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Abstract: A move towards more compact and climate-resilient cities is being encouraged around the
world. As part of these plans, there is a need to manage the potential conflict between increasing urban
densities and the extent of tree canopy in cities. Reductions in tree canopy are a major contributor to
the urban heat island (UHI) effect, which will act to reduce rather than increase climate resilience in
many cities. A systems thinking approach called Collaborative Conceptual Modelling was used to
study the interaction between urban infill, tree canopy, and human health in Perth, Australia. The
results indicated that under current planning policies and development practices, the behaviour of
the system is dominated by the drive towards higher housing densities. While this may result in the
attainment of urban infill targets, it is likely to lead to a reduction in tree canopy, higher temperatures,
and a decrease in a range of other benefits provided by trees. Recommended actions to overcome this
behaviour were determined by the identification of leverage points in the system. These included
a shift to a sustainable development paradigm that places greater value on the environmental and
social benefits provided by trees and a greater emphasis on a climate-resilient future. Market and
legislative mechanisms should be integrated into the city’s greening strategy and development plans
to ensure the protection of existing trees and the inclusion of new trees on public and private land.
Keywords: trees; cities; health; climate change; Urban Heat Island (UHI)

1. Introduction
Strategies that encourage the development of climate-resilient cities should be an integral part of
climate change adaptation. Climate change projections for higher temperatures can be compounded in
cities by the creation of urban heat islands (UHI). The UHI effect is caused by the typical characteristics
of urban areas that result in higher temperatures than their surrounding non-urban areas [1–3].
These include lower rates of evapotranspiration due to less vegetation, greater storage of heat from
solar radiation due to lower surface albedo, and more anthropogenic sources of heat [2,4]. Numerous
cities around the world have reported UHI effects ranging from 2 ◦ C to 12 ◦ C, depending on the
individual characteristics of a city [3,5–9]. A study of 50 of the most populous cities in the United States
(US) reported that between 1961 and 2010, temperature increased at twice the rate of background
global increases for all of the cities that had undergone substantial urbanization during that period [10].
Another study in China reported an average increase in average air temperatures due to urbanization
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of 0.124 degrees for every decade [4]. UHI can also be intensified by heatwaves [11], which are likely
to occur with higher frequency and duration as a consequence of climate change [12]. These and
other studies demonstrate the potential of the UHI effect to amplify the warming expected from
climate change.
The potential public health implications of higher temperatures, particularly heatwaves, are well
documented. The European heatwave of 2003 recorded approximately 45,000 deaths [13]. In Australia,
heatwaves have resulted in more fatalities than all other natural hazards combined [14]. Studies
reporting heat-related mortality has been reported in all of the capital cities in Australia [15]. A recent
example is the estimated 500 excess deaths recorded in the 2009 heatwave in southeast Australia [16].
Heat-related deaths are often linked to the exacerbation of existing conditions such as cardiovascular
disease or respiratory illness [14,17–19]. Health impacts can also be compounded by increases in
ground level ozone, which can occur as a result of higher temperatures [20,21]. Vulnerability to the
health effects of heatwaves or extreme heat can be affected by exposure to heat, sensitivity to that
exposure, and the capacity to adapt by implementing suitable coping strategies.
The combined effect of climate change and UHI should be considered in light of increasing
urbanization. The percentage of the world’s population living in urban areas has increased from
30% in 1950 to a current level of 55% and a projected level of 68% by the year 2050 [22]. Given these
increases and the well-established deleterious effects of extreme heat on human health, it is critical
that the potential influence of urban planning on ambient temperatures is prioritized.
This paper reports on a case-study in Perth, Western Australia (WA) that focuses on the interaction
between the built environment and heat in the context of climate change adaptation. Perth is an isolated
urban centre undergoing significant population growth and ageing. The number of heat-related deaths
in Perth is expected to double by the year 2050 [23]. A previous study, which used a Health Impact
Assessment (HIA) methodology, determined that the projected increase in heatwaves and days over
35 ◦ C presented one of the highest risks to human health associated with climate change in WA [24–26].
The study also recognized that exposure to heat could be exacerbated in some areas of Perth due to the
occurrence of the urban heat island (UHI) effect.
A fundamental policy response of Perth’s projected population increase has been urban
consolidation, primarily through urban infill in inner metropolitan areas. This significant change in
urban form has the potential to contribute to the formation of UHIs over the coming decades. Mitigation
strategies for the UHI effect include increasing urban vegetation, increasing the albedo of built surfaces
and reducing waste heat emissions. Reductions of between 1 ◦ C and 7 ◦ C in city-wide air temperatures
have been reported as a result of UHI mitigation [10]. Vegetative strategies, particularly tree planting,
are generally found to be one of the most effective of all of the UHI mitigation strategies [27–29].
A study in Perth was conducted as part of the national Commonwealth Scientific and Industrial
Research (CSIRO) Urbanism, Climate Adaptation, and Health Research Cluster (the Cluster). The study
combined HIA and systems approaches to develop effective adaptive strategies to reduce the potential
health impacts of climate change in urban areas in Australia. The study identified heatwaves as the
greatest health risk related to climate change in Perth. Following this, systems approaches were used
to consider strategies to reduce health impacts associated with heatwaves and higher temperatures.
This paper reports on this phase of the research. The study received ethics approval from the Human
Research Ethics Committee at Curtin University.
Systems approaches support understanding and decision-making in complex systems.
Interactions in complex systems typically include a network of circular feedback effects, so as
one variable in the system is changed, a range of outcomes, both intended and unintended, will
occur [30,31]. A common response to complexity is to divide an issue into segments and design
policies within that segment; however, policies that emerge from this process are often ineffective in the
long run because they are not based on an understanding of the behaviour of the wider system [32,33].
A range of different methods can be employed when undertaking a systems approach, many of
which involve model building in group situations and cycles of elicitation, integration, representation,
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and reflection [34–41]. This type of collaborative modelling process is particularly useful when
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Figure 1. The Co-Effects Template.
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Key stakeholders with a clear connection to the issue were identified, including the state government
(Departments of Health, Planning, Environment and Conservation and Water, the Environmental
Protection Authority and the Building Commission), local government, private developers,
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• Can I see how you think?
This CCM activity reflects the need to share different perspectives (or mental models) of a
particular issue to enhance understanding of the system, and was conducted as a half-day workshop.
Key stakeholders with a clear connection to the issue were identified, including the state government
(Departments of Health, Planning, Environment and Conservation and Water, the Environmental
Protection Authority and the Building Commission), local government, private developers, academics,
and professional institutes. A total of 32 representatives from the health, planning, development, and
environment sectors across state and local government and the private sector attended the workshop.
The key focus of the workshop was the level of tree canopy in areas targeted for urban infill. Each
participant was provided with basic instructions on how to construct a simple model called an influence
diagram. Influence diagrams are a simple qualitative systems model designed to capture the key
interactions, including the feedback structure, of the topic of interest, and have been used to investigate
health issues such as obesity, safety, and healthy eating habits [38,44,45].
Participants were given 15 minutes to draw an individual influence diagram depicting their
viewpoint of the issue, including: three to four key variables that have the largest influence on tree
canopy levels in Perth; three to four of the most important effects of tree canopy; and feedback links
between these variables. Each participant was then allocated a partner from a different sector and asked
to explain their influence diagram. Each pair had 15 minutes to construct a ‘pair-blended’ diagram that
integrated both viewpoints. The diagrams were presented and discussed at table groups, and were
also displayed around the room for participants to review. The importance of how those involved in
collaborative modelling articulate their own views and then develop a common understanding has
been highlighted by Oppl [41].
Participants were then divided into six groups and used the pair-blended influence diagrams to
guide the selection of eight key variables influencing tree canopy management in urban infill areas.
The involvement of people with relevant knowledge and expertise to construct models is likely to
produce models that are more useful for informing work processes [46,47]. A simple scoring system
was utilized with each participant provided with three coloured stickers worth one, two, or three
points that were assigned to the three most important variables. The scores were combined and the
variables were ranked. Each group then discussed one of the top six variables. The discussion was
guided by key categories of: opportunities, barriers, potential conflict or synergies with other activities
or sectors, and the identification of key stakeholder groups.

• What drives system behaviour?
Information from the policy review and workshop was analysed to identify key feedback
structures and consider which elements of the system currently have the greatest level of influence
over tree canopy levels. This informed the development of additional models that depict key system
characteristics such as feedback loops and delays that typically drive system behaviour. As well as
updated influence diagrams, other typical qualitative systems models such as stock-and-flow maps
and system archetypes were developed [30,32,37,42,48].

• What are the leverage points?
Leverage points are places within a complex system where a small shift in one thing can produce
significant and enduring changes in the system. Identification of these points was facilitated by a
consideration of Meadows’ [49] classification, which includes the mindset and goals of the system,
the rules and who controls them, information and materials flows, feedback loops, and numbers such
as subsidies and taxes. System archetypes, which are generic feedback structures with characteristic
behaviour that occur in a wide range of situations, were also used in this step. An understanding
of these structures and their behaviour can facilitate the identification of effective management
strategies [30,32,34,50].
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• Can we have new eyes?
The final activity of CCM reconsiders the original challenge defined in the first activity.
The understanding gained from the CCM process supports new mental models or ‘new eyes’ that can
help develop more effective management strategies to the challenge.
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Figure 2. Global–Local Model.
Figure 2. Global–Local Model.
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The second shift in temperature distribution will present multiple challenges. The challenge
selected for this study was the management of tree canopy in areas targeted for urban infill and
higher densities.

towards a more climate-resilient city.
The relationship between urban form and local climate within the context of climate change is
depicted in Figure 3. The diagram shows how a shift in the distribution of climatic conditions affects
the frequency of extreme temperatures. Panel (a) depicts the increased probability of hot weather and
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3.2. What Is the Story?
The second activity considered the historical review of the impact of planning policy and
legislation on trees in Perth by Brunner and Cozens [53]. This review indicated that the regulation and
protection of trees in urban areas had been given limited attention in planning policy. More recent
reductions in vegetation became apparent around the year 2000, and coincided with a change in the
type of infill development. The authors concluded that “the protection of mature vegetation and trees
in WA has been afforded little time or consequence”.
A content analysis of key planning policy documents highlighted climate aspects that focused
on climate change mitigation, particularly the need for increased energy efficiency and the transport
efficiencies of compact cities. Although ambient temperature is a critical determinant of energy use,
the effect of urbanization and tree canopy changes on ambient temperature was largely overlooked in
the policies reviewed. The potential loss of tree canopy as a result of urban consolidation and the issue
of UHIs are only mentioned in two non-statutory documents: the Capital City Planning Framework
and the Climate Change Management Draft Guidelines. No explicit UHI mitigation requirements
were included in the statutory planning policies that were reviewed.
The primary focus of the WESTPLAN Heatwave is managing health outcomes related to
heatwaves. The plan discusses the increased risk of extreme heat associated with climate change and the
UHI effect. It also recognizes the links between heatwaves and infrastructure such as roads, railways,
bridges, power supply, and industry. In contrast, the Natural Hazards and Disaster Policy, which aims
to plan for natural disasters as a fundamental element of all planning documents, makes no specific
mention of heatwaves, referring only to floods, cyclones, storm surges, severe storms, landslides,
bushfires, and earthquakes. This suggests that the connection between the built environment and
extreme heat are not afforded a high priority in natural hazard planning in WA. This view is supported
by the Natural Hazard Risk in Perth study, which stated that heatwaves are probably the most
underrated weather hazard in Australia [54].
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pollutants) that has flow-on effects to health and well-being. As these effects are realized, this leads
to greater awareness of the benefits of trees on quality of life, which affects the status given to trees
by the community. This status can influence the extent to which trees are included in the design phase
Figure 4.
4. Health
Health and
and Environment
Environment Sector
Sector Influence Diagram.
Figure
via both policy and market
(property
values)
mechanisms. Influence Diagram.
The hypothesis represented in this influence diagram (Figure 4) is that the extent of tree canopy
affects a range of ecological services (including shade, visual amenity, and reduction in heat and air
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•
•
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•

Community values and expectations (33)
Health and well-being (28)
Urban design (15)
Market values and drivers (12)
Economic value of trees (8)
The qualitative models presented at the workshop were influenced by the opinions and expertise
of the workshop participants. Further research could test or expand these models with other key
Figure 5.
5. Planning
Sector Influence
Influence Diagram.
Diagram.
Figure
Planning and
and Environment
Environment Sector
stakeholders.
Figure 5 depicts how management practices can be influenced by different factors over time.
Urban infill and development has a direct influence on the extent of tree canopy. Tree canopy loss
leads to reductions in shade and higher temperatures; both have detrimental effects on liveability,
which is defined in the Capital City Framework as “the capacity of a place to deliver the everyday
qualities of life to which most of us aspire”. This includes qualities such as accessibility to amenities,
a safe and healthy living environment, a sense of community, vibrancy, and choice [55]. Urban
character was selected by this pair as a separate variable. They also showed that increases in heat can
escalate as higher energy use (air conditioning) releases more waste heat into the environment. This
section of the diagram represents important aspects of the UHI effect, and also recognises the impact
on the Global Loop, as higher energy use results in increases in greenhouse gas emissions that
contribute to climate change, which over time may influence the health and extent of tree canopy.
As these effects are realized, public pressure is exerted on management practices to counter the
original reductions in tree canopy. The types of processes include members of the community
lobbying local government or local politicians to retain trees in their community, the formation of
Figure 6. Development and Environment Sector Influence Diagram.
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Influence Diagram.
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The hypothesis represented in this influence diagram (Figure 4) is that the extent of tree canopy
affects a range of ecological services (including shade, visual amenity, and reduction in heat and air
pollutants) that has flow-on effects to health and well-being. As these effects are realized, this leads to
greater awareness of the benefits of trees on quality of life, which affects the status given to trees by the
community. This status can influence the extent to which trees are included in the design phase via
both policy and market (property values) mechanisms.
Figure 5 depicts how management practices can be influenced by different factors over time.
Urban infill and development has a direct influence on the extent of tree canopy. Tree canopy loss leads
to reductions in shade and higher temperatures; both have detrimental effects on liveability, which is
defined in the Capital City Framework as “the capacity of a place to deliver the everyday qualities of
life to which most of us aspire”. This includes qualities such as accessibility to amenities, a safe and
healthy living environment, a sense of community, vibrancy, and choice [55]. Urban character was
selected by this pair as a separate variable. They also showed that increases in heat can escalate as
higher energy use (air conditioning) releases more waste heat into the environment. This section of the
diagram represents important aspects of the UHI effect, and also recognises the impact on the Global
Loop, as higher energy use results in increases in greenhouse gas emissions that contribute to climate
change, which over time may influence the health and extent of tree canopy.
As these effects are realized, public pressure is exerted on management practices to counter
the original reductions in tree canopy. The types of processes include members of the community
lobbying local government or local politicians to retain trees in their community, the formation of
community groups that increase awareness of the issue through direct involvement in the community,
and consumer pressure for property in areas with good tree cover.
A shared viewpoint of participants from the development and environment sectors is shown in
Figure 6. As urbanization increases, there are more space demands for services and infrastructure such
as housing, roads, driveways, and utilities. This leads to competition for space. As the availability of
space is reduced, policies and practices will affect tree canopy either directly (such as street tree policy)
or indirectly (drainage, essential services). The extent of tree canopy will influence the available space
for other services. This ‘loop’ is essentially about a number of variables that in some circumstances are
viewed as ‘competing interests’. A related workshop comment was that the protection or provision of
trees is given a lower priority than many other infrastructure requirements.
Another feedback loop is shown where the changes in tree canopy can lead to increases in
temperature, which may influence tree health and canopy levels. The change in temperature and tree
canopy levels affects a broad range of social and health variables that influence the overall quality of
life. Once again, the participants saw the community value of trees as a key variable in influencing
tree canopy via a combination of resources for tree management and changes in the extent to which
other policies impact on trees.
Subsequent group discussions identified and ranked the most critical variables in determining
tree canopy levels. The top six variables with total scores in brackets were:

•
•
•
•
•
•

Urbanization policies, regulations, and practice (35)
Community values and expectations (33)
Health and well-being (28)
Urban design (15)
Market values and drivers (12)
Economic value of trees (8)

The qualitative models presented at the workshop were influenced by the opinions and expertise
of the workshop participants. Further research could test or expand these models with other
key stakeholders.
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3.4. What Drives System Behaviour?
The information from each of the previous steps was analysed post-workshop. Features
considered critical to determining system behaviour, such as goals, rules, information flows, and
feedback structures, were identified. Analysis of these features provided significant insight into the
factors that have the most influence on tree canopy levels in areas of urban infill in Perth. These factors
included:

•
•
•
•

Planning policies and practices are driven predominantly by the goal of a more compact city,
resulting in significant reductions in tree canopy.
A lack of policies and regulations to support the inclusion and retention of trees in a more
compact city.
Accounting processes with regard to urban infrastructure do not adequately capture the value of
services provided by trees or the cost of their removal.
A lack of awareness about the range of benefits provided by tree canopy and the long-term costs
associated with their removal.

Urban consolidation policies were seen as a strong influence on system behaviour. The vision of
Directions 2031 is for “a world-class liveable city: green, vibrant, more compact, and accessible with a
unique sense of place”. The “more compact” element of this vision is supported by a clear target of
an extra 154,000 infill dwellings and the Urban Growth Monitor, which reports on the construction
of dwellings in urban areas [56]. Figure 7 is a stock-and-flow map that depicts how these support
mechanisms drive progress towards the infill target. The key stock (represented by the rectangle)
is urban density, which is measured by the Urban Growth Monitor. The rate of infill development
(represented by the tap symbol) is driven by the size of the gap between the current level of urban
density and the urban-density target. As urban density approaches the target level, the gap between
the two will reduce, the rate of infill development will slow down, and ideally, the urban density target
will be met. These mechanisms are supported by a range of policies and market interest in meeting the
demand for new dwellings.
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The extent of community awareness influences tree canopy via pressure on policy makers and
the market place to incorporate trees into urban environments. The strength of this feedback is a
critical determinant of the system’s behaviour; however, evidence from this study indicates that at
the time of this study, this feedback loop is relatively weak. As stated in the Capital City Planning
Framework [55], the incremental nature of tree canopy loss often means that it “goes unnoticed until
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studies in other cities that have shown that low income areas recorded lower rates of vegetation [57,58]
as well as higher temperatures [58].
The extent of community awareness influences tree canopy via pressure on policy makers and the
market place to incorporate trees into urban environments. The strength of this feedback is a critical
determinant of the system’s behaviour; however, evidence from this study indicates that at the time of
this study, this feedback loop is relatively weak. As stated in the Capital City Planning Framework [55],
the incremental nature of tree canopy loss often means that it “goes unnoticed until it is too late to
undertake preventative actions”. In effect, as levels gradually decline, lower tree canopy levels may
become the new norm.
3.5. What Are the Leverage Points?
The most powerful leverage point in Meadow’s list [49] is paradigms. While paradigms are
difficult to change, they have the potential to influence decision-making across all levels and aspects
of the system. The paradigm shift required here is to move from a system dominated by narrow or
short-term economic considerations to one that is based on a sustainable development paradigm that
takes into account the environmental, social, and economic costs and benefits of tree canopy in urban
areas for current and future generations.
Goals capture the purpose or function of the system, and are a powerful leverage point because
they are an indication of what we value most and can have a significant influence on all aspects of
the system [31]. While the study highlighted that there were clear goals for urban density targets,
these were lacking for tree canopy. Introducing a specific goal or target for tree canopy levels would
create a strong leverage point that could serve as an additional indicator of progress towards a more
liveable city.
Effective goals must be supported by rules such as policies and laws, incentives, constraints, and
disincentives. If the goal of the system has been narrowed, the rules will tend to follow suit. The
review of past and current policies and the findings of the workshop indicated that current rules do
not provide adequate protection of tree canopy levels in Perth. Rules pertaining to tree planting and
removal, on both private and public land, are critical. One example highlighted in the workshop was
the need for rules to reduce the widespread practice of removing all vegetation, particularly mature
trees, during urban development. The physical limitations created by other policies, such as zoning
limitations, setback, and height limits and requirements for other infrastructure may severely limit
the physical opportunities to incorporate trees into the urban design. If current rules discourage
the inclusion of trees in urban design, these rules should be reconsidered. Community tree planting
programs can play a significant role in tree management plans, and have the added advantage of
increasing community awareness regarding the importance of trees in urban environments. However,
these are typically limited to public land, so the influence on the critical space of private land is limited.
Information flows are strong leverage points in changing system behaviour. The study indicated
that there are significant gaps and biases in the information flows of the system. In the absence
of thorough tree canopy monitoring and reporting, tree canopy levels will continue to be largely
overlooked. Improvements in information flows are also needed with respect to the links between
tree canopy levels and a range of social, environmental, and economic factors. Responsibility for these
factors is dispersed across many sectors, and highlights the need for a whole-of-government approach
to manage tree canopy.
4. Discussion
The discussion is focused on the final activity of CCM, ‘Can we have new eyes?’ The shift to a
more compact city is not unique to Perth. Increasing awareness of the high economic, environmental,
and social costs of urban sprawl is creating a global move towards more compact cities [59].
The considerable benefits of compact cities include the more efficient delivery of essential infrastructure,
goods, and services, and reduced environmental costs of land-clearing and long commute times.
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Compact cities also promote health, with ‘walkable’ distances encouraging active transport and
physical activity in general [60]. Perth is one of the most sprawling cities in the world, and progress
towards a more compact city, especially in light of the anticipated population growth, is clearly
warranted. However, care must be taken so that the higher densities are planned and designed in a
way that avoids undesirable consequences such as those associated with lower tree canopy levels.
The interest in this research stemmed from the relationship between urban form, tree canopy, and
temperature, within the context of a warming climate in Perth, which is a city that regularly experiences
temperatures in excess of 40 ◦ C during summer. This research supports the findings of others that the
management of climate impacts within urban areas is generally given only minor consideration within
planning frameworks and development policy [5,61]. In a review of climate action plans from cities
in the US, Stone, Vargo, and Habeeb [10] concluded that excluding UHI mitigation strategies from
plans may “fail to adequately protect human health and welfare from rapidly rising temperatures”.
The evidence from this study suggests that the UHI effect is not given significant consideration in
planning frameworks, and the risk to human health in Perth is likely to increase without action. The
inclusion of heatwaves in the Natural Hazards and Disaster Policy would be an appropriate starting
point for considering the influence and role of the planning sector with regard to the urban climate.
Subsequent to this research, the Perth and Peel@3.5million report was released in March 2018 [62].
The report extends strategic land-use planning beyond Direction 2031 to the year 2050. Some elements
of the report that are relevant to this research are encouraging. The report states that “enhancing the
urban forest and increasing tree canopy cover is the most efficient and economical way to reduce the
effects of urban heat island in communities” (p72). The importance of this issue was also raised by
the Environmental Protection Authority response to the draft report, which recommended actions to
counteract the effects of the UHI effect through a greening strategy for the region [63]. Information
flows have also improved with widespread mapping of the urban forest; however, these have raised
further concerns. The Urban Forest of Perth and Peel Statistical Report stated that tree canopy levels
in Perth are highly variable with some areas recording less than 5% coverage [64]. Other studies
have reported similar levels of variability, with the lowest levels often recorded in areas of lower
socio-economic status. The Urban Forest report also highlights that trees on residential land account
for a significant proportion of the urban forest in many areas, and that these trees (and areas) are
at greatest risk due to policies that support increases in density while offering limited protection
for established trees. While the Perth Peel report updated urban infill targets to 377,130 new infill
dwellings by 2050 and recognised the potential impact on the tree canopy levels of these dwellings,
the report does not include a tree canopy target or a clear strategy on how the risk to tree canopy and
flow-on effects will be addressed. Improvements in the availability of tree canopy and urban infill
could be used to develop and test quantitative system dynamic models in future research.
Another recent report on Urban Forests from the Western Australian Local Government
Association (WALGA) provides additional insights into the findings of this study [65]. A survey
involving 33 Local Government Areas (LGAs) highlighted that many are actively addressing the
challenge of falling tree canopy levels in urban areas with initiatives such as street tree policies and
urban forest plans (78% and 60% of LGAs respectively). However, the key finding was that without
changes to “state government planning legislation, policies, and plans . . . local government will
struggle to maintain and grow their urban forests, particularly on private land and verges” (p6).
In addition, plans for a framework to support local government management of the issue were
considered to be “of no value unless there is clear head of power/legislation to give local governments
the ability to enforce it” (p4).
These recent findings support the findings of the case study, which indicate that the behaviour
of the current system is dominated by actions to increase urban density whilst failing to provide
protection for urban canopy levels. The series of leverage points identified during the study provide a
range of management options that can lead to a more sustainable approach where a balance between
urban density and tree canopy is achieved.
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5. Conclusions
In the context of increasing urbanization and climate change, a shift towards more climate-resilient
cities should be at the forefront of urban planning. This fundamental shift is required for climate change
adaptation across all sectors, and is related to many impacts, including human health. This study used
a system thinking approach to consider how past and present policies and practices have influenced
tree canopy levels in Perth. The study concluded that policies and practices that are intended to
increase urban densities will continue to result in reductions in tree canopy levels unless several key
changes are implemented.
The leverage points discussed in this paper provide guidance in this respect: a shift to a sustainable
development paradigm that places greater emphasis on the environmental and social aspects related
to tree canopy; clear goals for tree canopy levels; strong policies and regulations to support these
goals; the power to enforce these, particularly in high-risk areas such as private land; and greater
consideration of the interaction between urban planning policies, climate, and human health. Delays
in the implementation of these actions is likely to lead a more climate-sensitive city and increased risks
to public health.
Author Contributions: Conceptualization, H.B., K.P., B.N. and J.S.; Formal analysis, H.B.; Supervision, K.P., B.N.,
J.S. and T.C.; Writing – original draft, H.B.; Writing – review & editing, K.P., B.N., J.S., T.C. and L.B.
Funding: This research was funded by CSIRO Urbanism, Climate Adaptation and Health Research Cluster. H.B.
was supported by an Australian Postgraduate Award and a Curtin University Postgraduate Scholarship.
Acknowledgments: The Department of Planning Western Australia for hosting the workshop.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to
publish the results.

References
1.
2.
3.
4.
5.

6.
7.

8.
9.
10.
11.
12.

Chandler, T. London’s urban climate. Geogr. J. 1962, 128, 279–298. [CrossRef]
Oke, T.R. The energetic basis of the urban heat island. Q. J. R. Meteorol. Soc. 1982, 108, 1–24. [CrossRef]
Taha, H. Urban climates and heat islands: Albedo, evapotranspiration, and anthropogenic heat. Energy Build.
1997, 25, 99–103. [CrossRef]
Zhao, L.; Lee, X.; Smith, R.B.; Oleson, K. Strong contributions of local background climate to urban heat
islands. Nature 2014, 511, 216. [CrossRef] [PubMed]
Coutts, A.M.; Beringer, J.; Tapper, N.J. Investigating the climatic impact of urban planning strategies through
the use of regional climate modelling: A case study for Melbourne, Australia. Int. J. Climatol. 2008, 28,
1943–1957. [CrossRef]
Greater London Authority. London’s Urban Heat Island: A Summary for Decision Makers; Greater London
Authority: London, UK, 2006.
Oke, T. The heat island of the urban boundary layer: Characteristics, causes and effects. In Wind
Climate in Cities; NATO ASI Series E Applied Sciences—Advanced Study Institute; Springer: Dordrecht,
The Netherlands, 1995; Volume 277, pp. 81–107.
Stone, B. Urban heat and air pollution. Am. Plan. Assoc. 2005, 71, 13–25. [CrossRef]
Yamamoto, Y. Measures to mitigate urban heat islands. Q. Rev. Sci. Technol. Trends 2006, 18, 65–83.
Stone, B.; Vargo, J.; Habeeb, D. Managing climate change in cities: Will climate action plans work?
Landsc. Urban Plan. 2012, 107, 263–271. [CrossRef]
Lei, Z.; Michael, O.; Qing, Z.; Jane, W.B.; Kristie, L.E.; Elie, B.-Z.; Kaiyu, G.; Xu, L. Interactions between urban
heat islands and heat waves. Environ. Res. Lett. 2018, 13, 034003.
Intergovernmental Panel on Climate Change (IPCC). Summary for policymakers. In Climate Change 2013:
The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2013.

Int. J. Environ. Res. Public Health 2018, 15, 1547

13.

14.
15.

16.

17.
18.

19.

20.
21.
22.
23.

24.
25.
26.

27.
28.

29.
30.
31.
32.
33.
34.

14 of 16

Fouillet, A.; Rey, G.; Laurent, F.; Pavillon, G.; Bellec, S.; Ghihenneuc-Jouyaux, C.; Clavel, J.; Jougla, E.;
Hémon, D. Excess mortality related to the August 2003 heat wave in France. Int. Arch. Occup. Environ. Health
2006, 80, 16–24. [CrossRef] [PubMed]
Coates, L.; Haynes, K.; O’Brien, J.; McAneney, J.; de Oliveira, F.D. Exploring 167 years of vulnerability:
An examination of extreme heat events in Australia 1844–2010. Environ. Sci. Policy 2014, 42, 33–44. [CrossRef]
Bi, P.; Williams, S.; Loughnan, M.; Lloyd, G.; Hansen, A.; Kjellstrom, T.; Dear, K.; Saniotis, A. The effects of
extreme heat on human mortality and morbidity in Australia: Implications for public health. Asia Pac. J.
Public Health 2011, 23, 27s–36s. [PubMed]
Nairn, J.R.; Fawcett, R. Defining Heatwaves: Heatwave Defined as a Heat-Impact Event Servicing All Community
and Business Sectors in Australia; Technical Report 60; Centre for Australian Weather and Climate Research:
Melbourne, Australia, 2013.
Basu, R. High ambient temperature and mortality: A review of epidemiologic studies from 2001 to 2008.
Environ. Health 2009, 8, 40. [CrossRef] [PubMed]
McMichael, A.J.; Wilkinson, P.; Kovats, R.S.; Pattenden, S.; Hajat, S.; Armstrong, B.; Vajanapoom, N.;
Niciu, E.M.; Mahomed, H.; Kingkeow, C. International study of temperature, heat and urban mortality:
The ‘isothurm’project. Int. J. Epidemiol. 2008, 37, 1121–1131. [CrossRef] [PubMed]
Oleson, K.; Monaghan, A.; Wilhelmi, O.; Barlage, M.; Brunsell, N.; Feddema, J.; Hu, L.; Steinhoff, D.
Interactions between urbanization, heat stress, and climate change. Clim. Chang. 2015, 129, 525–541.
[CrossRef]
Department of the Environment. State of the Environment Report; Department of the Environment: Canberra,
Australia, 2011.
Grimm, N.B.; Faeth, S.H.; Golubiewski, N.E.; Redman, C.L.; Wu, J.; Bai, X.; Briggs, J.M. Global change and
the ecology of cities. Science 2008, 319, 756–760. [CrossRef] [PubMed]
United Nations Department of Economic and Social Affairs, Population Division. Revision of the World
Urbanization Prospects 2018: Key Facts; UNDESA-PD: New York City, NY, USA, 2018.
Bambrick, H.; Dear, K.; Woodruff, R.; Hanigan, I.; McMichael, A. The Impacts of Climate Change on Three
Health Outcomes: Temperature-Related Mortality and Hospitalisations, Salmonellosis and Other Bacterial
Gastroenteritis, and Population at Risk from Dengue; Garnaut Climate Change Review. 2008. Available
online: http://www.garnautreview.org.au/CA25734E0016A131/WebObj/03-AThreehealthoutcomes/$File/
03-A%20Three%20health%20outcomes.pdf (accessed on 12 April 2017).
Brown, H. Health Impacts of Climate Change in Urban Areas: A Pathway to Adaptation. 2013. Available
online: http://hdl.handle.net/20.500.11937/719 (accessed on 16 July 2015).
Spickett, J.; Brown, H.; Katscherian, D. Health Impacts of Climate Change: Adaptation Strategies for Western
Australia; Department of Health, Government of Western Australia: Perth, WA, Australia, 2007.
Spickett, J.T.; Brown, H.L.; Katscherian, D. Adaptation strategies for health impacts of climate change in
Western Australia: Application of a health impact assessment framework. Environ. Impact Assess. Rev. 2011,
31, 297–300. [CrossRef]
Hart, M.A.; Sailor, D.J. Quantifying the influence of land-use and surface characteristics on spatial variability
in the urban heat island. Theor. Appl. Climatol. 2009, 95, 397–406. [CrossRef]
Lynn, B.H.; Carlson, T.N.; Rosenzweig, C.; Goldberg, R.; Druyan, L.; Cox, J.; Gaffin, S.; Parshall, L.; Civerolo, K.
A modification to the NOAH LSM to simulate heat mitigation strategies in the New York City metropolitan
area. J. Appl. Meteorol. Climatol. 2009, 48, 199–216. [CrossRef]
Zhou, Y.; Shepherd, J.M. Atlanta’s urban heat island under extreme heat conditions and potential mitigation
strategies. Nat. Hazards 2010, 52, 639–668. [CrossRef]
Sterman, J. Business Dynamics: Systems Thinking and Modeling for a Complex World; Irwin McGraw-Hill: Boston,
MA, USA, 2000.
Meadows, D. Thinking in Systems: A primer; Chelsea Green Publishing: Hartford, VT, USA, 2008.
Senge, P.M. The Fifth Discipline: The Art and Practice of the Learning Organization, 2nd ed.; Random House:
London, UK, 2006.
Checkland, P.; Scholes, J. Soft Systems Methodology in Action; Wiley: Chichester, UK, 1990.
Andersen, D.F.; Richardson, G.P. Scripts for group model building. Syst. Dyn. Rev. 1997, 13, 107–129.
[CrossRef]

Int. J. Environ. Res. Public Health 2018, 15, 1547

35.
36.

37.
38.
39.
40.
41.
42.

43.
44.

45.
46.
47.
48.
49.
50.
51.

52.
53.
54.
55.

56.
57.

15 of 16

Hyunjung, K. In search of a mental model-like concept for group-level modeling. Syst. Dyn. Rev. 2009, 25,
207–223.
Newell, B.; Proust, K. Introduction to Collaborative Conceptual Modelling; Australian National University:
Canberra, Australia, 2012; Available online: https://openresearch-repository.anu.edu.au/handle/1885/9386
(accessed on 28 March 2015).
Vennix, J.A.M. Group model-building: Tackling messy problems. Syst. Dyn. Rev. 1999, 15, 379–401.
[CrossRef]
Goh, Y.M.; Love, P.E.D.; Stagbouer, G.; Annesley, C. Dynamics of safety performance and culture: A group
model building approach. Accid. Anal. Prev. 2012, 48, 118–125. [CrossRef] [PubMed]
Carey, G.; Malbon, E.; Carey, N.; Joyce, A.; Crammond, B.; Carey, A. Systems science and systems thinking
for public health: A systematic review of the field. BMJ Open 2015, 5. [CrossRef] [PubMed]
Dyball, R.; Newell, B. Understanding Human Ecology: A Systems Approach to Sustainability; Routledge: London,
UK; New York, NY, USA, 2015.
Oppl, S. Evaluation of collaborative modeling processes for knowledge articulation and alignment. Inf. Syst.
e-Bus. Manag. 2017, 15, 717–749. [CrossRef]
Proust, K.; Newell, B.; Brown, H.; Capon, A.; Browne, C.; Burton, A.; Dixon, J.; Mu, L.; Zarafu, M.
Human health and climate change: Leverage points for adaptation in urban environments. Int. J. Environ.
Res. Public Health 2012, 9, 2134–2158. [CrossRef] [PubMed]
Wheeler, A. Planning for Urban Health: An Analysis of Metropolitan Strategic Planning in Australia; University
of New South Wales: Sydney, Australia, 2011.
Friel, S.; Pescud, M.; Malbon, E.; Lee, A.; Carter, R.; Greenfield, J.; Cobcroft, M.; Potter, J.; Rychetnik, L.;
Meertens, B. Using systems science to understand the determinants of inequities in healthy eating. PLoS ONE
2017, 12, e0188872. [CrossRef] [PubMed]
Newell, B.; Proust, K.; Dyball, R.; McManus, P. Seeing obesity as a systems problem. N. S. W. Public
Health Bull. 2007, 18, 214–218. [CrossRef] [PubMed]
Antunes, P.; Simões, D.; Carriço, L.; Pino, J.A. An end-user approach to business process modeling. J. Netw.
Comput. Appl. 2013, 36, 1466–1479. [CrossRef]
Krogstie, J.; Sindre, G.; Jørgensen, H. Process models representing knowledge for action: A revised quality
framework. Eur. J. Inf. Syst. 2006, 15, 91–102. [CrossRef]
Kim, D.; Anderson, V. System Archetype Basics from Story to Structure; Pegasus Communications: Waltham,
MA, USA, 2007.
Meadows, D. Leverage Points: Places to Intervene in a System; The Sustainability Institute: Hartland, VT,
USA, 1999.
Wolstenholme, E.F. Towards the definition and use of a core set of archetypal structures in system dynamics.
Syst. Dyn. Rev. 2003, 19, 7–26. [CrossRef]
Folland, C.; Karl, T.; Christy, J.; Clarke, R.; Gruza, G.; Jouzel, J.; Mann, M.; Oerlemans, J.; Salinger, M.;
Wang, S.-W. Observed Climate Variability and Change; Intergovernmental Panel on Climate Change: 99-181;
Cambridge University Press: Cambridge, UK, 2001.
Steffen, W.L. The Angry Summer; Climate Commission Secretariat, Department of Climate Change and
Energy Efficiency: Canberra, Australia, 2013.
Brunner, J.; Cozens, P. ‘Where have all the trees gone?’ Urban consolidation and the demise of urban
vegetation: A case study from Western Australia. Plan. Pract. Res. 2013, 28, 231–255. [CrossRef]
Jones, T.; Middleman, M.; Corby, N. Natural Hazard Risk in Perth Western Australia: Comprehensive Report.
2005. Available online: https://trove.nla.gov.au/version/44645233 (accessed on 5 April 2015).
WA Planning Commission. Capital City Planning Framework. Planning, Ed. Perth; 2013. Available online:
https://www.planning.wa.gov.au/dop_pub_pdf/stCCPF_Final_report_up_to_Section_5.pdf (accessed on
22 August 2016).
WA Planning Commission. Urban Growth Monitor. 2012. Available online: https://www.planning.wa.gov.
au/dop_pub_pdf/UGM_2012_Part_A.pdf (accessed on 22 August 2016).
Schwarz, K.; Fragkias, M.; Boone, C.G.; Zhou, W.; McHale, M.; Grove, J.M.; O’Neil-Dunne, J.; McFadden, J.P.;
Buckley, G.L.; Childers, D.; et al. Trees grow on money: Urban tree canopy cover and environmental justice.
PLoS ONE 2015, 10, e0122051. [CrossRef] [PubMed]

Int. J. Environ. Res. Public Health 2018, 15, 1547

58.

59.

60.
61.
62.
63.

64.
65.

16 of 16

Jenerette, G.D.; Harlan, S.L.; Brazel, A.; Jones, N.; Larsen, L.; Stefanov, W.L. Regional relationships between
surface temperature, vegetation, and human settlement in a rapidly urbanizing ecosystem. Landsc. Ecol.
2007, 22, 353–365. [CrossRef]
Rydin, Y.; Bleahu, A.; Davies, M.; Dávila, J.D.; Friel, S.; De Grandis, G.; Groce, N.; Hallal, P.C.; Hamilton, I.;
Howden-Chapman, P. Shaping cities for health: Complexity and the planning of urban environments in the
21st century. Lancet 2012, 379, 2079–2108. [CrossRef]
Lopez, R. Urban sprawl and risk for being overweight or obese. Am. J. Public Health 2004, 94, 1574–1579.
[CrossRef] [PubMed]
Dhar, T.K.; Khirfan, L. Climate change adaptation in the urban planning and design research: Missing links
and research agenda. J. Environ. Plan. Manag. 2017, 60, 602–627. [CrossRef]
WA Planning Commission. Perth and Peel @ 3.5 million. 2018. Available online: https://www.planning.wa.
gov.au/dop_pub_pdf/Perth_and_Peel_Sub_Region_March2018_v2.pdf (accessed on 12 March 2018).
Office of the Environmental Protection Authority. Perth and Peel @ 3.5 Million Environmental Impacts,
Risks and Remedies. 2015. Available online: http://www.epa.wa.gov.au/sites/default/files/Publications/
Perth-Peel-s16e-interim-advice-2015-web.pdf (accessed on 22 August 2016).
WA Planning Commission. The Urban Forest of Perth and Peel. 2014. Available online: https://www.
planning.wa.gov.au/publications/7216.aspx (accessed on 15 August 2016).
Western Australia Local Government Association (WALGA). Urban Tree Canopy Survey. 2017.
Available online: https://walga.asn.au/getattachment/Policy-Advice-and-Advocacy/Environment/
Climate-Change/Climate-Change-Projects/WALGA-Urban-Forest-Survey-Summary-2017.pdf (accessed on
15 March 2018).
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

