
Ecosystem services are the benefits that society obtains from 
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air filtration, local climate regulation, and recreation. The review 
found ecosystem services provide many benefits to human health 
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Summary 
The value of the environment – to the economy and to human wellbeing – can be estimated 
through ecosystems accounts. Accounts on ecosystem assets and the services they provide 
can be compiled using the System of Environmental Economic Accounting Ecosystem 
Accounting (SEEA EA) framework adopted by the United Nations Statistical Commission in 
March 2021 (SEEA 2022).  

In Australia, the Department of Climate Change, Energy, the Environment and Water 
(DCCEEW, formerly the Department of Agriculture, Water and the Environment – DAWE) is 
developing environmental ecosystem accounts. To do this, it is seeking to gain a wide 
understanding of the extent of the economic and social benefits of ecosystem services. It 
was in this context that the former DAWE commissioned the Australian Institute of Health 
and Welfare (AIHW) to conduct an extensive review of the evidence on ecosystem services 
and their benefits to, and impacts on, human health. 

This review analyses a broad range of current relevant literature on the benefits of the 
following 3 ecosystem services for human health: 

• air filtration – the filtering of air-borne pollutants by ecosystems, in particular by plants,  
to mitigate harmful effects of pollution 

• local climate regulation – the regulation of ambient temperatures by plants and water 
bodies to improve local living conditions 

• recreation-related services – the qualities of ecosystems that allow people to use and 
enjoy the environment, such as through providing opportunities for physical activity or 
other passive recreational pursuits. 

An extensive review of available Australian and international literature found associations 
between ecosystem services and a range of health outcomes, although the evidence more 
strongly supported this relationship for some health outcomes than others. The review also 
sought to uncover existing research of health benefits of these ecosystem services in 
economic terms, in particular those using methods consistent with the SEEA EA framework. 

The AIHW review revealed multiple examples of evidence in support of a wide range of 
health benefits associated with each of the 3 ecosystem services. Key health benefits 
included: 

• air filtration is associated with improved respiratory outcomes (such as for asthma) and 
decreases in mortality. Positive maternal and perinatal outcomes are areas being 
increasingly researched. 

• local climate regulation is associated with decreases in both all-cause mortality, and in 
hospitalisations due to heat. 

• recreation-related services are associated with increases in both physical activity, and in 
subjective mental wellbeing associated with recreation in nature.  

A range of other health benefits associated with these ecosystem services were also 
revealed, such as for cardiovascular health, heat-related mortality, obesity, diabetes, and 
immune function. However, the evidence for these tended to be inconsistent: some studies 
supported a positive association between the ecosystem service and the health benefit, while 
others found no association, or insufficient evidence to support one. In many cases, the 
equivocal findings could be attributed to design limitations in the original research articles. 
Inconclusive evidence does not necessarily mean an association does not exist – rather that 
the research approach may not have been the most appropriate for the research question. 
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1 Introduction 

1.1 Purpose of the review 
The Department of Climate Change, Energy, the Environment and Water (DCCEEW, 
formerly the Department of Agriculture, Water and the Environment – DAWE) is producing 
ecosystem accounts in Australia using the System of Environmental Economic Accounts 
Ecosystem Accounts (SEEA EA) framework. As ecosystem accounts should include 
information from a broad range of sectors, this framework calls for a collaborative approach 
to collecting and validating data (United Nations et al. 2021). Given the recognised important 
links between the environment and health, including knowledge from the health sector is key.  

Accordingly, the purpose of this review is to survey and evaluate available literature on the 
impact of selected ecosystem services on human health to understand how they can 
contribute to health and how much of a health benefit they provide. The longer term purpose 
is to identify key data sources for determining links between ecosystem services and various 
health benefits (as measured by avoided negative health impacts, such as death and illness), 
which have the potential to support data development to monitor these impacts in line with 
SEEA EA accounting principles. 

1.2  What is ecosystem services accounting? 
Ecosystem services accounting is a system by which data about habitats, landscapes and 
other natural assets can be organised and linked to economic and other human activity 
(United Nations et al. 2021). The ecosystem accounts approach helps to describe changes in 
ecosystems and how these changes affect human wellbeing and economies (DAWE 2019). 

The System of Environmental Economic Accounting (SEEA) is the accepted international 
standard for the provision of economic services accounting. It is produced and released by 
the United Nations, the European Commission, the Food and Agriculture Organization of the 
United Nations, the Organisation for Economic Co-operation and Development (OECD), the 
International Monetary Fund and the World Bank Group (United Nations et al. 2021). 

The SEEA has 2 parts:  

• The SEEA Central Framework (SEEA CF) was adopted in 2012 by the UN Statistical 
Commission as the first international standard for environmental–economic accounting. 
The framework looks at ‘environmental assets’ – such as water resources, energy 
resources, forests, fisheries – their use in the economy, and their returns to the 
environment as waste, air and water emissions.  

• The SEEA Ecosystem Accounting (SEEA EA) complements the Central Framework and 
represents international efforts toward coherent ecosystem accounting. It takes the 
perspective of ecosystems and considers how individual environmental assets interact 
as part of natural processes within a given spatial area. Ecosystem accounts enable the 
presentation of indicators of the level and value of ‘ecosystem services’ in a given spatial 
area. 

The SEEA approach can be used to help answer questions about the interactions between 
ecosystems and humans, such as:  
• Who benefits and who is negatively affected by natural resource use?  
• What is the impact of the state of the environment on specific sectors of the economy?  
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 How does the depletion of natural resources affect the income of a nation?  

 Which ecosystem services are being generated, and who is benefiting from them? 

In the Australian context, the DCCEEW uses 4 ‘building blocks’ of ecosystem accounts to 
illustrate the benefits that people receive from the environment (Figure 1.1). 

Figure 1.1: Building blocks of ecosystems accounts 

 

Source: DAWE 2019. 

1.3  What are ecosystem services?  
Ecosystem services are ‘the contributions of ecosystems to the benefits that are used in 
economic and other human activity’ (UN et al. 2021:27). In simple terms, they are the 
benefits that society gets from ecosystems, such as food, fuel, clean air and water, and 
recreational opportunities.  

Ecosystem services can be derived from direct contact with nature, or via the transformation 
of resources and environmental assets (such as land, water and vegetation) into a flow of 
essential goods and services (such as food, shelter and clean drinking water) (Costanza et 
al. 1997). 

The 3 domains of ecosystem services  

The SEEA EA groups ecosystem services into 3 main domains, which incorporate the     
wide range of ecosystem services considered to be of substantial importance across many 
countries and in many settings. The main ecosystem service domains are: 

 provisioning ecosystem services: those providing a benefit through harvesting or 
extracting products from nature 

 regulating and maintenance ecosystem services: those arising from the ability of 
ecosystems to regulate biological processes and maintain environmental conditions via 
these processes 

 cultural ecosystem services: those described by the SEEA EA as being ‘experiential and 
intangible services’, which are derived from the existence or function of ecosystems, and 
which provide a cultural benefit (United Nations et al. 2021). 

See Appendix A, Table A1 for a complete list of ecosystem services, as included in the 
SEEA EA framework.  

Ecosystem services affect human health in several ways. Some – in particular, those in the 
provisioning services domain – provide benefits that are the basis of human life (such as 
food, shelter and fuel). Others are important for maintaining healthy life, by preventing 
disease – for example, through regulating and maintaining ecosystem services of air filtration 
to remove pollutants, or through disease control to reduce disease-causing species. Cultural 
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services largely offer wellbeing benefits – for example, their perceived benefits for mental 
wellbeing through connecting with or viewing nature; there are also less subjective benefits – 
for example, the health benefits of undertaking physical activity in urban parks or forests 
(United Nations et al. 2021).  

1.4  Selection of ecosystem services for review 
This review investigates the evidence of health impacts, and knowledge gaps, in relation to 
3 ecosystem services. These services were selected (based on a background scan of the 
literature) as having particular relevance to health (including in the Australian context) via 
identifiable and potentially quantifiable mechanisms.  

These 3 ecosystem services are: 

• air filtration – a regulating and maintenance ecosystem service, involved in the removal 
of harmful particulate matter from the atmosphere, with the potential to affect respiratory, 
cardiovascular and other health outcomes 

• local climate regulation – a regulating and maintenance ecosystem service, involved in 
regulating ambient local temperatures, and which plays an important role in protecting 
health, particularly during extreme temperature events 

• recreation-related services – a cultural ecosystem service chosen for its potential to 
affect the risk factor of insufficient physical activity by providing opportunities for 
exercise-related endeavours, along with an exploration of other benefits, such as impact 
on mental health. 

Ecosystem services provided by air filtration and local climate regulation were selected as, 
given the high proportion of urban dwellers in Australia, they have the potential to affect a 
large part of the country’s population. Recreation-related ecosystem services were primarily 
chosen for their potential to provide opportunities to increase physical activity, given that 55% 
of Australian adults do not meet the guidelines for sufficient physical activity (AIHW 2020b). 
In 2018, 2.5% of the total burden of disease in Australia was attributable to insufficient 
physical activity (AIHW 2021b).  

The selection of these ecosystem services is not meant to suggest that health benefits are 
limited to air filtration, local climate regulation and recreation-related services. All ecosystem 
services listed in the SEEA EA framework (see Appendix A, Table A1) ultimately have an 
impact on human health in some way.  

• For example, provisioning services include crop, livestock, aquaculture and wood 
services, all of which support human life in providing basics such as food, fibre and fuel 
(United Nations et al. 2021). Absence of these basics would ultimately lead to death – 
for example, through hunger or exposure to the elements, although it may not be 
immediate; death may occur via a broad array of health pathways (such as vitamin 
deficiencies, adverse perinatal conditions, or heat or cold exposure). As such, while 
ultimately responsible for supporting human life, provisioning services could be 
considered more distal to immediate health impacts (that is, further removed from,  
as opposed to those that are proximal, or closer to, the health impacts).  

However, a detailed examination of the literature in relation to all the proximal and distal 
impacts on health for all the services is beyond the scope of this review. 

Also beyond the scope of this review is an evaluation of the health benefits of ecosystem 
services for indigenous people, as detailed in Box 1.1. 
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Box 1.1: Ecosystem services and Indigenous peoples 
Internationally, ecosystem service frameworks are largely a product and function of Western 
concepts and research and are often unable to capture local indigenous concepts, such as 
the benefits of ‘living on country’ and human capabilities (for example , learning from Elders 
rather than via Western learning practices) (Sangha and Russell-Smith 2017). As such, 
researchers suggest that the ecosystem services of indigenous peoples should be 
considered on a case-by-case basis at the local level and, to be relevant, include 
consultation with the people living on country (Sangha et al. 2018; Sangha et al. 2019).  
As well, much of ecosystem services accounting work relies on a Western definition of 
‘health’ to quantify costs and benefits of ecosystem services, which does not adequately 
account for health in a way that is relevant to indigenous peoples. For example, Western 
understandings of health to do not account for the healing of intergenerational trauma due 
to colonisation, a key health concern of indigenous peoples.  
Indigenous-specific frameworks are necessary to evaluate the value of ecosystem services 
to indigenous peoples. Indigenous peoples experience unique vulnerabilities to climate 
change and other rapid environmental changes, given their lives are ‘so closely tied to the 
natural environment ’ (Kosanic and Petzold 2020:2) and these frameworks must account for 
this position. Indigenous-specific frameworks generally have a different scope and are not 
readily compatible or comparable with  frameworks based on Western ecosystem services 
and definitions of health, which, according to some Australian researchers, ‘typically ignore’ 
indigenous country-related capabilities and cultural norms essential for peoples’ wellbeing 
and managing (looking after) country (Sangha and Russell-Smith 2017:265). 
Furthermore, some research suggests that Payment for Ecosystem Services policies do not 
adequately account for indigenous cultures, values and practices. For example, research 
with the Ngemba Aboriginal people in the Murray–Darling Basin in Australia has found that 
the ‘extended sense of deep interrelationships and flows between people, places, times and 
physical and metaphysical entities provides a more extensive challenge to conventional 
valuation methods’ (Bark et al. 2019:247); furthermore, attempting to apply Western-based 
economic valuation methods to indigenous communities has the potential to harm and 
further disadvantage them, particularly if these methods are individually focused rather than 
community focused (Smith et al. 2019; Stoeckl et al. 2021). 
For these reasons, it is not possible to adequately cover the ecosystem services of 
indigenous peoples within the time frames for this review, as this issue requires careful and 
concerted efforts to appropriately represent their relationships with ecosystem services 
(Kosanic and Petzold 2020). 

1.5  Human health, health determinants and the 
environment 

Human health is broadly considered as ‘a state of complete physical, mental and social 
wellbeing and not merely the absence of disease or infirmity’ (WHO 1946:2). Health reflects 
a complex interplay of genetics, lifestyle and environment. Factors influencing health that are 
separate from the physical and psychological make up of individuals are called the 
determinants of health (AIHW 2020c). Many factors within these determinants interact with 
each other, and ultimately work to affect human health (Figure 1.2). Often the determinants 
of health cannot be modified by the individual, and therefore informed and equitable public 
health policy is essential for promoting and protecting the health of individuals. 
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Figure 1.2: Framework for determinants of health 

 
Source: AIHW 2020c. 

Humans depend on the environment and its ecosystems to support life and provide good 
health – such as clean air, food, clean water, and fuel for energy; these are considered 
environmental determinants of health (Prüss-Üstün et al. 2017). While these determinants 
are distal to individual health, ecosystems are coming under increasing pressure as the 
planet’s population increases – for example, from human activity, through over-consumption 
and alteration, leading to resource depletion (Whitmee et al. 2015). This is affecting the 
ability of the environment to continue to support healthy human life.  

Rapid urbanisation is responsible for much of the pressure put on environmental systems. 
Globally, it is estimated that, by 2050, almost 70% of the world will reside in urban areas 
(United Nations Department of Economic and Social Affairs 2019). Australia is already highly 
urbanised, with around two-thirds of its population living in a major city; it is expected that this 
trend will continue in the future (ABS 2022). Increasing urbanisation carries many benefits, 
including employment, wealth and access to health services. However, it also places 
pressure on natural resources and on the ecosystem services they provide, and is 
associated with poor health outcomes, such as obesity, diabetes, coronary heart disease  
and psychiatric disorders (Engemann et al. 2020a; Kumar et al. 2006; Sobngwi et al. 2004). 
In response to evidence of the increasing harmful health effects of urbanisation, global 
research interest in the relationship between the natural environment and human health is 
steadily growing (Frumkin et al. 2017; Hartig et al. 2014). 

Climate change, which is putting further pressure on the earth and human health, has been 
labelled as the biggest threat to health in the 21st century (WHO 6 October 2015). Climate 
change – together with climate variability that leads to higher temperatures, heavy rainfall, 
and increased flooding and bushfires – is associated with increases in vector-borne diseases 
(such as dengue and chikungunya virus), diarrhoeal and other gastrointestinal disease, 
certain respiratory conditions, cardiovascular disease risk and mental illness (for example, 
due to trauma after experiencing a traumatic climate change event, such as extreme 
bushfire) (Cissé et al. forthcoming 2022). It is predicted that, by 2050, as a result of climate 
change, there will be more than 250,000 deaths per year due to climate change-related heat, 
poor nutrition, malaria and diarrhoeal disease alone (Cissé et al. forthcoming 2022). 
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Recognising the interplay between humans and the environment is of major importance to 
protecting human health into the future. To guide and monitor this, several key policies and 
strategies have been developed globally and in Australia, including the United Nations 
Sustainable Development Goals, the World Health Organization Global Strategy on Health, 
Environment and Climate Change, and Australia’s National Preventive Health Strategy.  

United Nations Sustainable Development Goals 
In 2015, the United Nations adopted the Sustainable Development Goals, a set of 17 goals 
to focus global attention on achieving a better and more sustainable future for all, as a new 
approach for the environment, health and equity (United Nations General Assembly 2015). 
These goals identify the key challenges facing the world, with a spotlight on the need for 
action on the environment and climate change, and recognise the interlinkages between 
human conditions (poverty, hunger, education, health) and the environment. In particular,  
9 of the 17 goals specifically incorporate both the environment and health: 

• Goal 1 – end poverty in all its forms everywhere 
• Goal 2 – end hunger, achieve food security and improved nutrition, and promote 

sustainable agriculture 
• Goal 3 – ensure healthy lives and promote wellbeing for all at all ages 
• Goal 6 – ensure availability and sustainable management of water and sanitation for all 
• Goal 7 – ensure access to affordable, reliable, sustainable and modern energy for all 
• Goal 8 – promote sustained, inclusive and sustainable economic growth, full and 

productive employment and decent work for all 
• Goal 11 – make cities and human settlements inclusive, safe, resilient and sustainable 
• Goal 12 – ensure sustainable consumption and production patterns 
• Goal 13 – take urgent actions to combat climate change and its impacts (WHO 2020). 

World Health Organization Global Strategy on Health, Environment and Climate 
Change 
To counter the impacts of environmental change (including climate change and loss of 
biodiversity) on human health, the World Health Organization produced the Global Strategy 
on Health, Environment and Climate Change (WHO 2020). The strategy’s key vision was: 

‘… a world in which sustainable development has eliminated the almost one quarter of the disease 
burden caused by unhealthy environments, through health protection and promotion, good public health 
standards, preventive action in relevant sectors and health life choices, and which manages 
environmental risks to health’ (WHO 2020:7). 

The strategy aims to guide the health community in responding to health risks from the 
environment (in particular those parts of the environment that can ‘reasonably be modified’) 
(WHO 2020:3), with the environmental health risks being defined as the ‘physical, chemical, 
biological and work-related factors external to a person, and all related behaviours’ (WHO 
2020:3). Furthermore, the strategy aims to achieve its objectives by scaling up primary 
prevention, engaging cross-sectoral action through a ‘Health in All Policies’ approach, and by 
monitoring progress towards the Sustainable Development Goals. 

The World Health Organization strategy highlights that both human health and the 
environment need to be considered when planning for the projected increase in global 
urbanisation. Otherwise, harmful health effects will likely result from increased air pollution, 
noise and heat exposure, and from decreasing physical activity due to unsustainable 
transport systems and reduced access to urban green space (WHO 2020). 
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National and local approaches  
Australia fares well in terms of health, as measured by a range of factors such as life 
expectancy at birth, deaths due to diseases of the circulatory system, and infant mortality 
(AIHW 2022b). For example, according to statistics from the OECD, Australia ranks above 
the OECD average on each of these measures (AIHW 2022b). However, recent 
climate-driven events – such as the 2019–2020 bushfire season and rises in the number of 
extreme heat events – are a reminder that the environment in Australia can have a direct 
impact on health (Beggs et al. 2019). 

Although there is currently no overarching national environmental health policy in Australia, 
the impact of the environment is being increasingly considered. For example: 

• monitoring of the Sustainable Development Goals: Although there is no agenda for 
achieving these goals, Australia does monitor progress towards this end, including for 
those goals relating to health and the environment (see www.sdgdata.gov.au for details 
on monitoring and progress) 

• National Preventive Health Strategy 2021–2030 (Department of Health 2021): The 
strategy – whose vision is to ‘build a sustainable prevention system for the future’ –  
emphasises the need for mitigation strategies against future environmental and climatic 
threats to human health. It also calls for a ‘Health in All Policies’ approach (WHO 2014) 
to make human health a priority across all sectors.  

Much work is also being done by states, territories and non-government organisations,  
for example, on monitoring the impact of various environmental factors and health.  

The focus on health and the environment, both internationally and within Australia, indicates 
an increasing recognition that human health and the environment are inextricably linked and 
that both are currently under threat, largely due to human pressures on the environment. 
Protecting ecosystems and maximising ecosystem services for human health involves a 
‘whole of society’ approach, with multiple sectors and the community involved. 

1.6  Methodology  
The purpose of the AIHW review was to extensively search the literature around the 
3 selected ecosystem services to investigate the links between them and health – looking,  
in particular, for studies conducted in line with the SEEA EA framework. The approach 
commenced with a search of the academic literature. In addition, a search of the grey 
literature (non-academic publications by various institutions, government and non-
government agencies and organisations) was conducted for case studies involving 
ecosystem services and their impact on health. The following paragraphs detail the search 
methodology used for this review. 

Relevant academic literature was identified by searches of online health and medical 
databases with combinations of terms relating to ecosystem services, air pollution, local 
climate, temperature, recreation, and human health. The search was supplemented with 
citation searches (also known as snowballing) from the selected texts. This ensured that 
further important literature was included, and access was not limited to specific databases. 
Additional articles were also included, based on consultations with subject matter experts. 

The inclusion criteria for the academic literature search were ‘English language’, ‘research 
and review articles’, ‘published between 2011 and 2021’. No restrictions were placed on the 
type of study included (for example, cohort or cross-sectional) other than reviews of reviews, 
which were excluded. The time frame was limited to the last 10 years to ensure that the 
evidence reviewed was up to date with the latest scientific literature. The exception to this 

http://www.sdgdata.gov.au/
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time frame was relevant articles identified in citation searches or through expert review that 
were deemed to be of particular importance to the subject matter. Exclusion criteria for the 
academic literature search, besides reviews of reviews, were non-English language, non-
research articles (for example, book chapters, grey literature). See Appendix B for a 
summary of the eligible articles for each ecosystem service that were included in this review. 
The subsequent supplementary search of the grey literature was included to investigate real-
life applications of ecosystem-based strategies implemented to improve public health, with a 
particular focus on case studies from Australia or comparable countries. Some examples of 
these strategies and their measured health impacts are included in each section, including 
urban cooling initiatives, urban greening and walkable cities. The only exclusion criterion for 
this search was non-English language documents. Information on each of these case studies 
is in the main body of the review. 
The method used for this review was not systematic review methodology, and the search 
strategy was not designed to include a quality assessment of the literature. Rather, it was 
designed as an initial overview of the topic to bring together relevant information. 
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2  Ecosystem services and health – 
background and terminology 

To explore, measure and explain the health impacts of air filtration, local climate and 
recreation-related ecosystem services requires an understanding of the terminologies and 
methodologies used in both health research and ecosystem services research. This section 
provides the background context for the AIHW review. It explains the key concepts common 
to the 3 ecosystem services and the measurement of the health impacts, in terms of 
describing and measuring the ecosystems, defining health and wellbeing, and outlining some 
common methodologies for measuring health and attributing impacts of environments to 
health outcomes. 

2.1 What is nature? 
In its purest form, nature could be considered as the ‘physical features and processes of 
nonhuman origin’, including flora and fauna and other geographic formations (Hartig et al. 
2014:208). However, based on the hypothesis of biophilia, which posits that humans have a 
genetically programmed affiliation for living things (Kellert and Wilson 1993), humans have 
introduced elements of nature into their everyday surroundings. Therefore, the definition of 
nature has expanded to include elements that are built and maintained by humans to provide 
them with access to, and interaction with, nature in their daily lives (Hartig et al. 2014), such 
as community gardens, parks or residential gardens. Hence, the literature on this topic 
commonly uses the term ‘nature’ interchangeably with terms that describe any form of 
vegetation, such as ‘greenness’, ‘greenspace’ / ‘green space’, and other permutations of this 
nomenclature (for example, ‘blue space’ for water elements).  

Green space 
Green space is perhaps the most important environmental exposure in this review and has 
several definitions in the literature. The term is classically defined as ‘land covered with some 
form of vegetation’ (Warren 1973:2), where vegetation generally refers to trees; it is also 
commonly considered synonymous with other terms such as green infrastructure, urban 
vegetation, or urban parks and woodlands (Doick et al. 2013). Taylor and Hochuli (2017) 
highlight that many studies do not provide an explicit definition of the term. Overall, the 
authors concluded that, while multiple meanings of the term exist, green space broadly 
encompasses ‘areas with natural vegetation, such as grass, plants, or trees’, as described by  
Lachowycz and Jones (2013:62). 

It is important to note that, while the term can be used to refer to urban vegetation such as 
urban parks, street trees and vegetated sky rises, this does not preclude its use in describing 
vegetation outside urban settings. Furthermore, due to difficulties in measuring green space, 
its use throughout the literature may be implicitly limited to vegetation that is publicly 
accessible, which might understate the ecosystem service benefits afforded by private green 
space (such as gardens restricted from public accessibility). In this review, the term ‘green 
space’ is used to refer to vegetation or land covered by features of vegetation, irrespective of 
whether publicly accessible or not. 

Green space is quantified using several measures, most commonly the normalized 
difference vegetation index (NDVI) (see Box 2.1). Another common measure is tree canopy 
coverage – that is, the proportion of an area covered by trees when viewed from the sky – 
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which tends to be estimated based on land cover maps (Nowak et al. 1996). Tree canopy 
coverage has been argued to offer a better measure of green space than the NDVI as it 
provides direct data on vegetation type and quantity and can therefore be used to track 
fluctuations in vegetation over time. As the NDVI is based on surface reflectance (see Box 
2.1), it can provide only an estimate, based on inference, of the type of vegetation in an area. 

Box 2.1: What is the normalized difference vegetation index? 
NDVI is based on the light-reflecting properties of vegetation. It is derived from satellite 
measurement data, and used to indicate the degree to which an area or region contains 
vegetation. Non-vegetated areas, and areas of vegetation in poor health (and therefore less 
green) tend to reflect visible light, while healthy vegetation absorbs it. By taking satellite 
imaging data and applying a basic formula to correct for these differences in light 
reflectance, land surface that contains vegetation presents as ‘greener’ than land surface 
that does not contain vegetation. 
The NDVI is widely used in ecosystem services literature. Both the quantity and variability in 
the NDVI have been associated with various health outcomes (Pereira et al. 2012), and it is 
relevant to the 3 ecosystem services presented in this report. However, NDVI does not 
measure green ‘space’ per se  – rather vegetation health. Therefore, it cannot differentiate 
between the type or quality of green space (such as trees, shrubs and grass), nor can it 
discern differences in the patterns of access and/or exposure to green space in a population 
(Holland et al. 2021). 
These limitations are noteworthy in that some evidence suggests the ecosystem service 
benefits of green space on human health vary based on its type and distribution (Shen and 
Lung 2016). Some data also show that different types of green space, such as tree canopy 
and open grass, may have differing associations with human health outcomes (Astell-Burt 
and Feng 2022). Because of these and other concerns, the widespread use of NDVI has 
been criticised for potentially underestimating vegetation provision within higher density 
cities (Astell Burt and Feng 2022). Nevertheless, many studies do use NDVI as their chosen 
measure of green space. 
NDVI values range from –1 to +1, where –1 indicates water, 0 reflects no vegetation and +1  
represents a high density of vegetation (Son et al. 2016; Weier and Herring 2000). NDVI 
ranges are commonly reported in units, such as tertiles or quartiles, which describe the 
range of NDVI values in terms of thirds or quarters (respectively) of the overall distribution of 
values. 

Blue space 
With half of the world’s population living within 3 km of fresh water (Kummu et al. 2011), most 
urban settings in the world have a form of ‘blue space’ such as lakes, rivers and fountains. 
Blue space complements urban sustainability by providing sustainable drainage and 
rainwater harvesting, and areas for recreation and physical activity (Gunawardena et al. 
2017). 

Research has traditionally considered blue space alongside green space (Bell et al. 2019; 
Smith et al. 2021). More recently, researchers have turned their focus to blue space directly. 
To date, a consensus definition of the term does not exist. Some definitions in research 
include ‘all surface waters within a city’ (Volker et al. 2013:355), ‘areas dominated by surface 
waterbodies or watercourses’ (Gunawardena et al. 2017:1041), ‘outdoor environments – 
either natural or manmade – that prominently feature water and are accessible to humans’ 
(Grellier et al. 2017:3), and ‘all forms of natural and manmade surface water’ (Smith et al. 
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2021:1). In general, the term ‘blue space’ will be used here to refer to any area or surface 
made up of water. 

Blue space is often measured using either the presence of bodies of water or, more 
specifically, the percentage of blue space coverage within a defined area, or proximity to blue 
space from a defined area. Both these measures are commonly derived through land cover 
maps or geographic information system tools. 

2.2  Health and wellbeing  
An array of factors can influence health outcomes, including genetics, lifestyle / behavioural 
factors and the environment (AIHW 2020c). Those elements with potential to produce 
negative health outcomes are referred to as risk factors. 

The term ‘wellbeing’ is broad and encompasses a combination of interrelated concepts that 
include physical, mental, emotional and social health that, together, to make up an 
individual’s quality of life. The World Health Organization explicitly links health with wellbeing 
(WHO 1946), recognising that a person’s physiological health status is closely associated 
with less tangible qualities like social relationships and connectedness. The OECD describes 
wellbeing as multidimensional, involving a range of aspects of life such as civic engagement, 
social connections, housing, income, knowledge and skills, and health status (OECD 2021). 
Certain elements of wellbeing can be particularly difficult to measure and interpret (for 
example, happiness, confidence, fair treatment); however, many other factors that shape 
wellbeing can be measured. Some frequently measured outcomes include a person’s 
housing status, labour force participation, education, perception of safety in the community, 
disposable income and community engagement (AIHW 2021d).  

Understanding the health of a population is important for policy and planning purposes.  
A useful method to quantify health in a consistent and comparable way is to assess the 
burden of disease in the population (see Box 2.2). 

Box 2.2: Burden of disease, population attributable burden and population 
attributable fraction 
Burden of disease measures the impact of living with illness and injury and dying 
prematurely. The summary measure ‘disability-adjusted life years’ (or DALY) is used to 
measure the years of healthy life lost due to death and illness from a particular disease. 
The disease burden attributed to a selected risk factor for death or illness, such as air 
pollution, is known as ‘attributable burden’. Attributable burden reflects the reduction in fatal 
burden (measured by years of life lost, or YLL) and non-fatal burden (measured by years 
lived with disability, or YLD) that would have occurred if exposure to the risk factor had been 
avoided or reduced to its lowest level (AIHW 2020a). 
The population attributable fraction (PAF) is the proportion of a particular disease that could 
have been avoided if the population had never been exposed to a risk factor. Calculating 
PAFs requires, as inputs, the relative risk (the increased risk of developing or dying from the 
disease if exposed to the risk factor) and the prevalence of exposure to the risk factor in the 
population (AIHW 2021a). 



 

12 Benefits of the environment to health 

2.3  What evidence connects nature to health and 
wellbeing?  

It has long been known that exposure to ‘nature’ has positive impacts on health and 
wellbeing (Hartig et al. 2014); this is supported by a vast body of literature covering a wide 
array of nature types and health outcomes.  

Research has measured health outcomes at the individual level and the biomedical level  
(for example, through testing of salivary cortisol levels) through to much larger scale 
population-level studies (using administrative data sets) (Hartig et al. 2014; Pröbstl-Haider 
2015); while all contribute to the knowledge base for the link between health and nature,  
this heterogeneity needs to be considered in interpreting results.  

Likewise, definitions and measures of ‘nature’, ‘greenness’ and ‘green space’ vary widely, 
making comparisons between studies difficult. Many studies look only at the association 
between the existence of nature and a particular health outcome, while others use statistical 
methods, such as mediation analyses (see Box 2.3), to try to determine causal pathways 
between nature and health. However, in many cases, the causal mechanism for the 
association remains unclear, with the research either not investigating, or failing to 
determine, the underlying causal mechanism for the health benefit associated with green 
space.  

Nonetheless, results from the many reviews, empirical studies and meta-analyses conducted 
on nature and health have shown that an association between green space exposure and 
health and wellbeing exists, and that more contact with nature is generally linked to better 
health outcomes, even after adjusting for other factors, such as demographics, health 
behaviours (for example, smoking), and socioeconomic status (Kuo 2015). 

Box 2.3: Causal mechanisms and mediation analysis 
A causal pathway is the connection between an exposure and an outcome. A good example 
of a causal pathway is the path between smoking as an exposure and lung cancer as an 
outcome. While there is sufficient evidence to support smoking as a key risk factor for lung 
cancer, there may be other factors involved in the outcome of lung cancer. For example, a 
family history of lung cancer, or exposure to certain chemicals in the workplace, may also lie 
along this pathway and interfere with the direct link between smoking as the exposure and 
lung cancer as the outcome. Factors that are the mechanisms in the relationship between 
the exposure and outcome variables are called mediating variables. 
Conversely, a factor that affects the relationship between the exposure and outcome 
variables in a way that makes them seem related when they are not is called a confounding 
variable. Good study design aims to identify confounding variables and adjust for them in 
the analysis in a way that removes this distortion of the relationship. 
Mediation analysis is a statistical technique that serves to clarify the nature of the 
relationship between an exposure and an outcome. It requires 3 variables – an exposure, 
an outcome and a hypothesised mediator (that is, something thought to be influenced by the 
exposure, which in turn influences the outcome). One way to think about mediation is that  

            (continued) 
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Box 2.3 (continued): Causal mechanisms and mediation analysis 
the mediator is intermediate or in between the exposure and the outcome – it is what is 
thought to explain the relationship, or transmit the effect, from the exposure to the outcome. 

 
From an ecosystem services perspective, consider, as an example, the relationship 
between green space and human health. Why might green space be associated with fewer 
negative health outcomes? A possible reason is that green space (such as urban 
vegetation) improves air quality, which in turn leads to fewer detrimental health effects 
associated with air pollution (such as asthma). In this example, the relationship between 
green space and health is mediated by air quality – green space is the exposure, health is 
the outcome, and air quality is the mediator. Any effect that green space has on health 
through air quality is referred to as the indirect effect, whereas any effect that green space 
has on health independent of air quality is referred to as the direct effect. 
As with all statistical methods, mediation analysis has its uses and limitations. Newer 
methods, such as causal mediation analysis, have been developed to overcome some of 
these limitations. However, few of the studies included in this review employed these newer 
methods. This corresponds with recent evidence on the use of different mediation models in 
observational research, which found low uptake of causal mediation analysis (Rijnhart et al. 
2021). 

Sources: Anselmi et al. 2017; Yang et al. 2021. 

Extensive evidence on the health-supportive benefits of nature has been reported elsewhere 
(Bowler et al. 2010a; Haluza et al. 2014; Hartig et al. 2014). Some specific examples of 
health benefits of nature are outlined in the following subsections, along with the health 
impacts of diseases and risk factors. Many of the resulting conditions that would occur in the 
absence of these health benefits are major contributors to the burden of disease, globally 
and in Australia, and are large contributors to health system spending. 

All-cause mortality  
Several meta-analyses have shown that living in areas with green space lowers deaths from 
any cause. Twohig-Bennett and Jones (2018) found that those living in areas of highest 
green space had significantly lower odds of dying from any cause (that is, all-cause mortality) 
than those living in lowest green space areas (odds ratio, OR, of 0.69). Gascon et al. (2016) 
reported an 8% lower risk of all-cause mortality in areas of high green space compared with 
low green space. Rojas-Rueda et al. (2019) conducted a meta-analysis of longitudinal cohort 
studies, finding a lower risk of all-cause mortality with increasing residential green space – 



 

14 Benefits of the environment to health 

specifically, a pooled hazard ratio (HR) for all-cause mortality of 0.96 with a 0.1 unit increase 
in NDVI (a measure of green space, see Box 2.4).  

Cardiovascular health 
Korean adults living in urban areas of highest green space had a 15% lower relative hazard 
of total cardiovascular disease (HR 0.85), a 17% lower relative hazard of coronary heart 
disease (HR 0.83), a 23% lower relative hazard of acute myocardial infarction (HR 0.77),  
a 13% lower relative hazard of total stroke (HR 0.87) and a 14% lower relative hazard of 
ischaemic stroke (HR 0.86) compared with those adults living in urban areas of lowest green 
space (Seo et al. 2019).  

Adults in the United Kingdom living in the greenest neighbourhoods had a 7% lower relative 
hazard rate of developing cardiovascular disease than adults living in the areas of least 
greenness (Dalton and Jones 2019).  

A longitudinal study of adults aged 45 and over living in the Australian cities of Sydney, 
Wollongong and Newcastle found that those living in areas with 30% or more tree canopy 
within a 1.6 km buffer zone of their residence had lower odds of incident cardiovascular 
disease (OR 0.78) and incident hypertension (OR 0.83) than those living in areas with 0–9% 
tree canopy (Astell-Burt and Feng 2020). 

Cardiovascular diseases (such as coronary heart disease and stroke) are the major 
contributors to disease burden in Australia. In 2018, they were one of the leading disease 
groups contributing to the total (fatal plus non-fatal) burden of disease, accounting for 13% of 
the total burden (AIHW 2021a). In 2018–19, expenditure on cardiovascular disease was 
$11,821 million, which accounted for 8.8% of total disease spending (AIHW 2021c). 

Box 2.4: Measuring the difference – measures of effect size 
Effect size is a statistical way to measure the strength of a relationship between 2 variables, 
or the magnitude of the difference between 2 groups in a study. This can be expressed in 
different ways, and the choice of measure depends on the study type. Research included in 
this review discusses effect sizes in terms of: 
• rate ratios, also referred to as relative risk (RRs) 

• odds ratios (ORs)  

• hazard ratios (HRs). 
RRs and ORs concern exposures and outcomes, while HRs concern rates of change. 
For RRs and ORs, a value of 1 means the effect is the same for both interventions. For 
RRs, a value <1 means an event is less likely to occur and a value >1 means it is more 
likely to occur. For ORs, a value of <1 means the exposure is associated with lower odds of 
an outcome, while values >1 mean that the exposure is associated with higher odds of an 
outcome. 
For HRs, a value of 1 means that the likelihood of the event’s occurring is equal in both 
groups at any given time. Values <1 or >1 indicate that the event is not occurring at an 
equal rate, and the risk of an individual in one group is not equal to the risk of an individual 
in the other group at any given time. 
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Type 2 diabetes  
ORs of type 2 diabetes decreased with increasing neighbourhood green space, from 0.97 in 
the area of lowest green space to 0.67 in the area of highest green space (Bodicoat et al. 
2014). A longitudinal study of adults aged 45 and over living in the Australian cities of 
Sydney, Wollongong and Newcastle found that those living in areas with 30% or more tree 
canopy within a 1.6 km buffer zone of their residence had lower odds of incident diabetes 
(OR 0.69) than those living in areas with 0–9% tree canopy (Astell-Burt and Feng 2020). 

In 2018, type 2 diabetes accounted for 2.3% of the total disease burden in Australia, ranking 
12th among the leading 20 causes of disease burden in 2018 (AIHW 2021b). In 2018–2019, 
total health system spending attributable to high blood plasma glucose (including type 2 
diabetes) was $3,187 million (the third highest amount of attributable spending due to risk 
factors) (AIHW 2022a). 

Overweight and obesity  
A review by Lachowycz and Jones (2011) found a positive (though, in some cases, weak) 
association between green space and ‘obesity-related indicators’ – that is, physical activity 
(mostly self-reported, some using accelerometers), weight status (for example, self-reported 
or objectively measured body mass index, or BMI) and obesity-related health outcomes 
(such as coronary heart disease, diabetes and mortality from circulatory disease). However, 
evidence was mixed and varied by age, socioeconomic status and how green space was 
measured.  

An Australian study based in Perth, Western Australia found an association between living in 
areas with greater amounts of greenness (as measured by NDVI) – and with greater 
variation in green space (that is, mixed-use spaces that include green space and built 
infrastructure) – and lower odds of overweight-and-obesity in adults. After adjusting for 
potential confounders, the odds of being overweight or obese was 0.84 for those living in 
areas with the highest amount of greenness, and 0.75 for those living in areas with the 
highest variation in greenness, compared with those living in areas with the lowest amount 
and variation of greenness (Pereira et al. 2013). 

In 2018, 8.4% of the total burden of disease in Australia was due to overweight (including 
obesity). This was the leading risk factor contributing to non-fatal burden (living with disease), 
and the second leading risk factor for total burden, after tobacco use (8.6%) (AIHW 2021b). 
In 2018–2019, total health system spending attributable to overweight (including obesity) was 
$4,268 million, which is the highest health system expenditure attributable to risk factors 
(AIHW 2022a). 

Mental health  
A cohort study based in the Australian cities of Sydney, Wollongong and Newcastle found 
that residing within a 1.6 km buffer zone with 30% or more tree canopy was associated with 
31% lower odds of incident psychological distress (OR 0.69) compared with those living in 
buffer zones with the lowest percentage of tree canopy (Astell-Burt and Feng 2019).  

Other findings in relation to the impact of nature on mental health include higher levels of 
neighbourhood green space being significantly associated with lower levels of self-assessed 
depression, anxiety and stress (Beyer et al. 2014), and increased green space and higher 
density of street trees being found to be associated with decreased prescribing of 
antidepressants (Helbich et al. 2018; Marselle et al. 2020). 
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Mental and substance use disorders (excluding suicide) contributed to 13% of the total 
burden of disease in Australia in 2018, making it one of the highest ranked disease groups 
(AIHW 2021b). Mental and substance use disorders were the second highest disease group 
contributing to non-fatal burden (24%) (AIHW 2021a). In 2018–2019, expenditure on mental 
and substance use disorders was $9,609 million, which accounted for 7.2% of disease 
spending (AIHW 2021c). 

Stress  
People exposed to green space for 25.5 hours a week scored 3.1% lower (that is, they had 
less perceived stress) on the Perceived Stress Scale (a subjective measure of stress) than 
those who had no green space exposure (Hazer et al. 2018). A meta-analysis of studies 
looking at the health benefits of green space exposure (which included several studies using 
objective measures of stress) found significant associations between greater exposure to 
green space and lower salivary cortisol levels, lower heart rate and lower diastolic blood 
pressure (Twohig-Bennett and Jones 2018). While the broad variation in definitions and 
measurement methods for stress make it difficult to quantify at the population level, the 
evidence consistently supports a positive association between exposure to nature and stress 
reduction. 

Insufficient physical activity (as a health risk factor)  
Insufficient physical activity is a known risk factor for numerous health conditions (AIHW 
2020b). Research has shown that residing near public open space can encourage physical 
activity – with a consequent potential to positively affect health.  

A study by Giles-Corti and others (2013) found that, for every additional type of recreational 
destination within an urban residential area, recreational walking increased by 17.6 minutes 
per week. A survey-based longitudinal cohort study in Brisbane, Australia – which examined 
park use in relation to physical activity levels – found that those who used public parks 
regularly had higher odds of meeting recommended physical activity guidelines (OR 1.35) 
than those who did not regularly use a park, and that there was a positive association 
between the larger park size and greater amounts of time spent doing moderate- to vigorous-
intensity physical activity (compared with non-park users) (Hooper et al. 2020). Health and 
wellbeing benefits shown to flow from undertaking exercising in nature include positive 
impacts on energy levels, mental wellbeing, anxiety and mood (Mackay and Neill 2010; 
Pretty et al. 2007; Thompson Coon et al. 2011). As physical activity benefits physical health, 
and exposure to nature benefits mental health and wellbeing, it is thought that the health 
benefits of exercising in nature are simultaneously derived from undertaking physical activity 
and from being in contact with the natural environment (Loureiro and Veloso 2017). Thus, 
exercising in nature potentially has greater benefits than performing the same activity in an 
artificial environment (Bowler et al. 2010a). 

In 2018, insufficient physical activity was responsible for 2.5% of the total burden of disease 
due to an increased risk of a range of conditions, such as type 2 diabetes, coronary heart 
disease, certain cancers, dementia and stroke (AIHW 2021a). In 2018–2019, total health 
system spending attributable to physical inactivity was $561 million (AIHW 2022a). 

Immune function  
Inhalation of biogenic volatile organic compounds (BVOCs) produced by plants has been 
shown to increase immunity by stimulating natural killer cells with anti-cancer properties  
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(Kuo 2015), and exposure to micro-organisms in natural settings may stimulate immune 
function, according to the ‘hygiene hypothesis’ (Frumkin et al. 2017).  

Despite these, and other, examples showing an association between nature or greenness, 
and health, some evidence is equivocal. For example, a study by Richardson and others 
(2012) found increased all-cause mortality in areas of greatest greenness, while another 
study found an association between increasing green space and decreasing deaths from 
cardiovascular and respiratory causes among men but not women (Richardson and Mitchell 
2010). 

As well, the research is in part hampered by study design limitations – for example, cross-
sectional studies cannot identify causality, and they risk identifying reverse causality (for 
example, does living in greener areas result in better health, or are people with better health 
more likely to live in areas of greater greenness?). Other limitations include: 

• measurement of greenness: measuring total amounts of vegetation within a radius of 
peoples’ homes, for example, does not account for people’s total exposure across time, 
nor can it account for actual use of available green space; as well, the methods for 
measuring greenness vary, with many relying on what is considered the sub-optimal 
method of NDVI 

• measurement of health: the wide array of tools used to measure health behaviours and 
outcomes limits comparability between studies 

• use of meta-analyses of pooled data: the data selected for inclusion may have limited 
comparability 

• studies that measure biomedical aspects: these studies are often limited to small 
numbers of participants and therefore lack generalisability.  

Importantly, many of the studies that show the benefits of nature on health rely on a reported 
association between exposure to nature and the health outcome, but do not specifically 
attribute the effect to an ecosystem service – for example, whether the better cardiac 
outcomes seen among those living in areas of greater green space are due to better air 
quality, better local climate, or better mental health and higher physical activity levels as a 
result of spending time in nature. 

The following chapters discuss these concepts in detail in relation to the ecosystem services 
of air filtration, local climate regulation and recreation-related ecosystem services, and 
provide an in-depth assessment of the literature supporting direct links between these 
ecosystem services and human health. 
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3  Air filtration services 

3.1  What is air pollution? 
Air pollution is the presence of substances in the air that pose a risk to human health and 
quality of life (Brunekreef and Holgate 2002; WHO 2021). Air pollution comprises a mix of 
gaseous, liquid and solid particles, such as carbon monoxide (CO), nitrogen dioxide (NO2), 
ozone (O3), particulate matter (commonly measured as particles of less than 10 microns 
(PM10) or 2.5 microns (PM2.5) in diameter) and sulphur dioxide (SO2) (AIHW 2010; Brook et 
al. 2004). Pollutants can be categorised as:  

• primary pollutants: those that are emitted directly into the air 
• secondary pollutants: those that undergo chemical changes or transformation, such as 

when nitrogen dioxide (NO2) or volatile organic compounds (VOCs) are converted by the 
sun to produce ozone (O3) or particulate matter (AIHW 2010; Pope and Dockery 2006). 

Air pollution can be caused by natural phenomena, such as bushfires and dust storms, and 
by man-made (anthropogenic) processes, such as industry and vehicle use. 

3.2  How does air pollution affect human health?  
Research has consistently shown that air pollution has a negative impact on human health, 
affecting almost every organ in the body (Schraufnagel et al. 2019, WHO 2021). Gaseous 
pollutants (such as NO2 and O3) and particulate matter enter the body through inhalation into 
the lungs, where they can cause local inflammation, be transported to other parts of the body 
via the bloodstream, and damage internal tissues (either directly, due to their toxicity, or by 
causing inflammation and fibrosis) (Schraufnagel et al. 2019).  

Children are particularly susceptible to the health effects of ambient air pollution because of 
the potentially irreversible damage the pollutants can do while the respiratory system, and 
other organs, are developing in the prenatal period and in early childhood (Schraufnagel et 
al. 2019) and because children inhale a greater volume per body mass of pollutants than 
adults when exposed to the same amounts of air pollution (Bateson and Schwartz 2008; 
Schraufnagel et al. 2019; WHO 2018). 

Other susceptible groups include people with pre-existing conditions (such as asthma or 
chronic obstructive pulmonary disease, or COPD), the elderly, and pregnant women 
(Bentayeb et al. 2012; Ha et al. 2014; Hooper and Kaufman 2018; Pedersen et al. 2014). 

3.3  Disease burden and expenditure due to air 
pollution in Australia 

In Australia, ambient air pollution poses a much lower risk to human health than in 
developing countries, as is the case in other high-income countries (GBD 2019). However, 
this may increase in the future, with population growth, urbanisation and increased transport 
and energy demands being identified in the 2015 National Clean Air Agreement as key risks 
to future air quality in Australia (Department of the Environment 2015). Furthermore, 
predicted increases in bushfire events in Australia due to climate change will lead to periodic 
decreases in air quality (Borchers Arriagada et al. 2020).  
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Even at current low levels, air pollution affects the health of Australians. The most recent 
Australian Burden of Disease Study (AIHW 2021a) found that 1.3% of the total burden of 
disease in Australia in 2018 was due to air pollution, and that 0.9% was due to dying 
prematurely – equivalent to around 3,236 or 2% of all deaths. For comparison, this is about 
2.8 times as high as the number of road fatalities for the same period, with 1,145 road deaths 
involving motor vehicle occupants, motor bikes, bicycles and pedestrians (BITRE 2019). 

Coronary heart disease was the largest cause of attributable burden (42%), with the 
remainder attributable to COPD, stroke, type 2 diabetes, lung cancer and lower respiratory 
infections (AIHW 2021a).  

In 2018–19, health system spending attributable to air pollution was $352 million. Air 
pollution contributed to around 4.0% ($94 million) and 6.1% ($57 million) of total health 
expenditure on coronary heart disease and COPD, respectively (AIHW 2022a). 

3.4  What is air filtration?  
Air filtration is a regulating ecosystem service, defined as ‘the ecosystem contributions to the 
filtering of airborne pollutants through the deposition, uptake, fixing and storage of pollutants 
by ecosystem components, particularly plants, that mitigates [sic] the harmful effects of the 
pollutants’ (UN et al. 2021:132). 

Air filtration of particulate matter can occur in several ways. Airborne particulate matter can 
be deposited onto leaf or bark surfaces of trees, shrubs or grasses, where it is retained. This 
deposition is temporary, as the particles can be resuspended by air flow, or washed off by 
rain (Nowak et al. 2018). Additionally, vegetation – in particular trees, but also shrubs and 
other types of vegetation – are able to physically alter the pathways through which airborne 
particles travel by providing a type of barrier or buffer (Diener and Mudu 2021). Gaseous 
pollution, on the other hand, is removed by the diffusion of gases through the leaf stomata 
(minute openings in the epidermis of leaves, stems and other plant organs), where it is then 
absorbed into the leaf structure (Nowak et al. 2018). 

The amount of particulate matter that vegetation can remove depends on several different 
factors, such as:  

• the type of leaf surface – for example, rougher, waxier surfaces tend to hold more 
particulate matter (Janhäll 2015) 

• the design and layout of the vegetation – for example, roadside vegetation should be 
located close to the emission source (that is, cars) to be able to come into contact with 
the pollutants, and should be low enough to allow for the air above to dilute the pollution. 
As well, the vegetation should be porous enough to allow air to pass through it, as air 
that does not pass through vegetation cannot be filtered (Janhäll 2015) 

• the seasonal variations and the percentage of evergreen species – smaller amounts of 
air pollution are removed in leaf-off seasons (Nowak et al. 2018). 

Areas with greater complexity in vegetation – such as those with trees, shrubs and 
herbaceous species that do not require regular maintenance in terms of watering and 
fertilising – provide better air filtration capabilities than more homogenous vegetation such as 
highly managed lawns and planted trees (Vieira et al. 2018). 

Despite these local-level variations, trees, grasslands and shrublands have been shown to 
remove tonnes of air pollution annually (Gopalakrishnan et al. 2018; Nowak et al. 2006; 
Nowak et al. 2018) which, in the context of the human health benefits derived from 
decreasing ambient air pollution, underlies the importance of air filtration as an ecosystem 
service.  
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3.5  Overview of the literature 
Much research links green space and health, and air pollution and health. There is less 
evidence, however, on the causal pathways by which green space affects air pollution so as 
to have positive or negative health.  

The search strategy for this review identified 33 eligible articles exploring the link between air 
pollution, ecosystem services supplied by green space or vegetation (in terms of air 
filtration), and human health: 

• 26 presented some form of original research (including modelling and analysis studies) 
• 7 reviewed the literature on air filtration services and human health, one of which applied 

causal criteria analysis to the review findings 

The articles selected for inclusion in the AIHW review covered a broad range of health 
conditions, locations, vegetation, and study types (including monetary valuation), and have 
been grouped thematically and summarised.  

Key findings 
• Respiratory outcomes were the most commonly researched health benefits among the 

eligible literature. Respiratory outcomes included asthma, COPD, chronic bronchitis, 
bronchodilator use, and upper and lower respiratory symptoms. 

• Evidence for respiratory benefits due to air filtration was mixed. Tree species, urban form 
and type of pollutant included in the studies likely play a role in whether green space is 
beneficial or harmful, particularly in relation to respiratory health, due to allergenicity and 
concentration rather than filtering of air pollution. 

• Perinatal and maternal outcomes are emerging topics of interest with respect to air 
filtration. Air filtration was associated with a range of beneficial outcomes, including 
birthweight, pre-term births, maternal blood glucose levels and congenital heart disease. 
Where mediation analysis was included in studies, the beneficial health effects were found 
to be only partially due to the air filtering capacity of green space. Other studies found a 
weak or no association, which may have been due to study design limitations. 

• Fewer studies investigated air filtration and cardiovascular outcomes. These studies found 
that green space likely accounts for some, but not all, of the beneficial effect seen in 
cardiovascular outcomes associated with green space proximity. 

• Eight research articles examined the economic impact on health from air filtration 
ecosystem services, 2 of which aligned with the SEEA or the SEEA EA accounting 
principles. Air filtration provided by vegetation led to substantial avoided health care costs 
in all cases. However, the amount varied depending on vegetation type, pollutant type and 
geographic location. 

3.6  Mortality 
The search produced 3 research papers and one review focusing on the link between air 
pollution removal and mortality (Chen 2020; James et al. 2016; Nowak et al. 2014; Nowak et 
al. 2018). 

Using data from the United States-based National Nurses’ Health Study, James et al. (2016) 
investigated the association between the amount of green space within a 250 m radius 
(within immediate access) and a 1,250 m radius (a 10–15 minute walk) of the participants’ 
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homes and the 8,604 non-accidental cause and cause-specific deaths that occurred among 
the study population between 2000–2008. After adjusting for potential confounders (including 
ethnicity, smoking status, weight), this study found an association between living in areas of 
higher amounts of vegetation and decreased mortality, with a 12% decrease in mortality for 
those living in areas with the highest quintile of cumulative average greenness compared 
with those living in areas with the lowest quintile. Mediation analysis to determine possible 
pathways explaining the association between green space (within a 250 m radius) and 
mortality indicated that PM2.5 air pollution explained 4.4% of the association. Results were 
similar for green space within a 1,250 m radius, though considerably lower than the findings 
for depression (determined by physician diagnosis, or antidepressant use), and social 
engagement, which accounted for 31% and 19% of the association, respectively. Physical 
activity accounted for 2.1% of the association. Therefore, while the cumulative benefits of 
living within areas of higher levels of green space were associated with decreased non-
accidental causes of death, decreased air pollution is likely to be only partially responsible for 
the observed benefit. 

In their study on the impacts of trees and forests on air quality in relation to human health 
across the United States, Nowak et al. (2014) estimated that these removed 17.4 million 
tonnes of pollution (NO2, O3, PM2.5, SO2) in one year. This resulted in an estimated 
avoidance of greater than 850 incidences of all-cause mortality across the United States for 
that year. These estimates were based on aggregated and pooled estimates drawn from an 
open-source data program called the Benefits Mapping and Analysis Program (BenMAP) 
(US EPA 2022) (see Appendix C, Table C1 for a list of health conditions included in the 
data). A similar study by Nowak et al. (2018) estimated that urban forests in 86 cities in 
Canada were responsible for removing 16,500 tonnes of pollution (CO, NO2, O3, PM2.5, 
SO2), resulting in greater than 30 avoided incidences of mortality in one year. 

A review by Chen (2020) included 2 further studies on the impact of air pollution removal by 
vegetation on mortality. One study estimated that removal of PM2.5 by urban trees in New 
York reduced the incidence of mortality by 7.6 people per year (Nowak et al. 2013); the 
other, a United Kingdom based study, estimated that large woodland areas could reduce 
mortality by 5 to 7 cases per year through absorption of air pollution (Powe and Willis 2004). 

3.7  Respiratory health 
Of the literature eligible for inclusion, 14 articles included some focus on respiratory health  
(in relation to a range of ambient air pollutants) in conjunction with green space: 

• 6 articles were reviews of the literature on health (with inclusion of respiratory health) 
(Chen 2020; Chiabai et al. 2018; Coutts and Hahn 2015; Kumar et al. 2019; Salmond et 
al. 2016; Wolf et al. 2020) 

• one article was a review with causal criteria analysis (de Jesus Crespo and Fulford 
2018) 

• 7 articles presented research into the relationship between air filtration and health 
outcomes, including respiratory diseases such as COPD, rhinitis, bronchitis, asthma, 
respiratory hospitalisation and emergency department visits (Cochran et al. 2019; 
E Almeida et al. 2020; Feng and Astell-Burt 2017; Gopalakrishnan et al. 2018; Nowak et 
al. 2014; Nowak et al. 2018; Remme et al. 2015). 

Of the 6 review articles, 4 reported some evidence supporting an association between air 
filtration, access to green space and favourable respiratory health outcomes (Chiabai et al. 
2018; Coutts and Hahn 2015; Salmond et al. 2016; Wolf et al. 2020). This evidence included: 
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• an association between the type of green space and asthma hospitalisations:  
low-lying vegetation (such as gardens and lawns) resulted in fewer asthma-related 
hospitalisations when ambient air pollution levels were low, while higher standing 
vegetation (such as trees) resulted in fewer asthma-related hospitalisations when 
ambient air pollution levels were higher (Alcock et al. 2017 in Wolf et al. 2020) 

• a strong relationship between increased mortality due to respiratory (and cardiovascular) 
disease and the loss of trees due to an emerald ash borer infestation in regions of 
eastern United States (Donovan et al. 2013 in Coutts and Hahn 2015). The review 
authors acknowledged that the mechanism for this could be due to a number of 
ecosystem services, but the link with respiratory mortality suggests it is related to a 
disruption in capacity to remove air pollution due to tree destruction (Coutts and Hahn 
2015) 

• lower odds of upper respiratory symptoms, asthma and COPD being associated with 
above average green space in the place of residence (Maas et al. 2009 in Chiabai et al. 
2018) 

• the mitigation of a small number of deaths and hospital admissions annually by 
non-urban forests in Great Britain, through the removal of PM10 and SO2 ambient air 
pollution (Powe and Willis 2004 in Salmond et al. 2016).  

However, each of these reviews highlighted that much of the available evidence on the 
impact of air filtration on respiratory health: 

• was mixed (some found a reduction in illness, while others found an increase), or 
• lacked evidence of the mechanisms by which air filtration systems improve respiratory 

health, or 
• had correlations that were not statistically significant.  

For example, Wolf et al. (2020) reviewed several studies in which there was no significant 
association between vegetation and asthma hospitalisations. Kumar et al. (2019) pointed out 
a lack of evidence for the mediating mechanism that links air filtration by vegetation with 
human health and highlighted this as a research gap. 

In general, the authors of these reviews concluded that this variability in results is likely due 
to a number of location-specific factors, such as: 

• the presence of allergenic tree species (which cause, rather than mitigate, respiratory 
illness), and person-level susceptibility to these species (Chiabai et al. 2018; Kumar et 
al. 2019; Wolf et al. 2020) 

• the extent to which different types of vegetation can effectively remove particulate matter 
(for example, leaf surface area and type or location of the vegetation) (Salmond et al. 
2016) 

• the influence of the urban form on aspects such as air flow, which can underestimate the 
amount of air pollution deposited on leaf surfaces (Kumar et al. 2019; Salmond et al. 
2016)  

• the health of the trees and forests providing the ecosystem service, with trees under 
stress (due to climatic conditions or infestations) producing harmful VOCs (Salmond et 
al. 2016). 

See Box 3.1 for more information on negative impacts of vegetation on human health. 

Additionally, Coutts and Hahn (2015) state that while air filtration services can remove 
harmful air pollution, the benefits are limited because the rate of removal is well below the 
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rate at which air pollution is produced, so it cannot obviate the need to reduce anthropogenic 
emissions at the source. 

Box 3.1: Ecosystem disservices of vegetation 
While vegetation can provide benefits in removing ambient air pollution, it can also increase 
it; in these circumstances, it is said to provide an ‘ecosystem disservice’. Some of the 
features of plants that can result in decreased air quality include: 
• emission of BVOCs: BVOCs can be converted to harmful ozone and PM2.5 (Chameides 
et al.1988; Hodan and Barnard 2004) 
• allergenic tree species: pollen from some species can cause allergies in some people 
(Cariñanos and Casares-Porcel 2011) 
• canopy density and design: the location of areas of vegetation may prevent air pollution 
from being dispersed by reducing air flow (Wolf et al. 2020). For example, air pollution can 
be trapped beneath the tree canopy, which, if located near the source of emissions, such as 
vehicles, can increase the levels of ambient air pollution in areas used by pedestrians 
(Gromke and Blocken 2015). 
Ecosystem disservices of vegetation are important to human health as they result in 
increased exposure to ambient air pollution, which may, in turn, lead to increased burden of 
disease due to health conditions discussed in this section. Hence, to optimise health 
benefits, selecting the right trees for the right location (for example, non-allergenic trees 
near residential areas) needs to be carefully considered; it is also important to understand 
the impacts of street tree positioning and canopy on air flow dynamics and the exchange 
between clean and polluted air at the local level. 

One review focused on the monetary valuation of vegetation on health. Overall, it found 
strong statistical evidence of monetary benefits from urban vegetation, derived in part from 
the ability to remove air pollution (Chen 2020). This review identified the work of Nowak et al. 
(2014) as being important in calculating monetary impacts; this is discussed in more detail in 
Section 3.11.  

The majority of the eligible research articles examining respiratory health looked only at 
associations between air quality, green space and respiratory health. Only one (de Jesus 
Crespo and Fulford 2018) investigated a causal pathway between green space, air filtration 
and respiratory outcomes, while another sought to determine whether exposure to higher 
levels of green space may protect against childhood asthma by modifying the effect of 
nearby heavy traffic (Feng and Astell-Burt 2017). 

de Jesus Crespo and Fulford (2018) applied causal criteria analysis to investigate whether 
there is enough evidence to infer causal links between green space, ‘buffering’ ecosystem 
services (such as air filtration provided by green space) and respiratory illness. The analysis 
involved examining the evidence firstly for a link between green space and the buffering 
ecosystem service of clean air, then for a link between clean air and respiratory illness, and 
finally for a link between green space and respiratory illness. The authors found that, while 
the evidence supported a link between the role of green space and clean air, the evidence 
for causality between clean air as a buffer against respiratory illness was inconsistent when 
using asthma as a response.  

The authors concluded that this variability may be due to the choice of PM2.5 as an indicator 
of air pollution (whereas the relative concentration of oxidative stress-inducing particles might 
be a better indicator of likelihood to cause asthma) and seasonal variations – for example, 
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greater exposure to indoor pollutants in winter (Walters et al. 1994) or altered pollutant 
diffusion patterns during winter (Zhen et al. 2013).  

Hence, the evidence linking green space and respiratory illness was inconsistent, likely due 
to the inconsistent link between clean air and asthma, as well as allergies. Possible 
explanations for this include wind flow dynamics – which may result in re-suspension and 
concentration of air pollution due to the location and form of trees (Wania et al. 2012) – and 
production of allergenic pollen by certain tree species (Lovasi et al. 2013a) (see Box 3.1 for 
more detail). Therefore, the ability of green space to deliver positive respiratory outcomes 
depends on careful planning in selecting species and locating vegetation. 

An Australian-based cross-sectional study by Feng and Astell-Burt (2017) investigated 
whether green space modified the association between asthma in children and traffic volume 
and neighbourhood safety. The authors used effect measure modification to determine the 
contribution of green space to childhood asthma through the proposed pathways of air 
pollution (as measured by traffic volume) and psychosocial means (as measured by the 
perceived safety of the local environment). Effect measure modification occurs when the 
association between 2 variables (for example, traffic and asthma) is modified, based on the 
level of another factor (in this case, the amount of green space in the residential area). Using 
this approach, the authors found that living in areas with greater amounts of green space 
modified the effect of heavy traffic on the prevalence of asthma in children. The odds of 
having asthma were higher among those living in high traffic areas with low amounts of 
green space (OR 1.87); for those living in high traffic areas with the highest level of green 
space, the odds of having asthma were significantly lower (OR 0.32). This study did not find 
a significant association between perceived neighbourhood safety and asthma risk, and 
different levels of green space. Therefore, these 2 findings suggest that the protective effect 
of green space on childhood asthma is more likely to be through the air filtration capacity of 
green space than through the proposed psychosocial mechanism of perceived 
neighbourhood safety.  

In a study of the association between traffic air pollution, proximity to urban forest and  
the impact on respiratory health in children, E Almeida et al. (2020) determined that 
traffic-related NO2 and PM10 was higher at points closer to heavily used roads, and lower at 
the point closer to an urban park with dense tree coverage, which provided a buffer from air 
pollution. They also found that, compared with symptom prevalence in children residing 
closer to the park, the prevalence of rhinitis and night-time dry cough or trouble breathing 
was significantly higher at locations that were 50 m and 900 m from the highway, and rhinitis 
prevalence was significantly higher at the location that was 900 m from the highway. The 
authors concluded that the presence of urban green space is an important mitigating factor, 
although their methods could not establish causality. 

Four articles included research into the estimated monetary value of ecosystem services, 
including air pollution removal, and the effect on health, with reference to respiratory health 
(Gopalakrishnan et al. 2018; Nowak et al. 2014; Nowak et al. 2018; Remme et al. 2015). 
These studies reported the cost of the impact of a range of air pollution types on various 
health conditions and outcomes, including, but not limited to, respiratory conditions, such as: 

• chronic bronchitis, respiratory hospital admissions, bronchodilator use, lower respiratory 
symptoms (Remme et al. 2015) 

• acute respiratory conditions, emergency department and hospital admissions for 
respiratory conditions, asthma exacerbations, mortality, school and work loss days, 
upper and lower respiratory symptoms (Gopalakrishnan et al. 2018) 
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• acute bronchitis, acute respiratory symptoms, asthma exacerbations, respiratory hospital 
admissions, upper and lower respiratory symptoms (Nowak et al. 2014; Nowak et al. 
2018).  

These studies included the costs due to other health conditions and outcomes, such as 
cardiovascular conditions and overall mortality. See Section 3.11 for more detail.  

3.8  Cardiovascular health 
Many studies mention associations between green space and cardiovascular disease (such 
as heart disease and stroke), or between air pollution and cardiovascular disease. Fewer 
studies have examined the relationship between the filtration of air pollution by vegetation, 
and the impact of this on cardiovascular outcomes. The search returned 11 articles with 
some mention of cardiovascular and/or cerebrovascular disease. Of these: 

• 4 were reviews (Chen 2020; Chiabai et al. 2018; Kumar et al. 2019; Salmond et al. 
2016) 

• one was a causal criteria analysis of reviewed literature (de Jesus Crespo and Fulford 
2018) 

• 6 were research articles (Gopalakrishnan et al. 2019; Nowak et al. 2014; Nowak et al. 
2018; Remme et al. 2015; Shen and Lung 2016; Yang et al. 2019).  

Of the reviews, only Chiabai et al. (2018) referred to research linking air purification, 
vegetation and cardiovascular health, referencing research by Hu et al. (2008), which found 
that the risk of stroke mortality was higher in areas of lower green space and higher air 
pollution levels. Chiabai et al. (2018), Kumar et al. (2019) and Salmond et al. (2016) all noted 
the lack of evidence of the mechanisms of vegetation on the reduction in cardiovascular 
health outcomes and highlighted this as a knowledge gap. 

Three articles aimed to determine if a relationship between air filtration ecosystem services 
and cardiovascular health exists (de Jesus Crespo and Fulford 2018; Shen and Lung 2016; 
Yang et al. 2019).  

Shen and Lung (2016) investigated the effects of green space structure (such as green patch 
size, fragmentation and nearest space) on mortality due to select cardiovascular conditions 
(hypertensive diseases, and aortic aneurysm and dissection). The authors used a form of 
structural equation modelling known as partial least squares modelling to determine the 
causal relationships between green space and cardiovascular mortality outcomes, and to 
estimate the extent to which the observed effects either were directly due to the green space 
type, or were mediated by air pollution (CO, nitric oxide (NO), PM10 and SO2) and annual 
mean temperature. The results indicated that the largest patch percentage of green space 
was associated with decreased cardiovascular mortality through reduction of air pollution and 
temperature. Conversely, the more fragmented green space patches, and further distance to 
green space, were associated with increased mortality due to air pollution and temperature. 
The authors also modelled the individual effects of air pollution and temperature. This model 
showed that while both played a mediating role, air pollution played the greater role in the 
mediating effect of green space on cardiovascular mortality than temperature did. This 
suggested that green space provided both air filtration and local climate regulation, with air 
filtration contributing the greater mitigating effect on cardiovascular mortality outcomes. 

de Jesus Crespo and Fulford (2018) performed a causal criteria analysis to investigate 
whether there is enough evidence to infer causal links between green space, ‘buffering’ 
ecosystem services (such as air filtration provided by green space) and cardiovascular 
disease. The authors examined the evidence firstly for a link between green space and the 
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buffering ecosystem service of clean air, then for a link between clean air and cardiovascular 
disease and finally for a link between green space and cardiovascular disease. While the 
evidence supported a causal link between green space and clean air, the authors found that 
the evidence to support a link between clean air and cardiovascular disease was 
inconsistent. They hypothesised this could be due either to the use of different indicators for 
cardiovascular disease assessed in the various studies that informed the analysis, or to 
confounding by a range factors (such as demographics). They also noted that the 
‘inconsistent’ finding was not equivalent to finding no evidence for the relationship, rather a 
potential artifact of the research design. In the final step of their causal criteria analysis, the 
authors found evidence to support the link between green space and cardiovascular disease. 
However, they could not eliminate the possibility that the benefits of green space on 
cardiovascular health were not due to the clean air buffering ecosystem service, but rather to 
other buffering ecosystem services – for example, physical activity or stress reduction (which 
would occur via recreational ecosystem services). The authors concluded that while clean air 
has a modest buffering role for cardiovascular disease, the contribution green space makes 
to this is likely to be minimal compared with other pollution reduction strategies. 

Nowak et al. (2014) and Nowak et al. (2018) included measures of cardiovascular morbidity 
derived from the BenMAP tool for evaluating the economic impacts of air pollution removal 
on human health (see Section 3.11 for more information). 

Blood pressure 
Yang et al. (2019) investigated the mediating factors between community green space and 
blood pressure in a large sample (n=24,845) of adults living in China. The authors found that 
living in areas with increased levels of greenness was significantly associated with lower 
systolic blood pressure and decreased prevalence of hypertension, after adjusting for 
potential confounders (age, sex, ethnicity, income and area level gross domestic product). 
Specifically, systolic blood pressure was lower by 0.82 mmHg, and the odds of having 
hypertension were 5% lower, per Interquartile Range increase in greenness level within a 
500 m residential buffer zone.  

To determine whether this relationship between higher greenness exposure and lower 
systolic blood pressure could be explained by other factors, the authors performed mediation 
analysis (see Box 2.3) with air pollution (NO2 and PM2.5), BMI and physical activity. This 
analysis revealed that NO2 and PM2.5 mediated 14% and 16% of the association, 
respectively, while BMI mediated a greater proportion of the association, at 40%. However, 
physical activity was not found to be a mediating factor. This demonstrated that greater 
levels of greenness may favourably affect blood pressure by removing 2 common air 
pollutants, although other factors (such as BMI) also play an important role in the 
association. 

3.9  Maternal and (non-respiratory) childhood 
outcomes 

The theoretical assumption that birth outcomes are positively affected by reduced air 
pollution through exposure to green space or vegetation (Anabitarte et al. 2020) has 
prompted recent interest in exploring and quantifying these pathways. Of the literature 
selected for this review, 11 research articles and 1 review examined the evidence for air 
filtration services and maternal, perinatal and childhood outcomes. The most common 
outcome investigated was birthweight (Agay-Shay et al. 2019; Anabitarte et al. 2020;  
Chen 2020; Cusack et al. 2018; Dzhambov et al. 2019; Laurent et al. 2019; Lee et al. 2021), 
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although pre-term births (Agay-Shay et al. 2019; Dzhambov et al. 2019; Sun et al. 2020), 
congenital heart defects (Nie et al. 2020), pre-eclampsia (Weber et al. 2021) and maternal 
glucose levels (Liao et al. 2019) were also examined. 

A systematic review by Chen (2020) on the monetary valuation of the effect of nature in 
urban environments found that higher birthweight was associated with greater tree canopy in 
urban areas, and that a 10% increase of tree cover within 50 m of the maternal residence 
resulted in a lower risk of babies being born small for gestational age (that is, weighing less 
than the 10th percentile). However, the review did not determine the causal link between 
green space and birth outcomes and, specifically, the contribution of air pollution levels to 
these outcomes. As such it cannot be determined from this review whether air filtration 
services are associated with the observed health benefits. 

Other authors sought to understand these mechanisms by including air pollution in their 
analyses of green space exposure and birth outcomes. Lee et al. (2021) investigated the 
effect of exposure to different levels of residential greenness during the first and third 
trimesters of pregnancy for women living in Taiwan. The authors found that exposure to 
green space reduced the risk of pre-term births (defined as a birth at less than 37 weeks 
gestation), and small-for-gestational age babies, and that these effects were mediated by 
PM2.5 and PM10 exposure. The authors concluded that, in the first trimester, around 5–19% 
of the benefits of exposure to green space on pre-term birth and small-for-gestational age 
was due to reduced particulate matter air pollution, and that this was even greater in the third 
trimester (15–37%).  

Sun and others (2020) studied the effect of exposure to green space and the outcome of 
pre-term births in California in relation to exposure to NO2, O3 and PM2.5. After controlling  
for maternal age, race/ethnicity, education and median household income, the study found 
an association between exposure to green space and decreased risk of pre-term births.  
The results also suggested a link between green space, air pollution and birth outcomes – 
specifically, that decreased green space has worse effects on pre-term birth outcomes for 
women exposed to higher air pollution levels. 

Another Californian-based study by Weber and others (2021) found that pre-eclampsia was 
correlated with lower exposure to green space, higher particulate matter exposure and living 
in higher poverty neighbourhoods. 

In other evidence for the air filtering capacity of green space on birth outcomes, Nie et al. 
(2020) conducted a case-control study in 21 cities in southern China and found that exposure 
to greater amounts of green space before pregnancy and during the first trimester was 
associated with lower odds of congenital heart disease. Mediation analyses found  
that exposure to NO2, PM1 (particulate matter less than 1 micron in diameter), PM2.5 and 
PM10 explained up to 52% of this association.  

In their longitudinal study of all birth records in California between 2001 and 2008, Laurent et 
al. (2019) investigated the association between green space exposure during pregnancy and 
the outcome of low birthweight in full term births – and the potential influence of air pollution 
on that association. The authors measured green space exposure by NDVI within a 500 m 
radius of participants’ residences (calculated for each trimester and for the entire pregnancy). 
Air pollution was determined by a range of indicators, including traffic-related particulate 
matter (PM2.5) and elemental carbon, and secondary pollutants (such as NO2 and O3). After 
adjusting for potential confounders (maternal age, race, level of education, mean household 
income, time of conception and length of gestation), the authors found that the risk of low 
birthweight at full term was highest in the area with the lowest amount of green space. 
Conversely, the risk was lowest in the area with the greatest amount of green space.  
The authors then performed causal mediation analyses (VanderWeele 2015) to examine  
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the interaction between green space exposure during pregnancy, term low birthweight and 
air pollution to determine by how much air pollution exposure might explain the outcome.  
The results showed that the protective effect of residential green space exposure during 
pregnancy on term birthweight (by reducing PM2.5 and elemental carbon levels in the 
residential area) was 12% and 17%, respectively, although this was lower for the other 
components of air pollution tested. That is, up to 17% of the benefit supplied by green space 
during pregnancy, in terms of reduced risk of term low birthweight, is attributable to 
reductions in components of local air pollution. While this provides valuable quantitative 
information on the impact of green space on birth outcomes due to air pollution exposure,  
the authors acknowledged that it does not account for total effect, and that other 
mechanisms, such as local climate regulation, noise attenuation or physical activity could 
also be examined.  

In a large cohort study of pregnant women in an urban region of China, Liao et al. (2019) 
explored the association between residential maternal green space exposure during 
pregnancy and maternal blood glucose measures – and the potential mediation effects of air 
pollution exposure and maternal physical activity – as possible mechanistic pathways for the 
association. After adjusting for potential confounders (demographic, socioeconomic, and 
personal characteristics such as overweight and obesity and exposure to passive smoking), 
pregnant women living in areas of greater green space were found to have lower blood 
glucose levels, and a lower risk of impaired glucose tolerance (IGT) and gestational diabetes 
mellitus (GDM) than those living in areas of the lowest amount of green space. Mediation 
analysis showed that reduced exposure to PM2.5 mediated 22% of the association between 
maternal residential green space exposure and maternal fasting glucose levels. However, 
the results for other measures of maternal glucose levels (IGT and GDM) were not 
significant.  

Liao et al. (2019) also examined the potential mediating role of maternal physical activity on 
glucose measurements but did not find any significant mediating effect – although they 
suggest that this may be due in part to limitations with the measure of physical activity used 
in the study. As this study found that exposure to PM2.5 air pollution only partially mediated 
the effect of green space on maternal fasting glucose levels, other mechanisms should be 
explored for their potential contributions; the authors suggest that known associations 
between noise exposure and diabetes, and sleep quality and GDM make these potential 
candidates for further study.  

In contrast, other studies found weak or no evidence for the air filtering effects of green 
space on birth outcomes. In examining the role of NO2 exposure during pregnancy in 
mediating the effects of green space on birth outcomes, Anabitarte et al. (2020) found a 
negative direct effect of green space on birthweight with the average birthweight being lower 
for those living closer to green spaces than for those living further away – contrary to 
expectations based on previous findings. The authors postulated that their results may have 
differed from those of previous studies due to the level of greenness within which the study 
population lived being lower than that of those studies where a positive association was 
found. They also acknowledged that, had they included PM2.5 and PM10 measurements, 
their study may have produced different results, due to the known association of these 
pollutants with birth outcomes.  

Another study looking at the effect of exposure to green space, ambient air pollution (NO2) 
and traffic noise on birth outcomes in alpine areas of Austria and Italy was inconclusive; the 
authors reported that larger and more representative samples were needed to determine 
whether the effect was significant (Dzhambov et al. 2019).  
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Agay-Shay et al. (2019) included air pollution exposure in their mediation analysis in 
evaluating the relationship between maternal green space exposure and birth outcomes 
(birthweight, small-for-gestational age, and pre-term deliveries). They found that air pollution 
did not have a mediating effect.  

Similarly, Cusack et al. (2018) found that controlling for ambient air pollution did not affect the 
association between maternal green space exposure and birthweight outcomes; the authors 
reported that this may have been due to the way in which the variables were measured, or 
that there was residual or unmeasured confounding.  

One study focused on older school-aged children, and the effect of green space exposure on 
cognitive development over a 12-month period (Dadvand et al. 2015). This study showed 
that children in Barcelona, Spain, who were exposed to more green space within and around 
their school environments had better cognitive development over the study period than those 
exposed to less green space, and that air pollution mediated between 20–65% of the 
association. It should be noted that the measure of pollution used in the study was the level 
of indoor elemental carbon, as an indicator of nearby traffic-related air pollution, rather than 
the more commonly used measures of ambient particulate matter (PM2.5, PM10) or NO2.  

Despite the variable evidence for benefits of air filtration ecosystem services for perinatal and 
child health, it appears that more research is emerging, focusing on identifying causal 
pathways – due to the solid evidence supporting the negative impacts of ambient air pollution 
and the positive impacts of green space on birth outcomes. Specific local factors, such as 
vegetation type and location-specific morbidity rates, will need to be considered in future 
research to explain the differing outcomes. 

3.10 Air filtration and mental health 
The search strategy revealed one result for air filtration and mental health (Engemann et al. 
2020b). Based on previous findings of an association between higher green space exposure 
and lower rates of schizophrenia (Engemann et al. 2018), Engemann et al. (2020b) sought to 
elucidate the potential mediating role of air pollution in the association between growing up in 
areas with different types of land cover (urban, near-natural green space, agricultural land 
and blue space) and the development of schizophrenia. The authors hypothesised that the 
type of land cover may lead to decreased rates of schizophrenia through mitigation of air 
pollution. To test for this, they adjusted for mean exposure to air pollution from birth to the 
10th birthday. 

In their main analysis, the authors found decreased risks of developing schizophrenia in 
those exposed to more natural environments during childhood. Exposure to blue space had 
the strongest effect on lowering the risk of developing schizophrenia (HR 0.64), followed by 
agricultural land cover (HR 0.69) and near natural green space (HR 0.74). After adjusting for 
indicators of air pollution, the effect size for developing schizophrenia changed the most for 
near natural green space (from HR 0.74 in the main analysis to HR 0.81 when adjusting for 
air pollution), while the least change was seen for blue space (from 0.64 in the main analysis 
to 0.66 after adjusting for air pollution). Furthermore, mediation analysis revealed that 
near-natural green space had the strongest mediating effect on air pollution (44% compared 
with 15% for agricultural land and 7.1% for blue space) and that vegetation density explained 
part of this association (26% compared with 3.9% for agricultural land and 2.9% for blue 
space). These results suggested that growing up in near-natural green space provided a 
protective effect against schizophrenia, in part through exposure to vegetation, but that the 
mitigating impact of blue space and agricultural land is less pronounced. The authors 
concluded that exposure to near-natural environments during childhood may play an 
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important protective role against schizophrenia. Although this large population-based study 
using longitudinal data provided useful information on residential land-type and air pollution 
exposures during childhood and mental health outcomes, conclusions are limited to 
residential exposures (rather than actual exposures, which may vary with movement 
between home and other environments on a regular basis). Furthermore, the study could not 
account for actual use of these environments and how this may influence mental health. 

3.11 Economic impact and health 
Understanding the cost impact of the relationship between air filtration ecosystem services 
and health is important for policy and planning decisions. Eight research articles selected for 
this review included a focus on monetary valuation of the impact of air filtration service 
provision on human health (Capotorti et al. 2019; Endreny et al. 2017; Gopalakrishnan et al. 
2018; Nowak et al. 2014; Nowak et al. 2018; Paulin et al. 2020; Remme et al. 2015; 
Tapsuwan et al. 2021).  

These studies used modelling techniques to assess the amount of vegetation coverage,  
the amount of air pollution removed (by pollutant type), and the economic impact of avoided 
health care costs. To do this, the majority of the studies used the BenMAP and / or i-Tree 
Eco software packages, which are designed for use in calculating avoided costs to human 
health due to reduced air pollution from vegetation (see Box 3.2). A minority used other data 
collection methods for their model inputs (for example, Paulin et al. 2020 used a range of 
national data sets to derive their models). Only 2 papers specifically referred to the 
application of the SEEA framework for their valuation approach (Remme et al. 2015; 
Tapsuwan et al. 2021). Table 3.1 summarises these 8 research articles and their findings, 
with a selection of the studies outlined in more detail in this subsection. 

Box 3.2: Tools for quantifying air filtration ecosystem services and health 
i-Tree 
Developed by the United States Department of Agriculture Forest Service, i-Tree is a suite 
of computer programs designed to assess the potential of ecosystem services. Using input 
data from over 40 countries on biomass, leaf area, tree species, weather, upper air, air 
quality and geospatial-related data, the software quantifies urban forest structure, street 
trees and other vegetation types and the ecosystem services they provide. Ecosystem 
service estimates include carbon storage and sequestration, air pollution removal, human 
health effects associated with air pollution removal, heating and cooling energy savings in 
houses, and stormwater run-off avoided (Tan et al. 2021). 

Environmental Benefits Mapping and Analysis Program 
The BenMAP is an open-source computer program that calculates the number and 
economic value of deaths and illnesses related to air pollution (US EPA 2022). Developed 
by the United States Environmental Protection Agency, it consolidates human medical 
records and air quality measurements from across the United States (Tan et al. 2021).  
A range of human health metrics can be analysed using the BenMAP; they include acute 
respiratory symptoms, asthma exacerbations, acute myocardial infarction, acute/chronic 
bronchitis as well as hospital admissions, emergency visits, mortality and school and work 
days lost due to the health impacts of air pollution.  

            (continued) 
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Box 3.2 (continued): tools for quanitifying air filtration ecosystem serives and health 
The avoided damage cost is a method used to estimate the value of an ecosystem service. 
It is the cost of the damage that would occur if that ecosystem service was absent. The 
BenMAP calculates the economic value of air quality change using 2 metrics: ‘cost of 
illness’ and ‘willingness to pay’. The cost of illness metric estimates the expense to the 
individual for hospital admissions, emergency department visits and other health outcomes 
related to air pollution. The metric takes into account medical experiences and lost work. 
The willingness metric accounts for direct costs noted in the cost of illness metric, as well as 
the value that individuals place on pain, suffering and loss of satisfaction and leisure time 
(US EPA 2022).  

How these tools interact  
BenMAP modelling can be integrated into i-Tree programs to estimate health impacts due to 
changes in pollution concentration. 

The economic impact of air filtration services on health varied, depending on the location and 
type of vegetation being studied. For example, Nowak et al. (2014) modelled costs across 
the 48 adjoining states of the United States, including rural and urban areas, for 2010. Using 
the BenMAP (US EPA 2022), the authors evaluated the health impact and monetary value 
attached to changes in NO2, O3, PM2.5 and SO2 levels. The health effects investigated 
included a range of respiratory symptoms (bronchitis, acute respiratory symptoms, asthma 
exacerbations, bronchitis), cardiovascular conditions (non-fatal myocardial infarction) and 
all-cause mortality, as well as hospital admissions, work loss days and school days missed 
due to these conditions. For a full list of conditions included, see Appendix C, Table C1. 

Overall, Nowak et al. (2014) found that, while the average percentage of air quality 
improvement due to vegetation was less than 1%, this still represented a substantial 
economic benefit – an estimated average value of US$6.8 billion. The greatest amount of 
pollution removal was in rural areas, but the highest cost saving was in the more densely 
populated urban areas. The authors also found that monetary values were highest for O3 and 
PM2.5 pollution, due to their impact on human mortality. They concluded that urban trees 
were of particular importance to human health, as they affect more people. For more 
information on the economic impact of air filtration on health from this study, see Table 3.1. 

In a similar study of urban forests in Canada in 2010, Nowak et al. (2018) used the BenMAP 
(US EPA 2022) to investigate health incidence data and the monetary value of CO, NO2, O3, 
PM2.5 and SO2, in conjunction with i-Tree to calculate the pollutant removal and changes in 
pollution concentrations. The total estimated value of air pollution removal provided by urban 
trees for human health was C$227.2 million (for the study year), with most of that value being 
linked to the removal of O3 and PM2.5. The authors noted that the health benefits obtained 
depend not only on the amount of pollution removed by trees, but also on the local 
population density. Areas with lower population density result in lower values for avoided 
costs, as there are fewer people to receive the ecosystem service benefit. See Table 3.1 for 
more information on these health benefits. 

Remme et al. (2015) conducted a test case for accounting for ecosystem services, based in 
the Limburg province in the Netherlands. The authors sought to value ecosystem services 
using an approach that aligned with the United Nations accounting standards (System of 
National Accounts) (United Nations et al. 2009), as proposed by the SEEA Experimental 
Ecosystem Accounting guidelines (United Nations 2014). The ecosystem service of ‘air 
quality regulation’ (equivalent to air filtration) was included among the ecosystem services 
modelled and valued in the test case. The authors employed the avoided damage costs 
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method (that is, the cost that would have occurred if the ecosystem service of air filtration 
had not been present), based on health costs due to air pollution. Specifically, they evaluated 
the impact of PM10 removal by forests on the following outcome measures: 

• work loss days 
• new bronchitis cases 
• respiratory hospital admissions 
• cardiac hospital admissions 
• medication/bronchodilator use (for adults and for children) 
• lower respiratory symptoms (for adults and for children). 
The authors applied a value of €8 per person per avoided PM10 increase for all the above 
categories combined, based on the findings of previous studies (Preiss et al. 2008; RIVM 
2012). Using land cover maps to identify forest areas, data on PM10 concentrations and 
population density data for the area of Limburg province, the authors estimated a total 
monetary value of up to €2.7 million for the ecosystem service of air filtration for that region. 
The analysis revealed that the highest values of avoided costs occurred in more densely 
populated, highly forested areas. Lower values occurred in areas of low population density 
and high forestation, and in areas with high population density and low forestation. This 
pattern was in line with the findings of Nowak et al. (2014) and Nowak et al. (2018).  

Tapsuwan et al. (2021) also sought to apply the SEEA framework to calculate the benefits  
of air filtration. This Australian-based study estimated the health economic benefits of air 
pollution removal (O3, CO, NO2 and PM2.5) by trees in the Australian Capital Territory.  
The authors estimated that public forests in the territory in 2018 removed 154 tonnes of 
these 4 pollutants, with associated health expenditure savings of A$863,382 for that year 
(based on i-Tree eco-modelling and the cost of combined health effects from the BenMAP). 
This equates to a value of A$1.12 per tree for the study year (2018) in air pollution removal 
services alone. It should be noted that this was one of only 2 articles (along with Remme et 
al. 2015) from the search strategy that mentioned applying the SEEA framework to calculate 
the benefits of air filtration ecosystem services to human health. 

Overall, these research studies found economic benefits associated with health impacts due 
to vegetation coverage – although the amount varied depending on vegetation type, pollutant 
type and location. The results, including health conditions studied, are summarised in  
Table 3.1. Due to the different methods used for these studies, the results from each cannot 
be directly compared.



 

 Benefits of the environment to health 33 

Table 3.1: Summary of economic impacts and health 

Reference  Study description  
Air pollutants 
included in study  

Estimated human 
health value 
(average) Health outcomes 

Air pollutant/s 
removal of greatest 
value  

Capotorti et al. 
2019 

Rome, Italy, urban, ‘green infrastructure’ 
(natural and semi-natural areas, e.g. urban 
forest, coniferous and broad-leafed forest, 
natural grasslands, shrubs) 

PM10 
€40,700 – 130,200 Avoided costs for damages to human health, due to 

PM10 removal 
n.a. 

Endreney et al. 
2017 

Global, 10 ‘megacities’, metropolitan NO2, O3, PM2.5, 
PM10, SO2 

US$482 million Not stated (i-Tree Eco, BenMAP incidences used for 
calculations)  

PM2.5 

Gopalakrishnan 
et al. 2018 

United States, grasslands and shrublands NO2, O3, PM2.5, 
PM10, SO2  

US$175 million 
(grasslands) 
 
US$93 million 
(shrublands) 

Avoided incidences of asthma exacerbations: 
• 522–10,900 incidences (grasslands) 
• 347–9,040 incidences (shrublands) 

Avoided incidences of acute respiratory symptoms: 
• 56–14,500 (grasslands) 
• 37–8,420 (shrublands) 
 

O3, PM2.5  

Nowak et al. 2014 United States, trees and forests NO2, O3, PM2.5, SO2  US$6.8 billion Avoided incidences of selected(a) health outcomes 
due to removal of PM2.5: 
• 57 incidences of mortality 
• 168,701 incidences of acute respiratory 

symptoms 
• 137,298 incidences of asthma exacerbation 
• 203 emergency department visits 
• 71 cardiovascular hospital admissions 
• 28,815 lost work days  

O3, PM2.5 

 

     

 (continued)  



 

34 Benefits of the environment to health 

Table 3.1 (continued): Summary of economic impacts and health 

Reference  Study description  
Air pollutants 
included in study  

Estimated human 
health value 
(average) Health outcomes 

Air pollutant/s 
removal of greatest 
value  

Nowak et al. 2018 Canada, 86 cities, urban forests NO2, O3, PM2.5, SO2  C$227.2 million Avoided incidences of selected(b) health outcomes 
due to removal of all studied air pollutants combined: 
• 30 incidences of mortality 
• 21,916 incidences of acute respiratory 

symptoms 
• 16,539 incidences of asthma exacerbation 
• 25 emergency department visits 
• 2.7 cardiovascular hospital admissions 
• 1,168 lost work days 
• 4,586 lost school days 
 

O3, PM2.5  

Paulin et al. 2020 Amsterdam, the Netherlands, mixed urban PM10 €77 million Reduced health costs due to PM10 removal n.a. 

Remme et al. 
2015 

Limburg province, the Netherlands, mixed 
(agriculture, nature, urban) 

PM10 €2 million Total avoided air pollution-related health costs due to 
PM10 removal, for combined: 
• bronchitis 
• respiratory hospital admissions 
• cardiac hospital admissions 
• bronchodilator use 
• lower respiratory symptoms  
• work loss days 

 

n.a. 

Tapsuwan et al. 
2021 

Australian Capital Territory, Australia, 
urban forests 

NO2, O3, PM2.5, SO2,  A$863,383 Avoided health expenditure n.a. 

n.a. = not applicable (indicates where the research did not state the individual contribution of each pollutant to the overall value of removal). 

(a) For a complete list of adverse health effects by air pollutant type, see Table 4 in Nowak et al. 2014. 

(b) For a complete list of adverse health effects, see Table 3 in Nowak et al. 2018.
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3.12  Grey literature 
International case study 1  
A report published by the Wageningen University on behalf of the Ministry of Agriculture, 
Nature and Food Quality, Netherlands (Horlings et al. 2020) showed the first results of 
applying a monetary valuation of ecosystem services and ecosystem assets using the SEEA 
EA framework. The study estimated the value of 10 ecosystem services for the Netherlands 
and included air filtration. To value air filtration, an avoided damage cost was used (see 
Box 3.3), with PM2.5 captured by forests and other vegetation as the biophysical indicator. 
Using 3 measures, the study modelled data on ambient PM2.5 concentrations, forests and 
other vegetation cover with population size.  

Box 3.3: Avoided damage costs 
The avoided damage cost is a method used to estimate the value of an ecosystem service. 
It is the cost of the damage that would occur if that ecosystem service was absent. 

The 3 measures used to apply monetary value of avoided damage costs to air filtration for 
households in the Netherlands were: 

• avoided health costs 
• value of a statistical life year (mean VOLY) to measure avoided health costs and 

avoided costs of mortality 
• maximum societal revenue VOLY (MSR VOLY) to measure avoided health effects and 

avoided mortality if there were a ‘market’ for clean air. 

The study found that the estimated reduced damage cost for avoided air pollution at the 
national scale for the Netherlands for 2015 ranged from €42.1 million (avoided health costs), 
to €85.8M (MSR VOLY) and €175.3M (mean VOLY). Deciduous forests were found to have 
the most benefit in reducing health and mortality costs. The study noted that trends over time 
for the ecosystem service were difficult to capture due to the changing nature of external 
factors. For instance, yearly trends have shown lower levels of PM2.5 concentration recorded 
in the Netherlands and, as a result, total avoided morbidity and mortality damage costs have 
decreased.  

International case study 2 
A study from the United Kingdom’s Office of National Statistics (Jones et al. 2017) explored 
the role of vegetation in air pollution removal across the United Kingdom, and the benefits 
provided to human health through reductions in exposure. The study presented 2 accounts: 
• a national United Kingdom account for air pollution removal by broad habitat types 
• a cross-cutting urban account for Great Britain, showing air pollution removal by urban 

green space: woodland, grassland and urban blue space (freshwater/saltwater). 

The study calculated air pollution removal with damage costs per unit exposure at the local 
authority level for a range of avoided health outcomes: 

• respiratory hospital admissions 
• cardiovascular hospital admissions 
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• loss of life years (long-term exposure effects from NO2 and PM2.5) 
• deaths (short-term exposure effects from O3).  

The study estimated that, in 2015, woodlands, plants, grasslands and other United Kingdom 
vegetation removed 1.3 billion kg of air pollutants. This was estimated to have saved the 
United Kingdom around £1 billion in avoided health damage costs. The study estimated 
5,800 fewer respiratory hospital admissions, 1,300 fewer cardiovascular hospital admissions, 
27,800 fewer life years lost and 1,900 fewer premature deaths in 2015 as result of nature’s 
providing this service. Similar to the Netherlands account, pollutant concentrations were the 
major driver of change in the quantity of service provided – with pollution concentration found 
to have declined over time; with less pollution for the vegetation to remove, less of a service 
was required.  

3.13 Gaps and limitations 
Australian-specific studies 
While the literature included in this review revealed strong associations between air filtration 
services and human health, there were some notable omissions.  

• The academic literature search strategy returned only 2 papers specific to the Australian 
context (Feng and Astell-Burt 2017; Tapsuwan et al. 2021), even when additional 
searches including the terms ‘Australia’ or ‘Australian’ were conducted.  

• An extensive search of the grey literature failed to find any material specific to Australia. 
This may have been due to limitations of the search strategy, or to research of air 
filtration and human health not being prioritised in Australia due to the country’s 
generally good air quality (Paton-Walsh et al. 2019). Regardless, with Australia’s 
predicted increased urbanisation (ABS 2022) – and changes in environmental conditions 
likely leading to greater frequency of events such as extreme bushfires (Abram et al. 
2021) – the contribution of air filtration ecosystem services will have an important role in 
protecting human health, particularly within urban areas of Australia. 

Contribution of blue spaces to air filtration 
The chosen search methodology revealed a limited amount of literature focused on the 
contribution of blue spaces to air filtration, despite evidence that they can contribute to better 
air quality through decreasing concentrations of PM2.5 and PM10 (Georgiou et al. 2021; 
Paulin et al. 2020). The majority of studies focused solely on the contribution of vegetation 
(mostly as measured by NDVI) to air filtration, while others explicitly excluded bodies of water 
from their analyses (Dzhambov et al. 2019; Sun et al. 2020) –  thereby overlooking the 
potential of all parts of the landscape to remove air pollution, and whether or not this would 
have additionally benefited human health.  

Only 4 studies considered blue space: 

• Anabitarte et al. (2020) performed a secondary analysis on a sub-sample of their study 
population to test for the effect of green or blue space on pregnancy outcomes by adding 
blue space as an additional exposure variable. The results were largely the same as 
those found in the main analysis – that is, with just green space as the exposure variable 
(other than a marginally significant effect of green space on birthweight).  

• Engemann et al. (2020b) found an association between growing up surrounded by 
agricultural land, near-natural green space and blue space and lower rates of developing 
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schizophrenia. However, the analysis showed that blue space had only a minimal 
mitigating effect on air pollution, compared with densely vegetated areas.  

• In defining green space for their causal criteria analysis, de Jesus Crespo and Fulford 
(2018:2) noted that this included ‘urban trees, green roofs and wetlands’. However, the 
authors did not look at the contribution of each of these elements separately.  

• Although Paulin et al. (2020) discussed the air filtration capacity of vegetation in their 
research, the methodology used to determine green space did not differentiate between 
vegetation and water. The authors noted the capacity for blue space to remove 
particulate matter but stated that methods for validating the retention of PM10 by 
vegetation and water would be too time consuming and expensive to conduct. 

Air filtration and mental health 
The literature search returned just one result on the mental health impacts of air filtration, 
relating to the association between green and blue space exposure during childhood and the 
development of schizophrenia (Engemann et al. 2020b). Including the term ‘mental health’ 
(or other permutations relating to mental or psychiatric conditions) may have returned a 
greater number of relevant articles. However, this outcome may also be because links 
between mental health, air pollution and green space are a very recent area of research and 
are still under investigation.  

Several recent reviews have highlighted that, despite some evidence of an association 
between air pollution and a range of psychiatric and mental health conditions, the evidence is 
contradictory and inconclusive, and that more research is required (Gladka et al. 2018; 
Hahad et al. 2020; Ventriglio et al. 2021). Furthermore, the role of green space (and blue 
space) on mental health is uncertain. A review by Gascon et al. (2015) found that evidence 
for the beneficial impacts of green and blue space on mental health was inconclusive, and 
that further research is required to determine the relationship and underlying mechanisms.  

Nonetheless, there is emerging evidence of increased risk of certain psychiatric illnesses 
associated with exposure to air pollution. For example, Newbury et al. (2021) found that 
exposure to residential air pollution was associated with increased use of mental health care 
services by people with a recent diagnosis of psychotic and mood disorders. The authors 
proposed that air pollution mitigation strategies had the potential to reduce associated health 
care costs. While these findings were based on the assumption of a causal pathway between 
air pollution and mental health – and do not determine the mechanism of the relationship – 
they do contribute to the emerging body of evidence in this area. It is therefore likely that,  
as well as the health benefits listed above, there may be other evidence soon to support the 
role of air filtration services in improving mental health. 
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4  Local climate regulation 

4.1  What is local climate? 
The term ‘local climate’ (sometimes known as mesoclimate) refers to the climate of relatively 
small geographic areas, such as neighbourhoods, small wooded areas, or zones within 
cities. The local climate is affected by the physical characteristics of the immediate area 
(such as vegetation cover, hills and water bodies). Local climates are not necessarily 
representative of climates across regions as a whole and can differ from ‘macroclimates’  
(the climate of a whole region or country).  

Local climates are affected and regulated by a range of factors, such as the presence and 
density of green space, blue space and urban heat islands.  

4.2  Green space, blue space and local climate 
In many local climates, particularly urban areas, heat is a key concern for both environmental 
health and human health. The cooling effect of urban vegetation and blue space is well 
established (Gunarwardena et al. 2017). On average, vegetated urban parks are estimated 
to be 0.94 degrees Celsius cooler during the day than their surrounding built or non-green 
environment (Bowler et al. 2010b). Urban blue spaces provide a similar cooling effect when 
compared with a rural reference site (Volker et al. 2013). The distribution and extent to which 
these cooling effects extend through space is not yet well understood (Gunawardena et al. 
2017). 

Green space mitigates excess heat through solar shading, modification of wind flow, and 
evapotranspiration. Solar shading from vegetation can block the sunlight to buildings and 
lead to reduced ground and wall surface temperatures. Urban plants and trees can also cool 
the climate by modifying wind flow (Gunawardena et al. 2017). Evapotranspiration is the 
process of heat transfer from the urban surface to the atmosphere via evaporation of water 
and transpiration from vegetation (Gunawardena et al. 2017; Volker et al. 2013). Increasing 
evapotranspiration can mitigate increased urban temperatures by restoring the urban energy 
balance. 

Blue space mitigates excess heat in a similar manner to green space, as it provides 
evapotranspiration and cooling of surrounding air through evaporation and convection 
(Spronken-Smith et al. 2000). 

Because of their cooling potential, increasing the proportion of green and blue space has 
been considered a potential mitigation strategy against urban heat islands and extreme heat 
(Gunawardena et al. 2017). In many cities (such as Los Angeles, California; Phoenix, 
Arizona; Chicago, Illinois; and Berlin, Germany, among others), tree planting initiatives now 
exist for this very reason (Jenerette et al. 2011). 

Alongside their cooling potential, a lack of green space and blue space is linked to increased 
heat. Impervious surfaces (which include hard surfaces common in urban environments, 
such as rooftops, pavements and roads) are often examined in research as inverse 
measures of green space. Impervious surfaces have several negative effects on the local 
climate, including increased air temperatures, increased urban heat island effects, and 
reductions in air and water quality (Wu et al. 2014). For example, extreme heat and the 
intensity, size and distribution of urban heat islands have been linked to increases in 
impervious surfaces and reductions in urban green space (Hua et al. 2020). Without 
thoughtful urban planning, increasing urban densification is likely to exacerbate the urban 
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heat island effect: taking up more land for private buildings decreases private green space 
and the tree canopy, and increases impervious surfaces (Saunders et al. 2020). 

4.3  What is the urban heat island effect? 
First observed in London in 1833, the urban heat island (UHI) effect is where temperatures in 
urban areas are higher than in rural areas (Heaviside et al. 2017). When measured against a 
reference point, such as a surrounding rural area, cities and urban areas are, on average, 2 
to 4 degrees Celsius higher in temperature, although more extreme cases of the UHI effect 
have been observed (Bohnenstengel et al. 2011). The UHI effect tends to be proportional to 
population size; hence, more populated cities show a more intense UHI effect (Heaviside et 
al. 2017). 
The UHI effect occurs for several reasons but is largely due to modification of land surfaces. 
Common surfaces in urban areas such as asphalt, bricks and concrete tend to absorb 
energy from the sun during the day, which is then slowly released into the air as heat, most 
often at night; this leads to stronger UHI effects at night than during the day. The general lack 
of vegetation, industrial heat output, household heating, energy use from vehicles, and lack 
of moisture, all further contribute to increased heat in urban areas compared with reference 
areas (Heaviside et al. 2017). 

Temperature measurements derived from satellite imaging and/or ground-based collection 
points such as airport weather monitoring stations (see Box 4.1) are commonly used to 
determine the UHI effect. 

Box 4.1: How is the urban heat island effect measured? 
Measurements of temperature (and UHIs) can be distinguished based on whether they are 
ground-based or satellite-based, with strengths and weaknesses for both methods. 

Ground observations: fixed or mobile? 
Ground observations examine air temperature from within a city or region, typically from a 
single location such as an airport or weather monitoring station. Because these 
measurements are taken from fixed locations, they are less precise in capturing variation in 
temperature across regions. However, these limitations can be overcome by using mobile 
surveys. 
Ground-based measures are likely to be more relevant for human health because they 
better capture human exposure to temperature. This is because ground-based measures 
read the ambient air temperature and, when combined with measures of humidity, reflect 
how temperature is actually perceived (‘apparent’ temperature). 
Ground-based observations are also better at capturing temperature at night, when the UHI 
effect tends to be strongest. 

Satellite or remotely sensed observations 
Satellite-based imagery provides measures of land surface temperature, sometimes 
described as the ‘skin’ or surface temperature of the region. While land surface temperature 
measurements are arguably less relevant for human health (compared with air 
temperature), they have been commonly used in assessing UHIs. 

                    (continued) 
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Box 4.1 (continued): How is the urban health island effect measured? 
Satellite methods offer an advantage over ground-based methods because they can 
indicate how temperatures vary across a city or region. They provide greater precision in 
measuring: 

• spatial variations in temperature across an area 
• variations in the land surface itself. 
Measurements of land surface temperature can be used in epidemiological studies of 
human health because they are correlated with ground-based air measurements within the 
same measurement area. Some researchers have used the term ‘surface Urban Heat 
Island’ to refer to UHIs that are measured through land surface temperature. 
Surface temperature data from satellites also provide information on heat risk from the UHI 
that might vary with other geographic risk factors. For example, differences in surface 
temperature between neighbourhoods might point to risk factors for heat, such as 
socioeconomic group. 

Sources: Heaviside et al. 2017; Marando et al. 2019; Mirzaei 2015; Venter et al. 2020; Zanobetti et al. 2013. 

4.4  Non-optimal temperature and human health 
The relationship between human health and non-optimal temperature – both cold and heat – 
is well established. Estimates published in 2015 from 74 million deaths across the United 
Kingdom and the United States suggested that 7.3% of all deaths were associated with cold 
temperatures (Gasparrini et al. 2015). More recent estimates taken from death data across 
43 countries suggest that 8.5% of all deaths are associated with cold temperatures globally, 
equating to 67 cold-related excess deaths per 100,000 people (Zhao et al. 2021). 

The most recent estimates suggest that 489,075 heat-related excess deaths occurred 
globally between 2000 and 2019, equating to 0.9% of all deaths and 7 heat-related excess 
deaths per 100,000 people (Zhao et al. 2021). 

While there are more deaths globally related to cold than to heat, recent evidence suggests 
that the majority of temperature-related deaths in Australia may, in fact, be caused by heat –  
and that official records may have substantially underestimated the association between heat 
and mortality (Longden et al. 2020). The relative risk of mortality due to excess heat in 
Australia has been estimated by an early study at 1.06 – that is, the risk of mortality is 
increased by 6.0% during periods of excess heat (Guo et al. 2014). More recently, in 
Australia and New Zealand, 2,640 excess deaths were associated with heat, accounting for 
1.5% of all excess deaths, or 10 heat-related deaths per 100,000 people (Zhao et al. 2021). 

Across Australian capital cities, one study reported that about 7.26 deaths per 100,000 
people were attributable to extreme heat between 2001 and 2015 (Longden 2018), with 
estimates of: 

• 1,132 deaths due to heat and 151 deaths due to extreme heat in Melbourne 
• 736 deaths due to heat and 32 deaths due to extreme heat in Sydney 
• 406 deaths due to heat and 144 deaths due to extreme heat in Adelaide 
• 478 deaths due to heat and 54 deaths due to extreme heat in Perth 
• 220 deaths due to heat and no deaths due to extreme heat in Brisbane. 
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The relationship between heat and human health is underpinned by several pathways. 
Increased temperature stresses the human body’s capacity to regulate its own temperature 
(thermoregulation). In turn, human physiology is placed under increasing demands to remain 
cool (Shahmohamadi et al. 2011). This can exacerbate pre-existing chronic conditions and 
can lead to heat-stress related injury. For example, heat stroke can occur if the body’s 
temperature rises above 41 degrees Celsius, resulting in dizziness, fever, fainting, delirium, 
coma and death (Shahmohamadi et al. 2011). Exposure to cold similarly pressures 
thermoregulation but, in the case of cold temperatures, the body loses heat faster than it is 
produced, which can lead to hypothermia. Similar to excess heat, this can exacerbate 
pre-existing chronic conditions or lead to death. 

4.5  What is the cost of heat mortality? 
The economic cost of the human health impacts of climate change and heat are substantial. 
Climate-related events have been estimated to account for about US$14 billion from health 
costs and lives lost in the United States (Knowlton et al. 2011). Future estimates have placed 
the net cost associated with mortality incurred through climate change and the UHI effect at 
up to €17.6 billion (Botzen et al. 2020). Australian data are sparse but suggest there has 
been up to A$1.5 million in savings due to avoided mortality through various UHI mitigation 
strategies in the city of Melbourne (Whiteoak and Saiger 2019). 

Estimates have also been derived from the cost savings associated with excess heat and 
other environmental exposures, based on the Value of Statistical Life method, assuming 
compliance with international exposure recommendations for physical activity, air pollution, 
noise, heat, and access to green space (Mueller et al. 2017). These authors estimated an 
average of 360 days of life gained if international exposure recommendations were met in 
Barcelona, Spain, equating to €9.3 billion saved annually. About €0.4 billion were estimated 
to be saved with improved access to green space, and €1.2 billion with decreases in cooling 
of temperatures by 4 degrees Celsius. 

4.6  What is ‘local-climate regulation’? 
In the SEEA EA framework, the term ‘local-climate regulation’ refers to ‘the ecosystem 
contributions to the regulation of ambient atmospheric conditions (including micro and 
mesoscale climates) through the presence of vegetation that improves the living conditions 
for people and supports economic production’ (UN et al. 2021:132). 

These constitute a ‘regulating and maintenance service’ – that is, to regulate and maintain 
biological processes and influences on climate, thus helping to maintain environmental 
conditions beneficial to individuals and society. 

Ecosystems provide local-climate regulation in a variety of ways, most notably through the 
regulation of ambient temperature and mitigation of the ‘urban heat island effect’. Research 
has examined ‘green space’ and ‘blue space’ as key environmental characteristics that may 
achieve this goal. 

4.7  Overview of the literature 
Forty studies and 11 reviews relevant to human health and local climate (temperature) 
regulation of ecosystems (green/blue space) were identified. The articles covered a broad 
range of health outcomes, environmental exposures, study designs, locations and spatial 
scales, and the studies were conducted over several countries and/or continents, including 
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Australia, North America, Europe, Asia and Africa. Key characteristics of the eligible studies, 
including study type, location, setting/scale, sample size, environmental exposure and health 
outcome, are presented in Appendix C. 

Only one study estimated monetary valuations in relation to health outcomes derived from 
ecosystem services (Sinha et al. 2021). However, a number were identified that reported 
either attributable fractions or attributable numbers, or provided estimates of avoided deaths 
based on green/blue space. Another 2 studies were identified that reported attributable 
numbers in relation to avoided morbidities. Although they do not assign an economic value, 
attributable fractions and numbers can be useful for applying economic estimates. 

The following overview organises findings primarily by health outcome, before detailing the 
findings of economic impacts (avoided costs and avoided deaths), grey literature, and gaps 
and limitations of the included articles. 

Key findings 
• In general, the findings suggest a protective effect of green/blue space on the association 

between human health and increases in temperature, more so than for mitigation from 
cold temperatures. 

• The degree to which a causal pathway can be reliably established between health 
outcomes and local climate ecosystem services through local climate regulation is limited. 
Furthermore, methodological differences – for example, in the measurements used 
between studies – further limit the degree to which conclusions can be reached from the 
current body of literature. 

• All-cause mortality was the most commonly studied health outcome in relation to local 
climate regulation and, overall, the evidence supports a role of local climate regulation in 
reducing all-cause mortality. Green space, impervious surface, and population density 
ratios determine the size of the impact of local climate regulation on all-cause mortality 
and reduced deaths. 

• A range of other health outcomes, including those related to cardiovascular health, 
respiratory health, diabetes and general and mental health, have been investigated in 
relation to local climate regulation. However, the evidence for the role of local climate 
regulation in providing health benefits from these studies is more varied: some studies 
found a protective effect and others, a negligible effect. 

• There was limited evidence for health economic benefits of local climate regulation, with 
only one study evaluating the monetary benefits of local climate regulation from reduced 
mortality. This study calculated that increases in tree coverage would potentially result in 
considerable economic value due to avoided deaths. Furthermore, the monetary benefits 
from reducing heat were far greater than previous estimates from air filtration ecosystem 
services. 

4.8  All-cause mortality 
Six review papers and 21 studies were identified as relevant for all-cause mortality as a 
primary health outcome in relation to green/blue space and local climate cooling. 

Reviews in this area suggest there is good evidence for a relationship between all-cause 
mortality and green/blue space but presented limited evidence that this effect occurs through 
the ecosystem service of local climate regulation. 
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Gascon et al. (2016) reviewed the association between exposure to residential green space 
and mortality in adults, concluding that there was moderate evidence for a link between 
green space and all-cause mortality. However, the review included only 2 studies where 
heat-related mortality was examined (Harlan et al. 2013; Uejio et al. 2011), and neither of 
these provided direct evidence of mitigation of temperature-related effects by green space. 

Rojas-Ruedua et al. (2019) and Kua et al. (2021) conducted systematic reviews and 
meta-analyses on research examining the relationship between green space and all-cause 
mortality. According to these reviews, with every 0.1 NDVI unit increase in surrounding 
greenness, rates of all-cause mortality were estimated to fall by 3–4%. The former review 
reported that none of the included studies considered heat island effects (Rojas-Ruedua et 
al. 2019); the latter included 3 studies that examined the relevant environmental exposures 
(green/blue space and temperature) and health outcomes (Dang et al. 2018; He et al. 2020; 
Son et al. 2016) and concluded that the causal pathways were tenuous (Kua et al. 2021). 

The review by Kolokotsma et al. (2020) highlighted 2 case studies as evidence for an  
effect of green space and temperature on mortality (Chen et al. 2014; Vanos et al. n.d.).  
The authors noted that these studies provided evidence that decreasing air temperatures 
during heat events through vegetation lead to reductions in mortality. 

Two review papers were identified that were relevant to blue space: 

• In a systematic review and meta-analysis of studies examining the relationship between 
blue space and human health, Smith et al. (2021) reported that proximity to blue space 
reduced the risk of all-cause mortality by about 1%. However, none of the studies used 
for this estimate shed light on the mechanism underlying this association. Therefore, it is 
not clear the extent to which these results can be attributed to a local climate regulating 
effect of blue space. 

• White et al. (2020) reported that there was good evidence for positive health outcomes 
associated with access and exposure to blue space and suggested that mitigation of the 
UHI effect is one potential pathway by which these health benefits might be derived. 
However, these authors cited only a single study in support of such an effect (Burkart et 
al. 2016). 

Of the research-based articles, all-cause mortality was the most commonly identified health 
outcome. Overall, the majority of these studies support that green/blue space has an effect 
on all-cause mortality through the regulation of increased temperatures.  

Benmarhnia et al. (2017) reported that in Paris, France green space density (vegetation 
measured via land cover map) reduced the risk of all-cause mortality in those over the age of 
65 during heatwave events (when maximum temperatures exceeded 31 degrees Celsius) 
between 2004 and 2009. 

Pascal et al. (2021) investigated all-cause mortality associated with extreme heat and green 
space (as measured by percentage surface area green space from land cover maps) in Paris 
and neighbouring suburbs in France. The authors found that, during extreme heat events, 
living in areas with less green space was associated with a greater increase in mortality 
compared with living in areas with more green space. Specifically, the authors found: 

• a 94% increase in the relative risk of mortality associated with extreme heat in areas with 
37% area surface green space 

• a 56% increase in the relative risk of mortality associated with extreme heat in areas with 
97% area surface green space. 
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The authors estimated that up to 884 deaths may have been avoided during extreme 
heatwaves between 1990 and 2015 if all municipalities in Paris with low surface vegetation 
coverage had met a minimum threshold of 37% vegetation land coverage. 

Goggins et al. (2012) produced a UHI index classification for different areas throughout the 
city of Hong Kong. The authors reported that a 1-degree Celsius increase above 29 degrees 
within the city was associated with: 

• 0.7% increase in mortality in areas categorised with a low UHI effect 
• 4.1% increase in mortality in areas categorised with a high UHI effect. 

While the authors did not report if these associations were affected by green space, the 
cooling effects of vegetation (as measured through NDVI) were taken into account in how the 
UHI throughout Hong Kong was modelled. This suggests that the observed mortality 
outcomes are at least partly attributable to the cooling effects of green space on the UHI. 
Interestingly, the authors also reported on the effects for non-cancer related mortality – a 
1-degree increase above 29 degrees Celsius was associated with a 2.3% increase in 
non-cancer mortality in areas categorised with a low UHI effect, and a 5.2% increase in 
non-cancer mortality in areas categorised with a high UHI effect. 

Another study by Goggins et al. (2013) divided the city of Kaohsiung, Taiwan, into varying 
districts based on measures of UHI intensity; in so doing, it took into account various urban 
climate factors, including vegetation (urban parks, forests and agricultural land – based on 
urban climate modelling), proximity to water bodies, and wind. The authors reported that, in 
areas with urban climatic conditions and environmental characteristics that exacerbate the 
UHI effect (that is, ‘level 1’ districts), a 1-degree rise in mean temperature above 29 degrees 
Celsius was associated with a 4.2% increase in mortality. This compared with a 
non-significant increase of 0.3% in areas with less harsh urban and environmental 
characteristics (that is, ‘level 3’ districts). Note that, while the authors’ methodology 
accounted for green space, it also took into account a variety of other environmental and 
urban characteristics; hence, the results cannot be isolated to the effect of green space on 
temperature reductions per se. 

Denpetkul and Phosri (2021) examined deaths across 64 provinces and one metropolitan 
area in Thailand (although the estimate for the latter did not reach statistical significance). 
They found that up to 2. 5% of deaths were attributable to hot temperatures, and 1.3% to 
cold temperatures. In relation to green space, every 0.1 unit increase in NDVI was 
associated with a decrease in rates of all-cause mortality of 0.6% attributable to heat and 
0.2% attributable to cold. 

Qiu et al. (2021) examined whether green space had an effect on the association between 
ambient temperature and all-cause mortality in elderly people (aged 65 and over) in China. 
At a national level, increased green space, as measured by NDVI, decreased the relative risk 
between heat and mortality. The risk of all-cause mortality associated with the 95th percentile 
of increased temperatures (44 degrees Celsius and above) was increased by about 32% in 
areas characterised by the lowest quartiles of green space, and reduced by about 4.2% in 
areas categorised in the highest quartiles of green space. Interestingly, the opposite effect 
was observed for cold temperatures. The risk of all-cause mortality associated with the 5th 
percentile of temperatures (–26 degrees Celsius and below) was lowest in areas 
characterised by the lowest quartiles of green space (RR 1.52) and highest in areas 
categorised in the highest quartiles of green space (RR 3.15). 

Zhang et al. (2021) examined heat and mortality associations in China, adjusting for a range 
of demographic variables (such as age and sex) and risk factors (such as smoking and 
alcohol consumption), as well as other environmental exposures (such as PM2.5 air 
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pollution). The authors reported a hazard ratio associated with each 3-day increase in 
heatwave days in the year before death of 1.07 for those in the lowest tertile of NDVI, 1.03 in 
the middle tertile and 1.04 in the upper tertile. In other words, the estimated relationship 
between heat and death reduced by about 3% with increases in green space, suggesting 
that green space had a protective effect on mortality associated with heatwaves. 
Interestingly, these authors also reported the association between every 0.1 unit decrease in 
NDVI and mortality was about 4% stronger in urban areas than in rural areas. 

Sera et al. (2019) estimated that 0.54% of deaths were attributable to heat and 6.05% were 
attributable to cold when examining for temperature–mortality associations across 340 cities 
from 22 countries between 1985 and 2014. Among the urban and environmental indicators 
considered, cities surrounded by rural regions (as opposed to those surrounded by non-rural 
regions) showed a reduction of 0.19% in the heat-related attributable fraction and an 
increase of 0.05% in the cold-related attributable fraction (although the latter did not reach 
statistical significance). The authors reported that green space (vegetation measured via 
land cover map) mitigated the temperature–mortality effect: higher levels of green space 
reduced the heat-related attributable fraction by 0.07% and the cold-related attributable 
fraction by 0.03%, although, once again, the change in the cold-related attributable fraction 
did not reach statistical significance. 

Sinha et al. (2021) used a modelling approach to examine the relationship between air 
temperature and mortality. These authors simulated various tree coverage scenarios to 
examine how differences in the amount of trees affected estimates of all-cause mortality due 
to extreme temperatures. They also considered ozone levels, reasoning that, because ozone 
is correlated with temperature, not accounting for ozone could lead to overestimating the 
reduction in mortality that may occur through tree coverage via cooling. After controlling for 
ozone, they estimated that 247 deaths by extreme heat could be avoided annually by 
increasing tree coverage (based on land cover maps) in Baltimore by 10% per unit area.  
By comparison, reducing tree coverage by 10% was estimated to result in 220 more deaths 
per year, while removing all trees was estimated to incur 551 additional deaths per year. 

Son et al. (2016) found that the association between temperature and all-cause mortality 
(excluding those from external causes, such as from accidents or homicides) was highest  
for areas with low green space, as measured through NDVI in Seoul, Korea. The authors 
divided districts of Seoul into 3 groups based on the urban vegetation of each area and 
estimated the relationship between heat and mortality in each group. They estimated that,  
for every 1-degree rise in temperature above the 90th percentile (25.1 degrees Celsius), 
there was an increased risk of mortality of 4.1%, 3.0% and 2.2% for areas categorised as 
low, medium and high NDVI, respectively. 

Kim and Kim (2017) examined the association between mortality rates in people with lower 
levels of education during heatwaves and multiple measures of green space in Seoul, Korea. 
Green space measured included green area, green area around buildings and rooftop green 
area. The latter 2 measures showed effects: based on quantile classifications, the odds of 
death during heatwaves were estimated to be increased by up to 18% in districts with a low 
proportion of green space around buildings, and up to 21% in districts with a low proportion 
of rooftop green space. 

Stone et al. (2014) examined heat-related mortality in 3 United States cities (Phoenix,  
Atlanta and Pennsylvania). The authors reported that, according to their modelling, the 
greatest concentration of avoided heat-related mortality was seen in the urban core of each 
metropolitan region, where population densities were highest and the proportion of land 
surface affected by either surface reflectivity or vegetation (measured via land cover map) 
was greatest. They estimated that, through various vegetation and surface reflectivity 
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scenarios, increases in heat-related mortality between 2010 and 2050 could be offset by 
between 40% and 99%. 

Choi et al. (2021) examined the association between temperature and all-cause mortality in 
North Carolina, United States. The relative risk of cold-related mortality was higher in urban 
areas (RR 1.023) than in rural areas (RR 1.012), as was the relative risk of heat-related 
mortality (RR 1.006 for urban areas compared with 1.002 for rural areas); however, the 
difference in heat-related mortality did not reach statistical significance, suggesting it cannot 
be confirmed that the effect was not due to chance alone. The authors further reported that 
the association between heat and mortality varied, based on the amount of green space (as 
measured by NDVI): counties with below-average amounts of green space were estimated to 
have a higher heat-related mortality risk than those with above-average amounts of green 
space. A similar effect was found for the effect of green space on cold and mortality; however 
this appeared to be region-specific, as it was only statistically apparent in the Coastal Plains 
regions of North Carolina. 

Zanobetti et al. (2013) provided a ‘case only’ approach across 135 United States cities.  
The authors reported an increase in the relative odds of dying from any medical condition of 
3% with a 7.7-degree Celsius increase in warm-month temperature in areas with less green 
space (below the 25th percentile, measured via land cover map) and of 1% with an 8.6-
degree Celsius decrease in cold-month temperature in areas classified below the 25th 
percentile of green space. 

Murage et al. (2020) examined all-cause mortality associated with excessive heat in London, 
reporting a reduction in the odds of mortality due to heat based on green space exposure 
(measured via NDVI and tree count). In areas classified as the highest quartile of NDVI, the 
odds of all-cause mortality associated with excessive heat were decreased by about 1% 
compared with areas classified as the lowest quartile of NDVI. A similar reduction of about 
1% was observed when using the proportion of tree cover, rather than NDVI. 

Two studies (Rosenthal et al. 2014; Xu et al. 2013) reported a lack of association between 
green space and heat-related mortality but significant associations with other exposure 
measures. Xu et al. (2013) observed a 30% increase in rates of all-cause mortality due to 
extreme heat in Barcelona, Spain, between 1999 and 2006. No differences in this effect were 
found based on the percentage of tree coverage; however, an effect for perceived greenness 
was reported. Populations of areas where more than two-thirds (greater than 66%) of 
residents reported perceiving little surrounding greenness had a significantly higher risk of 
death than those where less than 14% of residents reported perceiving this. 

Rosenthal et al. (2014) found that rates of mortality on extremely hot days (where maximum 
temperatures exceeded 100 degrees Fahrenheit / 38 degrees Celsius) throughout New York 
City were increased by about 22% in areas where surface temperatures were above the 75th 
percentile, compared with areas below the 75th percentile. There was a statistical correlation 
between mortality and the percentage of impervious surface (the inverse of green space, 
measured via trees and vegetation via land cover map), and between mortality and remotely 
sensed surface temperature – but not between mortality and measures of vegetation land 
coverage. These results do not clarify if green space mitigated mortality through temperature 
cooling, but they do suggest a mitigating effect of green space, given that rates of mortality 
increased with both temperature and proportion of impervious surface. 

Jang et al. (2020) examined the association between heat-mortality risk and the UHI, as well 
as several environmental factors in Seoul, Korea. The authors reported that there was no 
association between indicators of green space and heat-mortality risk, even after adjusting 
for the UHI effect. However, they did report that indicators of green space (such as urban 
forestry and green coverage via land cover map and satellite) were negatively associated 
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with the UHI effect, and that higher values of the UHI were associated with higher mortality 
risk in the total population. This effect was not observed for wetlands, the authors’ measure 
of blue space. The authors interpreted this set of findings overall to suggest that, while there 
was no evidence of a direct association between environmental indicators and heat mortality, 
there was an effect of the environmental indicators on heat-related mortality risk through an 
increase in the UHI effect.   

Burkart et al. (2016) examined the influence of green space and blue space on all-cause 
mortality in Lisbon, Portugal from 1998 to 2008 for those aged 65 and over. The authors 
reported that the association between all-cause mortality and a 1-degree temperature 
increase above 24.8 degrees Celsius was 15% higher for areas in the lowest NDVI quartile 
compared with areas in the highest NDVI quartile. A similar effect was also reported based 
on proximity to water – areas further than 4 km from water showed a 7.1% increase in 
mortality with a 1-degree increase in temperature compared with an increase of 2.1% in 
areas less than 4 km from water. 

In contrast to this evidence, two of the eligible studies found no effect of green space in 
relation to all-cause mortality and local climate (Madrigano et al. 2013, Ho and Wong 2019). 
In their analysis of the relationship between temperature and mortality in Hong Kong, the Ho 
and Wong (2019) did not find any increase in all-cause mortality risk with a 1-degree Celsius 
increase in temperature. As there was no association, there was no impact on the effect of 
percentage vegetation cover (as determined via land cover map). A noteworthy difference in 
the methodology of this study was that heat effects were analysed across all days with an 
average daily temperature at or above the 50th percentile, which is not typical for studies in 
this area. Rather, studies tend to use a much higher percentile threshold, such as the 90th 
percentile. This difference, the authors reasoned, might explain the null finding. 

Madrigano et al. (2013) investigated associations between temperature and all-cause 
mortality in the United States city of Worcester, in Massachusetts, reporting that extreme 
heat increased the rate of all-cause mortality by 44% in the 2 days preceding death and 41% 
in the 4 days preceding death. The authors also reported a marginal increase in the risk of 
death due to extreme cold temperatures; however, these estimates did not reach statistical 
significance. Further, there was no significant association between heat-related mortality and 
green space (measured via NDVI). However, mortality associated with increases in apparent 
temperature were affected by proximity to blue space – living within 400 m of a large body of 
water was associated with a reduced rate of mortality, compared with living more than 400 m 
from a large body of water. However, the findings were not statistically significant.  

Two studies reported on mortality outcomes but did not specify the cause of death (Chen et 
al. 2014; Dang et al. 2018). Both studies reported findings that suggest an effect of 
green/blue space on temperature-related mortality outcomes. 

A modelling study by Chen et al. (2014) considered various urban scenarios throughout the 
Melbourne central business district (CBD) area (such as replacing 50% of the Melbourne 
CBD with forest parkland), and the associated consequences for temperature and 
heat-related mortality. Through these simulations, the authors estimated that increasing the 
Melbourne CBD vegetation coverage (as determined via land cover map) from 15% to 33% 
could reduce the average heat-related mortality rate by up to 28%. Estimates of reductions in 
excess heat-related mortality were up to 99% in a scenario where the entire Melbourne CBD 
was replaced by forest vegetation. 

Dang et al. (2018) estimated the proportion of mortality specifically attributable to the UHI 
effect in Ho Chi Minh City, Vietnam, between 2010 and 2013. They estimated an attributable 
fraction of mortality resulting from the UHI of 0.42%, which equated to 30% of the total 
mortalities resulting from heat in the whole city. The attributable fraction decreased with 
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increasing green space (measured as vegetation land coverage from satellite and urban 
climate modelling) – an increase in green space of 1 km2 per 1,000 people was estimated to 
prevent 7.4 mortalities attributable to urban heat. 

A single study was identified that examined the association between infant mortality and 
measures of green space and temperature. Schinasi et al. (2020) reported that the risk of 
infant mortality in Philadelphia, United States, increased by up to 22% with every 1-degree 
increase in minimum daily temperatures over 23.9 degrees Celsius on the day of death. The 
authors reported a slight indication that the effect may be modified by green space, as there 
was a higher risk of infant mortality associated with a rise in temperatures in areas with the 
most tree canopy (measured via land cover map) within a 250 m residential buffer zone, 
contrary to expectations that greater amounts of tree canopy would result in a decreased risk 
of mortality. However, the risk of infant mortality did not increase uniformly with increasing 
amounts of tree canopy, and the observed effect did not reach statistical significance, 
suggesting it cannot be concluded that it was not due to chance alone. 

4.9  Heat-related mortality 
Of the eligible articles, 2 reviews and 4 studies examined or mentioned heat-related mortality 
in relation to green/blue space. Unlike other studies examining mortality, these studies used 
mortality data where exposure to heat was, to varying degrees, cited as the underlying cause 
of death. 

In their systematic review, Kabisch et al. (2017) cited 5 studies focusing on the role of heat 
and green space. The authors concluded that, though there is a tendency for a positive 
association between urban green/blue space and heat-related mortality, the evidence was 
weak and somewhat inconsistent for the overall relationship. 

Heaviside et al. (2017) reviewed several modelling studies that presented data suggesting 
that increased vegetation can help avoid heat-related deaths. The authors cautioned that it is 
difficult to validate the estimated impacts of these modelling studies against observed data. 

Four studies (described below) were identified that collected data on green/blue space, 
temperature, and mortality specifically attributed to heat at the time of death. Overall, it 
cannot be concluded from the results of these studies if there is an effect of green/blue space 
through local environmental cooling on heat-specific mortality, as each study showed a 
different outcome: 

• Boumans et al. (2014) outlined estimated reductions in non-accidental deaths during 
heatwaves, based on modelled changes in tree coverage in Travis County, Texas. 
Estimates ranged from reductions of 1.2% to 2.2% for a doubling of trees, and 2.5% to 
3.6% for a 15% increase in tree planting where no trees, at the time, existed. However, 
the authors cautioned they cannot be confident about these estimates, as they tended to 
over-predict mortality numbers when compared with historical data. 

• Harlan et al. (2013) reported that, after controlling for a number of heat risk 
vulnerabilities (which included socioeconomic vulnerability and elderly/isolation status) 
and variation in land surface temperature, a 1-degree Celsius increase in mean land 
surface temperature in Maricopa County, Arizona, increased the odds of heat-related 
death by 23%. When controlling for these same vulnerability factors, the proportion of 
unvegetated area (NDVI) increased the odds by 19%. Note, however, that temperature 
and vegetation were examined in separate statistical models; therefore, these results 
cannot determine whether the effect of vegetation had an impact on the effect of 
temperature. Nonetheless, the authors reported that more statistical evidence favoured 
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the former model (analysing land surface temperature) than the latter model (analysing 
unvegetated areas). 

• Uejio et al. (2011) examined whether the geographic distribution of heat risk factors – 
including vegetation health and density (as measured via NDVI), proportion of 
impervious surface, and night surface temperatures – was related to cases of extreme 
heat mortality during an extreme heat event in Philadelphia, United States. The authors 
reported that the geographic distribution of these heat risk factors was not related to heat 
mortality and that characteristics of neighbourhood stability (such as housing vacancy, 
house age, and total neighbourhood population) were more influential. 

• Gronlund et al. (2015) collected data on heat-related mortality but reported that the 
percentage of heat-related deaths was too low to use as an outcome. 

4.10 Cardiovascular health 
One review and 10 studies were identified as relevant for cardiovascular-related health 
outcomes in relation to the ecosystem service of local climate cooling by green/blue space. 

A review and meta-analysis by Gascon et al. (2016) synthesised evidence on the association 
between exposure to residential green space and mortality in adults. The authors concluded 
there is moderate evidence for a link between green space and cardiovascular disease 
mortality. However, only 2 studies were included in their review, which examined for 
cardiovascular mortality and temperature (heat-related mortality) (Harlan et al. 2013; Uejio et 
al. 2011). Neither of these studies provided direct evidence of a mediating link or a direct 
mitigation effect of green space or vegetation. 

Overall, evidence among the research-based studies was mixed for the local climate 
regulation ecosystem service of green/blue space on cardiovascular-related mortality.  

A study by Shen and Lung (2016) found a significant effect of green space on rates of 
cardiovascular mortality in Taipei, Taiwan. The effects were specifically found for green 
space fragmentation (the degree to which green spaces are separated from one another), 
patch distance (the distance between green spaces) and largest patch percentage (green 
space size) (derived from landscape metrics). The authors used a form of structural equation 
modelling, known as partial least squares. This statistical tool is used to determine causal 
relationships and to estimate the extent to which observed effects are due directly to the 
exposure (green space), or mediated by air pollution and/or temperature. The full model – 
which included effects for both pollution and temperature – indicated that air pollution 
explained more of the relationship between green space and cardiovascular mortality than 
temperature. Notably, there was still good statistical evidence for a mediating effect of 
temperature on the green space/mortality relationship. 

Another study by Gronlund et al. (2015) provided evidence of an increase in temperature- 
related mortality outcomes with a decrease in green space (determined via land cover map). 
The authors examined death records based on daily temperatures across 8 areas in the 
state of Michigan, United States. They found that the odds of cardiovascular mortality were 
increased by up to 14% due to extreme heat. The odds of cardiovascular mortality among 
those living in areas made up of 91% non-green space were 1.17 times as high during 
extreme heat as during non-extreme heat. There was no statistical association between 
cardiovascular mortality and extreme heat in people living in areas made up of 39% 
non-green space. 

More recently, a study by Denpetkul and Phosri (2021) examined the association between 
daily temperatures and mortality across various provinces in Thailand. These authors 



 

50 Benefits of the environment to health 

estimated that up to 0.7% of cardiovascular mortality was attributable to heat and up to 2.3% 
was attributable to cold. Furthermore, a positive effect was reported for green space (as 
measured via NDVI) on this relationship. Every 0.1 unit increase in NDVI was associated 
with a 0.3% decrease in cardiovascular-related deaths attributable to hot temperatures and a 
0.1% decrease in cardiovascular-related deaths attributable to cold temperatures (although 
the latter estimate did not reach statistical significance). 

Madrigano et al. (2013) reported no significant effect for green space (measured by NDVI)  
on the association between acute myocardial infarction and extreme heat but did report an 
association based on proximity to blue space. The effect was opposite to what would be 
expected, based on a protective effect of blue space: the rate of mortality rose by 36% for 
those living within 400 m of water and fell by 15% for those living further than 400 m from 
water. Note that this finding was not statistically significant. 

In their analysis of the relationship between temperature and mortality in Hong Kong, Ho and 
Wong (2019) reported that cardiovascular mortality risk was not affected by every 1 unit 
increase in temperature. Because there was no association between temperature and 
mortality, there was no effect of green space (determined by the proportion of vegetation 
cover via land cover map). A noteworthy methodological difference of this study was that the 
authors analysed heat effects across all days with an average daily temperature at or above 
the 50th percentile. Typically, other studies use much higher points, such as the 90th 
percentile or greater. 

Studies that have modelled the relationship between air temperature, green space and 
cardiovascular mortality have reported mixed findings: some provide evidence for an effect of 
green space on temperature-related mortality and others suggest a negligible impact. 

For example, in their modelling study of various tree coverage scenarios in Baltimore, United 
States, Sinha et al. (2021) estimated that increasing tree coverage (determined via land 
cover maps) by 10% per area unit could prevent 423 extreme heat-related cardiovascular 
mortalities in those aged 65 and over. Another 18 deaths by stroke due to extreme heat were 
also estimated to be avoidable based on the same 10% increased tree coverage scenario. 

Conversely, Nyelele et al. (2019) modelled cardiovascular mortality and the ecosystem 
services of several environmental exposures, including air temperature reductions, based on 
different scenarios of tree growth in New York, United States. Depending on the rate of tree 
growth modelled, tree coverage (determined via land cover map) was estimated to increase 
by between 2% and 5% between 2010 and 2030. However, this was estimated to have a 
negligible impact on both air temperature and rates of cardiovascular mortality. 

Boumans et al. (2014) focused on modelling mortality related to heat stress in Austin, Texas. 
The results indicated that increased vulnerability to cardiovascular mortality corresponded 
with areas in which temperatures were increased and vegetation coverage (NDVI) was 
lacking. However, the authors did not provide quantitative information on the magnitude of 
this effect. 

It is worth noting that several of the included studies analysed whether the odds of dying due 
to increased temperatures varied, based on pre-existing cardiovascular conditions or risk 
factors, including:  

• hypertension (Rosenthal et al. 2014) 
• atrial fibrillation, congestive heart failure and stroke (Zanobetti et al. 2013) 
• angina, hypertension, stroke, atrial fibrillation, cardiogenic shock, congestive heart 

failure, family history of coronary heart disease, and smoking status (Madrigano et al. 
2013). 
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However, these studies did not examine whether any association between these conditions 
and temperature were affected by green / blue space. Therefore they cannot imply a 
relationship between cardiovascular health outcomes and the ecosystem service of local 
climate cooling by green/blue space. 

4.11 Combined cardiorespiratory health 
Six studies were identified that reported on cardiorespiratory health outcomes alongside 
measures of green/blue space and temperature. These studies examined either  
respiratory-related health outcomes or combined cardiovascular and respiratory-related 
health outcomes. Overall, the results suggest that evidence is limited for an effect of the 
ecosystem service of local climate cooling on cardiorespiratory-related health outcomes.  

Morais et al. (2021) found that the incidence of heat-related mortality (cardiovascular, 
respiratory) in those aged 65 and over in Lisbon, Portugal, increased by 1.6% with every unit 
increase in impervious density. Furthermore, the authors found that it decreased by 2.5% 
with every unit increase in green space (NDVI) and by 4.0% based on the cooling potential of 
green space (a green space measure that takes into account temperature variations due to 
vegetation). 

In their analysis of daily temperatures in Thailand, Denpetkul and Phosri (2021) examined 
the association between respiratory-related mortality rates and non-optimal temperatures. 
They estimated that up to 2.5% of respiratory-related deaths were attributable to heat, and 
up to 0.5% to cold. The authors also reported that every 0.1 unit increase in NDVI decreased 
the respiratory-related deaths attributable to hot temperatures by 0.8%, and those to cold 
temperatures by 0.1%. However, neither estimate for cold-related deaths reached statistical 
significance, suggesting that there cannot be confidence that this finding did not occur due to 
chance alone. 

Ma et al. (2014) examined the association between temperature and pooled total 
non-accidental mortality, cardiovascular mortality and respiratory mortality across 17 cities in 
China. In cities with less than 37.6% green space, the authors estimated a relative risk of 
heat on daily mortality of 3.87 and a corresponding relative risk of cold of 1.78; in cities with 
more than 37.6% green space, they estimated a relative risk of heat on daily mortality of 
2.00, and a corresponding relative risk of cold of 1.68. However, these differences were not 
statistically significant, suggesting that there cannot be full confidence that they were not due 
to chance alone. Note that the authors did not report how green space was measured. 

Another ecological study relevant for respiratory-related health outcomes was the analysis of 
death records in Michigan, United States, by Gronlund et al. (2015). The authors reported no 
significant association between extreme heat and respiratory mortality, and no effect of 
non-green space (via land cover map) on this association was observed. 

Modelling studies of the relationship between air temperature and cardiorespiratory mortality 
have reported findings that are similarly limited in their support for a respiratory-related health 
effect for the ecosystem service of local climate cooling: 

• Nyelele et al. (2019) modelled various future tree coverage scenarios in New York, 
estimating that tree coverage (determined via land cover map) would increase by 
between 2% and 5% between 2010 and 2030, but that this increase would have a 
negligible impact on either air temperature or pulmonary-related mortality cases. 

• Sinha et al. (2021) modelled various tree coverage scenarios in Baltimore, United States 
and estimated that increasing tree coverage (determined via land cover map) by 10% 
would reduce pneumonia-related deaths by 1. 
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Studies reported by Rosenthal et al. (2014) and Zanobetti et al. (2013) both analysed the 
odds of dying due to increased temperature, based on pre-existing respiratory conditions 
(asthma and pneumonia). However, neither examined whether these respiratory conditions 
were influenced by temperature and green/blue space. Therefore, these results cannot 
determine the relationship between respiratory health outcomes and the ecosystem service 
of local climate cooling via green/blue space. 

4.12 Diabetes 
As only 2 studies examined data relevant to diabetes as a primary health outcome, evidence 
for a link between diabetes and the ecosystem service of local climate cooling is limited. 
These 2 studies suggest increases in temperature increase the risk of diabetes-related 
mortality; however, results are inconclusive as to whether this risk is influenced by green 
space. 

The only study to report a positive effect for green space on diabetes mortality associated 
with heat was reported by He et al. (2020). The authors reported an increase in the odds of 
diabetes mortality of up to 20% associated with extreme heat across 60 provinces in 
Thailand between 2000 and 2008. This effect was mitigated by increased green space 
(based on NDVI), even after separately controlling for several other factors (including gross 
domestic product, education, proportion of elderly, and mean temperature). However, when 
accounting for average humidity, the association between NDVI and heat-mortality was no 
longer significant. What this indicates is that at least some of the effect of green space on 
diabetes mortality: 

• occurred independently of temperature, given that when the mean temperature was 
accounted for, the effect remained unaltered 

• was accounted for by humidity, because when humidity was included in the model,  
the effect of green space on the heat-mortality association was no longer statistically 
significant. 

Another study that examined the association between diabetes (hospitalisations and 
mortality) and temperature in the city of Brisbane, Australia, was reported by Xu et al. 
(2019a). The authors found increased odds of hospitalisation due to diabetes (OR 1.37) one 
day after a heatwave temperature spike. A similar increase was observed during the most 
extreme heatwaves (those defined by the 99th percentile of temperature increases), but this 
did not reach statistical significance; this suggests that this finding cannot be confirmed to be 
not due to chance alone. Of note, green space (as measured via NDVI) did not have any 
effect on the association between heatwaves and hospitalisation due to diabetes, or 
post-discharge deaths due to diabetes. 

Three studies that investigated all-cause mortality or cardiovascular mortality (Rosenthal et 
al. 2014; Madrigano et al. 2013; Zanobetti et al. 2013) also examined how pre-existing 
diabetes affected the association between mortality and heat. All showed that diabetes 
increased the association, but none examined whether this was mitigated by green/blue 
space. Therefore, the results of these studies are relevant only for knowledge on the 
association between local climate, diabetes and mortality, and not for the relationship 
between local climate ecosystem services and diabetes. 

4.13 General and mental health 
There is limited evidence for an effect of the local climate regulating ecosystem service of 
green/blue space on general and mental health. While several reviews have noted 
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psychological effects of green/blue space (Jennings and Graither 2015; Kolokotsma et al. 
2020), evidence highlighted by these authors was not relevant for the mitigating effect of 
green/blue space on local climate temperatures. 

In their review and meta-analysis on blue space and health, Smith et al. (2021) found that the 
accumulation of evidence suggested a small but statistically significant effect of blue space 
on self-reported general health and mental health. Blue space was measured by a range of 
methods, including land cover maps and geographic information system mapping tools. 
Measures of general and mental health included self-reported general health via census data 
and mental-health data captured through instruments such as the 12 Item Short Form, 
Mental Component Score (known as the SF-12), the World Health Organization’s Five 
Wellbeing Indexes (known as the WHO-5 wellbeing index) and the Warwick-Edinburgh 
Mental Well Being scale (see Box 5.2 for more detail on these instruments). Overall, the 
authors reported that, in general, living closer to urban blue space was associated with 
higher self-reported general health and higher self-reported mental health. However, as with 
other reviews (Jennings and Graither 2015; Kolokotsma et al. 2020), the report does not 
outline how blue space confers these health benefits, and therefore cannot elucidate the 
extent to which these positive health outcomes are derived from cooling of the local 
environment. 

A study by Benita et al. (2019) examined the relationship between public spaces and 
subjective wellbeing in Singapore. Students wore a sensor that was used to indicate with a 
button press whenever they felt happy. The sensor also tracked their location and took in air 
temperature measurements. Results showed that, while no effect for proximity to water was 
observed, there was a weak significant association between visiting parks (measured via 
land cover map) and subjective wellbeing. When temperature was included in the authors’ 
model, the strength of this association was reduced. While this might suggest that 
temperature affects (at least partly) the association between visiting parks and wellbeing,  
the model simultaneously included several other demographic characteristics and 
environmental exposures. Therefore, the reduction in the strength of the association  
between parks and subjective wellbeing cannot be pinpointed specifically to temperature. 

A study by Cheng et al. (2021) examined environmental exposures and ‘expressed 
happiness’, as measured through sentiments derived from participants’ social medial posts. 
The authors reported increases in expressed happiness with increases in NDVI and 
proportion of water, and lower expressed happiness with increases in land surface 
temperature and proportion of impervious land. When all environmental exposures were 
considered simultaneously, the association between expressed happiness and each 
environmental exposure remained significant. This suggests that any single environmental 
factor had a unique effect on expressed happiness, once the other environmental factors had 
been statistically accounted for. While interesting, this result cannot speak to whether the 
green space effect occurred through local environmental cooling – although it does suggest 
that at least some of the effect of any one environmental exposure (for example, green 
space) on expressed happiness occurred independently of the others (for example, 
temperature). 

Ho and Wong (2019) reported an increase of up to 3.3% in the rate of mortality associated 
with mental and behavioural disorders with a 1-degree Celsius increase in temperature in 
Hong Kong. Furthermore, the authors estimated that, after controlling for demographic 
factors (such as age and gender) and air quality (such as PM2.5 and NO2), those people with 
mental and behavioural disorders who died were more likely to have resided in districts with 
0.94% lesser green space (measured via vegetation cover on land cover map). It is worth 
noting that, while the study discussed ‘mental and behavioural disorders’, the majority (99%) 
of the deaths analysed in this study were specified as dementia cases. Therefore, these 
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results are more informative for dementia specifically than for mental and behavioural 
disorders more broadly. 

Xu et al. (2019b) examined a number of Alzheimer’s-related health outcomes 
(hospitalisations and post-discharge deaths) in Brisbane, Australia, during summer season 
middle-intensity heatwaves. Post-discharge deaths due to Alzheimer’s showed a relative risk 
of 1.47 in areas with the lowest proportion of green space (NDVI), compared with a relative 
risk of 1.0 in areas with the highest proportion of green space. However, this difference did 
not reach statistical significance and the association varied considerably between health 
outcomes and according to how the heatwave period was defined. Nevertheless, the broader 
trend in their findings led the authors to conclude that increasing urban vegetation would 
likely be effective in easing the negative health effects associated with heat. 

4.14 Morbidity indicators 
Overall, there is some evidence for an association between green/blue space, temperature, 
and indicators of morbidity (such as hospital admissions, service access and emergency 
service use). 

In their review, Jennings and Graither (2015) cite evidence from 3 previous studies (Harlan et 
al. 2006; Knowlton et al. 2011; Solecki et al. 2005) that various socioeconomic factors 
increase vulnerability to adverse heat-related health outcomes such as hospitalisations for 
cardiac conditions. While the authors suggest that green space can alleviate these 
heat-related health effects, it is not clear that the evidence cited links these heat morbidities 
to the cooling capacity of green space. 

A review by Kabisch et al. (2017) suggested that, while there is a tendency for a positive 
association between urban green/blue space and heat-related morbidities, evidence is weak 
and somewhat inconsistent. The authors suggest that socioeconomic and environmental 
factors likely confounded the results, and hence complicated the evidence base; they further 
highlighted differences in (and limitations of) how green space is measured, as some of the 
reasons for these inconsistencies. 

In their review, Wolf et al. (2020) cited evidence from Kilbourne et al. (1982) and Graham et 
al. (2016) that there is support for a risk-mitigating effect of trees on heat stroke and 
heat-related ambulance calls. 

Several research-based studies were identified as being relevant for local climate cooling of 
green/blue space and morbidity indicators:  

• Gronlund et al. (2016) reported that the proportion of non-green space did not 
significantly affect extreme heat and hospitalisation admissions for heat, renal and 
respiratory diseases in the elderly (65 and over) across 109 United States cities between 
1992 and 2006. 

• Venter et al. (2020) reported that monthly air temperatures were correlated with the 
number of skin and subcutaneous diagnoses or hospital admissions in the elderly in 
Oslo, Norway. The authors estimated that each tree in the city could mitigate heat 
exposure risk for one elderly citizen by one day. 

• Xu et al. (2019a) and Xu et al. (2019b) examined hospitalisations due to diabetes and 
Alzheimer’s (respectively) during heatwaves in Brisbane, Australia. The former study did 
not find any association between green space (as measured via the NDVI) and 
diabetes-related hospitalisations during heatwaves, while the latter reported a relative 
risk of 3.05 for hospitalisations due to Alzheimer’s during heatwaves (based on the 95th 
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percentile of heat with a 2-day lag) in areas with the lowest proportion of NDVI, 
compared with 1.0 in areas with the highest proportion of NDVI. 

• Graham et al. (2016) reported that daily heat-related ambulance calls in Toronto, 
Canada, were 12% higher during extreme heat events, compared with pre-/post-control 
time periods. The authors reported that the percentage of canopy cover (determined via 
land cover map) was negatively correlated with the frequency of heat-related ambulance 
calls, potentially suggesting that the frequency of these calls decreased with increasing 
green space. 

• Uejio et al. (2011) reported that the rate of heat distress calls in Phoenix, Arizona 
increased by about 1.0% with an increase in the percentage of impervious surface  
(the inverse of green space) and by 17% with an increase in maximum night surface 
temperatures, both of which are indicators of a UHI effect. Unfortunately, the authors did 
not provide results for the association between rates of heat distress calls and green 
space, despite having collected data on NDVI. 

4.15 Economic impact and health 
Avoided costs 
Only one study was identified that estimated or evaluated monetary benefits of beneficial 
health outcomes derived from local climate regulation ecosystem services (Sinha et al. 
2021).  

Using the Value of Statistical Life methodology, Sinha et al. (2021) reported that estimates of 
the reduction in baseline annual mortality from increasing tree coverage by 10% (per census 
block) in Baltimore was valued at US$0.68–2.0 billion (depending on the method used).  
The authors noted that the estimated monetary benefits from reducing heat were greater 
than those generated by air filtration services – more than 100 times larger than the value 
generated from reduced air pollution (PM2.5 concentrations) on average. 

Avoided deaths and morbidities 
Several studies reported attributable fractions or attributable numbers in relation to avoided 
temperature-related negative health outcomes based on green/blue space. These studies 
are included here, given that they could potentially be used for purposes of valuation if their 
results were to be converted to costs. They include: 

• Dang et al. (2018), who reported that the attributable fraction resulting from the UHI in  
Ho Chi Minh City, Vietnam, was 0.4%. The authors estimated that every 1 km2 increase 
in green space per 1,000 people can prevent 7.4 deaths caused by heat 

• Sera et al. (2019), who reported an attributable fraction of heat-related deaths of 0.54% 
across 340 cities over 22 countries. They reported a reduction of 0.19 in the attributable 
fraction in cities surrounded by a predominantly rural region, and a reduction of 0.07 in 
the attributable fraction with every square metre of green space per million people 

• Sinha et al. (2021), who estimated that the existing tree coverage in Baltimore, United 
States, reduces extreme heat-related all-cause mortality by 551 deaths per year. These 
authors estimated a further 247 deaths could be avoided by increasing tree coverage by 
10% per unit area, whereas 220 additional deaths would be incurred by decreasing tree 
coverage by 10% 
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• Graham et al. (2016), who estimated that increasing the proportional canopy cover in any 
given census tract from less than 5% to more than 5% could reduce heat-related 
ambulance calls within the census tract by around 80% 

• Venter et al. (2020), who reported that the average tree reduces the potential heat 
exposure risk for the elderly in Oslo, Norway, by 1.3 ± 0.1 heat risk person days. In other 
words, every tree removed increases heat risk exposure by about 1 day for 1 person. 

4.16 Grey literature 
International case study  
Kalkstein et al. (2013) modelled various UHI mitigation strategies, such as increasing surface 
reflectance and increasing vegetation cover, and the consequent effects on heat-related 
mortality in the district of Columbia (Washington D.C.). The authors reported that an average 
of 285 deaths between 1948 and 2011 were due to heat-related causes. Using historical 
weather data, they estimated a potential 7% reduction in heat-related deaths through altering 
the landscape of the area, and that a further 1% reduction could be achieved through 
increasing vegetation in the area by 10%, equating to around 20 lives saved per decade. The 
authors suggested that, while they did not examine hospital admissions from heat-related 
illness, their results indicate that possibly greater benefits could be expected if more sensitive 
measures of human health were examined. 

Australian case study 
Whiteoak and Saiger (2019) modelled various UHI mitigation scenarios (including urban 
greening and integrated water management – IWM) in an area west of Melbourne. The 
authors were examining for the associated consequences on morbidity (ambulance 
attendance and emergency department visits), mortality, and monetary benefits. They 
examined 3 climate outcomes (cool, average, hot) for 4 scenarios over a 50-year period: 

• scenario 1: no IWM regulation 
• scenario 2: current IWM policy settings 
• scenario 3: potential future IWN policy setting  
• scenario 4: targeted UHI mitigation scenario.  

The largest benefits from heat mitigation were estimated to have come from avoided deaths 
and energy savings, with an estimated reduction in avoided deaths of between about 
A$150,000 for no IWM and urban greening to around A$1.5 million with maximum IWM and 
urban greening per 100,000 people. In relation to morbidity outcomes for daily maximum 
temperatures over 30 degrees Celsius, estimated savings ranged from around A$21,500 
under the no IWM regulation scenario to A$324,000 for the maximum UHI mitigation 
scenario for a hot year per 100,000 people. 

4.17  Gaps and limitations 
Study comparability 
Reviews of the health benefits of local climate regulation commonly highlight that study 
methodologies vary, in some cases considerably, limiting the comparability of studies. 
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Analytic choices relevant to local climate regulation that have an impact on the comparability 
of studies include differing approaches to measuring: 

• health outcomes: for example, researchers must specify the lag-definition by which to 
catalogue health data as ‘heat-related’. Because the effects of both heat and cold on 
health might not occur immediately, researchers must incorporate some degree of ‘lag’ to 
their choice of what health data should be analysed. In relation to heat, researchers will 
often use a lag period of 0–2 days, but this varies considerably between studies 

• temperature: for example, surface temperature derived from a satellite, air temperature 
derived from a weather station, or other methods (such as a wrist monitor or 
meteorological modelling). Further still, researchers must define the choice of 
temperature threshold (such as the 90th or 95th percentile) by which to categorise data 
as ‘heat-related’ or ‘not heat-related’ 

• green space: for example, tree canopy, land use cover maps, or NDVI derived from a 
satellite. This review identified NDVI as the most commonly used measure of green 
space (19 out of 40 studies), which itself poses its own limitations (see Box 2.1) 

• heat: for example, while several studies categorise heat risk based on percentiles, some 
use absolute indices (Rosenthal et al. 2014; Venter et al. 2020). Sometimes, these 
temperature spikes are spatially derived to isolate a ‘genuine’ UHI effect (Dang et al. 
2019), but this is not always the case 

• space: for example, some studies examine data at a whole-of-city level, others at the 
neighbourhood level, and others still at the census tract/group level. This is not a trivial 
point given the modifiable area unit problem – namely, that results are influenced by how 
data are aggregated. For example, results might provide evidence for an association if 
data at the level of postcode are aggregated to the census tract level, but not when 
aggregated to the city level area. 
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5  Recreation-related ecosystem services 

5.1  What are recreation-related ecosystem 
services?  

Recreation-related ecosystem services are ‘the ecosystem contributions, in particular 
through the biophysical characteristics and qualities of ecosystems, that enable people to 
use and enjoy the environment through direct, in-situ, physical and experiential interactions 
with the environment’ (United Nations et al. 2021:133). These services sit within the broader 
category of cultural ecosystem services, along with visual amenity; education; scientific and 
research; and spiritual, artistic and symbolic services (United Nations et al. 2021:129).  

Cultural ecosystem services provide experiential and non-material benefits to humans; for 
example, through aesthetic, spiritual, education or recreational experiences (United Nations 
et al. 2021). Unlike the provisioning and the regulating and maintenance ecosystem services, 
the benefits of cultural ecosystem services are often considered intangible, subjective or 
‘conceptual’ (Milcu et al. 2013; Smith and Ram 2016). For this reason, defining their benefits 
can be difficult, compounded by the fact that the subsets often overlap – for example, 
recreational experiences are often intertwined with aesthetic or social experiences (Daniel et 
al. 2012). As such, the material benefits from these services are traditionally more difficult to 
quantify than for other ecosystem services (Milcu et al. 2013). Several authors have tried to 
untangle and clarify these complexities (Fish et al. 2015; Haines-Young and Potschin 2012; 
Milcu et al. 2013) but some definitional debate still exists. 

For the purposes of this review, the definition of the SEEA EA is used; this positions 
recreation-related ecosystem services as a subset of cultural ecosystem services, and 
defines them as recreation-related services that benefit both those who live in the vicinity of 
the services and those who travel to the area to partake of the service (United Nations et al. 
2021). This definition separates them from the other cultural ecosystem services, which for 
the most part are not covered in this review (noting that, as previously stated, these services 
are often intertwined). 

The term ‘recreation-related ecosystem services’ covers a wide range of active or passive 
activities, including walking, hiking or running, bike or horse-riding, birdwatching and 
socialising (Vallecillo et al. 2018). Recreation-related ecosystem services are generally 
considered to occur outdoors (Barton et al. 2019) – in green spaces, such as parks and 
forests, or in blue space. These environments may be situated in urban or non-urban areas 
and are generally considered to include publicly available areas (Lachowycz and Jones 
2011) such as public parks, although they may also include private land such as backyards 
(Barton et al. 2019).  

How people experience nature is personal and subjective, and can occur through a variety of 
pathways, including olfactory and auditory stimulation (smells and sounds) and in different 
temporal (occasional or regular) and spatial (neighbourhood or protected parkland) patterns 
(Hartig et al. 2014). The postulated benefits of recreation-related ecosystem services are due 
to experiencing nature in its many forms. 

5.2  Overview of the literature 
In line with the findings of Hartig et al. (2014) in their review of the relevant literature, the 
broad range of definitions used to define nature, health and (in particular) recreation-related 
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ecosystem services made it difficult to define and select articles specifically relevant to the 
topic. To capture the recreation-related ecosystem services component in relation to health 
outcomes, only articles that discussed nature (in some form, such greenness, green spaces, 
blue spaces, and so on) with a recreational component were included. This could include 
measurement of an activity undertaken by participants in areas of greenness (or in relation to 
green space measurements) or measurement of health in relation to nature spaces that offer 
a recreational component (rather than the less defined measurement of ‘total green space’). 
This approach provided greater focus on the recreational contribution to health. It also 
avoided including research where findings on health outcomes related to greenness could 
not be attributed to the recreational services offered by that greenness, but were instead 
potentially provided by other ecosystem services, such as air filtration or local climate 
regulation.  

The search strategy for this review identified 28 eligible articles: 

• 20 presented original research relating to recreation-related ecosystem services and 
health 

• 6 were reviews of the relevant literature 
• 2 were reviews with meta-analyses.  

See Appendix B, Table B1 for an overview of the eligible articles.  

The following overview organises the findings of recreation-related ecosystem services and 
health thematically; for example, into categories relating to physical health outcomes and 
mental health outcomes. However, due to the broad range of definitions of nature and green 
space, use of green space, risk factors, health conditions evaluated, and methods for 
evaluating these in relation to recreation-related ecosystem services, there is some overlap 
between certain of these categories.  

Key findings 
• In general, recreation-related ecosystem services measured by residing near or 

spending time in green space were associated with improved health and wellbeing, 
including improved general mental health.  

• Increased physical activity in recreational outdoor areas was associated with better 
health outcomes in a number of studies. 

• Some studies found that physical activity partially contributed to the observed mental 
health benefits. The remaining benefits for mental health were postulated as being 
due to ‘restorative’ elements such as stress relief and mitigation of negative emotions. 
However, these were not specifically tested for. 

• There was evidence that blue space also potentially plays a role in improved mental 
health, although the mechanisms are not well defined in terms of recreation, and 
benefits could be due to mechanisms other than recreation-related activities. 

• Some studies demonstrated that recreation-related ecosystem services provide 
measurable economic benefits, through increased physical activity opportunities. 
Economic benefits are derived from decreased mortality, less living with ill health, and 
reduced health care costs. There are also potential economic benefits in terms of 
avoided costs for mental health care , improved productivity and avoided antisocial 
behaviours. However, accurate measurement of these would require data 
development. 
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5.3  Physical health effects  
General health  
Sugiyama et al. (2008) investigated the association of perceived neighbourhood green space 
and physical health – as measured by the SF-12 questionnaire (Ware et al. 1996) – of 1,895 
adults living in Adelaide, Australia. ‘Health’ was based on how participants rated their general 
health, ability to undertake daily tasks, and impact of pain (Ware et al. 1996); resulting scores 
were categorised as either ‘high’ or ‘low’ general health. Level of greenness was also 
self-reported, and included participants’ perceptions of access to parks and bicycle/walking 
paths, presence of greenery, tree-lined footpaths and ‘pleasant natural features’ in their area.  

The unadjusted analyses showed that those who lived in areas with higher perceived levels 
of greenness had 40% higher odds of belonging to the ‘high’ physical health category; this 
relationship did not alter significantly when adjusting for social and demographic variables 
(such as age, level of education, income, and work and marital status). However, when the 
model included recreational walking, the association between greenness and physical health 
became non-significant, and recreational walking became a significant predictor of physical 
health. This suggested that walking for recreation may be the mediating factor in the 
relationship between greenness and better health. However, the authors noted that, as this 
was a cross-sectional study, causality could not be inferred from these findings. 

Zhang et al. (2018) investigated the impact on physical health of green spaces (including 
those used for physical activity / recreation) to which people were exposed throughout their 
day, to determine whether causal relationships existed between them (using statistical 
modelling). Many studies investigating green space rely on measures of vegetation cover in 
the areas where people reside. However, this study included green spaces that people 
experienced throughout their day, such as at their place of residence, their workplace/s, and 
during travel between these, thereby providing greater detail of exposure with time. This 
Chinese-based study of 1,003 adults included the following measures of ‘physical health’: 

• presence of bodily pain 
• impact of physical health on daily activities 
• self-rated physical health (collected using the Medical Outcomes Study 36-item 

Short-Form Health Survey) (McHorney et al. 1993; Zhang et al. 2018).  

The authors determined if the observed effect was due directly to the exposure or mediated 
by another pathway by looking at the direct effects and indirect effects of green space 
exposure on physical health; they used structural equation modelling, a statistical tool widely 
used to determine causal relationships.  

The results of this analysis, shown in Table 5.1, indicated that physical activity was the driver 
of the relationship between green space exposure and physical health. That is, physical 
activity was considered the moderating factor in the positive relationship between green 
space and physical health, indicating that the positive health benefits seen were derived in 
total from physical activity.  

The authors concluded that the strong relationship between daily green space exposure  
(not just limited to where people reside) and physical activity indicates that provision of 
recreational green spaces plays a role in preventing poor health by providing attractive and 
accessible places to undertake physical activity.  
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Table 5.1: Effect relationship between green space exposure, physical  
health, and physical activity, using statistical equation modelling 

Total path effect size Direct path effect size Indirect path effect size 

Green space exposure > 
physical health 

Green space exposure > 
physical health 

Green space exposure > 
physical activity > physical 
health 

0.018 0.000 0.018 

Source: Adapted from Zhang et al. 2018. Results reported as standardised path coefficients. 

Life expectancy and mortality 
A study by Henke and Petropoulos (2013) investigated ecosystem services with a 
recreational element in relation to health and social deprivation across Wales. The green 
space under investigation included areas within Wales that had a recreational focus, such as 
public forests, nature trails and cycle networks, and included blue spaces (for example, 
wetlands and marine nature reserves). Socioeconomic factors included income, employment 
and health-related factors (death rates, life expectancy, health behaviours such as physical 
activity, and limitations due to long-term illness).  

Using regression analyses, the authors found a modest significant correlation between poor 
availability of recreational areas and death rates but did not find any significant correlations 
between recreational areas and other measures of ‘health’, such as being overweight or 
insufficient physical activity. The authors concluded that, while access to recreational land 
options is likely linked to lower death rates and longer life expectancies, the weak statistical 
correlation indicates that an array of other factors are likely responsible for human health 
outcomes, such as genetics or employment conditions. 

Vienneau et al. (2017) attempted to determine factors accounting for the relationship 
between green space and mortality in Switzerland, using population level data of 4.2 million 
adults, over a mean 7.8-year follow-up period. Using the land use classification data 
measure of green space (areas of green space that are publicly accessible and can be used 
for recreation, including rural land and forests with walking tracks), the authors found a 
protective effect of green space on all-natural-cause mortality (HR 0.94), cardiovascular 
disease mortality (HR 0.95) and respiratory-related deaths (HR 0.92). Adjusting for the 
contribution of air pollution (PM10) and transportation noise (decibels) led to around 2–6% 
and 8% fewer deaths (respectively) from all natural causes; this indicates that the health 
benefits associated with green space are only marginally attributable to air pollution and 
traffic noise.  

Although the authors did not test for other potential contributing factors (such as specific 
recreation-related activities associated with the recreational green space), they did propose 
several mechanisms that may have contributed to the observed decreased mortality: 

• physical activity: the greater protective effect of green space on all-cause mortality 
among the younger population may be because younger people make greater use of 
green space for physical activity 

• recreational use of parks: the greater protective effect of green space for females may 
be due (so the authors hypothesised) to the fact that mothers with young children may 
have a higher use of local parks as recreational spaces for their young children 
(Vienneau et al. 2017).  

Note, however, that these conclusions cannot be definitively drawn from this research. 
Nonetheless, it does contribute to the body of evidence that the association between green 
space and decreased mortality is not limited to the effects of air pollution and traffic noise, 
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and indicates that the effect of the association with recreational green space should be 
further investigated. 

Blood pressure  
Shanahan et al. (2016) examined the impact of nature dose on blood pressure – in terms of 
frequency of visits and length of time spent in urban green space – in a sample of 1,538 
people living in Brisbane, Australia. The authors found in this study that visits by individuals 
to green spaces for 30 minutes or more a week were associated with significantly fewer 
cases of high blood pressure. They also determined, via a population attributable fraction 
analysis, that this would lead to 9% fewer high blood pressure cases if everyone in their 
sample undertook 30 minutes of nature exposure per week (assuming a causal nature 
existed). While this study indicates that ‘nature exposure’ doses of at least 30 minutes a 
week may lead to a measurable decrease in high blood pressure among the population, the 
authors did not specifically determine which elements of the nature exposure were 
associated with the health benefits; therefore, while the study provides good evidence for the 
impact of nature on health, other causative factors, such as air filtration or local climate 
regulation cannot be ruled out. 
Jimenez et al. (2021) identified 2 meta-analyses in their review that examined the association 
between green space exposure – in the form of forest bathing and ‘nature therapy’ (exposure 
to nature to improve health and wellbeing) – on diastolic and systolic blood pressure. The 
first of these meta-analyses found decreased diastolic and systolic blood pressure levels in 
healthy people (as well as in those with hypertension) after exposure to nature, inducing a 
state of physiological relaxation (Song et al. 2016). The second meta-analysis also found 
significantly decreased diastolic and systolic blood pressure in those exposed to forest 
environments, compared with those in urban areas (Ideno et al. 2017). 

5.4  Physical activity  
Richardson et al. (2013) explored the relationship between the amount of neighbourhood 
(urban) green space and morbidity, and the mediating role of moderate to vigorous physical 
activity in health outcomes. In this New Zealand-based study, the authors investigated the 
role of physical activity, due to its known benefits in reducing the risk of poor general health, 
overweight and obesity and cardiovascular disease, and in improving mental health. The 
results showed that people living in the greenest quartile were significantly more likely to 
meet physical activity guidelines than those living in the area of least green space. 
Furthermore, those living in greener areas had a significantly lower risk of poor mental health 
and a reduced risk of cardiovascular disease, after adjusting for sociodemographic variables 
(for example, age, sex, ethnicity, socioeconomic status and smoking).  

However, there was no significant association between amount of green space and general 
health, nor overweight and obesity. Adding physical activity to the model to determine its 
mediating effect on the association between green space and mental and cardiovascular 
health produced only a minor difference to the results, indicating that the positive mental 
health and cardiovascular outcomes associated with living in more green neighbourhoods is 
only partly due to the effect of physical activity. This suggests that although physical activity 
has positive effects on health – and green space is often associated with increased levels of 
physical activity – physical activity alone was not responsible for the total observed mental 
and cardiovascular health benefit, and that other elements of green space exposure 
(unaccounted for in this research) contributed to the improved mental and cardiovascular 
health. 
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Vert et al. (2019) sought to quantify the effects of physical activity in a newly regenerated 
riverside recreational environment in an urban area of Spain on a range of health measures, 
including: 

• all-cause mortality (deaths per year) 
• certain morbidities 
• DALY. 

Conservative estimates (that is, assuming that only 50% of the physical activity being 
undertaken by the population in the park was new, due to the existence of regenerated park) 
suggested that this new physical activity would result in 4.8 fewer deaths annually, 4.1 fewer 
cases of a range of (unspecified) diseases, and 7.4 fewer DALY annually. These values 
increased on the assumption that 100% of the physical activity undertaken in the park was 
new and due to the park regeneration – 7.3 fewer deaths, 6.2 fewer cases of (unspecified) 
diseases, and 11.1 fewer DALY annually. Of the physical activity types measured (walking 
for leisure, walking for commuting, cycling or running), cycling had the greatest impact, with 
5.3 or 7.9 fewer DALY (depending on whether 50% or 100% of the activity was assumed to 
be new and due to the regeneration) (Vert et al. 2019).  

White et al. (2016) estimated the potential health impact of outdoor recreation, calculated as 
the number of quality adjusted life years (QALY) among ‘active’ users of outdoor 
environments in England (see Box 5.1). These environments included urban public open 
space, allotments, rural parks and pathways, and blue space areas such as beaches and 
coastlines, but not private residential gardens. Based on previous studies that determined 
30 minutes of moderate to vigorous activity per week was associated with 0.010677 QALY 
per person per year (Beale et al. 2007), the authors calculated that health benefits equivalent 
to 109,164 QALY per year were achieved through active visits to nature spaces in England. 
In a further analysis, they estimated a 6% reduction in the risk of mortality, and 542 fewer 
deaths per year, due to walking-based active visits in outdoor environments. While providing 
useful estimates of potential health benefits of exercising in green environments, the study 
had several limitations. The study sample only included those who were physically active on 
5 or more days per week – setting a lower threshold for ‘sufficiently physically active’ may 
result in a greater number of people being included in the estimates. Also, the study did not 
include work-related physical activity undertaken outdoors (such as agriculture), and did not 
include activities undertaken in private gardens, such as gardening, both of which might lead 
to higher estimated health benefits. 

Box 5.1: Quality adjusted life years 
QALY measure the number of years of life saved as a result of the intervention, adjusting for 
the quality of life during those years. One quality adjusted life year is equal to one year of 
life lived in perfect health. 

Shanahan et al. (2016) investigated the dose–response relationship between nature 
exposure and self-reported physical activity levels among a sample of 1,538 people living in 
Brisbane, Australia. The authors found that longer visits to green space, and more frequent 
visits, were associated with higher levels of physical activity, after adjusting for 
socioeconomic status, age, sex and BMI. However, they acknowledged that the study design 
did not determine whether the green space exposure causes physical activity, or whether 
people who are more physically active self-select to live in greener areas. 
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Two studies investigated the association between green space and maternal outcomes  
(in terms of birthweight), and the potential role of physical outdoor physical activity in the 
association (Agay-Shay et al. 2019; Cusack et al. 2018). 

Agay-Shay et al. (2019) investigated the association between birthweight and residential 
proximity to outdoor fitness equipment located in parks. After adjusting for potential 
confounders (such as socioeconomic status, number of times the woman had given birth, 
marital status and age), the authors found a small decrease in mean birthweight for those 
living further from an outdoor park – the mean birthweight decreased by 2.1 g for each 100 m 
increase in distance to the park. Mediation analysis determined that living further from an 
outdoor park during pregnancy accounted for up to 14% of the association between green 
space (measured by NDVI) and birthweight. The authors hypothesised that the outdoor parks 
may provide beneficial maternal outcomes through opportunities for physical activity, stress 
relief and social cohesion. However, the study did not account for actual park use, and 
further research would be required to determine the actual effects of outdoor park use on 
birth outcomes. 

Similarly, Cusack et al. (2018) examined the effect of maternal outdoor physical activity on 
the association between green space and birth outcomes as a potential explanatory pathway 
for the effect. The authors found increases in term birthweight with increasing exposure to 
green space (although these did not reach statistical significance). When testing for the 
impact of indicators of physical activity on this effect, the association was only slightly 
attenuated (for maternal neighbourhood walkability), or had no effect (for proximity to parks 
and water). That is, their results could not determine whether the observed positive 
association between green space and birthweight outcomes was due to maternal physical 
activity provided by the physical activity opportunities of the maternal residential green and 
blue space environment. However, the authors noted that they did not assess actual 
maternal physical activity levels, and so could not definitively state that the recreation-related 
ecosystem services that promote physical activity did not contribute to better birth outcomes. 

5.5  Obesity 
While the search strategy for this review did not return any results relating specifically to 
overweight and obesity with respect to recreation-related ecosystem services (due to 
potential limitations of the search strategy), one review by Jimenez et al. (2021) did include 
evidence of associations between nature exposure and obesity. The authors found that the 
results were mixed: some studies showed lower levels of obesity in those with greater green 
space exposure (Bell et al. 2008; Dadvand et al. 2014); others showed either no association 
(Coombes et al. 2010; Mowafi et al. 2012), a reverse association (that is, higher obesity in 
areas of higher greenness) (Cummins and Fagg 2012), or associations that differed 
depending on other factors such as green space type or population density (Dempsey et al. 
2018; Liu et al. 2007; Lovasi et al. 2013b). Some of the studies included in this review 
examined only the association between the presence of green space and obesity (with no 
measure of recreational element included) (Bell et al. 2008; Dempsey et al. 2018; Liu et al. 
2007; Mowafi et al. 2012), although the authors hypothesised that the effects were likely due 
to increased physical activity. Two studies included measures of physical activity (such as 
neighbourhood walkability) or access to recreational areas that promote physical activity, in 
order to explain the findings, but these did not appear to affect the observed associations 
between green space and obesity (Cummins and Fagg 2012; Lovasi et al. 2013b). 
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5.6  Mental and psychological health effects 
The search strategy returned a number of studies and reviews that mentioned the impact of 
recreation-related services on ‘mental health’. Note, however, that the definitions of mental 
health varied considerably, as did the methods by which it was measured. See Box 5.2 for an 
overview of mental health measurement tools included in the search results. 

Box 5.2: How was ‘mental health’ measured? 
Mental health can be measured in variety of ways, and validated questionnaires are one 
useful method for doing this. Many different questionnaires have been developed over time, 
and the choice of questionnaire used in research depends on the study context and the 
specific elements within mental health that are being evaluated. The following is a summary 
of the 7 different questionnaires employed for measuring mental health in relation to 
recreation-related ecosystem services that were identified among the studies selected for 
this review: 

 
Note: All tools are validated instruments, and rely on self-report measures. 

General mental health  
Sugiyama et al. (2008) used the SF-12 (MCS) to investigate the association of perceived 
neighbourhood green space with mental health. ‘Mental health’, as measured by the SF-12, 
was based on participants’ responses to a number of questions about the impact of 
emotional problems on their daily functioning (Ware et al. 1996). Participants were 
categorised as having either ‘high’ (better) or ‘low’ (worse) mental health based on their 
scores. The authors found that those who lived in areas of greater perceived greenness had 
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almost twice the odds of being in the high mental health category (OR 1.93) as those living in 
areas of low perceived greenness (OR 1.00) – and this level remained high and significant 
when adjusting for various socioeconomic and demographic characteristics. When 
recreational walking was added to the adjustment, the relationship between higher levels of 
greenness and better mental health scores remained significant (OR 1.44), indicating that 
recreational walking alone did not fully explain the association between greenness and 
mental health. This suggests that the benefits of exposure to nature on mental health may be 
in part related to recreational walking, but that there are likely other factors at play that result 
in improved mental state. 

Rather than measuring the presence or absence of mental illness, Wood et al. (2017) sought 
to investigate the impact of urban greenness on measures of positive mental health, using 
the WEMWBS (Tennant et al. 2007). Looking at a range of measures and attributes of 
neighbourhood green space, Wood et al. (2017) found, in their Western Australian-based 
study, that mental wellbeing was positively associated with the number of parks and the total 
area of parks within a 1.6 km buffer zone of participants’ homes. The number of 
neighbourhood regional parks (defined as spaces of 20 hectares or more that provide for 
recreation, sport and conservation and enjoyment of nature) had the greatest effect size on 
mental wellbeing. However, significant effect sizes were also found for district parks (that is, 
those 2–20 hectares in size, mainly used for organised sport) and small ‘pocket’ parks (for 
local recreation uses, not sport). As well, the authors found that people living in 
neighbourhoods that met the Western Australian planning policy minimum park provision 
(defined as ‘8% of the sub-divisible land area’) had better mental wellbeing – on average, 
scoring 1.6 points higher than those living in areas that did not meet this threshold. Finally, in 
looking at the function of the green space, the authors found that the 3 park types examined 
– sporting, recreation and nature – all resulted in positive mental wellbeing scores, although 
the effect size was greatest for parks providing for organised sport. This study demonstrated 
that access to local, recreational green spaces of varying sizes and functions resulted in 
increased positive self-reported mental health. 

In their study on green space exposure and health, Zhang et al. (2018) also used the 
concept of mental wellbeing rather than illness, using the WHO-5 (Bech et al. 2003). Using 
statistical equation modelling to investigate the relationships, the study found that there was 
a direct positive effect between daily green space exposure and mental wellbeing, and that 
the magnitude of this was greater for those who were exposed to more green space 
throughout their day (including in their residential area, work area and while travelling).  
In adding physical activity to the model, as a potential mediator of the causal pathway 
between green space and mental wellbeing, the authors found that physical activity 
explained some of the positive impact on health. The impact of green space exposure on 
mental health had a direct effect size of 0.228, while the indirect effect size (physical activity 
as a mediator) was much lower (0.018) (Table 5.2).  

Table 5.2: Effect relationship between green space exposure, mental  
health, and physical activity, using statistical equation modelling 

Total path effect size Direct path effect size Indirect path effect size 

Green space exposure > 
mental health 

Green space exposure > 
mental health 

Green space exposure > 
physical activity > mental health 

0.228 0.21 0.018 

Source: Adapted from Zhang et al. 2018. Results reported as standardised path coefficients. 

These findings indicate that elements of daily green space exposure, other than physical 
activity, provide positive mental wellbeing outcomes; while the authors did not examine what 
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these factors were, they postulated that stress relief, relaxation and mitigation of negative 
emotions may be possible pathways to better mental wellbeing. 

Depression  
Shanahan et al. (2016) investigated the impact of nature exposure doses on depression in 
Brisbane, Australia. Depression was subjectively measured using the DASS scale (Lovibond 
and Lovibond 1995). The authors found that the odds of having depression were significantly 
lower for those who spent at least 30 minutes a week in an urban nature environment, and 
that there was an incremental decrease in the odds of depression with increased time spent 
in this environment – plateauing at 1 hour and 15 minutes (Shanahan et al. 2016). This 
indicated that more time spent in nature was associated with improved mental health. After 
performing a population attributable fraction analysis, the authors found that up to 7% of 
cases of depression could be avoided if the sampled population experienced at least 
30 minutes of nature exposure a week.  

Again, it should be noted that this study did not determine which elements of nature 
exposure were responsible for the associated health improvements; therefore, these results 
can only contribute to the knowledge base of nature exposure and health in a general 
manner.  

In their longitudinal study of pregnant women in the city of Bradford, England, McEachan et 
al. (2016) examined the relationship between residential green space and depression in 
pregnant women, as measured by a modified version of the GHQ-28 (Goldberg and Hillier 
1979; Prady et al. 2013). They found that those living in areas with higher amounts of green 
space within a 100 m buffer zone (measured by NDVI) were associated with lower odds of 
reporting depressive symptoms (between 18% and 23% lower) than those living in areas with 
lower amounts of green space.  

The authors then sought to determine whether physical activity moderated or mediated the 
relationship between green space and depression – that is, did the strength of the 
association vary depending on participants’ physical activity behaviours (moderation) or did 
physical activity explain part of the reason for the association (mediation)? In the unadjusted 
models, the authors found that those with higher amounts of green space within a 300 m 
buffer zone of their residence were significantly less likely to report depressive symptoms 
during pregnancy. However, after adjusting for ethnicity, demographics, socioeconomic 
status and health behaviours (such as smoking and alcohol intake), the relationship 
remained significant only for those who were physically active. This indicated that the 
protective effect of greater amounts of green space on depression during pregnancy was 
strongest for those who are physically active.  

Further, the authors determined that physical activity mediated, or accounted for, 7.8% of the 
relationship for those in the 100 m residential buffer zone, decreasing to 5.6% within the 500 
m buffer zone. Therefore, the benefits of green space on pregnancy depressive symptoms 
were only partly due to the physical activity opportunities they provide, and other 
mechanisms (such as air filtration or local climate regulation) should be investigated in a 
similar way to determine their contribution to the association. 

5.7  Other potential health benefits 
The studies mentioned earlier provide examples of how health benefits can be measured in 
relation to recreation-related ecosystem services at a large, population scale. The search 
strategy also revealed some interesting literature on the benefits of green spaces to health 
through recreational opportunities, although the experimental methods used to determine 
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these benefits limited the extent to which the findings could be generalised to the wider 
population. More work would be required to determine the extent of their impact on a larger 
scale.  

Limitations included very small sample sizes (between 13 and 77 participants), single sex 
studies and the young age of participants, or the use of experimental methods that are not 
practical to conduct at the population level. While they cannot be applied to the population as 
a whole, these findings have been included here for discussion, as part of the extensive 
review into potential health benefits of green and blue space. They do offer useful insights 
into some health effects that are currently unaccounted for in other larger studies.  

Findings included: 

• anxiety – significantly lower self-assessed anxiety (as measured by the STAI 
questionnaire) in those who spent 15 minutes walking in urban forests during winter  
(that is, during leaf-off season) (Song et al. 2013), and in rural forests (Joung et al. 
2020), compared with those who spent 15 minutes walking in urban areas. The study 
sample sizes were 13 and 24 participants, respectively 

• mood – significantly improved self-assessed mood (as measured by the POMS 
questionnaire) for those who spent 15 minutes walking in urban forests during winter 
(that is, during leaf-off season) (Song et al. 2013), and in rural forests (Joung et al. 
2020), compared with those who spent 15 minutes walking in urban areas (study sample 
sizes of 13 and 24 participants, respectively). Significantly improved mood (as measured 
by the POMS questionnaire) among those who spent 15 minutes walking in, or simply 
sitting in and viewing a forest environment compared with those undertaking the same 
activities in urban environments (study sample size of 57 participants) (Kobayashi et al. 
2021) 

• relaxation – induced relaxation (as measured by heart rate variability) in those taking a 
small amount of gentle exercise in forested areas (Joung et al. 2020; Song et al. 2013) 
compared with those undertaking the same activity in urban areas (study sample sizes 
of 13 and 24 participants, respectively) 

• stress – lower stress levels (as measured by salivary cortisol) among those undertaking 
a 15-minute walk in a rural forest compared with those undertaking the same activity in 
an urban area (study sample size of 24 participants) (Joung et al. 2020). However, the 
findings of this study contrasted with those of 2 studies included in a review by Grilli and 
Sachelli (2020), which found that forest exposure appeared to have an insignificant or no 
effect on lowering cortisol levels. The effect was potentially due to the short duration of 
the stimulus, which was insufficient to activate a cortisol response (Beil and Hanes 2013; 
Tyrväinen et al. 2014), and because the included  studies had small participant numbers. 

The literature search also returned one extensive review by Andersen et al. (2021) on the 
impact of nature exposure on immune system functioning. Many plants, and in particular 
conifers, are known to emit BVOCs (which can provide plants with antimicrobial protection) 
and terpenes (which produce the characteristic odour of plants) (Cho et al. 2017; Kuo et al. 
2015; Laothawornkitkul et al. 2009). As these compounds are present as aerosols in forest 
areas, it has been hypothesised that inhaling them is at least partially responsible for positive 
health effects found in studies on ‘forest bathing’ – or Shinrin-yoku, an immersive 
recreational activity, often undertaken in Japan and Korea, that has been found to have 
positive health effects (Cho et al. 2017; Song et al. 2016; Tsunetsugu et al. 2010).  

In their review of the subject, Andersen et al. (2021) found that forest bathing studies 
resulted in increased markers of immunity (such as natural killer cell levels), specifically as a 
result of inhaling BVOCs while in these environments. The meta-analysis also found that 
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exposure to waterfalls led to anti-inflammatory responses and decreased allergic responses. 
These results provide support for the immunological benefits provided by exposure to natural 
environments through recreational pursuits such as forest bathing. The authors noted, 
however, that determining whether these immunological responses translate to prevention of 
immunological diseases requires further investigation. Currently, while recreation-related 
ecosystem services appear to play a role in stimulating potentially powerful immunological 
responses, there is a lack of evidence to link this response to quantifiable health outcomes at 
the population level. 

Two papers on biodiversity in relation to recreation-related ecosystem services and health 
were identified. One was a small study (n=22) on perceptions of biodiversity in alpine 
regions, and impacts on psychological health (Hussain et al. 2019). This study did not find 
any significant changes to heart rate measurements between the more and less biodiverse 
environments, but there were higher levels of self-reported health benefits between the two. 
The second paper, a review by Sandifer et al. (2015) mentioned a range of health benefits in 
relation to more biodiverse nature exposure (without specifically examining recreation-related 
ecosystem services). However, the authors also acknowledged data deficiencies in 
determining the health impacts of the cultural ecosystem services, in particular. This 
highlights the need for better data development to determine health impacts of increased 
biodiversity in recreation-related ecosystem services. 

5.8  Blue spaces and health  
Most of the literature discussing health effects of nature referred to the impacts of green 
space on health. However, green space is rarely uniform, and may include natural or 
artificially constructed bodies of surface water, such as ponds, fountains, lakes, rivers, canals 
and so on – that is, blue spaces. The impact of these blue spaces as part of the natural 
environment are often not accounted for (Smith et al. 2021).  

However, the search strategy returned 2 review articles that focused solely on the 
contribution to mental health of recreation-related ecosystem services provided by blue 
spaces (Gascon et al. 2017; Georgiou et al. 2021). A third review focused on the contribution 
of blue spaces to a range of physical and mental health outcomes (Smith et al. 2021). 

A systematic review by Gascon et al. (2017) identified several studies relating the impact of 
blue spaces such as lakes, rivers and seas (independently from green spaces) on mental 
health and wellbeing. Conditions that the authors considered to be part of ‘mental health’ 
were varied and included behavioural and emotional problems, wellbeing, self-esteem, 
mood, stress, psychological distress, life satisfaction, happiness, mental restoration, 
depression and anxiety. Tools to measure these conditions also varied widely: some studies 
used validated questionnaires, such as the GHQ-28 (Goldberg 1972), while others used 
either existing health surveys, or information on the use of mental health services (such 
practitioner visits or mental health prescribing) (Gascon et al. 2017). The authors found 
mixed evidence of the contribution of blue space to mental health. Some studies did not find 
an association between the size of, or access to, blue spaces and the mental health 
condition or service use being investigated; others revealed improvements in terms of better 
mental health, fewer emotional problems in children, and increased happiness. However, 
these studies solely investigated the proximity, access to and time spent in various types of 
blue space, not whether the blue spaces were used for recreation. Therefore, the benefits 
cannot definitively be ascribed to the recreation-related ecosystem service, as they may arise 
from other services, such as air filtration or local climate regulation.  
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A second review of the impacts of blue spaces on health by Georgiou et al. (2021) examined 
the element of ‘restoration’ (that is, relief from the stresses of daily life, to return to a more 
balanced physiological and mental state) in relation to blue space. Again, a variety of 
measures were used that fall under the umbrella of ‘restoration’, such as attention 
restoration, self-reported history of depression, self-reported negative feelings, life 
satisfaction and others. The authors found that, in general, living closer to blue spaces, or in 
areas with greater amounts of blue space, resulted in positive impacts on restoration in 
adults, although one study of children did not find an association. A meta-analysis of these 
studies showed that being in contact with more blue space was associated with more 
restoration, although there was no indication whether being in contact with blue space 
translated to recreational use. 
Smith et al. (2021) conducted a systematic literature review and meta-analysis of the 
contribution of blue space to physical and mental health and wellbeing. The meta-analysis 
determined that blue space had significant, if small, positive effects on physical health in 
terms of all-cause mortality, self-reported general health, and obesity. Of the wide array of 
mental health measures included in the meta-analysis, only self-reported ‘mental health and 
wellbeing’ was significantly positively affected by exposure to blue space. The authors stated 
that while the calculated effect sizes of positive impact were small, heterogeneity in research 
methods included in the meta-analysis likely underestimated the actual contribution of blue 
spaces to health. Furthermore, the effect sizes of health benefits from blue space were 
similar to those provided by green space.  

While the review and meta-analysis by Smith et al. (2021) provide an accumulation of 
evidence for the positive health benefits of exposure to blue space (independent of green 
space), as with reviews by Gascon et al. (2017) and Georgiou et al. (2021), the study did not 
examine whether the blue space provided better health through increased recreational 
opportunities, or whether the health benefits were a result of other factors, such as other 
cultural ecosystem services, air filtration or local climate regulation.  

5.9  Recreation-related ecosystem services, health 
and the COVID-19 pandemic 

During the height of the COVID-19 pandemic, many countries introduced public health 
measures to contain the spread of the virus. While the type and extent of restriction varied 
among countries, for many it entailed social distancing, working from home, limiting the 
amount of time spent outdoors, and travel restrictions. Based on the biophilia hypothesis – 
that is, that humans are, by nature, attracted to spending time in nature (Kellert and Wilson 
1993) – changes in daily patterns might be expected to have an impact on the way people 
use nature, and the benefits they derive from it. Research on the impacts of COVID-19 
restrictions on human interaction with the environment and the effect on health is starting to 
emerge. 

One United Kingdom-based study by O’Brien and Forster (2021) sampled 2,115 people with 
an interest in nature, trees and woodlands, to examine changes in their physical activity and 
wellbeing – as well as their level of engagement with nature – during the pandemic-related 
restrictions in England in June–July 2020. The study found that: 

• 59% of respondents who had been physically active in the previous week of lockdown 
had done a bit more, or much more physical activity than normal 

• 69% of respondents claimed they would maintain their increased outdoor physical 
activity levels in the long term 
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• respondents who were less active were significantly more likely to have fewer visits to 
nature – between 16% and 24% fewer (depending on the nature type; for example, 
urban green space, countryside) than those who were more active. 

Furthermore, more than two-thirds of respondents reported an increase in feelings of 
connection to nature (such as ‘time taken to appreciate nature’ and ‘level of happiness when 
in nature’) as well as an increased appreciation of trees in different environments (such as 
woodlands) in the streets and along waterways. Those who were more physically active 
reported that they were more likely to visit nature areas for physical activity and for other 
reasons – such as connecting with nature, learning, and challenging themselves.  

Although this study was non-representative and based on subjective measures of physical 
activity, wellbeing and engagement with nature, it provides evidence that during a time 
generally seen to be unusual and stressful, nature and green space provide opportunities to 
increase physical activity, personal wellbeing and feelings of connection to nature. 

Another study, of 730 residents based in a city in Finland, also found self-reported increased 
levels of outdoor recreation in almost half of respondents, and increased visits to forests, 
semi-natural and neighbourhood recreational sites compared with pre-pandemic levels 
(Fagerholm et al. 2021). As well, the impact of nature on subjective wellbeing was generally 
positive, with responses to a range of subjective wellbeing questions ranging from 49% to 
97% of people agreeing strongly or partly with statements such as ‘natural environment has 
been an important supporting factor for my wellbeing during COVID-19’ and ‘spending time in 
nature instead of the built environment is important for my positive mood’. 

Both these studies are subjective, non-representative and not quantifiable in a way that 
allows conclusions to be drawn about financial benefits gained from nature due to physical 
activity and/or wellbeing. However, they do highlight a change in appreciation for and use of 
natural spaces, and the potential for these to positively protect health (via improved mental 
and physical wellbeing) during wide-scale crises, thus likely increasing their societal value. 
More research is likely to become available soon on the impacts of COVID-19 public health 
restrictions in relation to recreation-related ecosystem services and health. 

5.10 Economic impact and health 
The search strategy revealed 6 studies that discussed the economic impact of nature 
exposure on health (Buckley and Brough 2017; Mekala et al. 2015; Moseley et al. 2018; 
Shanahan et al. 2016; Vert et al. 2018; White et al. 2016), with considerable heterogeneity in 
the methods of evaluating the values. 

Vert et al. (2019) performed a health economic assessment of the impact of physical activity 
in a newly regenerated riverside park development on all-cause mortality (using the Value of 
Statistical Life method) and on direct health costs of disease. In their analysis, the authors 
included 2 scenarios: firstly, the assumption that only 50% of the physical activity undertaken 
in the park was due to the new park regeneration and, secondly, the assumption that 100% 
of the physical activity was due to the regeneration.  

Using reduced mortality calculated from these scenarios, the authors estimated annual 
reductions of between €15,524,195 and €23,403,186 in one year. Additionally, they 
estimated reduced annual health care costs of between €19,849 and €29,943. These 
estimates were based on the park use profiles of the survey participants, the estimated daily 
numbers of park users, epidemiological studies (to determine physical activity – health 
outcome estimates) and administrative health data (physical activity levels, mortality and 
disease incidence rates among the local population). The authors noted that these calculated 
benefits could be greater if extended to populations outside those included in the survey. 
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Thus, the blue-green space provided by the regeneration of an urban riverside area provided 
physical activity opportunities resulting in considerable health advantages with economic 
benefits. 

Moseley et al. (2018) quantified the economic cost of a range of physical activities 
undertaken in 14 non-urban woodland environments in England and Wales. By categorising 
activity types undertaken (such as walking, leisure cycling, horse riding, mountain biking and 
running) into intensity levels, and assessing the length and frequency of park visits, they 
were able to determine the amount of energy spent due to physical activity in the parks (as 
measured by Metabolic Equivalence of Task, or MET, units), calculate QALY and produce an 
economic assessment of the benefits of physical activity in the woodlands.  

The types and intensities of recreational experiences varied depending on the woodland 
type: some areas were used more frequently for higher intensity activities, while others had a 
greater proportion of lower intensity physical activity visits. Accordingly, the total QALY 
generated by woodland use varied, from a low of 0.129 to a high of 3.542. The authors 
assigned the economic cost of 1 QALY, valued at £20,000, which was based on previous 
analyses relating to the National Health System in the United Kingdom (NICE 2013). The 
resulting QALY monetary estimates derived from a visit where a specific physical activity 
lasting 30 minutes or more occurred ranged from £6 to £8,542 per person, across the sites, 
with totals of all respondents surveyed at each site amounting to between £2,581 and 
£70,832 per site. This study demonstrated the utility of a physical activity indicator to 
determine an economic value of health benefits generated from physical activity use of 
recreational woodland areas in England and Wales. It is conceivable that a similar method 
could be applied to other areas. 

A second United Kingdom-based study used the above-mentioned NICE value of a QALY to 
economically evaluate benefits of nature-based physical activity. In their study of recreational 
physical activity in natural environments in England, White et al. (2016) estimated the 
economic value of exercise in nature undertaken by physically active people. Having 
calculated a health benefit of 109,164 QALY per year due to this activity, and applying the 
NICE recommendations of 1 QALY being equivalent to £20,000, the estimated annual 
welfare gain was calculated to be around £2.18 billion. A further analysis (estimating avoided 
mortality based on active participants walking in these same outdoor environments) to test 
the robustness of their results determined a 6% reduction in the risk mortality, and 542 fewer 
annual deaths due to active participants walking in these environments. The associated 
monetary benefit from this activity was estimated to be around £1.75 billion per year. This 
study was based on participants who met the physical activity guidelines and did not include 
activity undertaken in private green space (such as gardening). Therefore, it is likely an 
underestimate of potential monetary benefits due to recreational physical activity undertaken 
in outdoor settings. 

Mekala et al. (2015) developed a business case to value the benefits of a proposed creek 
rehabilitation project in a lower socioeconomic area of Melbourne. The authors estimated the 
economic benefit of increased physical activity that the development would potentially 
generate among the local population in terms of avoided health care costs of insufficient 
physical activity. Using a pre-determined assumption that the annual cost of insufficient 
physical activity is A$756.66 per capita (from Dedman 2011), the study determined the dollar 
value of avoided health care costs, using publicly available demographic data on the current 
level of insufficient physical activity in the catchment area. It then applied this dollar value to 
each of 3 scenarios of increased physical activity due to the park regeneration – a 10%, 12% 
or 15% increase in physical activity. This equated to annual savings of A$75,049, $90,059 
and A$112,574, respectively.  
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Calculation of avoided health care costs by this method lacks detail – for example, about the 
type of activity undertaken, the frequency of visits, energy expenditure and so on – and can 
only be used as a guide for the economic impact generated by a recreation-related 
ecosystem service on health. However, the business case does demonstrate how indicative 
values can be easily calculated to investigate potential health care related values of 
recreation-related ecosystem services. 

Shanahan et al. (2016) did not perform a detailed economic evaluation of recreation-related 
ecosystem services and health. However, their study of the impact of nature doses on 
self-reported mental health (depression) and high blood pressure (as determined by 
self-report of taking blood pressure medications) determined that 30 minutes of nature 
exposure would result in up to 7.0% fewer cases of depression and 9.0% fewer cases of high 
blood pressure. Extrapolating from these findings, the authors suggested that this could 
translate into substantial cost savings, based on estimates of AU$12.6 billion per annum in 
societal costs of depression in Australia. However, this is an indication of costs savings only, 
and not based on the type of detailed analysis that would be in line with SEEA EA accounting 
principles. 

Based on the concept that economic valuation of conservation land use should include the 
cost of human health, Buckley and Brough (2017) investigated the psychological health 
improvements from direct use of park ecosystems (mental health improvements in visitors) 
and proposed a framework to quantify this. The framework involves 3 main steps:  

1. defining people and their nature experiences (for example, age, length of exposure) 
2. quantifying the psychological health outcomes from the experience 
3. calculating the economic outcomes and values of the health impact.  

The economic values are derived from avoided mental health care treatment costs, improved 
work productivity and avoided antisocial behaviours (such as vandalism or domestic 
violence). Noting that currently the data to support these costs have not yet been extensively 
developed, a broad estimation can be calculated; for example, by including estimates such 
as:  

• the proportion of the 24 million people in Australia visiting urban green space (90%) or 
national parks (around 75%) annually 

• the proportion of Australians experiencing mental health issues annually (greater than 
20%) 

• the proportion of Australians using mental health services annually (about 8%) 
• the current estimated cost of mental illness in Australia (A$200 billion).  

The authors noted that the model would need information on the mental health of park users, 
and on the health outcomes for the various types of visits to parks and patterns of use, 
longitudinally (short-term and longer term exposures), before it could be applied; however, it 
provides a useful framework for the inclusion of health in valuing park ecosystems services. 

5.11 Grey literature 
International case study  
Paths for All – a partnership project developed between Glasgow Life and NHS Greater 
Glasgow and Clyde, and carried out by greenspace scotland (Paths for All 2013) – was 
developed to promote walking opportunities across Glasgow among population groups least 
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likely to undertake regular exercise. Using a Social Return on Investment analysis to 
calculate the social, environmental and economic impact of the program, the result included 
a cost–benefit ratio to help evaluate its effectiveness. For example, a ratio of 1:3 indicates 
that an investment of £1 in the activities has delivered £3 of social value. The analysis was 
undertaken at an individual rather than a population level, with some economic outcomes as 
follows: 

• NHS Greater Glasgow and Clyde: applied costs savings to the National Health Service 
(NHS) in relation to reduced prescription costs. This was achieved through questioning 
participants on their medical conditions and identifying individuals who were able to 
reduce their blood pressure from regular physical activity and thus require less drug 
therapy  

• Glasgow City Council: reported a reduced demand for home care as walkers reported 
better mobility and fewer falls due to increased agility and movement.  

However, these findings likely underestimate the benefits provided through the walking 
program as the study noted the challenge of capturing the multiple health benefits of regular 
walking within the time frame. This led to the commission of a longitudinal study to follow a 
cohort of walkers over 3 years. The study acknowledges that a preferred approach would 
have been to use QALY to measure both the quality and quantity of life. Instead, it used the 
Health Economic Assessment Tool to estimate the value of reduced mortality that results 
from specific amounts of walking. Calculations using this tool estimated that participation in 
health walks would result in 0.04 avoided deaths per year, leading to a current value of the 
annual benefit of £2,580, averaged across 1 year. Furthermore, based on evidence that 
physical activity can help prevent falls, the report estimated that preventing falls in just 10% 
of participants who reported improved mobility as a result of taking part in the walks would 
equate to a saving of £11,0934 (based on the economic cost of hip fractures in the United 
Kingdom). 

5.12  Gaps and limitations 
Recreation-related ecosystem services terminology 
One of the challenges in performing the literature search for recreational-ecosystem services 
was the lack of consensus in terminology used to describe recreation-related ecosystem 
services. Many different activities potentially fall under the category of ‘recreation’, although 
they may not have the specific label of ‘recreation’. For example, while physical activity is 
often readily identified in the literature as recreational, it is perhaps less obvious whether 
‘nature therapy’ would be considered a recreational pursuit (rather than a therapeutic 
intervention). Indeed, physical activity, in itself, may not be recreational, but functional, such 
as walking or cycling for transport. Additionally, the health impacts related to recreation are 
broad, often subjective, and often focus on ‘wellness’ elements rather than defined illnesses. 
The locations in which recreational activities take place may be broad (for example, ‘in 
nature’) or specific (for example, in urban parks with cycle tracks). Indeed, some studies 
included measurements of self-reported physical activity levels that did not differentiate 
between physical activity undertaken in nature and indoors, or indicate whether the physical 
activity was recreational or incidental exercise – thereby limiting the ability to assign 
observed results to the effects offered by recreation-related ecosystem services. 
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Due to the variation in definitions, it was decided to conduct a broad assessment of the 
literature, with the inclusion of relevant health impacts related to the search. This approach 
returned 28 papers relevant to recreation-related ecosystem services and health. However,  
it is possible that including different search terms would have revealed other papers that may 
have fallen into the category of recreation-related ecosystem services and health impacts. 

Social health 
Some of the studies included concepts of ‘social health’ as a measure of health. This was 
considered to be beyond the scope of this review, as social health encompasses elements 
that more closely align with welfare (such as social engagement). However, in line with the 
WHO definition of health as ‘a state of complete physical, mental and social wellbeing’  
(WHO 1946), including these measures would possibly increase the value of recreation-
related ecosystem services. 

Diabetes 
Despite the observed association between greater green space exposure and lower rates of 
type 2 diabetes and obesity, the literature search revealed only one review – that found 
mixed results for the association between obesity and recreation-related nature exposure.  
No papers were found relating to type 2 diabetes. Including diabetes-related terminology in 
the search term may have returned more results, and this remains an area for possible 
further targeted investigation. 
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6  Discussion 
For all 3 ecosystem services, there was evidence to support the contribution of the services 
to health, and in some cases, for the associated economic benefits, in both the formal 
academic literature and in non-peer reviewed grey literature.  

Air filtration had the most evidence. The benefits were determined in the context of removal 
of air pollution (variously measured in terms of particulate matter, nitrogen dioxide, ozone, 
sulphur dioxide, or a combination of these) and by a range of vegetation types, such as 
forests, urban green space, grasslands, shrubs and agricultural land. Only one study 
reported on economic benefits in Australia (in the Australian Capital Territory); the remainder 
of the evidence related to international studies (at the national, regional or city level). Greater 
economic benefits were seen in more vegetated areas with higher population density. This 
was explained by the greater capacity for air filtration in areas with more vegetation 
coverage, and the greater potential for health benefits in more densely populated areas. 

The evidence for economic benefits to health from recreation-related ecosystem services 
was mostly derived from increased physical activity opportunities in green space or nature. 
Non-physical activity-related economic impacts of recreation-related ecosystem services 
included avoided treatment costs for mental health / depression and avoided high blood 
pressure. Recreation-related ecosystem services are not restricted to people’s residential or 
local environments and, accordingly, several of these studies examined the economic 
benefits in relation to tourism (for example, visits to national parks). Others centred on local 
initiatives, such as neighbourhood park developments. 

The review of the literature for local climate regulation revealed fewer examples that 
investigated economic impacts – one peer reviewed article and 2 non-peer reviewed case 
studies. However, despite the lack of studies specifically focused on economic benefits, 
several studies reported data that could potentially be used to develop valuation data.  
For example: 

• avoided heat-caused deaths per increase in measure of green space 
• heat-related deaths attributable fraction per area of green space 
• avoided all-cause mortality per percentage increase in tree canopy 
• reduction in ambulance call-outs proportional to tree canopy cover. 

For all 3 ecosystem services, there is little evidence of studies employing the SEEA 
framework to determine economic health benefits. Only 2 papers (in relation to air filtration) 
specifically sought to assign health-related costs using SEEA EA principles. Nonetheless,  
the review revealed a range of ecosystem service-related health impacts that can be used in 
developing economic measures in terms of health benefits. 

The literature provides a detailed and nuanced picture of the evidence base from a broad 
range of geographic regions. While there were fewer Australian-specific studies, the 
evidence from Australia was broadly consistent with that from international studies. However, 
regional differences in populations, climates, economies and health systems exist between 
countries and at more local, county, state and city levels. These variations are important 
considerations in program and policy development. 

Many of the data sources used to determine the health and economic benefits supplied by 
the ecosystem services are readily accessible, or currently being developed in the Australian 
context. The Australian Burden of Disease Study reports on a range of health measures that 
demonstrate the health and economic impact of various risk factors (including air pollution 
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and physical inactivity) and diseases (AIHW 2021b). Satellite data exist for measuring air 
pollution and vegetation coverage – and the software i-Tree eco, which quantifies air 
pollution removal by trees and the associated human health benefits, has been adapted to 
the Australian context.  

Data development is required to inform further about health benefits. For example, 
recreation-related health benefits of national parks would require estimates of the number of 
users and amount of time undertaken for different types of activities, such as walking and 
bike riding. 

6.1  Limitations and considerations 
A number of factors potentially limit the interpretation of the findings of this review. 

Firstly, there are several methodological considerations. To establish an effect of any 
ecosystem service on human health, data from at least 3 measures need be included in  
a study: 

1. an environmental exposure, such as exposure to vegetation or proximity to water 
2. an environmental exposure related to the ecosystem service, such as air pollutants 
3. a human health outcome, such as disease or hospitalisation rates. 

The quality of evidence is affected by how these measures were defined, as well as by the 
way in which data were analysed. An important component for determining the relationship 
among these 3 measures is temporality – that is, the order in which the exposure and the 
outcome occurred. At the population level, cohort studies are useful, as they can determine 
whether the outcome occurred before or after an event. However, many of the research 
articles included in this review were cross-sectional in nature – that is, they looked at the 
exposure and outcome at a single point in time. This does not allow for conclusions to be 
drawn about the order in which events occur, and thereby diminishes confidence in the 
strength of the association between the 2 factors. 

A number of the included studies used mediation analysis to examine the impact of 
mediating factors on the relationship between an exposure variable and an outcome variable 
– for example, to determine whether the positive association observed between green space 
and lower rates of cardiovascular disease was due to physical activity and, if so, how much 
of the association was due to this. This statistical technique has the potential to provide 
additional support for linking the benefit of the ecosystem service to the health outcome (in 
this example, green space provides the opportunity for increased physical activity, which can 
lead to better cardiovascular outcomes). However, mediation analysis is not without its 
limitations. For example, this method makes assumptions about temporality (that is, that the 
exposure precedes the mediator and the outcome) (Rijnhart et al. 2021). It is therefore best 
used in longitudinal studies to determine that the order is correct. A more robust method to 
determine causality is to use the more recent statistical method of causal mediation analysis, 
which overcomes some of the methodological weakness of traditional mediation analysis. 
However, this review did not uncover many studies using this method. 

There was also considerable variation in how exposures and outcomes were measured.  
For example: 

• air pollution – a wide range of pollutant types and numbers of pollutants included in the 
studies (NO2, O3, PM10, PM2.5, SO2) were assessed individually, or together, or in 
some combination 
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• heat measurements – variations included ground-based versus satellite measurements, 
percentile cut-off points for identifying extreme heat (50th, 90th or 95th percentile), 
identification of heatwave lag period for capturing heat-related morbidity and mortality 

• green space – variations in how green space was measured (NDVI, tree canopy or 
count, land cover maps, self-reported level of green space) 

• physical activity – variously assessed as MET units, self-reported physical activity levels, 
or proximity to outdoor exercise areas 

• mental health – a wide range of mental health and wellbeing definitions (mood, anxiety, 
stress) and measures (self-reported feelings, medication use). 

These limitations make it difficult to draw firm conclusions about the actual impact of the 
ecosystem services on health and the related economic benefits. Further, it prevents 
comparisons between studies. Therefore, caution should be applied in interpreting the 
results. 

A further methodological issue lies with the use of associations between an exposure and an 
outcome. For example, living in areas with greater access to parks for physical activity does 
not necessarily equate with actual use of the parks. Some of the research included in this 
review attempted to respond to this issue by using surveys to determine levels of individual 
use of such areas (for example, surveys with park users about the amount of physical activity 
actually undertaken in that space). While for air filtration and local climate regulation, actual 
use of the green space may be less of an issue (as these ecosystem services affect the 
ambient surrounds, such that benefits are received in a more passive way), the association is 
still problematic if it cannot account for temporal issues such as changes of address (people 
moving in and out of the area, length of time in the area) or spatial issues such as amount of 
time spent in the home environment compared with the benefit that might be received from 
areas outside of the neighbourhood.  

For this review, examination of the impact of social determinants (such as income, 
employment and education) on the relationship between environment and health were not 
included as they were outside the scope of this study. Many of the studies accounted for 
neighbourhood level disadvantage by adjusting for area-level socioeconomic status in their 
analyses. In addition, several studies highlighted that differences in green space access and 
quality affect equitable access to the health protective effect of the ecosystem services. The 
importance of social determinants is clear, and future work could include a focus on these in 
the provision of ecosystem services and the benefit to health of the socially disadvantaged.  

The choice of search terms was deliberately non-specific, as this was an extensive (though 
not exhaustive) exploration of the relationship between the 3 ecosystem services and health 
and provided a good basis for investigation of key issues. However, as with any review 
process, it is possible that the use of alternative or additional terms, or different search 
engines, could have resulted in additional articles being retrieved. Alternative search 
approaches (such as excluding the term ‘ecosystem services’ from the search strategy,  
or including terms such as ‘green space’) were not used, as these tended to return a large 
amount of literature relating to green space and health, but which did not attribute the health 
benefits to the specific ecosystem service.  

There is a plethora of evidence showing that green space and nature provide multiple 
benefits to human health, both locally in Australia, and internationally. However, this review 
seeks to go a step further by investigating the contribution to the health benefits via specific 
ecosystem services pathways, in order to inform the development of ecosystem accounts,  
in line with the SEEA EA framework. While including other terms would potentially further 
benefit the review findings, the selection of studies reviewed nonetheless collates an 
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extensive collection of important information on the current state of evidence specifically 
relating to the contribution of selected ecosystem services to health. 

A future consideration, now that the health benefits relating to the 3 ecosystem services have 
been explored, would be to conduct a systematic review to produce robust estimates of the 
size, and potential economic benefits, of the health benefits in the Australian context. 
Systematic reviews use an empirical methodology to assess all available relevant literature 
on a subject, and which can assess the quality of the available evidence using clearly 
defined grading criteria, to make sound recommendations for use in policy and 
implementation settings. They are particularly useful in the field of epidemiology, where many 
of the studies are observational in nature, as was the case with the studies included in this 
review. Assessing the quality of the evidence helps to overcome some of the uncertainty 
around observed associations and causality that arises due to the limitations mentioned 
earlier in this discussion. Additionally, this systematic approach can help to identify types of 
data used to quantify health benefits of these ecosystem services, and therefore inform 
appropriate data sources and inputs in the Australian setting. Once these robust estimates of 
effect are determined, and appropriate local data sources are identified, Burden of Disease 
methodology and expertise can be applied to quantify the cost of the health benefits most 
strongly linked to each of the ecosystem services. While these steps were beyond the scope 
of this review, they are recommended here as important and practical steps, with potential to 
inform the SEEA EA on the health benefits of air filtration, local climate regulation and 
recreation-related ecosystem services. 

6.2  Future steps 
This review is an important first step in bringing together a broad range of relevant 
information on the health benefits offered by 3 ecosystem services. It identifies health 
benefits, measurement approaches, possible data sources and, in some cases, economic 
impacts. It provides a comprehensive and descriptive overview of the topic, upon which 
further work can be based. 

Useful future steps would include the following: 

• conducting a systematic review and level of evidence analysis – to provide 
evidence-based recommendations on which measures of ecosystem service provide the 
greatest benefits for risk factors and health conditions, and which data sources and 
inputs are most commonly used to measure this 

• identifying relevant data sources and inputs available in the Australian context, and 
identifying data gaps that would benefit from data development 

• conducting a Burden of Disease analysis – to quantify the size of the health impact and 
associated economic costs of health impacts from air filtration, local climate regulation 
and recreation-related ecosystem services. 
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Appendix A: Ecosystem services 
Table A1: Description of ecosystem services as used in the System of Environmental 
Economic Accounts Ecosystem Accounts 

Ecosystem service 
Provisioning services 
Biomass provisioning services Crop provisioning services 

Grazed biomass provisioning services 
Livestock provisioning services 
Aquaculture provisioning services 
Wood provisioning services 
Wild fish and other natural aquatic 
biomass provisioning services 
Wild animals, plants and other 
biomass provisioning services 

Genetic material services  
Water supply  
Other provisioning services  
Regulating and maintenance services 
Global climate regulation services  
Rainfall pattern regulation services (at 
sub-continental scale) 

 

Local (micro and meso) climate regulation 
services 

 

Air filtration services  
Soil quality regulation services  
Soil and sediment retention services Soil erosion control services 

Landslide mitigation services 
Solid waste remediation services  
Water purification services Retention and breakdown of nutrients 

Retention and breakdown of other 
pollutants 

(continued) 
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Table A1 (continued): Description of ecosystem services as used in the System of 
Environmental Economic Accounts Ecosystem Accounts 

Regulating and maintenance services 

Water flow regulation services Baseline flow maintenance services 

Peak flow mitigation services 

Flood control services Coastal protection services 

River flood mitigation services 

Storm mitigation services  

Noise attenuation services  

Pollination services  

Biological control services Pest control services 

Disease control services 

Nursery population and habitat maintenance 
services 

 

Other regulating and maintenance services  

Cultural services 

Recreation-related services  

Visual amenity services  

Education, scientific and research services  

Spiritual, artistic and symbolic services  

Other cultural services  

 

Flows related to non-use values 

Ecosystem and species appreciation  



 

82 Benefits of the environment to health 

Appendix B: Summary of eligible articles, by ecosystem service 
Table B1: Air filtration – summary of articles 

Reference  Study type  Location  Setting  Sample size  Exposures Health variables 
Agay-Shay et al. 2019 Birth cohort study Tel-Aviv, Israel Urban 73,221 live 

births 
Green space (NDVI), access to outdoor fitness 
equipment, air pollution exposure (NO2, PM2.5) 
during pregnancy 

Birthweight. 

Anabitarte et al. 2020 Cohort study  Spain Urban 441 pregnant 
women 

Green space availability, residential NO2 
concentrations 

Birthweight, low birthweight, prematurity, small 
for gestational age, and large for gestational 
age.  

Capotorti et al. 2019 Case study  Rome, Italy  Urban n.a. Biodiversity and green infrastructure in urban 
spaces   

n.a. 

Chen 2020 Systematic review  Various Various  10 publications  Urban nature exposure, air pollution  Cardiovascular disease; physical activity; 
mortality; Alzheimer’s; acute bronchitis; acute 
myocardial infarction; acute respiratory 
symptoms; asthma exacerbation; chronic 
bronchitis; emergency room visits; hospital 
admissions related to cardiovascular, 
respiratory and lower respiratory symptoms; 
work loss days; birthweight, ADHD.   

Chiabai et al. 2018 Literature review and 
framework development  

Various Urban 25 studies  Green space Reduction in cardiovascular and respiratory 
conditions, stroke mortality.  

Cochran et al. 2019 Framework development    United States  Various  n.a.  %PM10 removed annually by tree cover, % 
high-speed streets bordered by >25% tree 
buffer   

Respiratory health, COPD.  

Coutts and Hahn 2015 Systematic review  Various Various  n.a.  Green infrastructure  Avoided mortality, acute respiratory symptoms, 
childhood asthma, cardiovascular and lower 
respiratory mortality. 

Cusack et al. 2018 Birth cohort study Toronto, 
Winnipeg, 
Edmonton and 
Vancouver, 
Canada 

Urban 2,510 births Green space (NDVI), proximity to 
neighbourhood park, neighbourhood walkability 
during pregnancy, air pollution (NO2, O3, PM2.5) 

Birthweight. 

Dadvand et al. 2015 Observational study  Barcelona, 
Spain 

Urban 2,593 school 
children 

Exposure to green space  Cognitive development. 

                                           (continued) 

  



 

 Benefits of the environment to health 83 

Table B1 (continued): Air filtration – summary of articles 

Reference  Study type  Location  Setting  Sample size  Exposures Health variables 
de Jesus Crespo and 
Fulford 2018 

Review and causal criteria 
analysis  

Various  Various  212 studies  Green space Gastro-intestinal disease, heat morbidity, 
cardiovascular disease and respiratory 
disease. 
 

Dzhambov et al. 2019 Data used from 2 cross-
sectional studies  

Tyrol region 
(Austria/Italy) 

Alpine/ 
Rural  

1,091 total 
participants in 
both utilised 
studies  

Normalized Difference Vegetation Index 
(NDVI), road/railway traffic noise, air pollution 
(NO2) 

Birthweight, low birthweight, pre-term birth and 
small for gestational age. 

E Almeida et al. 2020 Observational study Uberaba 
County, Brazil 

Urban Air monitoring at 
5 schools, 340 
questionnaire 
responses 

Air quality (NO2, O3, PM10) Child respiratory morbidity (symptoms 
including wheezing, sneezing, running nose, 
tearing and itchy eyes). 

Endreney et al. 2017 Modelling study  Various (10 
cities with a 
greater than a 
10-million- 
person 
population)  

Urban  n.a.  Tree cover, air pollution, climate energy use, 
CO, NO2, PM10, SO2 

n.a.  

Engemann et al. 
2020a 

Cohort study Denmark Various 943,027 people Land cover type (determined by Copernicus 
Land Monitoring Service – CORINE –  
categorised as agricultural, near-natural green 
space, blue space, urban), vegetation density 
(NDVI), air pollution (primary particles, 
secondary inorganic particles, NO2, O3, SO4) 

Schizophrenia. 

Feng and Astell-Burt 
2017 

Cross-sectional study Australia Various 4447 children Perceived traffic volume in residential area, 
green space identified as ‘parkland’ in 
residential meshblocks  

Asthma. 

Gopalakrishnan et al. 
2018 

Modelling study  United States  Various  n.a.  Air pollution, grasslands and shrublands  Acute respiratory symptoms; emergency room 
visits and hospital admissions for respiratory 
illness, asthma exacerbations, acute/chronic 
bronchitis, acute myocardial infarction, other 
cardiovascular disease.   

James et al. 2016 Cohort study United States Various 108,630 female 
adults 

Vegetation All-cause mortality (non-accidental), cause-
specific mortality. 

                                                  (continued) 
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Table B1 (continued): Air filtration – summary of articles 

Reference  Study type  Location  Setting  Sample size  Exposures Health variables 
Kumar et al. 2019 Critical 

evaluation/systematic review  
Various  Various  n.a. Air pollution, green infrastructure  Cardiovascular disease, stroke, diabetes, 

overall mortality, circulatory disease, obesity, 
asthma, other respiratory disease, immune 
function and childhood cognitive development.  

Laurent et al. 2019 Cohort study California, 
United States 

Various 72,632 low 
birthweight 
infants (cases), 
5 controls per 
case 

Maternal residential green space (NDVI), 
maternal exposure to air pollution (NO2, O3, 
PM2.5, elemental carbon) 

Low birthweight. 

Lee et al. 2021 Retrospective cohort study Taiwan Urban  16,184 births Particulate matter air pollution, greenness 
exposure  

Pre-term birth, term low birthweight, small for 
gestational age, birthweight and head 
circumference.   

Liao et al. 2019 Prospective cohort study Wuhan, China Urban 6,807 pregnant 
women 

Residential green space (NDVI) Maternal glucose levels, impaired glucose 
tolerance, gestational diabetes mellitus. 

Nie et al. 2020 Case control study  21 cities in 
southern 
China 

Urban 8,042 cases and 
6,887 controls  

Maternal exposure to residential greenness  Congenital heart defects in babies.  

Nowak et al. 2014 Modelling study  United States  Various  n.a.  Air pollution, tree coverage All-cause mortality, acute respiratory 
symptoms.   

Nowak et al. 2018 Modelling study  86 Canadian 
cities  

Urban  n.a. Air pollution, tree coverage Acute bronchitis; acute myocardial infarction; 
acute respiratory symptoms; asthma 
exacerbation; chronic bronchitis; emergency 
room visits; hospital admissions for 
cardiovascular and respiratory conditions; 
lower respiratory symptoms; mortality; school 
loss days; upper respiratory symptoms; work 
loss days.   

                            (continued) 
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Table B1 (continued): Air filtration – summary of articles 

Reference  Study type  Location  Setting  Sample size  Exposures Health variables 
Paulin et al. 2020 Modelling study  the 

Netherlands 
Various  n.a.  Air quality, vegetation, particulate matter, 

physical activity, urban cooling, water storage, 
green space, wind speed 

Reduced health costs, reduced mortality.  

Remme et al. 2015 Case study Limburg, the 
Netherlands 

Various  n.a.  Crop production, fodder production, drinking 
water production, air quality regulation, carbon 
sequestration, nature tourism and hunting  

Cardiac hospital admission, lower respiratory 
symptoms in children and adults, 
medication/bronchodilator use in children and 
adults, new case chronic bronchitis, respiratory 
hospital admission, work loss days.  

Salmond et al. 2016 Framework review  Various  Urban  n.a.  Tree coverage, street trees, urban forests  Allergic rhinitis, exacerbation of asthma, 
eczema, general human health.  

Shen and Lung 2016 Observational (mediation 
analysis) 

Taipei, Taiwan Various 
(district) 

48 districts Temperature, air pollution (CO, NOx, PM10, 
SO2,), green space (landscape proportion, 
aggregation, fragmentation, patch distance, 
patch percentage, derived from landscape 
metrics) 

Cardiovascular mortality (aortic aneurysms and 
dissection, hypertensive disease). 

Sun et al. 2020 Modelling study  California  Various  All births 
between 2001–
2008 

Maternal exposure to residential green space 
and air pollution  

Pre-term birth. 

Tapsuwan et al. 2021 Cost–benefit analysis Australia Urban 419,192 Air pollution  Avoided health care costs (not specified). 

Weber et al. 2021 Population based case-
control study  

San Joaquin 
Valley, 
California 

Various  77,406 women  Maternal exposure to green space, air pollution 
and neighbourhood factors  

Pre-eclampsia. 

Wolf et al. 2020 Scoping review  Various  Various  n.a.  Air pollution, ultraviolet radiation, heat 
exposure, pollen, tree coverage exposure 

Attention restoration, mental health, stress 
reduction and clinical outcomes.  

Yang et al. 2019 Cross-sectional study  China Urban 24,845 people Community greenness  Blood pressure.  

n.a. = not available (indicates where the information cannot be derived from the article). 
ADHD = attention deficit hyperactivity disorder; COPD = chronic obstructive pulmonary disease; NDVI = normalized difference vegetation index. 
Note: Sample size in terms of health outcome was included where possible; otherwise, sample size corresponds with spatial units or number of studies (for reviews). 
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Table B2: Local climate regulation – summary of articles 

Reference Study type Location Setting Sample size Exposures Health variables 
Boumans et 
al. 2014 

Modelling Austin, Texas Various (census 
block, 
watershed) 

696 (census 
blocks) 

Temperature (air, surface), i-Tree vue (tree 
cover, impervious area), humidity, wind 
speed, green space (NDVI) 

Heat-related emergency department visits and 
emergency medical service calls due to 
environmental exposures, mortality (non-
accidental, cardiovascular-related). 

Burkart et al. 
2016 

Observational 
(time series) 

Lisbon, 
Portugal 

Urban (civil 
parish) 

218,764 Air pollution (O3, PM10), temperature 
(land-surface temperature, equivalent 
temperature), green space (NDVI), blue 
space (proximity to water) 

Mortality (all cause) (age 65 and over). 

Benita et al. 
2019 

Observational 
(field experiment) 

Singapore Urban (‘points of 
interest’) 

10,464 Temperature (air), noise, humidity, 
daylight, green space (park land cover), 
blue space (water body land cover) 

Self-reported momentary happiness. 

Benmarhnia et 
al. 2017 

Observational 
(hot spot) 

France, Paris Urban (census 
block) 

1,238 Temperature (air), percentage green 
space (vegetation via land cover map), air 
pollution (NO2, PM2.5, PM10) 

Mortality (all-cause) (age 65 and over). 

Chen et al. 
2014 

Modelling Melbourne, 
Australia 

Urban (district) n.a. Temperature (air, building), humidity, solar 
irradiance, wind speed, air pollution, green 
space (various vegetation land covers) 

Mortality (category not specified). 

Cheng et al. 
2021 

Observational 
(field experiment) 

Jiangsu 
Province, 
China 

Urban (urban 
park) 

Approx. 
560,000 
(posts) 

Temperature (surface), air quality, green 
space (NDVI, urban park area), blue space 
(proportion of water area), imperviousness 

Expressed happiness. 
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Table B2 (continued): Local climate regulation – summary of articles 

Reference Study type Location Setting Sample size Exposures Health variables 
Chiabai et al. 
2018 

Literature review 
and framework 
development 

Various Urban 25 studies Green space Allergies, blood pressure, CHD, cortisol levels, 
CVD, 5-year survival rate, heart rate, infant 
mortality, life expectancy, ‘persistence of disease’, 
self-report health/wellbeing, stroke, various birth 
outcomes. 

Choi et al. 
2021 

Observational (time 
series) 

North 
Carolina, 
United States 

Various (county) 1,208,766 
(deaths) 

Green space (NDVI), air pollution (PM 
2.5), temperature (estimated air) 

Mortality (all cause excluding external) 

Dang et al. 
2018 

Observational (time 
series) 

Ho Chi Minh 
City, Vietnam 

Urban (district) 101,897 
(mortalities) 

Temperature (air), humidity, wind 
(speed, direction), air pressure, green 
space (vegetation land cover via 
satellite, urban canopy model – UCM) 

Mortality (category not specified). 

de Jesus 
Crespo and 
Fulford 2018 

Review and causal 
criteria analysis 

Various Various 212 studies Green space, temperature (heat 
hazard), air (clean air) 

CVD, gastro-intestinal disease, heat-related 
morbidities, respiratory illness.  

Denpetkul and 
Phosri 2021 

Observational 
(case-crossover) 

Thailand Various 
(province, 
metropolitan) 

2,891,407 
(deaths) 

Green space (NDVI), temperature 
(air/ambient), relative humidity 

Mortality (all-cause, cardiovascular, respiratory). 

Gascon et al. 
2016 

Systematic review 
and meta-analysis 

Various Various 12 studies Green space Mortality (all cause, cardiovascular, circulatory 
disease, heart disease, lung cancer, respiratory, 
stroke). 

Goggins et al. 
2012 

Observational (time 
series) 

Hong Kong Urban (tertiary 
planning unit) 

248 (tertiary 
planning units) 

Temperature (air), green space 
(NDVI), wind speed, air pollution 
(NO2, O3, PM10, SO2), humidity, solar 
radiation 

Mortality (all-natural), non-cancer mortality. 

Goggins et al. 
2013 

Observational (time 
series) 

Kaohsiung, 
Taiwan 

Various (district) 11 (districts) Green/blue space (UCM), 
temperature (air), relative humidity, air 
pollution (CO, NO2, O3, SO2, PM10) 

Mortality (all natural and non-accidental). 

Graham et al. 
2016 

Observational (hot 
spot) 

Toronto, 
Canada 

Urban (census 
tract) 

2,709 
(ambulance 
calls) 

Temperature (air), green space (tree 
canopy land cover) 

Ambulance calls. 
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Table B2 (continued): Local climate regulation – summary of articles 

Reference Study type Location Setting Sample size Exposures Health variables 
Gronlund et 
al. 2015 

Observational 
(case- 
crossover) 

Michigan, 
United 
States 

Urban 
(postcode) 

n.a. Temperature (air, apparent), dew 
point, ozone, green space (land 
cover map) 

Mortality (all-cause, cardiovascular, 
heat-related, respiratory) (age 65 and over). 

Gronlund et 
al. 2016 

Observational 
(case-
crossover) 

Various (109 
United 
States cities) 

Various 
(postcode) 

8,200 (postcodes) Temperature (air), non-green space 
(non-water/vegetation land cover 
map) 

Hospital admissions (non-respiratory – renal, 
heat; respiratory disease) (age 65 and over). 

Harlan et al. 
2013 

Observational 
(hot spot) 

Maricopa 
County, 
Arizona 

Various 
(census 
block) 

455 (deaths) Temperature (surface), green space 
(NDVI) 

Mortality (heat-related: effects of heat/light, 
‘environ’, exhaustion, exposure to excessive 
natural heat, heat stress, heat stroke, 
hyperthermia). 

He et al. 
2020 

Observational 
(case-
crossover) 

Various 
(multiple 
regions, 
Thailand) 

Various 
(province) 

59,836 (deaths) Temperature, humidity, green space 
(NDVI) 

Diabetes mortality. 

Heaviside et 
al. 2017 

Review Various Various n.a. Green space, temperature (heat) Cardiovascular outcomes, morbidities, 
mortality. 

Ho and 
Wong 2019 

Observational 
(cross-sectional) 

Hong Kong Urban 
(tertiary 
planning 
units) 

133,359 (deaths) 26,736 
(cardiovascular), 28,703 
(respiratory), 2,653 
(mental/behavioural) 

Green space (vegetation cover by 
land cover map), temperature (air), 
air pollution (NO2, O3, PM10, SO2)  

Mortality (all-cause, cardiovascular, 
mental/behavioural, respiratory). 

Jang et al. 
2020 

Observational 
(time series) 

Seoul, Korea Urban 
(districts) 

51 (districts) Green space (urban forest, crop-
field, woodland, via land cover map 
and satellite), impervious area, 
temperature (air/surface) 

Mortality (all-cause). 

Jennings 
and Gaither 
2015 

Review Various Various n.a. Green space, temperature (heat) Cardiovascular outcomes, heat-related illness, 
obesity, psychological health. 

Kabisch et 
al. 2017 

Systematic 
review 

Various various 27 studies Green space, air pollution, noise, 
temperature (heat)  

Children: allergic sensitisation/asthma, 
childhood overweight, infant mortality, mental 
health. Elderly: cancer, CVD, mental 
health/wellbeing, mortality (all-cause, 
respiratory), respiratory disease. 

(continued) 
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Table B2 (continued): Local climate regulation – summary of articles 

Reference Study type Location Setting Sample size Exposures Health variables 
Kim and Kim 
2017 

Observational 
(case-crossover) 

Seoul, Korea Urban (district / 
gu) 

33,554 (deaths) Green space (park area per person, 
green area, green area around 
buildings, rooftop green area), 
temperature (air), air pollution 
(PM10)  

Mortality (all cause excluding accidental). 

Kolokotsa et 
al. 2020 

Qualitative review Various Various 2 case studies 
(relevant for 
green/blue space and 
temperature) 

Green space, temperature, air 
pollution 

Mortality. 

Kua et al. 
2021 

Systematic 
review and meta-
analysis 

Various Various 20 studies (11 in 
meta-analysis) 

Green space (NDVI and various 
other measures) 

Mortality (all-cause, chronic lower respiratory 
disease, CVD, diabetes, disease of the 
circulatory system, heat, ischemic heart 
disease, lung cancer, non-accidental, maternal, 
respiratory disease). 

Ma et al. 
2014 

Observational 
(time series) 

China (various 
cities) 

Urban (city) 17 (cities) Green space (metric not provided), 
temperature (air), relative humidity, 
air pollution (NO2, PM10, SO2) 

Mortality (cardiovascular, non-accidental, 
respiratory). 

Madrigano 
et al. 2013 

Observational 
(case-crossover) 

Worcester, 
Massachusetts 

Urban (census 
tract, census 
block) 

4,765 (2,427 
mortalities) 

temperature (air), dew point, ozone, 
air pollution (PM2.5), green space 
(NDVI), blue space (water bodies) 

Acute myocardial infarction, angina, atrial 
fibrillation, cardiogenic shock, diabetes, family 
history of CHD, heart failure, hypertension, 
mortality (all-cause), smoking status, stroke.  

Morais et al. 
2021 

Observational 
(hot spot) 

Lisbon, Portugal Urban (parish) n.a. Temperature (physiological 
equivalent temperature), green 
space (NDVI, street trees, cooling 
potential), imperviousness 

Mortality (circulatory, respiratory) (age 65 and 
over). 

Murage et 
al. 2020 

Observational 
(case- crossover) 

London Urban 
(postcode, 
lower super 
output area) 

185,397 (deaths) Green space (NDVI, tree count and 
proportion domestic garden via land 
cover map), temperature (air)  

Mortality (all cause). 

(continued) 

  



 

90 Benefits of the environment to health 

Table B2 (continued): Local climate regulation – summary of articles 

Reference Study type Location Setting Sample size Exposures Health variables 
Nyelele et 
al. 2019 

Modelling New York, United 
States 

Urban (census 
block) 

1,132 (census 
blocks) 

i-Tree cool (air temperature reductions), i-Tree 
eco (air pollution via PM2.5, carbon storage and 
sequestration), i-Tree hydro (stormwater run-off 
reduction), green space (land cover map) 

Mortality (cardiovascular, respiratory, 
pulmonary-related) 

Pascal et al. 
2021 

Observational 
(time series) 

Paris Various 
(municipality) 

601,643 (deaths) Temperature (air), (lack of) green space (land 
cover map), (lack of) tree canopy (satellite), 
proportion impervious surface 

Mortality (all cause). 

Qiu et al. 
2021 

Observational 
(case-crossover) 

Jiangsu, 
Guangdong, 
Liaoning, China 

Various 
(province) 

21,775 
(population) 

Temperature (air), dew point, green space 
(NDVI) 

Mortality (all-cause) (age 65 and over). 

Rosenthal et 
al. 2014 

Observational 
(hot spot) 

New York City Urban (district, 
united hospital 
fund) 

Approx.150,000 Temperature (ambient, surface), humidity, 
green space (trees and vegetation based on 
land cover map), imperviousness 
 

Asthma, diabetes, hypertension (age 65 
and over), mental distress, mortality 
(natural cause), obesity, self-reported 
general health, social isolation. 

Sera et al. 
2019 

Observational 
(time series) 

Global (340 cities 
over 22 
countries) 

Various (city, 
country) 

50 million+ 
(deaths) 

Temperature (ambient), air pollution (NO2, 
PM2.5), green space (vegetation land cover 
map), region classification (urban, rural) 

Hospital bed rates, mortality (all-cause, 
non-external cause).  

Schinasi et 
al. 2020 

Observational 
(case-crossover) 

Philadelphia, 
Pennsylvania 

Urban (census 
tract) 

1,522 (deaths) Green space (NDVI, tree canopy cover and 
grass/shrubs via land cover map), temperature 
(air) 

Mortality (infant deaths). 

Shen and 
Lung 2016 

Observational 
(mediation 
analysis) 

Taipei, Taiwan Various (district) 48 districts Temperature, air pollution (CO, NO2, NOx, 
PM10, SO2), green space (landscape 
proportion, aggregation, fragmentation, patch 
distance, patch percentage, derived from 
landscape metrics) 

Mortality (cardiovascular – aortic 
aneurysm and dissection, hypertensive 
disease). 
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Table B2 (continued): Local climate regulation – summary of articles 

Reference Study type Location Setting Sample size Exposures Health variables 
Sinha et al. 
2021 

Modelling Baltimore, Maryland USA Urban 
(census 
block) 

653 (census 
blocks) 

i-Tree cool air (air temperature, dew point, 
wind speed, precipitation, solar radiation), 
ozone, green space (tree land cover via 
land cover map), imperviousness 

Mortality (all-cause, cardiorespiratory, 
cardiovascular disease, pneumonia, stroke) 
(all ages, age 65 and over) 

Smith et al. 
2021 

Review and meta-
analysis 

Various Various 25 studies (14 
in meta-
analysis) 

Blue space Birth outcomes, depression and anxiety, 
general health, health related quality of life, 
mental health, mortality, obesity, 
psychological distress, restorative.  

Son et al. 
2016 

Observational (time 
series) 

Seoul, Korea Various 
(gu / 
district) 

25 gus / 
districts 

Temperature (ambient), humidity, air 
pollution (O3, PM10), green space (NDVI) 

Mortality (all-cause, not including external 
cause). 

Stone et al. 
2014 

Modelling Atlanta (Georgia), 
Philadelphia 
(Pennsylvania), Phoenix 
(Arizona), United States 

Various 
(census 
tract) 

n.a. Temperature (ambient, surface), humidity, 
radiation, wind velocity, green space 
(vegetation land cover map), surface 
reflectivity, imperviousness 

Mortality (all-cause, non-accidental). 

Ueijo et al. 
2011 

Observational (hot 
spot) 

Phoenix, Arizona; 
Philadelphia 

Urban 
(census 
block) 

63 (deaths), 
637 (heat 
distress calls) 

Temperature (surface), green space 
(NDVI), imperviousness  

Heat-related distress calls, mortality 
(heat-related). 

Venter et al. 
2020 

Observational and 
modelling 

Oslo, Norway Urban 
(census 
tract) 

Approx. 
30,000 (at 
risk patients) 

Temperature (air, surface), green space 
(NDVI, tree canopy data, land cover map), 
imperviousness 

Heat-stress related health problems 
(diagnoses under circulatory, general, 
nervous system and skin categories). 

White et al. 
2020 

Qualitative review 
and conceptual 
framework 

Various Various n.a. Blue space, temperature (heat), noise, air 
pollution 

Mortality, mental health/wellbeing. 

(continued) 

  



 

92 Benefits of the environment to health 

Table B2 (continued): Local climate regulation – summary of articles 

Reference Study type Location Setting Sample size Exposures Health variables 
Wolf et al. 
2020 

Scoping review and 
framework 

Various various 201 studies Green space Heat-related morbidity/mortality, thermal 
comfort (changes in skin temperature). 

Xu et al. 
2013 

Observational (case 
crossover) 

Barcelona Urban 
(census tract) 

52,806 (deaths) Temperature (apparent), green space 
(tree land cover) 

Mortality (all-cause). 

Xu et al. 
2019a 

Observational (case-
crossover and case-
only) 

Brisbane, 
Australia 

Urban (unit 
not provided) 

10,542 
(hospitalisations), 513 
(deaths) 

Green space (NDVI), temperature (air), 
air pollution (NO2, PM10) 

Hospitalisations (diabetes), mortality 
(diabetes).  

Xu et al. 
2019b 

Observational (case-
crossover and case 
only) 

Brisbane, 
Australia 

Urban (unit 
not provided) 

907 (hospitalisations), 
307 (deaths) 

Green space (NDVI), temperature (air), 
air pollution (NO2, PM10) 

Hospitalisations (Alzheimer’s), mortality 
(Alzheimer’s). 

Zanobetti et 
al. 2013 

Observational (case 
only) 

Various (135 
United States 
cities) 

Various 
(postcode) 

7,204,031 (deaths) Temperature (air, apparent), dew point, 
green space (land cover map), blue 
space (land cover map), water vapour 
pressure 

Atrial fibrillation, Alzheimer’s, congestive 
heart failure, COPD, dementia, diabetes, 
mortality (all-cause), Parkinson’s, 
pneumonia.   

Zhang et al. 
2021 

Observational 
(prospective cohort) 

China Various 
(province) 

20,758 (deaths) Green space (NDVI), temperature (air), 
air pollution (PM2.5) 

Mortality (all-cause). 

n.a. = not available (indicates where the sample size could not be derived from the article). 

CHD = coronary heart disease; COPD = chronic obstructive pulmonary disease; CVD = cardiovascular disease; NDVI = normalized difference vegetation index; UCM = urban canopy model. 

Note: Sample size in terms of health outcome was included where possible; otherwise, sample size corresponds with spatial units or number of studies (for reviews).  
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Reference  Study type  Location Setting Sample size Exposures  Health variables 
Agay-Shay et al. 
2019 

Birth cohort study Tel-Aviv, Israel Urban 73,221 live births Green space (NDVI) access to outdoor 
fitness equipment, air pollution exposure  
(NO2, PM2.5) during pregnancy 

Birthweight. 

Andersen et al. 2021 Systematic review  Various Natural 
environments 
and forests 

33 studies (20 on 
humans) 

Outdoor nature, activities in nature where 
no or light physical activity took place such 
as forest bathing 

Immune system function. 

Buckley and Brough 
2017 

Literature review  United Kingdom Various n.a. Nature, parks, adventure and eco therapy 
interventions for mental health – for 
example, green prescriptions 

Mental health. 

Cusack et al. 2018 Birth cohort study Toronto, 
Winnipeg, 
Edmonton and 
Vancouver, 
Canada 

Urban 2,510 births Green space (NDVI), proximity to 
neighbourhood park, neighbourhood 
walkability during pregnancy 

Birthweight. 

Fagerholm et al. 
2021 

Case study (survey 
based) 

Turku, Finland Urban 730 people aged 
15 and over 

Outdoor recreation sites  Subjective wellbeing. 

Gascon et al. 2017 Systematic review Various Various 35 studies Outdoor blue spaces Cardiovascular health, 
general health, mental 
health and wellbeing, 
obesity, physical activity. 

Georgiou et al. 2021 Systematic review and 
meta-analysis 

Various Various 50 studies Residential proximity to blue space ‘Health’, with physical 
activity, restoration (includes 
stress, anxiety, depression), 
social interaction and 
environmental factors as 
mediating pathways. 

Grilli and Sacchelli 
2020 

Literature review, various 
locations and settings  

Various Forests 36 studies Forests Stress relief and relaxation, 
mental wellbeing. 
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Table B3 (continued): Recreation-related ecosystem services – summary of articles 

(continued) 

  

Reference  Study type  Location Setting Sample size Exposures  Health variables 
Henke and 
Petropoulos 2013 

GIS-based exploratory 
research study  

Wales, United 
Kingdom 

All outdoor 
areas of 
Wales with 
potential for 
recreational  

n.a. Outdoor recreational areas, such as nature 
reserves, national trails, registered historic 
parks and gardens, cycle networks etc. 

Death rates, life expectancy, 
limiting long term illness, 
physical activity. 

Hussain et al. 2019 Observational study Austria, 
Switzerland 

Alpine 
meadows 

22 adults Meadows of differing levels of biodiversity 
(managed and abandoned meadows)  

Blood pressure, stress 
reduction. 

Jimenez et al. 2021 Narrative review Various 
 

Various n.a. General nature exposure Anxiety, brain activity, 
cardiovascular disease,  
cognitive function, 
depression, diabetes, mental 
health, mood/emotions 
(‘affective state’), physical 
activity, sleep, stress. 

Joung et al. 2020 Single group cross-over 
study, South Korea, 
Chukreong Mountain 
(case) and the Daejeon 
metropolitan city (control) 

South Korea Forest 
(cases), 
urban 
(control) 

24 college 
students 

Walking in urban and forest areas Anxiety, heart rate 
variability, mood, salivary 
cortisol. 

Kobayashi et al. 
2021 

Experimental study Japan 
 

Forests 
areas, city 
areas 

57 young women  Set walking courses of around 1 km for 
walking experiment and fixed viewing 
positions for 15-minute increments in the 
viewing experiment  

 

Psychological (as measured 
by Profile Mood State, 6 
sub-scales: Tension-Anxiety, 
Depression-Dejection, 
Anger-Hostility, Vigour, 
Fatigue, Confusion). 

McEachan et al. 
2015 

Cohort study Bradford, 
England, United 
Kingdom 

Urban 7,547 pregnant 
women 

Residential green space (NDVI) 
Physical activity 

Depressive symptoms. 

Mekala et al. 2015 Business case study Melbourne, 
Australia 

Urban n.a. Proposed Stony Creek Rehabilitation 
Project 

Avoided health costs, 
physical inactivity.  
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Table B3 (continued): Recreation-related ecosystem services – summary of articles 

(continued) 

  

Reference  Study type  Location Setting Sample size Exposures  Health variables 
Moseley et al. 2018 Indicator development 

using survey data 
England and 
Wales, United 
Kingdom 

Rural and 
semi-rural 
woodland 

2,659 adults Activities undertaken in woodlands visits  QALY. 

O’Brien and Forster 
2021 

Longitudinal survey  England, United 
Kingdom 
 

Various 2,115 people 
aged 16 and 
older 

Engagement with and visits to nature  

 
Connectedness to nature, 
physical activity and 
wellbeing. 

Richardson et al. 
2013 

Cross-sectional analysis 
of data 

New Zealand Urban 8,157 people 
aged 15 and 
older 

Neighbourhood level green space 
availability determined via 3 land-used 
data sets that were amalgamated to 
produce classifications  

CVD, physical activity, 
overweight, poor general 
health, poor mental health. 

Sandifer et al. 2015 Literature review Various Various n.a. Various Range of mental and 
physical health outcomes, 
including ADHD, anxiety, 
decreased type 2 diabetes, 
general health, quality of life, 
psychological wellbeing, 
reduced blood pressure, 
reduced COPD and other 
respiratory conditions, 
reduced cortisol levels.  

Shanahan et al. 2016 Framework analysis Brisbane, 
Australia 

Urban 1,538 adults Vegetation complexity measures applied 
to survey responses about frequency and 
average duration of outdoor green space 
visits  

High blood pressure, 
depression, physical activity.  

Smith et al. 2021 Systematic review and 
meta-analysis  

Various Urban 25 studies in 
review, 14 
studies in 
synthesis 

Blue spaces  Anxiety, birth outcomes, 
depression, general health,  
health related quality of life, 
mental health, mortality, 
obesity, psychological 
distress, restorative.  

Song et al. 2013 Experimental study Chiba, Japan Urban 13 males Pre-determined 15-minute walk courses in 
urban parks (case) and city areas (control) 

Anxiety, heart rate, heart 
rate variability, mood.  
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Table B3 (continued): Recreation-related ecosystem services – summary of articles 

n.a. = not available (indicates where the sample size could not be derived from the article). 

ADHD = attention deficit hyperactivity disorder; COPD = chronic obstructive pulmonary disease; CVD = cardiovascular disease; NDVI = normalized difference vegetation index; QALY = Quality Adjusted Life Years; RESIDE 
project = RESIDential Environments project. 

Note: Sample size in terms of health outcome was included where possible; otherwise, sample size corresponds with the number of studies (for reviews).  

Reference  Study type  Location Setting Sample size Exposures  Health variables 
Sugiyama et al.  
2008 

Cross-sectional 
observational study 

Adelaide, 
Australia 

Urban 1,895 adults Perceived neighbourhood greenness, 
walking for transport and recreation  

Perceived physical and 
mental health. 

Vert et al. 2019 Meta-analysis Barcelona, Spain Urban 973 surveyed 
park users, and 
total estimated 
annual cyclists 
(n= 1,030,000) 
and pedestrians 
(n= 1,070,000) 

Urban riverside park development All-cause mortality, disability 
adjusted life years, morbidity 
(breast and colon cancer, 
dementia, ischemic heart 
disease, ischemic stroke, 
type 2 diabetes), physical 
activity.  

Vienneau et al. 2017 Modelling study Switzerland National 4.2 million people Residential greenness, determined by 
NDVI and land use classification data 

All-natural cause mortality, 
cardiovascular mortality, 
respiratory mortality.  

White et al. 2016 Cross-sectional analysis 
of survey data 

England, United 
Kingdom 

Various 8.23 million 
adults 

Outdoor environments, activity type, 
physical activity levels 
 

Population health gains 
(measured by level of 
activity) in QALY. 

Wood et al. 2017 Analysis of RESIDE 
Project (longitudinal 
natural experiment) data 

Perth, Western 
Australia 

Urban 492 adults Digital spatial (polygon) database of 
location and spatial extent of all parks and 
other green open spaces across the Perth 
metropolitan region 

Mental wellbeing. 

Zhang et al. 2018 Cross-sectional study Guanzhou, China Urban 
(‘megacity’) 

1,003 adults ‘Activity space’ collected via survey, green 
space exposure assessment based on the 
proportion of time at different activity 
locations  

Mental health, physical 
health, social health. 
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Appendix C 
Table C1: List of health conditions included in analysis by Nowak et al. 2014 

Pollutant Health effect 

PM2.5 (particulate matter 
measured as particles of less than 
2.5 microns (PM2.5) in diameter) 

Acute bronchitis 

Acute myocardial infarction (non-fatal) 

Acute respiratory symptoms (minor restricted activity days) 

Asthma exacerbations (cough / shortness of breath / wheeze) 

Chronic bronchitis 

Emergency room visits (asthma) 

Cardiovascular hospital admissions (less myocardial infarctions) 

Respiratory hospital admissions (all / lower respiratory symptoms) 

Mortality (all-cause) 

Upper respiratory symptoms  

Work loss days 

NO2 (nitrogen dioxide) 

 

Acute respiratory symptoms (cough) 

Asthma exacerbations (missed school days / slow play / one or more symptoms)  

Emergency room visits, respiratory (asthma) 

 Hospital admissions (all respiratory) 

O3 (ozone) 

 
Acute respiratory symptoms (minor restricted activity days) 

Emergency room visits, respiratory (asthma) 

Mortality (all-cause) 

Respiratory hospital admissions (all respiratory) 

School loss days (all cause) 

SO2 (suphur dioxide) Asthma exacerbation (slow play, missed school days, one or more symptoms) 

Acute respiratory symptoms (cough) 

Emergency room visits, respiratory (asthma) 

Respiratory hospital admissions (all respiratory) 

Note: Table adapted from Table 1, Nowak et al. 2014. 
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Appendix D 
Table D1: Modelling studies and scenarios modelled – local climate regulation  

Reference / model Model scenario 

Boumans et al. (2014) 

Various 

Scenario 1: tree cover doubling in developed land areas 

Scenario 2: 15% new trees planted in forest coverage where none currently exists 

Chen et al. (2014) 
UCM-TAPM 

Scenario 1: 100% forest coverage 

Scenario 2: 100% shrub-land coverage 

Scenario 3: 100% grassland 

Scenario 4: 49% urban (leafy) 

Scenario 5: 38% urban (generic) 

Scenario 6: 15% CBD (65% building coverage) 

Scenario 7: CBD (one-third vegetation) 

Scenario 8: CBD (double vegetation) 

Scenario 9: CBD (50% green roof) 

Scenario 10: CBD (double vegetation + 50% green roof) 

Nyelele et al. (2019) 
i-Tree 

Scenario 1: no tree mortality between 2010 and 2030 

Scenario 2: 4% annual tree mortality between 2010 and 2030 

Scenario 3: 8% annual tree mortality between 2010 and 2030  

Sinha et al. (2021) 
i-Tree 
BenMAP 

Scenario 1: increase existing tree coverage by 10% in each area unit 

Scenario 2: remove 10% of existing tree coverage 

Scenario 3: remove all existing tree coverage 

Stone et al. (2014) 
BenMAP 

Scenario 1: all commercial roofs converted to grass and surface paving and building roofs 
overlaid with tree canopy or converted to grass/shrubs 

Scenario 2: 50% of all roadway surfaces overlaid by tree canopy, and grass or barren land 
in public parcels converted to tree canopy, and barren or agricultural land in public parcels 
converted to a grass/shrub mix 

Scenario 3: all building roofs converted to highly reflective impervious surfaces 

Scenario 4: all roads, parking lots, and surface paving converted to moderately reflective 
impervious surfaces 

Scenario 5: combination of scenario 1 and scenario 2 

Scenario 6: combination of scenario 3 and scenario 4 

Scenario 7: combination of scenario 1–4 

Venter et al. (2020) n.a.  Scenario 1: all trees are removed 

n.a. = not available (indicates where the model was not identified in the article). 

CBD = central business district; TAPM = the air pollution model; UCM = urban canopy model. 
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Abbreviations 
ADHD   attention deficit and hyperactivity disorder 

AIHW  Australian Institute of Health and Welfare 

BenMAP  Benefits Mapping and Analysis Program 

BMI  body mass index 

BVOC  biogenic volatile organic compounds 

CBD  central business district 

CO  carbon monoxide 

COPD  chronic obstructive pulmonary disease 

CORINE   Copernicus Land Monitoring Service 

DALY  disability adjusted life years 

DAWE  Department of Agriculture, Water and the Environment 

DCCEEW  Department of Climate Change, Energy, the Environment and Water 

GDM  gestational diabetes mellitus 

HR  hazard ratio 

IGT  impaired glucose tolerance 

IWM  integrated water management 
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MRS-VOLY  Maximum Societal Revenue Value of Statistical Life Year 

NDVI  normalized difference vegetation index 

NHS   National Health Service 

NICE  National Institute for Health and Care Excellence 

NO  nitric oxide 

NOx  nitrogen oxides 

NO2  nitrogen dioxide 

O3  ozone 

OECD  Organisation for Economic Co-operation and Development 

OR  odds ratio 

PAF  population attributable fraction 

PM  particulate matter 

PM2.5  particulate matter measured as particles of less than 2.5 microns in diameter 

PM10  particulate matter measured as particles of less than 10 microns in diameter 

QALY  Quality Adjusted Life Years 

RR  rate ratio, relative risk 

SEEA  System of Environmental Economic Accounting 

SEEA CF  System of Environmental Economic Accounting Central Framework 

SEEA EA  System of Environmental Economic Accounts Ecosystem Accounts 

SF-12 (MCS)  12-Item Short Form, Mental Component Score 

SO2  sulphur dioxide 

STAI  State Trait Anxiety Inventory 

UCM  urban canopy model 

UHI  urban heat island 

VOC  volatile organic compounds 

VOLY  Value of Statistical Life Year 

WHO-5  World Health Organization’s Five Wellbeing Indexes 

YLD   years of life lived with disability 

YLL  years of life lost 
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Symbols 
>   greater than 

<           less than 

A$  Australian dollar 

C$  Canadian dollar 

€  Euro 

£  Pound Sterling 

US$     United States dollar 

kg  kilogram 

m  metre 

mmHG   millimetre of mercury 

n  number 

n.a.  not available, not applicable 
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Glossary 
Aboriginal or Torres Strait Islander: A person who identifies themselves as being of 
Aboriginal or Torres Strait Islander origin.  

acute: A term that describes something that comes on sharply and is often brief, intense and 
severe. 

air filtration services: ‘Ecosystem contributions to the filtering air-borne pollutants through 
the deposition, uptake, fixing and storage of pollutants by ecosystem components, 
particularly plants, that mitigates the harmful effects of the pollutants’ (United Nations et al. 
2021:132). 
air pollution: Substances present in the air that have harmful effects or are toxic to those 
inhaling them. 

all-cause mortality: The death rate from all causes of death for a population in a given time 
period. 

allergenic: A term that describes something causing allergies. 
allergic rhinitis: A bodily response triggered by an allergic reaction. The symptoms may 
include a runny or blocked nose and/or sneezing and watery eyes. Also known as ‘hay fever’. 
See also rhinitis. 

Alzheimer’s: A degenerative brain disease caused by nerve cell death, resulting in 
shrinkage of the brain. A common form of dementia. 
ambient air pollution: Outdoor air pollution. 

ambient temperature: The temperature of the surrounding air. 

angina: Temporary chest pain or discomfort when the heart’s own blood supply is 
inadequate to meet extra needs, as in exercise. 

aortic aneurysm and dissection: A condition in which a tear occurs in the main artery of 
the body, the aorta. Blood rushing through the tear can cause the aorta to split, or dissect, 
which may lead to death.  

asthma: A common, chronic inflammatory disease of the air passages that presents as 
episodes of wheezing, breathlessness and chest tightness due to widespread narrowing of 
the airways and obstruction of airflow. 

atrial fibrillation: A disturbance of the electrical system of the heart, which results in an 
uneven and fast heartbeat. 

avoided damages cost: The cost of the damage that would occur if that ecosystem service 
was absent. 
biodiversity: The variety of all living organisms on earth, including plants, animals and 
micro-organisms, and the land and water-based ecosystems of which they are a part.  

biogenic volatile organic compounds: See volatile organic compounds. 

blood pressure: The force exerted by the blood on the walls of the arteries as it is pumped 
around the body by the heart. It is written, for example, as 134/70 mmHg, where the upper 
number is the systolic pressure (the maximum force against the arteries as the heart muscle 
contracts to pump the blood out) and the lower number is the diastolic pressure (the 
minimum force against the arteries as the heart relaxes and fills again with blood). Levels of 
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blood pressure can vary greatly from person to person and from moment to moment in the 
same person. 

blue space: A consensus definition of ‘blue space’ does not yet exist. Common definitions in 
research include ‘areas dominated by surface waterbodies or watercourses’ (Gunawardena 
et al. 2017), ‘outdoor environments – either natural or manmade – that prominently feature 
water and are accessible to humans’ (Grellier et al. 2017), and ‘all forms of natural and 
manmade surface water’ (Smith et al. 2021). 
bronchitis: Inflammation of the main air passages (bronchi). May be acute or chronic. 
bronchodilator: A type of medication that dilates the airways, hence, increasing airflow to 
and from the lungs. Bronchodilators can be either short-acting or long-acting; short-acting 
bronchodilators are often referred to as ‘relievers’. 
burden of disease: The quantified impact of a disease or injury on a population using the 
disability-adjusted life years (DALY) measure. 
cancer: A large range of diseases where some of the body’s cells become defective, begin 
to multiply out of control, invade and damage the area around them, and can then spread to 
other parts of the body to cause further damage. 
canopy: The above-ground portion of a vegetation type, formed by plant crowns. In a 
woodland or forest, the canopy is formed by the crowns of trees and sometimes large 
shrubs. The canopy can be further divided into upper, mid and lower canopy layers.  
The tallest plants of a vegetation type form the upper canopy layer. 

cardiogenic shock: A life-threatening condition where the heart is unable to pump enough 
blood to vital organs. 
cardiorespiratory: A descriptive term relating to the heart and the lungs. 

cardiovascular disease: Any disease of the circulatory system, namely the heart (cardio) or 
blood vessels (vascular). Includes angina, heart attack and stroke. Also known as 
circulatory disease. 

cerebrovascular disease: Any disorder of the blood vessels supplying the brain or its 
covering membranes. A notable and major form of cerebrovascular disease is stroke. 
chronic obstructive pulmonary disease (COPD): Serious, progressive and disabling 
long-term lung disease where damage to the lungs (usually because of both emphysema 
and chronic bronchitis) obstructs oxygen intake and causes increasing shortness of breath. 

confounder / confounding variable: A variable other than the one being studied that is 
associated with both the exposure and the outcome, and which distorts (or ‘confounds’) the 
association between the variables being studied. 
congenital: A condition that is recognised at birth, or is believed to have been present since 
birth, including conditions inherited or caused by environmental factors. 
congestive heart failure: A condition that occurs when the heart functions less effectively in 
pumping blood around the body. It can result from a wide variety of diseases and conditions 
that can impair or overload the heart, such as heart attack, other conditions that damage the 
heart muscle directly, high blood pressure, or a damaged heart valve. 

coronary heart disease: A disease due to blockages in the heart’s own (coronary) arteries, 
expressed as angina or a heart attack. Also known as ischaemic heart disease. 

cortisol: A hormone produced by the adrenal glands in response to stress. 
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COVID-19 pandemic: The pandemic caused by COVID-19, a disease caused by the new 
coronavirus SARS-CoV-2. It is a major health threat and international crisis, which has led to 
substantial disruption to almost all parts of society worldwide. The outbreak first came to 
international notice through a cluster of unexplained pneumonia cases in Wuhan, China,  
in late December 2019. The COVID-19 epidemic was declared a pandemic (the worldwide 
spread of a new infectious disease) by the World Health Organization on 11 March 2020. 

dementia: A term used to describe a group of similar conditions characterised by the gradual 
impairment of brain function. It is commonly associated with memory loss, but can affect 
speech, cognition (thought), behaviour and mobility. An individual’s personality may also 
change, and their health and functional ability decline as the condition progresses. Dementia 
is a fatal condition. 
demographics: Statistical data relating to population groups, such as age, sex, economic 
status, education level and employment status, among others. 

depression: A mood disorder with prolonged feelings of being sad, hopeless, low and 
inadequate, with a loss of interest or pleasure in activities and often with suicidal thoughts or 
self-blame. 

diabetes (diabetes mellitus): A chronic condition where the body cannot properly use its 
main energy source – the sugar glucose. This is due to a relative or absolute deficiency in 
insulin, a hormone produced by the pancreas that helps glucose enter the body’s cells from 
the bloodstream and be processed by them. Diabetes is marked by an abnormal build-up of 
glucose in the blood; it can have serious short- and long-term effects. 
diastolic blood pressure: See ‘blood pressure’. 
disability-adjusted life years (DALY): A measure of healthy life lost, either through 
premature death or living with disability due to illness or injury. 

ecosystem disservices: The effects of nature that negatively affect human health and 
wellbeing. For example, certain types of trees produce pollens that cause asthma and other 
respiratory conditions.  
ecosystem services: ‘The contributions of ecosystems to the benefits that are used in 
economic and other human activity’ (United Nations et al. 2021:121). 

elemental carbon: An air pollutant produced by the incomplete combustion of fossil fuels.  
It is a primary pollutant and occurs as soot. 

environmental economic accounts: Accounts showing the link between the environment 
and the economy, presented in physical and monetary terms – for example, extraction of 
natural resources, their use in the economy, changes in natural stock levels during a set 
period, and economic activity related to the environment. 

evapotranspiration: The process of heat transfer from the urban surface to the atmosphere 
via evaporation of water and transpiration from vegetation. 

fibrosis: Thickening or scarring of tissue, usually in response to injury or chronic 
inflammation. 
forest bathing: A form of recreation originating in Japan that involves connecting with nature 
through experiencing the forest atmosphere. Also known as Shinrin-yoku, it is considered 
both a physiological and psychological experience. 
gestation: Another term for pregnancy. 
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gestational diabetes mellitus (GDM): A form of diabetes that is first diagnosed during 
pregnancy (gestation). It may disappear after pregnancy but signals a high risk of diabetes 
occurring later. 

green space: Areas of public and private land, such as nature reserves, public parks, 
residential gardens, sporting facilities, beachfronts and waterways. 

hazard ratio: A statistical measure of risk that is the ratio of how often an event occurs in 
one group compared with how often it occurs in another group, over a period of time. 
health: ‘A state of complete physical, mental and social well-being and not merely the 
absence of disease or infirmity’ (WHO 1946:2). 
hypertension: A well-accepted definition (as definitions vary) is from the World Health 
Organization: a systolic blood pressure of 140 mmHg or more or a diastolic blood pressure  
of 90 mmHg or more, or if [the person is] receiving medication for high blood pressure.  
Also known as high blood pressure. 

immunomodulation: The modulation, or adjustment, of the immune system in response to 
exposure to a substance that stimulates or suppresses it. 

impaired glucose tolerance (IGT): A condition in which blood glucose levels are higher 
than normal but less than required for a diagnosis of diabetes, and which signals an 
increased risk of developing type 2 diabetes. 

incidence: The number of new cases (of an illness, injury or event, and so on) occurring 
during a given period. Compare with prevalence. 
integrated water management: A collaborative approach (among a range of organisations) 
to the development and management of all elements of the water cycle, including waterways, 
management of wastewater, drinking water, stormwater and water treatment, which 
considers economic, social and environmental benefits (Agarwal et al. 2000; DELWP 2017). 

ischaemic stroke: A type of stroke due to a reduced or blocked supply of blood in the brain. 
Also known as cerebral infarction 

life expectancy: An indication of how long a person can expect to live, depending on the 
age they have already reached. Technically, it is the number of years of life left to a person at 
a particular age if death rates do not change. The most commonly used measure is life 
expectancy at birth. 
local climate regulation services: ‘The ecosystem contributions to the regulation of 
ambient atmospheric conditions (including micro and mesoscale climates) through the 
presence of vegetation that improves the living conditions for people and supports economic 
production’ (United Nations et al. 2021:132). 

low birthweight: The weight of a baby at birth that is less than 2,500 g. 

lower respiratory infections: Infections of the lower respiratory tract, such as pneumonia or 
bronchiolitis. Also referred to as lower respiratory tract infections. 

meta-analysis: A statistical analytical method for determining a quantitative estimate of a 
topic, by combining data from multiple independent studies on the same topic.  
morbidity: Ill health in an individual, and levels of ill health in a population or group. 

mortality: The number or rate of deaths in a population during a given time period. 
myocardial infarction: A heart attack. 
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natural killer cells: The cells that are part of the body’s immune response that help to 
protect against disease through their ability to kill abnormal cells, such as tumour cells. 
obesity: A marked degree of overweight, defined for population studies as a body mass 
index of 30.00 kg/m2 or more. See also overweight. 
odds ratio (OR): The ratio of 2 odds is a measure of risk, telling us how much more likely it 
is that someone who is exposed to the factor under study will develop a particular outcome 
compared with someone who is not exposed. 
overweight: Defined for the purpose of population studies as a body mass index of 25 or 
more See also obesity. 

PM2.5: Atmospheric particulate matter (PM) that have a diameter of less than 2.5 
micrometres (0.0025 millimetres).  
PM10: Atmospheric particulate matter (PM) that have a diameter of less than 10 micrometres 
(0.010 millimetres). 

passive smoking: The act of breathing in smoke from other people’s cigarettes or other 
tobacco products (such as pipes or cigars). 
percentile: The value on a scale of 1 to 100 that indicates the percentage of a distribution 
equal to or below it. For example, 95% of values in the distribution lie below the 95th 
percentile, and 5% of values lie above it. 
perinatal: A term pertaining to, or occurring in, the period shortly before or after birth  
(usually up to 28 days after). 

photochemical pollution: Air pollution caused by the action of sunlight on nitrogen oxides 
and hydrocarbons, such as those found in traffic-generated exhaust. Considered a 
secondary air pollutant, as it is converted from one form to another. 
pneumonia: Inflammation of the lungs as a response to infection by bacteria or viruses.  
The air sacs become flooded with fluid, and inflammatory cells and affected areas of the  
lung become solid. Pneumonia is often quite rapid in onset and marked by a high fever, 
headache, cough, chest pain and shortness of breath. 

population attributable fraction: The proportion of a particular disease that could have 
been avoided if the population had never been exposed to a risk factor. 
pre-eclampsia: A condition that complicates pregnancy and is characterised by high blood 
pressure, fluid retention and protein in the urine. The placental function may be 
compromised. 

pre-term birth: A birth before 37 completed weeks of gestation. 

prevalence: The number or proportion (of cases, instances, and so forth) in a population at a 
given time. Compare with incidence. 
quality-adjusted life years (QALY): The number of years of life saved as a result of the 
intervention, adjusting for the quality of life during those years. One quality adjusted life year 
is equal to one year of life lived in perfect health. 
quartile: A group derived by ranking the population or area according to specified criteria 
and dividing it into 4 equal parts, each containing a quarter of the population or area. 
rate ratio (RR): The ratio of 2 rates or proportions is a measure used to compare rates 
between different population groups, regions, age groups, sexes or time periods. It is also 
known as ‘relative risk’ in some epidemiological studies (that is, the risk of developing a 
disease relative to exposure). Also known as relative risk. 
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recreation-related ecosystem services: ‘The ecosystem contributions, in particular through 
the biophysical characteristics and qualities of ecosystems, that enable people to use and 
enjoy the environment through direct, in-situ, physical and experiential interactions with the 
environment’ (United Nations et al. 2021:133). 

relative risk (RR): See rate ratio. 
renal: A term relating to the kidney. 
respiratory: A term relating to the airways and lungs. 
rhinitis: See allergic rhinitis. 
risk factor: Any factor that represents a greater risk of a health condition or health event.  
For example, smoking, alcohol use, high body mass index. 
schizophrenia: A complex disorder of brain function in which a person experiences an 
altered perception of reality, and which affects the person’s thoughts, perceptions emotions 
and behaviours.  
socioeconomic: A term relating to the social standing of an individual or group, often based 
on combined measures of education, income and occupation. 

stroke: An event that occurs when an artery supplying blood to the brain suddenly becomes 
blocked or bleeds. A stroke often causes paralysis of parts of the body normally controlled by 
that area of the brain, or speech problems and other symptoms. It is a major form of 
cerebrovascular disease. 

structural equation modelling: A set of statistical techniques used to test and evaluate 
hypothesised causal relationships by analysing the impact of unobserved variables (or 
‘latent’ variables) on outcome variables.  
subcutaneous: A term describing beneath the skin. 

System of Environmental Economic Accounting (SEEA): An international standard for 
environmental–economic accounting. The SEEA is a framework for organising and 
presenting environmental statistics and their relationship with the economy. It is based on 
internationally agreed standard concepts, accounting rules and so on. There are specific 
SEEA accounts for each of the following: 

• agriculture, forests and fisheries 
• air emissions 
• energy 
• environmental activity 
• ecosystems 
• land 
• material flow (that is, the physical inputs into an economy, material accumulation in the 

economy, and outputs to other economies). It balances other data sets and accounts, 
such as forestry, water, air emissions accounts etc.) 

• water. 

System of Environmental Economic Accounting Ecosystem Accounting (SEEA EA):  
A framework for organising, measuring, tracking changes in and valuing ecosystems,  
with the purpose of making the contributions of nature to the economy and humans visible 
(United Nations et al. 2021). 

systolic blood pressure: See blood pressure. 
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tertile: A group derived by ranking the population or area according to specified criteria and 
dividing it into 3 equal parts, each containing a third of the population or area. 
thermoregulation: A component of homeostasis that refers to the body’s capacity to 
regulate its own temperature to remain within a certain range, even when the temperature of 
the surrounding environment changes. 

trimester: One of the 3 periods of 3 months during pregnancy, usually divided into the first, 
second and third trimesters.  

type 2 diabetes: The most common form of diabetes, occurring mostly in people aged 40 
and over, and marked by reduced or less effective insulin. 

upper respiratory symptoms: Symptoms, usually resulting from an infection, that affect the 
upper parts of the respiratory tract, including the nose, sinus, throat and large airways. 
Symptoms include a runny nose, sore throat, sneezing and coughing. 
Value of Statistical Life (VSL): An estimate of the amount of money that a person or society 
would be willing to pay to save one human life. This is an anonymous life, rather than a 
specific person’s life, and hence is referred to as a ‘statistical life’. 
Value of Statistical Life Year (VOLY): An estimate of the amount of money that a person or 
society would be willing to pay for one additional year of life. This is an anonymous life, 
rather than a specific person’s life, and hence is referred to as a ‘statistical life’. 

volatile organic compounds (VOCs): Carbon-based chemicals that readily evaporate at 
room temperature. Biogenic VOCs (bVOCs) are produced and released into the atmosphere 
by plants. 

wellbeing: A state of health, happiness and contentment. It can also be described as judging 
life positively and feeling good. For public health purposes, physical wellbeing (for example, 
feeling very healthy and full of energy) is also viewed as critical to overall wellbeing. Because 
wellbeing is subjective, it is typically measured with self-reports, but objective indicators 
(such as household income, unemployment levels and neighbourhood crime) can also be 
used. 

YLD (years lived with a disability): The number of years of what could have been a healthy 
life that were instead spent in states of less than full health. YLD represent non-fatal burden. 
YLL (years of life lost): The number of years of life lost due to premature death, defined as 
dying before the ideal life span. YLL represent fatal burden. 
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