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Abstract Natural environmental microbiota is extremely abundant and diverse in
environments traditionally occupied by humans. Humans, like other animals, cause
shifts in the microbiota in their living environment. The exceptional scale
and longevity of these shifts pose a risk to natural and seminatural ecosystems and
human health. Environmental pollution, non-native invasive plant species, and
vegetation control by humans distort seasonal fluctuation and directly alter natural
microbiota. They also reduce the accessibility of natural environmental microbiota in
urbanized societies. The removal of organic surface soil and its substitution with
man-made surfaces is the most extreme example of the distortion of natural
microbiota; it cuts the number of microbial cells per gram soil to one thousandth
or one hundred thousandth of the original level. Since humans evolved in continuous
contact with environmental microbiota, efforts to rewild urban microbiota are being
developed to reintroduce diverse contacts with microbiota of the natural environ-
ment to everyday life of urban dwellers. Recent findings suggest that these efforts
may lead to enhanced immune modulation. Further research is needed to understand
whether this eventually results in a lower incidence of immune-mediated diseases in
urbanized societies.
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1 Natural Environmental Microbiota

1.1 Environmental Microbes Are Ubiquitous

Microbes are ubiquitous and extremely abundant in natural environments. A tiny
gram of organic surface soil typically contains one to ten billion bacterial 16S rRNA
gene sequences [1]; millions to billions of viruses, including bacteriophages and
plant viruses; Archaea; fungal cells; algae; and hundreds to thousands of micro-
scopic multicellular Eukaryotes, like soil animals [2—4]. The exact taxonomic
composition of the soil microbiome ranges considerably at all spatial scales, from
large-scale variation between geographic regions to differences between nearby field
plots within a single forest stand and even between neighboring soil samples at the
centimeter scale [5—7]. In the so far largest meta-analysis to map Earth’s bacteriome,
the predicted average gene copy number of a bacterial strain was less than ten per 1 g
soil [6]. In the same study, bacterial 16S rRNA gene copies in plant rhizosphere were
slightly more abundant compared to bulk soil samples. Although the number of 16S
rRNA gene copies per sample can be ten times lower on plant leaves than in soil [6],
microbes occupy virtually every organic surface on Earth. Providing that environ-
mental conditions are not too dry, cold, hot, or toxic, biofilms, i.e., surface-attached
clusters of bacteria, often cover inorganic soil particles and bedrock as well [8].

1.2 Patterns in Natural Microbial Diversity

According to current understanding, the taxonomic diversity and the abundance of
natural microbial communities tend to follow certain general patterns. At the global
scale, Thompson et al. [6] found evidence that low latitudes have richer soil and
plant bacterial communities compared to higher latitudes, a pattern known to exist
among multicellular organisms, including plants and most fungi [4, 9]. Recent
studies indicate a second general pattern: the overall microbial diversity seems to
decline with soil depth. Liang et al. [2] sampled agricultural red clay soils from the
depth 0—120 cm in Alabama and observed that the diversity of bacterial communities
and the abundance of viruses decreased with increasing sampling depth. They also
observed an association between viruslike particles and bacterial diversity. Upton
et al. [10] observed that grassland fungal diversity declines with soil depth, the
richness being 50% lower between 60 and 100 cm than between 0 and 10 cm below
soil surface.

The third pattern is related to the utilization of resources: although microbial
diversity and the abundance of different taxa vary considerably within small spatial
scales, Spain et al. [11] stated Proteobacteria to be the dominant phylum in surface
soils in a study that included samples from natural tall prairie soils and data from
earlier studies covering different continents and ecosystems [12]. The high abun-
dance of soil Proteobacteria seems to be limited to the uppermost soil layers where
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plant-based organic material is degraded and where the microbial co-occurrence
network is complex [11]. As the majority of soil bacteria are still unclassified [6], it is
unsure whether the phylum Proteobacteria will retain its position as the most
common phylum in surface soils. Despite this, the high abundance of Proteobacteria
in natural surface soils is a fact that may have played a role in human evolution (see
other chapters in this book).

While soil microbial diversity seems to follow certain relatively universal pat-
terns, the factors modulating microbial diversity on and inside plant leaves are
complex. Experimental evidence suggests that the main determinants of leaf bacte-
rial diversity and community structure are the host species and its functional traits,
such as leaf mass per area, leaf longevity and maximum photosynthetic capacity, leaf
nitrogen content, and wood density [13]. In a field study, fungal assemblages on
beech (Fagus sylvatica) leaves were largely dominated by cosmopolitan and gener-
alist species, and the largest variation was found between individual leaves within
the same canopy [14]. Between trees, the major determinant of community dissim-
ilarities was tree genotype, instead of geographical distance [14]. In addition, leaf
mineral content has been found to be crucial for leaf microbial community compo-
sition [15]. Since fertilization, irrigation, and urbanization affect nitrogen availabil-
ity, natural microbial communities of plant leaves are governed by several factors
that are modified and even distorted by humans.

1.3  Seasonal Variation in Natural Microbial Communities

Complex interactions between soil abiotic conditions, like temperature, frost, mois-
ture, porosity, and biotic factors, such as the composition and coverage of vegeta-
tion, affect microbial community structure and activity in natural soils. Drought
during dry seasons distorts soil invertebrate communities [16] and halts microbial
respiration when microscale hydrologic connectivity is poor [17]. Seasonal varia-
tion, particularly permanent snow cover, narrows the options humans have to
interact with natural microbial communities.

In Mediterranean and warmer climates, the cycling between dry and rainy seasons
shapes microbial activity and phylogenetic diversity in natural surface soils
[17, 18]. In temperate and boreal climates, fall colors, leaf fall, and the subsequent
litter decay are the brightest example of seasonal variation in native plant and
microbial communities [19-22]. As seasonal variation does not destroy natural
microbial communities but instead is an essential part of most ecosystems on
Earth, humans must have adapted to seasonal changes in microbial environment.
Thus, the importance of seasonal variation in the context of immune system function
is limited to cases where a hostile season, like winter, reduces contacts with
environmental microbiota [23].
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1.4 Environmental Bacteria Are Lazy Survivors

One of the greatest challenges in environmental microbial ecology has been to
understand why microbial activity in surface soils does not rapidly metabolize and
recycle all organic carbon that enters soil ecosystems [24, 25]. Recent experimental
and modelling approaches have offered at least two complementary scenarios.
Firstly, as large biofilms, e.g., clusters of bacteria, may partly prevent the flow of
resources in microscopic pores, competition in porous media seems to favor steadily
slow-growing biofilm-forming bacteria over fast-growing strains [25]. In parallel,
decomposers need to produce extracellular enzymes to utilize organic carbon
sources [24]. The resources released by extracellular enzymes can be exploited by
any non-decomposing coexisting species; recent findings indicate that the presence
of the free riders increases organic matter buildup and bacterial biomass in surface
soils [24]. Owing to these two phenomena and the functional complexity of soil
organic carbon [26], a successful strategy in natural surface soils is opportunistic
laziness. Notably, in addition to soils, many other organic surfaces, such as plant
leaves and human skin, can be regarded as partially porous systems where the
utilization of resources requires the release of extracellular enzymes. The inevitable
conclusion is that humans evolved in the overwhelming presence of lazy microbial
survivors that arrive on the skin and mucous membranes in billions each day.

1.5 Lazy Survivors and Modern Medicine

The opportunistic laziness is in striking contrast with the tradition of studying
microbes in medical sciences. The modern success of medicine is based on Koch’s
postulates [27]. The postulates require (1) that a pathogen is distinguished in each
patient; (2) that the pathogen, e.g., a bacterial species, is isolated from the host with
the disease; and (3) that it is grown in pure culture. Finally, (4) the disease should be
reproduced by inserting the cultured pathogen into a healthy host. Koch’s postulates
are followed also in the prevention of diseases, but in a reverse order. To pass the
postulates, the cure, e.g., a probiotic bacterial strain, must be (1) exactly identified
and (2) found in former patient, and (3) the strain has to heal new patients. As the
human immune system coevolved to continuously cope with an extremely diverse,
seasonally and locally changing network of lazy survivors, the characteristics
required by Koch’s postulates are hardly found in environmental microbiota. In
the context of the hygiene hypothesis, if the postulates are followed, over 99% of
environmental bacteria drop out simply because they cannot be cultivated. This is
unfortunate as recent findings indicate that the whole spectrum of environmental
microbiota may be needed for optimal prevention of immune-mediated
diseases [28].
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2 Man-Made Variation in Environmental Microbiota

2.1 Many Species Shape the Microbiota of Their
Surroundings

Humans are not the only species whose activity results in considerable alteration in
microbial communities. Tree-fungal interactions largely control microbial environ-
ment and are indeed the key to ecosystem productivity in large parts of the world
[29]. Many animals, like ants and large herbivores, drastically affect the microbiota
in their surroundings [30, 31]. Just like humans, several vertebrates clean their nests
to reduce microbial load on the offspring. Termites build mounds and form large
colonies where the number of individuals is comparable to human cities. In the
mounds, microbial diversity and the seasonal variation of community composition
are smaller than in surrounding soils [32]. The main difference between humans and
other species is the scale: when cultural evolution proceeded in humans, our species
became the first one that is able wipe off natural vegetation and substitute natural
ground surface with artificial materials that lack coevolved microbial communities.

2.2 Invasive Species

Invasive species distort native microbial communities and are one of the major
reasons for biodiversity decline on this planet. Humans typically control, e.g.,
weed and substitute, native vegetation in urban environments, which results in low
plant diversity. The poor diversity and the short evolutionary history of urban plant
communities leave the door open for successful invasion by exotic plant species
[33, 34]. Outside developed societies, invasive species destroy entire ecosystems
utilized by locals [35]. An example can be found from coastal South-East Asia where
sand dunes host a diverse community of native woody species [36, 37]. Many of
these plants have traditionally belonged to the local diet [38]. When the native plant
community on nutrient-poor sand dunes is invaded and replaced by alien nitrogen-
fixing acacias (Fig. 1), the entire lifestyle of locals is under threat, including the fiber-
and microbe-rich traditional diet.

Mechanisms behind plant invasiveness are numerous [39]. In the context of soil
microbiota, many invasive species release compounds or produce litter that either
slows down or accelerates litter decomposition by soil microorganisms [39-
42]. This often leads to poor regeneration of native vegetation [39, 43, 44], which
plausibly results in shifts in microbial community composition. Some of the mech-
anisms of the distortion of natural microbial communities are complex; within
introduced range, legumes are known to host root symbionts that produce com-
pounds that bind micronutrients [45-47]. As a result of micronutrient binding, soil
dominated by invasive garden lupine (Fig. 1; [48], see also Vetter et al. [49])
contains less nematode root feeders than soil dominated by a native legume
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Fig. 1 Two examples on how invasive species distort soil natural microbial communities. (a) In
temporal and boreal Europe, root symbionts of North American garden lupine (Lupinus
polyphyllus) reduce the abundance of root feeders, which leads to monocultures that shine in
early summer and are thereafter less attractive for human recreation. (b) In South-East Asia, native
dune forests host a diverse plant community adapted to flourish on nutrient-poor sand, but fast-
growing Australian acacia grows successfully on the dunes. The pictured, mature tree is 6 years old.
(¢) Acacia litter forms a suitable habitat for acacia seedlings. (d) The root system of acacia includes
a network of nitrogen-fixing root nodules in the uppermost sand layer, which leads to the distortion
of the microbiota of the natural environment and aids in replacement of native vegetation. (Photos
taken by the author)

[46]. As root feeding by nematodes reduces plant growth and reproduction [50], the
decreased herbivory (i.e., decreased feeding on plants by the nematode root feeders)
then provides a competitive advantage for the legume over native plants. This
advances the invasion and distorts the original microbial community in surface
soil [51]. In addition to direct effects on soil microbiota, invasive plants may reduce
the attractiveness of nearby natural and semiwild areas. In Europe, lupine invasion is
often accompanied by native but sticky nettles that benefit from the increased
nutrient content of lupine-dominated soils. As a result, the recreational value and
possibilities for direct contacts with rich microbiota in green areas are diminished.
In well-replicated field experiments, exotic plant species have increased above-
ground microbial diversity as a part of diverse plant communities [13, 52]. Despite
this, monocultures of alien plants simplify molecular diversity of organic com-
pounds in soil [26]. This is crucial as according to recent models, molecular diversity
controls decomposition and thus eventually litter formation [26]. To put it shortly,
cumulative evidence supports the view that invasive alien species distort natural
microbial communities and the interaction of humans with the surrounding nature.
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2.3 Environmental Pollution

Environmental pollution occurs virtually everywhere where human population den-
sity is high. In the context of natural microbial communities, contaminants can be
divided into organic compounds and elemental contaminants. Nutrients released by
human societies often act like organic contaminants [53]. Elemental contaminants
are nondegradable, but they may be extracted by plants, bound to organic molecules,
and their toxicity can be adjusted by manipulating solubility [54, 55]. While organic
contaminants can be recalcitrant, they are usually degradable. Whether or not they
are degraded depends on the contaminant and the local microbial community, like
the presence of degrader genes [56, 57]. If nutrient availability or oxygen content is
low, degradation is delayed [58]. This can be corrected by adding nutrients, which
further distorts the original microbial community [59, 60]. The most common
organic contaminants are aliphatic and polyaromatic hydrocarbons, pesticides, and
chlorinated compounds. All these typically serve as a carbon and sometimes also
nitrogen source for indigenous soil microbes. The utilization of a novel carbon or
energy source obviously causes shifts in microbial community composition. The
distortion changes the abundance and diversity of bacteria associated with human
health, particularly immune system disorders [61, 62].

As the release of environmental contaminants has been a part of industrialized,
urbanized lifestyle from the very beginning, low contaminant levels are found in
urban surface soils [63]. Even low contaminant levels have the potential to distort
plant and microbial growth [63—66]. Although some of the most common organic
pollutants, like oil hydrocarbons, are often degraded rapidly in nature, the lack of
organic topsoil prolongs the time needed for degradation [67, 68]. In urban areas,
organic topsoil is regularly removed (see below). Recently, low levels of
polyaromatic hydrocarbons in ambient air were observed to be associated with the
high endocrine disruption potential of individual gut microbial communities among
daycare children [69]. While the method used does not allow conclusions about a
causal effect, earlier experimental work with cell models supports the finding by
Roslund et al. [69-72]. Later, Vari et al. [73] found a similar but inverse association
between the endocrine disruption potential of the gut microbial community and the
coverage of broadleaved and mixed forests in urban environment. These findings
support the view that environmental pollution causes functional shifts in microbial
communities. More detailed studies are needed to confirm or reject the hypothesis
about the connection between endocrine disruption potential of the gut metagenome
and environmental pollution in urban areas.

In summary, environmental pollution has been shown to change environmental
and commensal microbial community composition, and there is indirect evidence
that the microbial changes are related to health, including immune-mediated
diseases.
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2.4 Vegetation Control and the Network of Lazy Survivors

In developed countries, rural areas are largely utilized for agriculture and forestry.
The resulting land use changes are a threat to biodiversity. In the context of
environmental microbial communities, monocultures have different and often poorer
microbial networks compared to diverse vegetation [74, 75]. Interestingly, some
monocultures decrease the relative abundance of Proteobacteria [74]. From the
perspective of immune modulation, however, the traditional agricultural lifestyle
(Fig. 2) evidently provides protection against allergic disorders [76]. Compared to
agricultural and forestry systems that are characterized by rich weed populations and
abundant patches of pristine and idle land, vegetation control can be extreme in
urban areas. At least the following practices have a major impact on the composition,
function, dynamics, and diversity of microbial communities in urban areas:

1. Removal of organic surface soil and plant debris (Fig. 2). In rural areas, plant litter
is typically left aside. In urban green spaces, dead plant parts, stumps, fallen

Fig. 2 Distortion of natural microbiota in urban areas. Upper row: Urban playgrounds and other
built environment comprising of man-made surfaces have poor possibilities for physical contact
with rich environmental microbiota. In traditional agricultural societies (below), lifestyle-facilitated
unintentional, rich, and daily contacts with environmental microbiota. Left: Farmer’s child in front
of cattle and hut in Kenya. Right: Under the Yoke (Burning the Brushwood) by Eero Jirnefelt
(1893). Birch forest burning for agricultural fields. (Photos by the author except painting: Finnish
National Gallery/Yehia Eweis. Creative commons CCO)
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autumn leaves, and even thatch are systemically removed. This disturbs the
nutrient cycle, eradicates niches suitable for decomposers, and affects water
retention on the soil surface. In nongreen urban space, artificial surface materials,
like asphalt, concrete, and buildings, prevail. When these surfaces are built, the
native microbial community, the rich network of lazy survivors, is removed. The
complete elimination of the original microbiota, combined with poor abundance
of environmental microbiota on the artificial surfaces, is one of the main reasons
for poor microbial exposure among urbanites [77, 78].

2. Intensive fertilization and irrigation. While agricultural fields are regularly treated
with nitrogen-fixing legumes or slowly soluble or mineral fertilizers, the rest is
usually left outside severe disturbance in rural areas. In contrast, most urban
lawns and ornamentals receive intensive fertilization and—depending on cli-
mate—irrigation to meet recreational needs [79, 80]. Since fertilization and
natural variation in soil moisture are crucial determinants of microbial community
composition, the man-made modification of urban soils will evidently distort
natural microbial communities [81].

3. Removal of dust particles from city centers. In nature, wind blows dust and tiny
organic particles to nearby rocky and otherwise bare patches. Little by little, this
leads to accumulation of organic matter suitable for plant and microbial growth.
In urban areas, streets, sidewalks, cycle paths, and city centers are cleaned,
brushed, and even washed to keep dirt away. As dirt-free mineral soils and
artificial surfaces have low microbial abundance [3, 82, 83], dirt removal severely
limits the network of lazy survivors, i.e., environmental microbial communities in
urban areas. The low abundance and likely patchiness of urban environmental
microbiota is reflected on skin microbiota of urban dwellers: in a study by
Gronroos et al. [84], touching organic gardening soils or moss for less than a
minute multiplied the number of 16S rRNA gene sequences on the skin of urban
volunteers, even though bacterial abundance was measured after washing hands
with tap water.

4. Green space design. Touching is beneficial for efficient transfer of environmental
microbiota onto the skin and mucosal membranes [83—-86]. Typical urban public
green spaces, parks, and playgrounds do not particularly encourage physical
contact with organic soil, herbs, perennials, and woody plants. On the contrary,
greenery is typically a decorative element that promotes recreation but discour-
ages active interaction, like touching and tasting (Fig. 3). Related to this, high
durability is a main target in playground design. Because natural materials wear
out, artificial materials like gum crumb, asphalt, concrete, gravel, and sand are
preferred (Fig. 2). All these are hostile environments for most environmental
microbes, which keep the microbial network of lazy survivors out of reach of
many urban children.

5. City design. Most cities were largely planned before urban principles for ecolog-
ical landscape design were thought about [88]. Nowadays, new evidence
supporting the link between immune-mediated diseases and urban land cover is
being published regularly (see [23, 89]). This new knowledge has not yet been
fully considered in urban planning, e.g., in the placement of small green spaces
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Fig. 3 Upper left: Urban green is often for decoration, not for active interaction. Combined with
dirt removal from city centers and sidewalks, intentional rewilding of urban areas is needed.
Lower left: A hole in multispecies lawn hosts a rich network of environmental microbiota and
attracts skin contact. Lower middle: Woody plant parts, like sticks, provide close contact with
environmental microbiota in winter. Right: High-biodiversity green space has diverse vegetation
[77] and dead wood [87], and it encourages engaging with natural elements [3]. (Figures by the
author, except: Right permission by Maria Hyvonen)

that enrich nearby microbial communities and allow abundant contacts with

afuznl togethbiptawo parallel phenomena affect to the same direction in urban
areas. These are the rare contacts with rich sources of environmental microbiota in
urban green areas and the reduction of natural microbial abundance and diversity
within built areas per se. The five factors mentioned above lead to severe distortion
of ground surface microbiota in urban centers and neighborhoods, which according
to Parajuli et al. [90] limit contacts with diverse and abundant environmental
microbiota also indoors. In detail, Parajuli et al. [90] studied standardized doormats
that were kept in rural and urban households for 2 weeks and analyzed doormat
bacterial communities. The results revealed that the high coverage of built environ-
ment reduces the transfer of environmental microbial communities indoors. Later,
the reduced transfer was found to exist in both summertime and winter samples
[91]. Alarmingly, the authors also realized that the winter minimum in rural areas
was at the same level as the summer maximum within urban, heavily built neighbor-
hoods [91]. Later, Parajuli et al. [77] realized that low yard vegetation diversity is
associated with dysbiosis in stool microbiota among urban dwellers. The distortion
of microbiota within built areas has been observed in indoor dust and air samples as
well [92-94]. The conclusion is that environmental microbiota, the rich network of
lazy survivors that humans coevolved with, is deprived in urban settings, which
severely distorts and limits microbial exposure among urbanites.
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3 Biodiversity Intervention, i.e., How to Cure
the Consequences of the Distortion

3.1 Why Bother?

Changes in land use typically lead to biodiversity loss. Hanski et al. [89] were the
first to find that the high coverage of built environment is related to immune-
mediated diseases. Recently, Nurminen et al. [23] found that a high coverage of
built environment next to infant’s homes increases the probability of type 1 diabetes
among genetically vulnerable individuals. As an opposite, the abundance of agri-
cultural environment—comprising nonirrigated arable land, fruit trees and berry
plantations, pastures, natural pastures, land principally occupied by agriculture
with significant areas of natural vegetation, and agroforestry areas—was inversely
associated with the probability of the disease. The study by Nurminen et al. [23] took
place in three hospital districts in Finland. When the districts were analyzed sepa-
rately, the inverse association of the agricultural environment with type 1 diabetes
was found to be pronounced in the southernmost study district. The annual snow-
free period decreases from north to south in Finland. Nurminen et al. [23] collected
doormat debris to study seasonal variation in biodiversity carried inside by families
participating in the study. The results revealed that indoor exposure to environmental
biodiversity was low when snow covers the ground, compared to snowless samples.
The authors explain that when snow covers the ground for several months, the
benefits of high microbial diversity in the agricultural environment cannot be
accessed as easily and unintentionally as during the rest of the year. When the results
by Nurminen et al. [23] are considered in the context of intentionally increasing
exposure to biodiversity among urbanites, any potential solutions should consider
winter and other natural factors that may prevent contacts with microbially diverse
soil and vegetation. In warmer regions, seasonal patterns in precipitation need to be
considered when planning biodiversity interventions and urban rewilding.

3.2 Outdoor Vegetation Interventions

While the global network of protected areas has been built to cover natural and
seminatural ecosystems [95], the need to protect and rewild urban ecosystems has
been recognized recently [96]. In addition to the global network of the most valuable
natural ecosystems, the biodiversity in urban forests in some countries is increasing
due to modern management practices, e.g., saving dead wood [87]. As a striking
contrast, dominant management practices in parks and small green spaces inside
built areas result in low exposure to biodiversity among urban dwellers (see Sect.
2.3. and [83, 90]). Since the low exposure to rich environmental microbiota within
built areas is often accompanied with a lifestyle that actively or passively avoids
visits to forests and other natural and seminatural areas, only nature-oriented
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urbanites are likely to receive the benefit of the rich microbial network of lazy
survivors that lurks in dirt of urban nature in developed countries [97-99]. Since
efforts to change human behavior typically have limited value, there is a good reason
to concentrate on the opposite approach, i.e., biodiversity interventions within built
areas [78]. These would rewild urban ecosystems by adding biodiversity to areas
where urbanites usually spend time in their everyday lives.

Roslund et al. [78] were the first to test if the transfer of green elements known to
contain rich and abundant environmental microbial communities affects immune
modulation among urban dwellers. They selected daycare children aged 3-5 years as
the target group. Three types of daycare centers were included: the so-called nature
daycare centers where children spend time in nearby forests on a daily basis, regular
urban daycare centers that have a yard dominated by artificial and mineral soil
materials, and the so-called intervention daycare centers that received green yards
overnight. The intervention daycare centers were randomly selected from the par-
ticipating regular urban daycare centers. Intervention materials consisted of readily
vegetated, boreal forest floor; sod, i.e., transferable lawn; peat blocks; and planting
boxes that daycare personnel were advised to fill with microbially rich gardening
soil, instead of bulk gardening soil that is a microbially poor mixture of peat, sand,
and fertilizers. The intervention lasted for 4 weeks, and the children were actively
guided to be in contact with the green materials on a daily basis, 5 days a week. Since
children were fascinated by the green elements, the guidance was not as crucial as
originally assumed [3]. Skin swabs and stool and blood samples were collected
before the intervention and after it on Day 28. The results showed that skin
microbiota among the intervention children shifted during the intervention and
became similar with skin microbiota among children in nature daycare centers.
The shifts were particularly evident within proteobacterial classes Alpha- and
Gammaproteobacteria. These shifts were associated with enhanced immune
regulation [78].

The study by Roslund et al. [78] had a relatively small sample size of altogether
75 children. The sampling size was further limited due to unwillingness of study
participants to donate blood. A parallel difficulty was to keep the interest of families
participating in the trial at standard daycare centers without the green intervention.
Ideally, the study by Roslund et al. [78] will be repeated as a randomized block
design with the participation of tens of daycare centers and hundreds of children that
would be followed for years to understand potential effects on disease incidence.
Despite these difficulties, the work by Roslund and collaborators paved the way for
intervention trials that will be needed to reach a sound basis for microbially oriented
rewilding of urban neighborhoods.

Hui et al. [83] described an alternative strategy for rewilding the urban
microbiome, i.e., enriching mineral soils with biologically rich, standardized dirt.
The authors allowed volunteers to touch pure commercial sand materials or the same
materials mixed with biodiverse dirt. The results showed how skin biodiversity
increased in dirt-enriched sand. The authors monitored how the dirt intervention
affected the relative abundance of bacterial genera containing opportunistic patho-
gens on the skin [83]. They concluded touching dirt that contains the rich network of



Distortion of the Microbiota of the Natural Environment by Human Activities 233

lazy environmental microbiota does decrease the relative abundance of genera
containing opportunistic pathogens on the skin, compared to touching pure sand
materials. An interesting revelation was that touching any soil decreased the relative
abundance of the genera containing opportunistic pathogens, compared to samples
taken before the intervention started [83].

Today, city-level, regional, and even national practices and guidelines have been
created to advance urban greening. Children are usually a special target group in
those guidelines. Preference for wooden jungle gyms and other playground struc-
tures, use of sod, and urban revegetation are likely to add to urban biodiversity.
However, to optimize the microbial benefit of urban greening, it is necessary to
understand the factors that regulate microbial diversity, abundance, and community
composition within urban green space. Today, as described above, it is known that
monocultures, no matter how beautiful, may not be optimal. Urban design should
also allow and encourage active physical contacts with green elements (Fig. 3).

3.3 Indoor Interventions

In preindustrial and traditional agricultural societies, human settlements contained
vast microbial diversity also indoors (Fig. 2). Today, due to vacuum cleaners and
disinfectants, indoor microbial abundance and the proportion of microbiota origi-
nating in soil and vegetation are low. Since urbanites spend most of their time
indoors, it is unsure whether outdoor interventions can reach the entire urban
population. Therefore, it has been hypothesized that the insertion of rich environ-
mental microbiota indoors can enhance immune regulation and decrease the inci-
dence of immune-mediated diseases. So far, only a single study has been reported.
Nurminen et al. [85] manufactured a microbiologically rich powder from soil and
plant-based organic materials. They instructed volunteers to touch the biodiverse
organic soil-like material three times a day (before breakfast, dinner, and going to
sleep) for 20 s for 2 weeks. After the exposure period, Nurminen et al. [85] observed
increased stool bacterial diversity and a positive association between the increasing
diversity of commensal microbiota and immune regulation. Similar studies and at
least one large intervention trial in which infants are exposed to rich environmental
microbiota for the first year of their life are going on, but so far the results have not
been reported in the scientific literature [100]. As the use of biodiversity elements
may require a change in living habits, willingness to test and use health-enhancing
innovations has been recently explored [101, 102]. The results indicate the crucial
role of scientific evidence and give advice on how to design potential future
intervention trials [102, 103].
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4 Future Perspectives

Nature and greenness are associated with mental well-being, low incidence of
immune-mediated diseases, and several other health benefits [23, 97, 104] (other
chapters in this book). Despite this, a short distance to coniferous forests predisposed
urban dwellers to asthma and allergic rhinitis in a large study that combined several
cohorts from various Central and Northern European countries [105]. A potential
reason lies in human behavior, i.e., the benefits of nature are received by the minority
that visits frequently urban seminatural ecosystems, particularly forests, while those
who always prefer urban built areas receive mainly allergens, such as pollen
[106]. The current chapter has reviewed research showing the multiple ways how
natural microbial communities are distorted in the urban living environment. While
it is hard to separate the importance of any single factor, the combined effect of
human activities has led to distortion and eradication of original microbial commu-
nities in urban neighborhoods.

The crucial question is how to integrate attractive biodiversity hotspots to urban
milieu and how to plan vegetation and decomposer networks that flourish under
intense use. Weeds are enemies in agricultural fields, but in urban green space,
weeds forming runners and root weeds and woody plants resprouting quickly, e.g.,
willows, dandelions, goatweeds, and their nontoxic colleagues, may provide an
option to increase biodiversity in places used frequently by children. Dead wood,
sticks, and cones contain a rich degrader community [87], are attractive, and have
traditionally been available for children to play and exercise with. Fallen leaves and
turfgrass thatch contribute to natural seasonal variation in soil surface microbial
communities. These and other ordinary possibilities may turn out to be the easiest
and economically sound options for urban rewilding. In addition to these, research is
needed to find out how important it is to insert planting boxes and potted trees and
bushes, i.e., sources of plant debris and dirt, outside green spaces. In other words,
there is no knowledge how dense the green urban network should be to beget health
benefits.

An interesting future research direction is the role of Proteobacteria, particularly
Gammaproteobacteria and Acinetobacter spp., in immune modulation [107]. Certain
Acinetobacter strains are known to produce biosurfactants [108]. Biosurfactants
allow bacteria to stick tightly on the skin. Studies by Hanski et al. [89], Roslund
et al. [78], and several others identify associations between Proteobacteria,
Gammaproteobacteria, or Acinetobacter and immune modulation or immune sys-
tem problems. It is currently not known whether the reason for the associations is
related to the ability to stick to the skin, which may have clinical significance, or
whether it is a consequence of the dominance of Proteobacteria in organic surface
soils (see above). Interestingly, proteobacterial microbes did not have associations in
the study by Nurminen et al. [85] that used a homogenized mixture of commercially
available gardening soils and plant materials, instead of surface soil transferred from
the field.
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While high hygiene level is mandatory in welfare states, the distortion and
destruction of the natural microbial environment, i.e., the ever-changing network
of lazy microbial survivors, are not. On the contrary, the need to control biodiversity
loss, invasive species, and environmental pollution has been internationally recog-
nized. Sustainable cities and communities are one of the UN sustainability goals, and
sustainability in cities is based on welfare of ecosystems. Although the first inter-
vention trials showing the immunomodulatory role of biodiversity have been
published [78, 85], there is an urgent need for research on how biodiversity inter-
ventions change microbial and vegetation diversity in urban living environments,
particularly at playgrounds, daycare units and schools, yards, and parks. The goal of
the upcoming research should be to find practical solutions to enrich taxonomic and
functional microbiota and to allow the entire urban population to reach the positive
health and welfare effects associated with green, biodiverse environments. Notably,
as natural ecosystems are diverse, any potential solutions must consider local needs
and conditions. Local sources of biodiversity may facilitate successful rewilding of
the current low-biodiversity urban settlements.

5 Conclusions

The distortion of the microbiota of the natural environment by humans results from
several parallel factors. In addition to direct devastation of greenery and organic
ground surface, environmental pollution and exotic, invasive species distort the
original microbiota, including the diversity of bacteria associated with health
impacts. The distortion of the microbiota of the natural environment is a likely
core reason for the high incidence of immune-mediated diseases in urbanized
societies. Attempts to rewild urban microbiota and reintroduce natural microbiota
to urban areas have shown promising results. The reintroduction must not be limited
to existing green areas. Instead, to reach the health benefits, the reintroduction needs
to encourage repeated close contacts with dirt, vegetation, and any elements hosting
diverse and abundant microbiota. The implementation of this is likely to require
large-scale development, production, and dissemination of elements containing
diverse microbiota. Optimally, urban dwellers will have plenty of options for safe
interaction with diverse environmental microbiota in everyday life.
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