ns -0.13 ns -0.57 * 
Cu -0.14 ns 0.02 ns -0.16 ns -0.19 ns -0.02 ns -0.05 ns -0.13 ns 0.11 ns 
NH4 -0.30 ns 0.10 ns -0.15 ns -0.63 * -0.06 ns -0.44 ns -0.49 º 0.21 ns 
NO3 -0.15 ns -0.37 ns -0.34 ns 0.39 ns -0.10 ns -0.47 º 0.20 ns -0.18 ns 
P -0.25 ns 0.09 ns 0.07 ns 0.33 ns -0.51 º -0.02 ns 0.45 º -0.39 ns 
pH -0.67 ** -0.50 º -0.73 ** 0.21 ns -0.45 º -0.48 º -0.02 ns -0.79 *** 
Sand 0.18 ns 0.14 ns 0.05 ns 0.04 ns 0.12 ns -0.11 ns -0.36 ns 0.19 ns 
Rich. 0.86 *** 0.05 ns 0.67 ** 0.19 ns 0.77 *** 0.46 º 0.15 ns 0.76 ** 
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Figure S1. Vegetation functional (growth form, NVISgf; NVIS is the National Vegetation Information System) and structural 

diversity (height class, NVISht) and species diversity (Richness; Shannon’s, H’; and Effective Species Number (ESN), calculated 

as exp(H’)) between the five urban green space vegetation types. Error bars are standard deviation. P-values from Poisson GLMs 

with ‘Revegetated’ as the intercept group (Int.) : P < 0.001 '***', P < 0.01 '**', P < 0.05 '*', P < 0.10 'º', P > 0.10 'ns'. Degrees of 

freedom were 14 (null deviance) and 10 (residual deviance). 

 
  



 74 

 

 
Figure S2 Alpha diversity of bacteria, fungi, archaea, and eukaryotes measured by ASV richness, Faith’s phylogenetic diversity 

(PD), and Shannon’s diversity (H’). Error bars are standard deviation. P-values from negative-binomial GLMs with ‘Revegetated’ 

as the intercept group (Int.): P < 0.001 '***', P < 0.01 '**', P < 0.05 '*', P < 0.10 'º', P > 0.10 'ns'. Degrees of freedom were 14 (null 

deviance) and 10 (residual deviance). 
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Figure S3 Sampling locations and photos of urban green space vegetation types in the City of Playford, South Australia. Principle 

coordinates analysis (PCoA) of soil bacteria, fungi, archaea. Vegetation types – lawns (Law), vacant lots (Vac), parklands (Par), 

revegetated woodland (Rev), and remnant woodlands (Rem).  
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APPENDIX 2: SUPPLEMENTARY MATERIAL FOR CHAPTER 3 
Table S1 Bacterial 16S rRNA V4 region forward and reverse primers. 

Primer Primer sequence Citations 

515F 
AATGATACGGCGACCACCGAGATCTACAC TATGGTAATT GT 

GTGCCAGCMGCCGCGGTAA 

Caporaso 

et al. 
(2011); 
Caporaso 
et al. 
(2012) 

806R X-

barcode 

CAAGCAGAAGACGGCATACGAGAT XXXXXXXXXXXX AGTCAGTCAG 

CC GGACTACHVGGGTWTCTAAT 

 
Table S2 Custom sequencing primers. 

Read 1 sequencing primer Primer sequence 

Forward primer pad TATGGTAATT 

Forward primer linker GT 

Forward primer GTGYCAGCMGCCGCGGTAA 

Read 2 sequencing primer Primer sequence 

Reverse primer pad AGTCAGCCAG 

Reverse primer linker CC 

Reverse primer GGACTACNVGGGTWTCTAAT 

Index sequencing primer AATGATACGGCGACCACCGAGATCTACACGCT 

 

 

 
Figure S1 Rank-abundance curve of bacterial genera to determine rare genera cut-off. Red line shows the curve’s approximate 

inflection at 1 % relative abundance. 
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Figure S2 ASV-level ordinations. Jaccard is over-dispersed and Bray-Curtis is very close to it. 

 

 
Figure S3 Ordinations of rare genera only (those < 1 % relative abundance). Both datasets are over-dispersed. 
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APPENDIX 3: SUPPLEMENTARY MATERIAL FOR CHAPTER 4 
 
Table S1 PCR program and primers used at the Australian Genome Research Facility. 

Target Cycle Initial Disassociate Anneal Extension Finish 

16S: V3 - V4 29 95ºC for 7 min 94ºC for 30 s 50ºC for 60 s 72ºC for 60 s 72ºC for 7 min 

Primer sequence  

Forward Primer (341F) CCTAYGGGRBGCASCAG  

Reverse Primer (806R)  GGACTACNNGGGTATCTAAT 
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Table S2 Alpha diversity of core bacterial (16S rRNA ASV) communities of student’s wrists before and after exposure to 
either forest, sports field, or classroom environments. EN is effective number of ASVs calculated as the exponent of 
Shannon’s diversity index. Faith’s PD is phylogenetic diversity of ASVs. Only showing significantly different pairs for at least 
one diversity index. Significance codes Pr(>Chi2): ‘ns’ not significant; ‘º’ P < 0.10; ‘*’ P < 0.05; ‘**’ P < 0.01; ‘***’ P < 0.001. 

Descriptive Statistics 
Treatment * Exposure * Day 

Observed ASV richness EN ASVs (Shannon’s) Faith’s PD of ASVs 

Mean 95 % CI SE Mean 95 % CI SE Mean 95 % CI SE 

Classroom Before 1 16.0 1.6 0.8 7.8 1.1 0.5 1.0 0.3 0.1 

Classroom After 1 15.0 1.4 0.7 6.6 0.7 0.3 0.8 0.3 0.1 

Classroom Before 2 17.1 1.5 0.7 8.0 1.1 0.5 1.0 0.3 0.1 

Classroom After 2 10.9 2.3 1.1 5.8 1.4 0.7 0.9 0.3 0.1 

Classroom Before 3 18.2 1.9 0.9 8.2 1.2 0.6 1.0 0.3 0.2 

Classroom After 3 15.0 1.4 0.7 7.5 0.8 0.4 0.9 0.3 0.1 

Sports field Before 1 16.0 2.7 1.2 8.6 1.6 0.7 1.3 0.3 0.1 

Sports field After 1 14.5 1.7 0.8 8.5 1.6 0.7 1.3 0.4 0.2 

Sports field Before 2 12.7 3.2 1.5 6.9 1.4 0.6 1.4 0.3 0.1 

Sports field After 2 13.8 2.8 1.2 8.7 2.0 0.9 1.3 0.2 0.1 

Sports field Before 3 16.4 2.8 1.3 7.8 1.3 0.6 1.1 0.3 0.1 

Sports field After 3 14.9 1.5 0.7 8.0 0.7 0.3 1.2 0.3 0.1 

Forest Before 1 11.5 1.8 0.9 6.7 1.1 0.5 1.3 0.2 0.1 

Forest After 1 9.7 1.4 0.7 6.4 1.0 0.5 1.3 0.2 0.1 

Forest Before 2 12.7 2.3 1.1 7.1 1.2 0.6 1.3 0.2 0.1 

Forest After 2 11.7 2.1 1.0 7.0 1.3 0.6 1.1 0.3 0.1 

Forest Before 3 11.6 1.9 0.9 7.3 1.1 0.5 1.1 0.3 0.1 

Forest After 3 12.5 2.1 1.0 8.1 1.4 0.7 1.1 0.2 0.1 

GLMM - Type II Wald Chi2 test 
~ Treatment * Exposure * Day Chi2 Pr(>Chi2) Sig. Chi2 Pr(>Chi2) Sig. Chi2 Pr(>Chi2) Sig. 

Treatment group 27.00 <0.001 *** 1.07 0.587 ns 1.85 0.396 ns 

Exposure 15.62 <0.001 *** 0.77 0.381 ns 0.21 0.648 ns 

Day 7.59 0.022 * 2.92 0.232 ns 0.16 0.923 ns 

Treatment * Exposure 7.85 0.020 * 5.60 0.061 º 0.25 0.883 ns 

Treatment * Day 10.56 0.032 * 3.04 0.551 ns 0.50 0.974 ns 

Exposure * Day 1.70 0.427 ns 3.39 0.183 ns 0.08 0.962 ns 

Treatment * Exposure * Day 14.42 0.006 ** 7.40 0.116 ns 0.19 0.996 ns 

Pairwise GLMM 
~ Treatment * Exposure * Day z-ratio P Sig. z-ratio P Sig. z-ratio P Sig. 

Classroom Before 1 – Forest Before 1 3.50 0.049 * -1.17 1.000 ns 0.50 1.000 ns 

Classroom Before 1 – Forest After 1 5.09 < 0.001 *** -1.55 0.987 ns 0.54 1.000 ns 

Classroom Before 1 – Classroom After 2 4.21 0.003 ** -2.45 0.566 ns -0.18 1.000 ns 

Sports field Before 1 – Forest After 1 4.63 < 0.001 *** -1.73 0.962 ns 0.05 1.000 ns 

Forest Before 1 – Classroom Before 2 -4.20 0.004 ** 1.13 1.000 ns -0.42 1.000 ns 

Forest Before 1 – Classroom Before 3 -4.94 < 0.001 *** 1.52 0.990 ns -0.42 1.000 ns 

Classroom After 1 – Forest After 1 4.39 0.002 ** -0.45 1.000 ns 1.15 1.000 ns 

Sports field After 1 – Forest After 1 3.52 0.045 * -1.72 0.964 ns 0.04 1.000 ns 

Forest After 1 – Classroom Before 2 -5.77 < 0.001 *** 1.51 0.990 ns -0.46 1.000 ns 

Forest After 1 – Classroom Before 3 -6.50 < 0.001 *** 1.89 0.917 ns -0.47 1.000 ns 

Forest After 1 – Sports field Before 3 -4.85 < 0.001 *** 1.40 0.996 ns -0.36 1.000 ns 

Forest After 1 – Classroom After 3 -4.36 0.002 ** 1.51 0.990 ns -0.71 1.000 ns 

Forest After 1 – Sports field After 3 -3.94 0.010 * 1.67 0.972 ns -0.22 1.000 ns 
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Classroom Before 2 – Classroom After 2 4.96 < 0.001 *** -3.16 0.133 ns -0.26 1.000 ns 

Classroom Before 2 – Forest After 2 3.92 0.011 * -0.66 1.000 ns 0.06 1.000 ns 

Classroom Before 2 – Forest Before 3 3.97 0.009 ** -0.51 1.000 ns 0.14 1.000 ns 

Forest Before 2 – Classroom Before 3 -3.85 0.014 * 0.83 1.000 ns -0.42 1.000 ns 

Classroom After 2 – Classroom Before 3 -5.76 < 0.001 *** 2.85 0.279 ns 0.25 1.000 ns 

Classroom After 2 – Sports field Before 3 -3.60 0.035 * 1.88 0.920 ns 0.29 1.000 ns 

Forest After 2 – Classroom Before 3 -4.64 < 0.001 *** 1.04 1.000 ns -0.07 1.000 ns 

Classroom Before 3 – Forest Before 3 4.69 < 0.001 *** -0.90 1.000 ns 0.14 1.000 ns 

Classroom Before 3 – Forest After 3 4.02 0.007 ** -0.32 1.000 ns 0.13 1.000 ns 
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Table S3 Main (with homogeneity of dispersion tests, Disp.) and pairwise PERMANOVA on core bacterial ASV community 

structure (Weighted-UniFrac) and composition (Unweighted-UniFrac) of student’s wrists before and after exposure to assigned 

school environments. Significance codes Pr(>F): ‘ns’ not significant; ‘º’ P < 0.10; ‘*’ P < 0.05; ‘**’ P < 0.01; ‘***’ P < 0.001. 

Main PERMANOVA 
distance ~ Treatment*Exposure*Day 

 Weighted-UniFrac Unweighted-UniFrac 
 R2 F Pr(>F) Disp. R2 F Pr(>F) Disp. 

Treatment df2,321 0.11 19.59 *** º 0.15 38.59 *** ** 
Exposure df1,321 0.02 7.04 ** ns 0.10 51.25 *** * 
Day df2,321 0.01 1.18 ns ns 0.01 1.58 º º 
Treatment*Exposure df2,321 0.02 3.03 * º 0.15 38.46 *** ns 
Treatment*Day df4,321 0.01 0.63 ns  0.01 1.34 ns  
Exposure*Day df2,321 <0.01 0.86 ns  0.01 1.42 ns  
Treatment*Exposure*Day df4,321 <0.01 0.40 ns  0.01 1.06 ns  
Pairwise PERMANOVA 
Distance ~ Treatment*Exposure 

 Weighted-UniFrac Unweighted-UniFrac 
 R2 F Pr(>F)  R2 F Pr(>F)  

Forest Before - Classroom Before df1,121 0.06 8.22 ***  0.17 24.51 ***  
Forest Before - Sports field Before df1,102 0.01 1.35 ns  0.16 18.85 ***  
Classroom Before - Sports field Before df1,100 0.09 9.50 ***  0.24 30.62 ***  
Forest After – Forest Before df1,123 0.07 9.84 ***  0.33 60.21 ***  
Sports field After - Sports field Before df1,77 0.04 2.78 º  0.26 26.58 ***  
Classroom After - Classroom Before df1,119 0.01 1.27 ns  0.24 37.12 ***  
Forest After – Classroom After df1,121 0.18 26.10 ***  0.41 84.34 ***  
Forest After – Sports field After df1,98 0.02 1.97 ns  0.25 31.91 ***  
Classroom After - Sports field After df1,96 0.15 16.37 ***  0.29 39.17 ***  
Forest After – Classroom Before  df1,121 0.20 30.53 ***  0.46 101.4 ***  
Forest After – Sports field Before  df1,102 0.05 5.81 **  0.32 47.78 ***  
Classroom After - Forest Before df1,121 0.06 7.32 **  0.08 11.19 ***  
Classroom After - Sports field Before df1,100 0.08 8.24 **  0.14 15.85 ***  
Sports field After - Forest Before df1.98 0.05 4.96 **  0.23 28.71 ***  
Sports field After - Classroom Before df1,96 0.17 19.62 ***  0.31 43.51 ***  

 
 
Table S4 Permutation test (n permutations = 999) for homogeneity of multivariate dispersions on skin community structural 

(weighted UniFrac) and compositional (unweighted UniFrac) variability within treatment groups across the three days of 

experimental repetition. Significance codes Pr(>F): ‘ns’ not significant; ‘º’ P < 0.10; ‘*’ P < 0.05; ‘**’ P < 0.01; ‘***’ P < 0.001. 

Homogeneity of multivariate dispersions tests  
~ Day 

 Weighted-UniFrac Unweighted-UniFrac 
DF F Pr(>F) Sig. F Pr(>F) Sig. 

Classroom df2,117 2.29 0.098 º 4.60 0.015 * 
Sports field df2,75 0.75 0.483 ns 0.82 0.440 ns 
Forest df2,121 0.49 0.606 ns 1.06 0.345 ns 
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Table S5 Relative abundance of dominant bacterial phyla and proteobacterial classes that were above 1 % relative abundance in skin swab samples, those below the threshold were grouped. 

Sample Group Actinobacteria 
(%) 

Bacteroidetes  
(%) 

Firmicutes  
(%) 

Fusobacteria  
(%) 

alpha-Proteobacteria 
(%) 

gamma-
Proteobacteria (%) 

< 1 % rel. abund. 
(%) 

Classroom Day1 Before 24.9 5.6 42.4 2.3 3.7 20.2 1.0 
Classroom Day1 After 28.1 4.8 41.5 2.1 4.1 18.1 1.2 
Classroom Day2 Before 26.3 5.5 44.7 1.6 4.3 16.4 1.3 
Classroom Day2 After 24.0 11.5 46.5 1.3 4.2 11.2 1.3 
Classroom Day3 Before 27.2 6.0 42.8 1.5 3.9 17.5 1.1 
Classroom Day3 After 31.0 4.6 37.7 1.7 5.4 18.4 1.2 
Sports field Day1 Before 30.1 6.0 33.6 1.0 8.5 19.7 1.1 
Sports field Day1 After 32.9 5.4 26.5 1.2 11.2 21.2 1.7 
Sports field Day2 Before 28.8 8.5 30.6 1.2 11.3 18.5 1.0 
Sports field Day2 After 38.7 5.9 23.0 1.1 10.6 18.9 1.8 
Sports field Day3 Before 35.1 4.7 31.6 1.4 6.4 19.9 1.0 
Sports field Day3 After 38.7 5.5 25.8 0.9 8.8 19.1 1.2 
Forest Day1 Before 26.6 7.4 34.8 0.8 6.4 22.5 1.5 
Forest Day1 After 32.4 6.4 29.7 1.0 9.7 18.4 2.3 
Forest Day2 Before 32.0 7.1 32.1 1.4 7.4 18.5 1.5 
Forest Day2 After 35.3 6.2 25.0 0.9 13.3 15.8 3.5 
Forest Day3 Before 37.3 5.5 29.3 0.8 6.0 19.1 2.0 
Forest Day3 After 36.6 6.5 21.0 0.7 17.3 14.6 3.3 
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Figure S1 Ranked R2 values showing strength of difference between pairs of environmental exposure groups (i.e., 
classroom group ‘after’ exposure vs. classroom group ‘before’ exposure = CA – CB) from the (a.) weighted-UniFrac and 
(b.) unweighted-UniFrac PCoAs, respectively. C, ‘classroom’; F, ‘forest’; S, ‘sports field’; B, ‘before’ exposure; A, 
‘after’ exposure. Grey bars represent no significant difference between pairs with α = 0.05, while black bars represent 
significant difference. 
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Figure S2. Core bacterial ASV communities of children’s wrists before and after exposure to school yard 
environments. a. Observed richness, effective number (exponent of Shannon’s diversity), and Faith’s phylogenetic 
diversity of ASVs are shown from the wrists of children exposed to three different school yard environments over three 
consecutive days. Points are means ± 95 % confidence interval. Significantly different pairs are listed in Table S1. 1, day 
1; 2, day 2; 3, day 3; C, ‘classroom’; S, ‘sports field’; F, ‘forest’. b. & d. PCoA analyses of weighted-UniFrac and 
unweighted-UniFrac values, respectively, from all skin samples taken ‘before’ and ‘after’ outdoor exposure. c. & e. Bar 
plots ranking R2 values to show strength of difference between pairs of environmental exposure groups (i.e., ‘classroom’ 
group ‘after’ exposure vs. ‘classroom’ group ‘before’ exposure, CA – CB) from the weighted-UniFrac and unweighted-
UniFrac PCoAs, respectively. C, ‘classroom’; S, ‘sports field’; F, ‘forest’; B, ‘before’ exposure; A, ‘after’ exposure. 
Grey bars represent no significant difference between pairs, black bars represent significant difference where P = 0.05. 
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Figure S3. Alpha diversity of environmental samples from the exposure environments. Shared letters indicate no 
significant difference between pairs from generalised linear models where P > 0.05. 
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Figure S4. Shared and unshared core bacterial community ASVs between human samples and environmental 
samples. a. Total shared and unshared bacterial ASVs between environmental samples and human samples collected 
‘before’ and ‘after’ exposure. b. Total shared and unshared bacterial ASVs between the forest environmental samples 
(soil and leaf surfaces) and human samples from the ‘forest’ treatment group collected ‘before’ and ‘after’ exposure. c. 
Total shared and unshared bacterial ASVs between the ‘sports field’ environmental samples (leaf surfaces) and human 
samples from the ‘sports field’ treatment group collected ‘before’ and ‘after’ exposure. d. Total shared and unshared 
bacterial ASVs between the ‘classroom’ environmental samples (bench tops and work tables) and human samples from 
the ‘classroom’ treatment group collected ‘before’ and ‘after’ exposure. e. A heatmap of detected community bacterial 
ASVs by sample type with clustering representing Pearson correlation between columns (samples) and between rows 
(ASVs). H and E on the x-axis represent human and environmental sample types, respectively. Y-axis lettering represents 
detection in environmental (E), human-before exposure (B), and/or human-after exposure (A) samples. All ASVs are 
named by their lowest identified taxonomic rank, and S. s. ssp. thermophilus is Streptococcus salivarius ssp. 
thermophilus. 
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