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CONCEPTS  AND QUESTIONS

Biodiverse green spaces: a prescription for 
global urban health
Emily J Flies1,2*, Chris Skelly3,4, Sagri Singh Negi5, Poornima Prabhakaran5, Qiyong Liu6,7, Keke Liu6,  
Fiona C Goldizen8, Chris Lease9, and Philip Weinstein1

The world is urbanizing and chronic health conditions associated with urban living are on the rise. There is 
mounting evidence that people with a diverse microbiome (bacteria that inhabit the human body) or who 
interact with green spaces enjoy better health. However, studies have yet to directly examine how biodiverse 
urban green spaces (BUGS) might modify the human microbiome and reduce chronic disease. Here we 
highlight the potential for green spaces to improve health by exposing people to environmental 
microorganisms that diversify human microbiomes and help regulate immune function. We present four 
international perspectives (from Australia, China, India, and the UK) on the major challenges and benefits of 
using BUGS to alleviate health burdens. We propose solutions to these challenges and outline studies that can 
test the connections between BUGS, immune function, and human health and provide the evidence base for 
effective BUGS design and use. If further studies reinforce this hypothesis, then BUGS may become a viable 
tool to stem the global burden of urban- associated chronic diseases.
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Currently, over one- half of the global population lives 
in urban areas, and over two- thirds are expected 

to be urban by 2050 (World Bank 2015). Although 
urbanization provides economic, social, and educational 
benefits, urban areas also have higher rates of allergic, 
autoimmune, and inflammatory diseases  (“immunological 
diseases”) associated with immune system dysfunction 
(Bach 2002; von Hertzen et al. 2011; Rook 2012).

The relationship between allergies and urban living has 
been recognized for over a century but the underlying 
causes for the higher rates of immunological diseases in 

urban areas are just starting to be revealed (Bach 2002; 
Rook 2012). Immunological diseases including allergies, 
asthma, diabetes, inflammatory bowel diseases, multiple 
sclerosis, and even diseases not traditionally considered 
immunological (eg obesity and depression) are increasingly 
being linked to the bacteria that inhabit the human body 
(ie the human microbiome; Bach 2002; von Hertzen et al. 
2011, 2015; Rook 2012, 2013; Haahtela et al. 2013); spe-
cific examples are listed in Figure 1 (with corresponding 
citations in WebTable 2). However, the precise mecha-
nisms by which the urban environment has altered human 
microbiomes, and how those microbiomes can help to 
restore proper immune function, are less well known.

Urban areas often have depleted biodiversity (Aronson 
et al. 2014), and many people in urban spaces have little 
exposure to natural settings. Importantly, urban humans 
also have a less diverse gut microbiome (Schnorr et al. 
2014), and it is becoming increasingly clear that a diverse 
microbiome is essential to human health (WHO and CBD 
2015). The potential to optimize health and immune func-
tion by manipulating the human microbiome via the envi-
ronment is an unproven but appealing strategy and could 
have a very large impact on public health. We review the 
evidence that immunological  diseases are connected to an 
altered microbiome, and propose that biodiverse urban 
green spaces (BUGS) could play a role in reducing the 
growing burden of such diseases in urban settings.

 J The myriad benefits of interacting with  
green space

Functional ecosystems provide numerous benefits to 
 humans in the form of ecosystem services, including 
food provisioning, climate regulation, and support of 

1School of Biological Sciences, University of Adelaide, Adelaide, 
Australia; 2School of Biological Sciences, University of Tasmania, 
Hobart, Australia *(emily.flies@utas.edu.au); 3Public Health 
Dorset, Dorchester, UK; 4Primary Care & Population Science, 
University of Southampton, Southampton, UK; 5Public Health 
Foundation of India, Gurgaon, India; continued on last page

In a nutshell:
• Chronic diseases associated with compromised immune 

function have become a major global problem, especially 
in urban areas

• The potential for biodiverse urban green spaces (BUGS) 
to reduce the global chronic health burden is tantalizing 
but empirical evidence is lacking

• Before BUGS can be used to improve global urban health, 
we need robust experimental studies to clarify the mech-
anisms connecting green space and human health, and 
identification of the microbial species (if any) and the 
types of green space interaction (behaviors) responsible 
for observed health benefits

• Studies in developing nations and improved international 
awareness and uptake will also be required
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nutrient cycles, along with many well- established health 
benefits (MA 2005; WHO and CBD 2015). There is 
similarly strong evidence showing that interaction with 
nature can result in a variety of psychological and phys-
ical health benefits (Figure 1; WebTables 1 and 2). 
Green space health benefits (GSHB) are diverse and 
range from improved cognitive function to reduced obe-
sity and improved birth weights (WebTables 1 and 2). 
Nevertheless, the mechanisms connecting green spaces 
to health benefits are not always clear. Experimental 
“forest bathing” studies have shown that simply walking 
or spending time in a forest can improve immune func-
tion for up to one month (Li 2010), and recent reviews 
suggest that altered immune function may underlie many 
of the observed GSHB (Figure 1; Rook 2013; Kuo 2015). 
However, what causes the altered immune function is 
unclear, and there must be a long- term effector to link 
chronic diseases to green space interaction. We therefore 
endorse the hypothesis (Hanski et al. 2012; Haahtela 

et al. 2013; Rook 2013; von Hertzen et al. 2015) that 
interactions with green space alter the human micro-
biome, which acts in the long term to suppress inflam-
mation and reduce chronic immunological diseases.

 J New and improved versions of the hygiene 
hypothesis

The “biodiversity” hypothesis and the “old friends” 
 hypothesis are adaptations of the “hygiene” hypothesis 
(Strachan 1989) – all of which argue that immunological 
diseases are the result of a disconnect between contem-
porary humans and the diverse microbial world in which 
human life has evolved (von Hertzen et al. 2011; Hanski 
et al. 2012; Rook 2012, 2013; Haahtela et al. 2013). 
The hygiene hypothesis laid the foundation for this con-
cept by connecting allergic diseases to a reduced exposure 
to microbes (due to improved hygiene in developed 
societies). The old friends and biodiversity hypotheses 
extend beyond allergies and claim that the whole immune 
system can become unbalanced and lead to myriad dis-
eases when humans are not exposed to a diversity of 
microbes (biodiversity hypothesis) or the specific microbes 
with which we have evolved (old friends hypothesis).

The human microbiome is populated before and after 
birth with microbes (and microbial products) from vaginal 
secretions, breastmilk, and contact with close family mem-
bers, and immediately begins molding the host immune 
system. Inadequate microbiome acquisition during the post-
natal period has been connected to inflammatory disorders 
such as asthma, inflammatory bowel disease, necrotizing 
enterocolitis, allergies, and obesity (Arrieta et al. 2014). Yet 
the human microbiome is also malleable and changes dur-
ing the course of our lives due to environmental (including 
water and dietary) exposure (David et al. 2014).

Proximity to farms, farming practices, and agricultural 
spaces is associated with increased diversity in airborne 
and skin- based microbiota, increased anti- inflammatory 
cytokines (Hanski et al. 2012), reduced rates of asthma 
and allergies (Lewis 2000), and reduced inflammatory 
bowel diseases (Radon et al. 2007). These findings have 
prompted the idea that modifying the environment to 
which people are exposed could reduce the frequency and 
severity of immunological diseases.

We encourage a practical application of the biodiver-
sity hypothesis: using BUGS to improve urban micro-
biomes and public health. Despite the vast potential for 
BUGS to alleviate the global urban health burden, a 
critical knowledge gap exists between the environmental 
microbiome and the human microbiome. Scientists do 
not yet know: (1) how the environmental microbiome 
influences the human microbiome, (2) what sorts of 
interactions with the environment reliably alter the 
human microbiome, and (3) what features of the envi-
ronment or environmental microbiome have the greatest 
impact on human health (WHO and CBD 2015). These 
gaps need to be bridged with a strong evidence base if 

Figure 1. Potential pathways linking green space, microbiomes, 
and health. Gray lines have empirical data to support the links, 
whereas red lines represent the potential missing links that are the 
focus of this paper. Blue boxes and arrows represent questions 
that could influence the effect of the indicated relationships. 
Inspired by Figure 2 in Kuo (2015). Numbers indicate 
corresponding references in WebTable 1.
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practitioners are to effectively design urban green spaces 
to improve human health.

 J Using BUGS to improve global urban health

Before attempting to mitigate the world’s rising urban- 
associated immunological disease problems through 
BUGS, scientists must first understand the challenges 
and benefits for those involved in the creation and 
implementation of public health policy, particularly in 
heavily urbanized and rapidly urbanizing countries.

Currently, India and China have urban populations of 
440 million (33% of the country’s total population) and 
782 million (57% of the country’s total population), 
respectively; by 2050, the urban component of the two 
countries’ total populations is predicted to rise to 50% and 
76%, respectively (World Bank 2015). These two coun-
tries have the most to gain from avoiding the chronic 
inflammatory disease epidemic occurring in more urban 
countries. Australia and the UK (where 90% and 82% of 
the total population is urban, respectively), are starting to 
recognize the value of BUGS and are beginning to iden-
tify the challenges of and solutions for using BUGS as a 
tool to improve public health. It is these unique interna-
tional perspectives that we now present. We also summa-
rize the main concerns of the public health professionals 
and propose solutions to those concerns in Table 1.

 J BUGS in four countries

Australia

Though vast expanses of the Australian continent remain 
uninhabited, the Australian population is one of the 
most urbanized in the world, and Australian cities are 

now facing space limitation problems. Although urban 
intensification helps protect nearby biomes, it puts con-
siderable pressure on green spaces within city limits.

Currently, most Australian states explicitly aim to pro-
tect urban green spaces but because the goals are usually 
to preserve animal habitats and provide recreational areas 
for people, human health benefits may not be maximized. 
One state (South Australia) has released a “Healthy 
parks, healthy people” initiative, specifically recognizing 
the potential for microbial biodiversity in parks to benefit 
human health via immune modulation. However, it is 
currently unclear whether and how this awareness will 
translate to action.

Some states also have urban green space incentive 
schemes to encourage the inclusion of natural areas into 
their cities. In practice, urban developers often elect to 
contribute money to these schemes rather than incorpo-
rate green space into their development plans. While this 
results in fewer or smaller (Figure 2a) urban green spaces, 
it does mean that funds are available to improve the 
green spaces that remain.

Before city planners can leverage such funds to create 
optimal BUGS, they need to know the specific characteris-
tics of green spaces that elicit human health benefits. 
Elucidating the role of the environmental microbiome in 
GSHB would provide both an impetus for creating and a 
tool for assessing these urban green spaces. If governments 
and urban developers can be assured that green space of 
any size can be of high quality, they may be more willing to 
include a biodiverse refuge as part of their development.

China

The rapid urbanization of China has resulted in major 
public health problems. Fine particulate air pollution 

Table 1. Concerns expressed by public health professionals from Australia, China, India, and the UK over the use of 
biodiverse urban parks to improve public health and proposed solutions for these concerns

Public health concern or implementation barrier Proposed solutions

Lack of evidence connecting environmental microbiomes  
and GSHB

Undertake international, interdisciplinary studies such as those 
proposed here

Increasing pressure on urban green spaces Create small- scale, microbially diverse green space hotspots 

Funding the production of BUGS Implement financial incentives to include green space in all new 
urban development projects (eg as is done in South Australia)

Lack of global data on environmental and human microbial 
communities

Create an open- access database into which all geographically 
referenced green space and human microbiome data are 
deposited

Lack of public engagement Create technological applications that engage people with green 
spaces, educate them about how to realize potential health 
benefits, and return health and environment data to researchers

Disconnect between researchers, policy makers, and urban 
designers

Publish data and papers in open sources, engage media, and 
partner with local governments, health organizations, and public 
and private development industries 

Lack of knowledge about how local culture, climate, and genetics 
influence the way people engage with and benefit from BUGS

Conduct studies around the world and explicitly measure 
differences attributable to culture, climate, and genetics
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currently threatens the health of over 942 million 
Chinese citizens (He et al. 2016; Figure 3c), and the 
incidence of obesity is increasing among many urban 
residents, along with stress- related mental and emotional 
illnesses and less regular exercise (Gong et al. 2012). 
With more urban residents than any other country in 
the world, China has the most to gain from any pos-
itive health impacts of BUGS.

The Chinese government recognizes the considerable 
economic and public health benefits to be gained from 
green spaces and has implemented the biggest programs 
in the world to maintain and restore healthy ecosystems 
(Liu et al. 2008). Specifically, China has invested sub-
stantial effort into understanding the role of green spaces 

in (1) removing CO2, dust, pollut-
ants, bacteria, and viruses from air 
and water (ie phytoremediation), 
and (2) reducing urban heat island 
effects (MA 2005).

Local and federal Chinese policies 
directly affect the health of approxi-
mately 20% of the global population; 
therefore, improving the effective-
ness and accessibility of BUGS in 
Chinese cities could have a major 
positive impact on the global public 
health burden.

However, Chinese officials are 
concerned about the shortage of 
local GSHB studies and question 
whether studies conducted in the 
US, Australia, or the UK are equally 
applicable in China. Furthermore, 
the absence of baseline environmen-
tal and human microbiome data and 
the challenge of engaging the public 
in studies that are potentially exten-
sive, invasive, or elaborate may limit 
the ability to conduct rigorous 
GSHB studies in China. Finally, if 
local GSHB studies reveal the impor-
tance of BUGS in improving health 
outcomes, then the disconnect 
between public health researchers, 
politicians, and private developers 
could complicate the implementa-
tion of any scheme to increase the 
number of BUGS.

India

As one of the world’s most rapidly 
urbanizing countries, India is expected 
to add 418 million people to its urban 
population by 2050 through migration 
and growth (World Bank 2015). 
Similar to that in China, urban 

 expansion in India has led to increased pollution and a 
rising number of urban poor. Developing strategies for 
cities to reduce pollution, social inequalities, and urban- 
associated chronic diseases will be a major challenge in 
India’s future (Kapadia 2010).

The Indian government’s approval of the National 
Biodiversity Action Plan (Government of India, Ministry 
of Environment and Forests 2008) indicates federal support 
for the conservation of biodiversity and a recognition of the 
role of urban green spaces in providing ecosystem services 
(including social and recreational benefits) and preserving 
biodiversity. Yet, in practice, city development projects 
often eliminate existing urban green spaces to accommo-
date the increasing population (Figure 3, a and b).

Figure 2. City parks, such as (a) this “mini park” in Hobart, Australia, (b) Hyde Park 
in London, UK, and (c) Xujiahui Park in Shanghai, China, provide some social and 
recreational opportunities, but without biodiversity are unlikely to provide maximum 
health benefits to visitors.

(a)

(b)

(c)
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Economic assessments that incorporate the potential 
long- term health benefits of BUGS would play an impor-
tant role in the urban development decision- making pro-
cess. This is particularly important in India, given the 
potential for BUGS to reduce health- related inequalities 
among socioeconomic groups (Mitchell and Popham 
2008) and impart the greatest proportion of health benefits 
to the urban poor (Rook et al. 2014). Furthermore, the 
majority of GSHB studies have been conducted in Europe 
and North America, but local culture and climate influ-
ence the way that people interact with green spaces and 
presumably the way that green spaces affect human micro-
biomes and health. Until local examinations of how peo-
ple interact with green spaces and how this interaction 
affects immunological or other health metrics are con-
ducted in India, it will be difficult to optimize India’s urban 
green spaces for maximum health and social benefits.

UK

Much of the existing GSHB research has been con-
ducted in the UK and US, and UK public health 
authorities are attempting to incorporate these research 
findings into policy. For example, the health benefits 
of green space are officially recognized by many UK 
organizations, including Public Health England, the 
King’s Fund, UK Faculty of Public Health, Forestry 
Commission Scotland, and the Parliamentary Office of 
Science and Technology.

Despite this recognition (eg Figure 2b), the role of 
microbiomes has yet to be incorporated into public 
health strategies. Natural England, the UK government’s 
advisor for the natural environment, does identify micro-
biomes as being “an important health component of 
green space”, but suggests that the research is neither 
conclusive nor currently being applied in the UK. From 
the UK government perspective, the main benefit of 
urban green space is how it improves urban livability as 
well as the mental and physical health and longevity of 
urbanites. The under- recognition of the potential for 
BUGS to mitigate three medical conditions (Rook 2013; 
Kuo 2015) – namely cancer, inflammatory disease, and 
mental illness, which represent important contributors to 
the public health burden in the UK – is a major concern.

As the birthplace of the “hygiene”, “old friends”, and 
“biodiversity” hypotheses (Strachan 1989; Rook 2009, 
2013; Rook et al. 2013), the UK is well poised to lead 
BUGS- related public health initiatives. The recent 
decentralization of the UK health care system has rein-
vigorated the GSHB discussion, and many organizations 
have released visions of how green space can be incorpo-
rated into local, place- based health schemes. Nevertheless, 
until biodiversity and microbiomes are explicitly recog-
nized as important components of those green spaces, and 
until best practices in BUGS design and implementation 
have been established, the achieved GSHB may fall short 
of their full potential.

 J Knowledge gaps and an interdisciplinary call  
to action

These international perspectives highlight not only the 
variation in global recognition of GSHB but also  selected 
barriers to using BUGS for public health benefit 
(Table 1). Overcoming these barriers would lead to a 
greater understanding of human and environmental 
microbiomes worldwide, and an understanding of how 
to design green spaces that provide maximum health 
benefits. These perspectives also underscore the potential 
for BUGS to alleviate chronic diseases arising from 
immune dysregulation, especially in urbanizing nations 
such as China and India.

Despite the relative infancy of the study of microbiomes, 
it is clear that they have broad and far- reaching impacts on 
human health and are proving to be crucial in a variety of 
settings from mental health to cancer growth to how 
patients respond to medicines (Honda and Littman 2016; 
Lowry et al. 2016). GSHB are well established and recog-
nized in most countries but researchers have yet to explore 
the relationship between urban green space microbiomes 

Figure 3. Within existing cities, biodiverse wetlands and other 
“natural” green spaces, such as those in Delhi, India (a), are 
increasingly being converted into lands for new buildings with 
greatly diminished vegetation, as shown here in Gurgaon, India 
(b). In developing nations, sparse remnant vegetation, as seen 
in Shanghai, China (c), is insufficient to counteract rising levels 
of pollution.

(a)

(c)

(b)
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and human health. We urge the global community to 
undertake efforts to fill critical knowledge gaps (Figure 1), 
using proposed solutions and techniques (Table 1; Panel 1). 
Filling these gaps will require collaborations – among ecolo-
gists, immunologists, physicians, statisticians, microbiol-
ogists, epidemiologists, bioinformaticians, social scientists, 
and economists – that cross traditional departmental, insti-
tutional, and international boundaries. Likewise, urban 
planners, engineers, landscapers, and politicians need to 
incorporate any new findings into their work, and the great-
est health gains will be realized if sociologists, marketing 
and communication experts, and the media then help moti-
vate the public to engage with BUGS. It will also be the 
role of these international interdisciplinary research teams 
to generate the evidence base upon which politicians, econ-
omists, and government officials can build effective urban 
green space policy.

 J Conclusions

A multitude of GSHB studies has largely established that 
green space positively influences many dimensions of health 
(Figure 1), but the direction and scale of the impact 
varies by study. One potential explanation for these dis-
crepancies is that the variation, elucidated by recent 
theoretical analyses, could be attributed to the unmeasured 
microbial diversity of the green spaces. Until there is an 
improved understanding of the contribution of this critical 
component of green space, scientists can neither rectify 
the conflicting findings of GSHB studies nor design urban 
green spaces that offer optimal health benefits.

The international perspectives presented here high-
light a diversity of challenges to – and benefits of – using 
BUGS to improve global urban health. Systematic, inter-
disciplinary, international investigations are needed to 
demonstrate the ability of BUGS to provide the human 
microbiome with the microbial species and diversity to 
produce maximum health benefits. Here, we have iden-
tify critical studies, challenges, and solutions to elucidat-
ing the links between GSHB and the microbial diversity 
of BUGS (Table 1; Panel 1). If these studies are paired 
with strong collaborations among governments, research-
ers, and community groups, then this field could hold the 
potential to stem the increase in chronic diseases pro-
jected to follow the rapid urbanization trend worldwide.
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