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Abstract: Early childhood is a time of rapid physiological, cognitive, and social development, affected
by various environmental factors. The physical environment, including the environmental micro-
biome (the entire consortium of microorganisms and their theatre of activity in a given environment),
plays an essential role in childhood development and can be shaped in ways to support health
and wellbeing. In this Perspective article, we present considerations for early childhood education
settings that wish to shape their outdoor and indoor environments to optimise human and ecosystem
health. This is done in line with the latest evidence base on optimising health-supporting interactions
between humans and environmental microbiota, but also in pedagogically and developmentally
appropriate ways. Based on the Microbiome-Inspired Green Infrastructure (MIGI) principles, the
considerations presented here not only support health through human-nature interactions and a
healthier natural environment, but also promote a closer, reciprocal relationship between children

and their natural environments.
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1. Introduction

Early childhood is a critical period of development and growth and a unique opportu-
nity to positively influence the developmental trajectory of children. The years between
birth and the start of primary education (ranging from 5 to 7 years of age in different coun-
tries) represent a window for improving life chances and ensuring all children reach their
developmental potential. The importance of this developmental period is acknowledged
widely by its inclusion in the United Nations Sustainable Development Goals [1].

A host of environmental factors have been shown to play a role in the physical, psy-
chological, and cognitive development of young children, from motor competence [2], sleep
and energy levels [3], obesity [4], and cognitive and psychomotor skills [5] to name a few.
One of the environmental factors that has attracted increasing attention is the microbiome
of natural and built environments. Growing research links exposure to diverse microbial
communities in the environment to our health and wellbeing [6] through interactions with
our physiological systems and the microbial communities living on our skin, airways, and
gut [7].

The term ‘human microbiome” describes the whole consortium of microorganisms,
such as bacteria, fungi, archaea, and viruses, that live in and on the human body, including
in our gut, skin, airways, and other body sites. The term also encompasses the microorgan-
isms” ecological theatre of activity. These microorganisms have been increasingly linked to
a range of health outcomes [8]. As Finnish Immunologist Tari Haahtela said, “we are pro-
tected by two nested layers of biodiversity, microbiota of the outer layer (soil, water, plants
and animals), and the inner layer (gut, skin, airways). The latter inhabits our body and is
colonised from the outer layer” [9]. As such, our own health is intricately connected to the
health of our surrounding ecosystems. Crucially, recruiting a diverse microbiome in early
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childhood, namely in the first 1000 days and beyond, can directly influence growth and
development [10]. Exposure to a diverse assemblage of microorganisms in early childhood
can play an important role in human health and development, including of the endocrine
and immune systems [11,12]. At the same time, biodiversity loss and other features of
the urban environment (such as pollution) can limit children’s exposure to a variety of
microorganisms that can be beneficial for health, while also exacerbating their exposure to
pathogenic bacteria [13].

A large percentage of children attend early childhood education settings; for example,
68% of children 0—4 in the UK [14], 51-62% in India [15], and up to 80% of children in
the US [16]. Therefore, altering the early childhood education setting in order to optimise
the presence of diverse and beneficial microbiota is important from a health equity and
utilitarian or ‘democratisation of resources’ perspective. Furthermore, there is a general
move towards improving health-promoting interactions between humans and environ-
mental microbiomes in various contexts, including urban infrastructure [6], and previous
experimental research suggests that biodiversity interventions in early childhood education
settings can enhance children’s microbiota and immunoregulation [17]. For instance, the
aforementioned experimental study [17] found positive effects on the skin and gastroin-
testinal microbiota of children who attended the intervention settings, where part of the
day care centre that was previously gravel was covered with forest floor and sod, both of
which are rich in microbial organisms. These findings corroborate other research [12] and
support the biodiversity hypothesis [18] (Figure 1). Moreover, after 28 days of attending
the intervention settings, children were found to have enhanced immune regulation, mea-
sured in increased plasma levels of cytokines and T cells. Importantly, similar effects were
found after a two-year follow-up [19] and in a separate placebo-controlled double-blinded

study [7].
Decline in biodiversity
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Figure 1. The biodiversity hypothesis (adapted from Haahtela, 2019).

In this article, we propose considerations for early childhood education settings
that want to design or alter their outdoor and indoor environment to optimise human
and ecosystem health in pedagogically and developmentally appropriate ways. Some of
the suggested interventions utilise features already commonly used in early childhood
education settings, such as raised garden beds and sand pits. In addition, the other features
we explore have pedagogical value or utility besides optimising microbiome-associated



Educ. Sci. 2023, 13,211

30f15

health outcomes, and some of this will be touched on in the discussion. We base our
recommendations on the Microbiome-Inspired Green Infrastructure (MIGI) principles [20],
which are informed by the best-available evidence in the environmental microbiome-
human health discipline. We consider some of the complexities and challenges, as well
as some of the most frequently included features of early childhood education settings.
Our considerations aim to improve the quality of the environment and enhance the health-
promoting potential of the microbiome in such settings. While these can be undertaken
individually, they have an additive effect and present a holistic approach to enhancing
ecosystem health and promoting pro-environmental behaviours. We hope this article
provides a stimulus for designers, providers, and preschool practitioners to consider how
simple environmental improvements can promote healthy development in early childhood
and contribute to a symbiotic future characterised by reciprocity with nature.

2. The Microbiome-Inspired Green Infrastructure (MIGI) Context

Microbiome-Inspired Green Infrastructure (MIGI) was recently proposed as an integra-
tive framework to enhance urban ecosystem health through multidisciplinary design [20].
Specifically, the MIGI aims to promote nature-centric infrastructure restored or designed to
enhance health-supporting interactions between humans and environmental microbiota
whilst sustaining microbially-mediated ecosystem functionality and resilience. The MIGI
also seeks to stimulate a research agenda that focuses on the importance of microbiota in
urban environments, including in early childhood educational settings. Six broad principles
based on considerations for microbiota have been developed, with the aim of optimising
urban environment design and restoration, including 1. features that promote the composi-
tional and functional diversity of the microbiome, 2. features that reduce the likelihood of a
high relative abundance of pathogens, 3. features that promote direct human engagement
with diverse microbiota, 4. features that increase the wildlife value of a site, 5. integra-
tion of bio-integrated architecture, and 6. practices that promote long-term ecological
resilience. More information on the ongoing development of these principles can be found
in the supplementary materials. We use these principles to guide the recommendations in
this paper.

3. Microbiome-Centric Considerations
3.1. Increase the Diversity and Structural Complexity of Vegetation

Vegetation and soil are primary sources of airborne microbiota (i.e., the ‘aerobiome”) [21].
Vegetation complexity (in species richness and structural diversity) is associated with an
increased alpha diversity—-the number of different species—-of microbiota in the air [22].
Tree proximity and density affect aerobiome assembly, whereby alpha diversity increases
and potential pathogen diversity decreases in air samples closer to trees [22]. Reduc-
tions in the relative abundance of human-associated pathogens with increasing urban tree
density have also been demonstrated [23] and monoculture habitats, such as amenity grass-
lands/sports fields, likely harbour a higher relative abundance of pathogenic microbiota
compared to more complex habitats [22].

Therefore, emerging evidence suggests that we should increase the vegetation complex-
ity (i.e., diversify the structure and increase the number of species) in a given environment
to facilitate a health-promoting aerobiome. Furthermore, due to the critical need to be
exposed to a diverse assemblage of environmental microbiota from a young age, we rec-
ommend, where possible, planting more vegetation species of different varieties in early
childhood educational settings (Figure 2).
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Increase the vegetation structural diversity (height/shape)
and compositional diversity (the number of different plant species)

Figure 2. Increase vegetation species richness and structure in early childhood educational settings
to promote a diverse aerobiome. Consult an ecologist to determine the best plants to use in a
given location.

3.2. Consult Green Barrier Planting Designs to Reduce Pollution

It is well documented that air pollution (e.g., NO2, O3, and particulate matter) has
a detrimental effect on human health by causing severe respiratory illnesses. However,
emerging evidence also indicates that air pollution (in addition to anthropogenic noise
and artificial light pollution) can negatively impact the microbiome [24]. For instance,
lead (Pb)—a highly toxic environmental pollutant—can profoundly affect the composi-
tion and functionality of the environmental and human gut microbiomes with various
health implications [24]. Moreover, people across socioeconomic gradients are unequally
exposed to Pb pollution, with low socioeconomic neighbourhoods often receiving higher
Pb exposure [25].

There is also an emerging threat from tyre wear particulates and the chemicals embed-
ded in tyres, i.e., 6PPD-quinone, which has a demonstrated acute toxic effect in wildlife
populations [26]. Other similar environmental pollutants are linked to dysbiosis (a negative
imbalance in the microbiome) [27]. According to some reports, a child born in Krakow in
Poland today may inhale air pollution, equivalent to smoking 11 cigarettes a day due to the
burning of fossil fuels. In Shenyang, China, where the worst-ever levels of air pollution
were recorded, this figure can reach 63 cigarettes per day [28]. More emphasis should be
placed on preventing air pollution; however, in the meantime, we must protect children,
their microbiomes, and general health through adaptation measures such as green barriers
in outdoor childhood educational settings—-particularly those in urban areas or where
pollution levels are high. Children are considered to be at increased risk from air pollu-
tion [29]. This is exacerbated by children inhaling more air per unit of body weight than
their adult counterparts, and their respiratory systems are immature.

Recent work by researchers at the University of Sheffield and others has guided
the design and installation of green barriers around school playgrounds to prevent air
pollution from entering the school environment and harming the children’s health [30].
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The researchers found that relatively simple planting interventions can be implemented to
significantly reduce air pollution (a 13% reduction in NO2 in their study) in these settings.
These include: (a) consider planting directly into the ground or using raised beds, (b)
aim for a minimum planting height of 2 m, which will protect up to 3 m downwind, (c)
aim to create a wide a barrier as possible, >2 m, (d) plant multiple species to increase the
functional value—this also complements the recommendation of increasing vegetation
diversity to enhance the aerobiome, (e) plants that create compact barriers with low porosity
are preferred, (f) avoid species with a reputation of producing large amounts of allergenic
pollen, and (g) given the childhood context, avoid poisonous and spiky species. In addition,
it is recommended that modelling tools such as i-Tree Eco and the GI4RAQ platform are
used to model air pollution deposition and dispersion. This will help to determine the
benefits of a green barrier and where it should be installed. Consult the Green Barrier
Guide for more information [30].

Considering these green barrier designs in combination with consideration #1 (i.e.,
increasing vegetation complexity and diversity) will help to optimise early childhood edu-
cational settings to give children the best possible physiological and cognitive development
opportunities.

3.3. Consider the Use of Microbial Inoculants in Sand Pits

In addition to aerobiome exposure, microbiota can transfer to a child’s body and alter
their microbiome via direct physical contact with materials. It is possible to alter materials
in the landscape that children touch in order to transfer beneficial microbiota to their
bodies [31]. Actively augmenting the microbial communities in a given material to achieve
a beneficial outcome is called ‘microbial inoculation’. The concept of microbial inoculation
has been applied in other contexts for several years. For instance, the agricultural sector
has cultured specific beneficial microbiota to improve the growth and health of plants and
has inoculated the soil to enhance crop yield [32]. Ecologists have also reintroduced soil
microbiota that may be lacking in disturbed ecosystems to enhance the health of the soil and
vegetation communities [33]. In terms of inoculating materials to improve human health,
a Finnish research group developed a microbial inoculant from forest and agricultural
materials that resembles microbiota in organic soils [31]. They inoculated different sand
materials (sieved, safety, and sandbox) commonly used in playgrounds. After children
touched these materials, their skin’s bacterial diversity and richness increased, and the
relative abundance of opportunistic pathogens significantly decreased. More recently,
Roslund et al. (2022) built on this work and inoculated sandboxes in preschool yards with
microbiologically diverse materials to test the effects on the child microbiome and immune
system response [7]. They found that microbiologically rich soil can be used to rewild urban
playgrounds with the benefit of promoting immunomodulation among urban children.
In this study, shifts in skin microbiota were associated with interleukin-10 and T cell
frequencies, supporting the biodiversity hypothesis and its premise of (micro)biodiversity-
mediated immunoregulation.

Other studies have shown that transporting small amounts of local forest floor materi-
als into the schoolyard environment can significantly enhance the children’s microbiome
with similar immunoregulation effects as those stated above [17,19]. For example, sandpits
can be enriched with a ‘biodiversity powder” (1:1 ratio) containing sieved composted mate-
rials comprising agricultural stack, gardening soils, deciduous leaf litter, and Sphagnum
moss [7]. To adhere to the study protocols, the inoculant should be saturated with ultra-
pure mQ water and hand-squeezed over an ethanol-cleaned 250 um sieve. The extract is
then collected and freeze-dried for 48 h. Microbial ecologists should be consulted prior
to creating a microbial inoculant. The inoculant will likely need replacing after several
months; however, understanding the inoculant’s ‘shelf life’ is an ongoing area of research.
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3.4. Create an Undulating Topography in the Outdoor Environment

As soil is one of the most biodiverse habitats on the planet, soil health and soil-borne
microbial inputs to the aerobiome are crucial to a health-promoting aerobiome. Highly
degraded and disturbed environments can harbour more pathogens [34]. Poor-quality soils
and monoculture habitats provide less diverse microbial assemblages to help competitively
exclude opportunistic pathogens and provide various functional roles [22]. Indeed, healthy
soils can contain hundreds of millions of microbial cells per gram [35], which feed the
aerobiome.

A recent study showed vertical stratification in urban green space aerobiomes occurs,
whereby the alpha diversity of bacteria decreases as altitude increases (i.e., the further
away from the soil, the fewer microbial species) [36]. As such, we recommend that, where
possible, broadly undulating topography is included in outdoor educational settings. This
will likely improve the evenness of microbial assemblages in the aerobiome. We say
‘broadly’ to minimise health and safety risks (e.g., omitting trip hazards). Gentle gradients
that increase the diversity of contours in the local landscape have the potential to create this
undulation. Additionally, such gently undulating gradients offer opportunities for diverse
physical movement of the children within the setting, including rolling and crawling and
can support children’s motor development [37].

Another way to potentially increase the evenness of microbial input from the soil
to the air is to install raised beds or include plant pots of different heights. This will be
more appropriate for ‘retrofit scenarios” and where it is impractical to conduct earthworks.
Diversity is key, and increasing the topographical /substrate diversity along with vegeta-
tion structural and compositional diversity will likely create a more even distribution of
microbiota in the aerobiome. It is also important to consider the potential of soil pollution.
For instance, some soils contain high levels of lead, which, as described in consideration #2,
can have an adverse effect on a child’s health. Consulting a microbial ecologist to explore
microbial bioremediation options and including a lead-free layer of mulch/topsoil could
help eliminate risks associated with lead toxicity. Soil geochemistry mapping services such
as https:/ /mapapps2.bgs.ac.uk/ukso/home.html can help early childhood educational
setting managers understand local soil toxicity risks.

3.5. Include Foraging and Plant Cultivation Opportunities

Despite our coevolutionary relationship with a myriad of plants and fungi, many
humans, particularly in Western societies and others in high-income countries, no longer
possess the tacit ecological knowledge to forage with confidence. A recent survey of
children in the UK suggested that 50% could not identify the common stinging nettle Urtica
dioica—a ubiquitous and edible (albeit with the ability to sting prior to preparation) plant
in the Northern Hemisphere [38]. As Parsley (2020) wrote, “The general public largely does
not notice plants in their environment and therefore do not appreciate how important they
are to the biosphere and society”. This phenomenon even has an official scientific term,
‘plant awareness disparity’ [39].

The process of losing this knowledge and experience undermines our nature connect-
edness, which is seen as a distinct goal of early childhood education [40]. It also erodes our
relatedness with plants and the emotional and physical bonds that foster reciprocal benefits
for humans and the land. Moreover, it reduces our exposure to biodiversity—including
health-promoting microbiota—the phenomenon underscoring the biodiversity hypothesis.

Developing strategies to re-engage humans with plants and their microbial partners is
imperative. Implementing such strategies during the window of early life is optimal for
building and strengthening the neurological synapses involved in sustaining proecolog-
ical behaviours. In addition to the psychoneuro development importance, this early-life
window is also the critical period when a child’s microbiome is most plastic and when
establishing a diverse and robust microbiome by recruiting environmental microbiota from
the ‘outer layer of nested biodiversity’ is essential for downstream immune health.
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Diverse microbiota in soil and plant material readily transfer to a person’s skin mi-
crobiome through touch [41]. Therefore, relatively simple and cost-effective strategies
can be implemented in early childhood outdoor educational settings to re-establish the
connections between children, plants, and their resident microbiota. For example, opportu-
nities to forage safely and cultivate fresh produce can be developed by (a) planting edible
food plants only (e.g., blueberries, blackcurrants, etc.), which can be managed by having a
demarcated ‘foraging zone’ so the children can be supervised if necessary, and (b) install
raised beds with easy-to-grow (low-maintenance) food plants, such as lettuce and spinach
(Figure 3). The children could even plant and tend to the raised beds themselves (under
supervision if needed) and take their produce home, thereby promoting reciprocity with
the land.

Promotes physical contact with plants and their microbiota
Promotes nature connectedness (emotional and cognitive bonds with nature)

e Pedagogical benefits - e.g., learning about ecology and health-promoting foods

.‘.i.

Bushes with a range of edible foods (e.g., berries) Raised beds with easy-to-grow food plants

Figure 3. Foraging and plant growing areas (such as raised beds) have the potential to promote benefi-
cial interactions between children, plants, and their microbiota, with important pedagogical benefits.

3.6. Increase the Wildlife Value of a Site

Animal-plant-microbiota interactions are vital for ecosystem health. Animals con-
tribute to seed dispersal, pollination, and nutrient cycling, facilitating the balanced organic
matter required by diverse and complex microbial communities [20]. The functional roles
that microbiota play is vital for plant health, which is, in turn, vital for animal health [42]
and sustaining a quality aerobiome. Nested symbioses between microbiota, animals, and
plants occur all around us, but ecosystem degradation and grey infrastructure inhibit
these natural processes [43]. Increasing the wildlife value of an early childhood outdoor
educational setting has several important co-benefits. In addition to animals contributing
to the diversity of the environmental microbiome, they may also contribute to a child’s
nature connectedness, which is linked to enhanced wellbeing [44] and proenvironmental
behaviours [45].

Simple wildlife enhancement measures can be implemented in most outdoor educa-
tional settings. These include installing bird and bat boxes on appropriate features such
as trees and walls (bird and bat boxes should be placed >3 m from the ground, facing
somewhere between north and east for bird boxes and east to south for bat boxes), log piles
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and bug hotels to support invertebrate species that play vital roles in ecosystem health,
refugia (such as large logs, rubble, and corrugated mats as per Figure 4) for amphibians,
reptiles, and small mammals, and if safety measures are taken, a wildlife pond—-often
considered the single most valuable intervention to enhance the wildlife value of a site.
When it is possible to include a wildlife pond, small ecological floating beds of aquatic
plants can be included, which float like mats on the surface of water. The plant roots hang
beneath the floating mat and provide a large surface area for biofilm growth [46]. This
biofilm mat can provide important bioremediation benefits, i.e., reducing the pollutants
that gather in the waterbody, thereby improving the quality of the local environment.

The ability to increase the wildlife value of an early childhood educational setting will depend
to some extent on space and local ecology. A qualified ecologist can advise on the optimal
biodiversity enhancements for your setting.

Herpetofauna Bug hotel Bird boxes
mat !

Log piles Bat boxes

P

Figure 4. Examples of different wildlife enhancement measures that can be implemented in the
outdoor space of nursery settings. This is an ideal scenario; however, the ability to include features
such as a wildlife pond will sometimes depend on the amount of space, the type of setting and health
and safety protocols.

Increasing the site’s vegetation compositional and structural complexity (as per con-
sideration #1) will also provide a diversity of ecological niches to support a range of
taxonomic groups. Reversing ecosystem degradation in urban environments by planting
and nurturing vegetation communities also has the potential to improve the microbiome of
wildlife populations. Indeed, urbanisation has been shown to reduce the diversity of the
passerine bird microbiome and potentially increase the abundance of pathogens in these
birds [47]. Therefore, regreening the outdoor parts of early childhood educational settings
and reducing the negative impacts of urbanisation has an important—albeit small—role to
play in improving the health of local wildlife. If we view this from a One Health perspective
(i.e., that human, non-human animal, and environmental health are intimately connected),
it also has an indirect role in helping to secure human health and wellbeing.
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3.7. Awoid the Use of Harsh Pesticides, Fertilisers, and Artificial Grass

Pesticides and synthetic fertilisers are well marketed as being a gardener’s friend.
However, when we modify the nutrient environment that plants are in, we fundamentally
change natural plant-microbiota interactions and the microbiome-mediated protection of
these interactions. Indeed, studies have shown that harsh fertilisers can inhibit a plant
microbiome’s ability to protect against diseases [48]. Some pesticides contain anti-microbial
compounds, which may harm the environmental microbiome. Pesticides may indirectly
change the trajectory of host-microbiome coevolution in honey bees and alter their social
behaviours, with potential implications for plant-pollinator symbioses [49]. Herbicides
such as glyphosate have been shown to affect neuronal communication, resulting in altered
behaviours and gut microbiota in rodent models [50]. Glyphosate can also alter the gut
microbiome and antioxidant activity in birds [51]. Research also suggests that glyphosate
could potentially alter the human microbiome, with serious health implications [52]. There-
fore, whilst acknowledging that further research is needed, we recommend that harsh
pesticides/herbicides and fertilisers are avoided in early childhood education settings as a
measure to protect the environmental and human microbiome.

The artificial grass industry has boomed in the last decade. Based on revenue fig-
ures and average price per m?, an annual increase of 60,000 ha in artificial grass cover-
age is expected by 2030 (calculated by the authors). Artificial grass is considered con-
venient and low maintenance [53]; however, we argue that it also causes considerable
plastic waste/pollution, has the potential to reduce nature connectedness, is detrimental
to wildlife, and has the potential to reduce the diversity of the aerobiome (by creating a
non-natural monoculture habitat). In addition, some evidence suggests it is associated
with higher loads of Methicillin-resistant Staphylococcus aureus (MRSA), a group of bacteria
often called ‘superbugs’, which can cause difficult-to-treat human infections due to their
resistance to antibiotics [54]. Therefore, until further comprehensive research is performed
to indicate otherwise, we recommend not including artificial lawns in early childhood
educational settings.

3.8. Educational Interpretation Boards to Make the Invisible Visible

Educational interpretation boards are widely used in nature reserves and national
parks to convey important learning, behavioural and emotional messages and insight to
visitors. Interpretation is a form of communication that helps people understand elements
of the place being visited, bridging the gap between what a person already knows and what
they want or need to know. Interpretation boards are an important tool to improve visitor
knowledge and understanding of a given topic. Introducing educational interpretation
boards with engaging graphics has been implemented before to engage communities with
visible biodiversity [55].

We propose that early childhood educational settings should incorporate interpreta-
tion boards, as per Figure 5, within their grounds to convey the importance of microbiota
and the symbiotic relationship they form with plants and animals; after all, everything you
can see intimately depends on everything you cannot see. We suggest that, where possible,
two types of educational interpretation boards be included in early childhood educational
settings: (1) interpretation boards for adults (e.g., the parents of the children), which can
provide vital biodiversity knowledge to the parents, allowing them to understand the invis-
ible world and the myriad benefits of microbiota, with important downstream impacts on
parent—child interactions, and (2) age-appropriate interpretation boards for children attend-
ing the early childhood educational settings. We also recommend other age-appropriate
media, such as videos, songs, or storybooks. These can include less text-based information
and more engaging pictures describing the symbiotic relationships between the visible and
invisible world. We recommend further research to better understand the potential impli-
cations of these interpretation boards, e.g., for enhancing a child’s microbiology literacy
(which is associated with a lower risk of ‘germophobia’ or the fear of germs and “dirt’) [56],
and a child’s nature connectedness by stimulating nature engagement.
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Educational boards for parents,
highlighting plant-animal-microbe symbioses

!

Age-appropriate educational boards for children,
highlighting plant-animal-microbe symbioses

Figure 5. Examples of microbiome-centric educational boards, illuminating the unseen and the
different symbiotic relationships that occur all around us—-to both children and their parents.

4. Naturing the Indoor Environment and Future Possibilities

This article has focused on the outdoor environment of early childhood educational
settings. However, some of the principles can be applied to indoor settings. For instance, in-
creasing the abundance and diversity of indoor plant species is likely to provide aerobiome
benefits and reduce air pollutants [57]. Indoor ‘foraging zones” could also bring value,
i.e., having small growing spaces where children can interact with vegetation and their
microbiota. Optimising the ventilation and daylight availability in the indoor space will
likely enhance the air quality and reduce the abundance of opportunistic pathogens [58].

In terms of future possibilities, microbial inoculants will become more targeted as
research progresses. By this, we mean that instead of creating large mixture of microbial
inoculants, specific health-promoting taxa may become available to inoculate materials that
children touch (similar to the probiotic concept, e.g., drinks with high Lactobacilli content
and other bacteria to promote gut health). Another near-future possibility is incorporating
bio-integrated designs within early childhood educational settings. Bio-integrated design
involves designing architectural materials that integrate biology within them. For instance,
a wall or a building facade can be designed, and 3D printed to include cryptogams (such
as algae, lichens, and mosses) or designed to promote colonisation by these organisms
from the environment—also known as bioreceptivity [59]. These bio-integrated designs
will likely improve the quality of the local environment by providing important pollution-
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reducing functions and feeding the aerobiome. For example, a trial by the Bio-ID Lab
at the Bartlett School of Architecture, University College London, is currently underway
in London to see if moss-based bioreceptive wall panels can improve the air quality of a
school yard. In the near future, combining the more traditional green barriers described in
this article with modern bio-integrated architecture could significantly improve our urban
environments and our children’s health.

5. Discussion

Interactions with natural environments are known to benefit humans [60] and are
associated with optimised developmental trajectories in young children [61]. More specifi-
cally, previous research has suggested that ‘greener” educational and living environments
can positively influence different aspects of development and have beneficial outcomes,
including improved cognitive development [62], social behaviour [5], emotional devel-
opment [63], nature connection [64], and immune development via child-environmental
microbiota interactions [17].

The above considerations offer an opportunity to address several aspects of devel-
opment in children. For instance, creating diverse vegetation cover and undulating to-
pography not only improves the diversity and evenness of microbial assemblages in the
aerobiome, but can also provide opportunities for different physical and cognitive activities.
Indeed, diverse features in the early childhood education setting can promote different
types of play and learning [65]. Another example of co-beneficial outcomes is how the
inclusion of nursery gardens can provide opportunities for foraging and cultivation oppor-
tunities, but can also have a positive effect on other indicators of physiological and mental
health [66].

Overall, the recommendations in this article offer an opportunity to mobilise resources
and continue the drive of integrating health promotion in early childhood education
settings [67]. The guidance also helps practitioners to avoid siloed approaches to health
and wellbeing in early childhood [68]. Moreover, improving early childhood settings to
optimise child health, as proposed above, can provide an additional stimulus to enhance
health equity through early care and education [69].

This is not to say that such improvements come without challenges. Indeed, it is likely
that early childhood education setting staff lack the expertise to independently enact some
of the recommendations. In addition, the design and construction of educational spaces
do not historically consider the complex needs of children [70]. However, steps have been
taken in the right direction, for example, in Scotland [71]. Including specialists (such as
microbial ecologists and specialised landscape architects) during the design, construction,
and maintenance of education settings would be valuable to optimise those settings for
child health. Teaming up with such specialists from local universities is one way to achieve
these goals.

Another challenge is the practitioner and parent education aspect, which we alluded
to in our last outdoor recommendation. Previous research suggests that people with limited
microbial literacy are less likely to engage with nature in outdoor environments [56]. As
such, it could be possible that a lack of education on the positive potential of microbial
diversity can be a barrier to the uptake of our recommendations. Moreover, it may affect the
optimal use of the environments we have recommended. This, as well as the possibilities
of bespoke pre-service and in-service education programmes for practitioners, should be
explored by further research.

6. Conclusions

Early childhood setting interventions have been increasingly used to improve health
outcomes in children and enhance developmental trajectories [72]. In this article, we
outline a set of nine recommendations, eight in the outdoor environment and one generally
pertaining to naturing the indoor spaces, that can optimise child health by improving the
functional diversity of the children’s microbiota. These recommendations can be used singly,
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as space and expertise permit, although there is an additive effect when used together.
Aside from single settings adopting these recommendations, ideally, they would be adopted
by local and national government bodies and other authorities responsible for the design,
construction, and maintenance of early childhood education settings. We recommend
adopting the One Health perspective that recognises the interconnectedness of human
health and that of the non-human animals and environments around us [73]. The need to
foster mutually advantageous relationships between humans, starting from an early age,
and the wider communities of life has never been more salient. As reciprocal restoration and
nature-based solutions for the challenges facing humanity and our planet are increasingly
valued, we urge relevant bodies to consider incorporating our recommendations in the
design of early childhood education settings.
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