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Abstract:



This paper describes a research project exploring future urban forests. This study uses a Delphi approach to develop a set of key indicators for healthy, resilient urban forests. Two groups of experts participated in the Delphi survey: International academics and local practitioners. The results of the Delphi indicate that “urban tree diversity” and “physical access to nature” are indicators of high importance. “Tree risk” and “energy conservation” were rated as indicators of relatively low importance. Results revealed some differences between academics and practitioners in terms of their rating of the indicators. The research shows that some indicators rated as high importance are not necessarily the ones measured or promoted by many municipal urban forestry programs. In particular, social indicators of human health and well-being were rated highly by participants, but not routinely measured by urban forestry programs.
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1. Introduction


Our world is rapidly urbanizing, while, at the same time, facing uncertain futures. If we want our cities to continue to be livable, dynamic places for the world’s citizens, we must plan ahead for climate change. One important aspect of a city’s functioning is in its urban forest. Urban forests provide a wide range of benefits, from ecosystem services [1,2,3], climate change adaptation [4,5] and climate change mitigation [6,7,8], to improvement in human health and well-being [9,10,11] Unfortunately, in many places in the world, urban forests are rapidly being lost to create residential spaces for the global migration to cities [12,13]. Urban forests are also threatened by changing climate, including spreading pests and diseases, changes to precipitation, and increased storm events.



In order to address these challenges, many cities are implementing tree-planting programs to increase the urban forest [14,15]. While these programs have excellent intentions, many lack an overall vision about the values to be achieved by the tree planting, and the urban forest design best fit to achieve these values. A dichotomy also exists between what cities strive for, and what they monitor as key indicators. For example, there is increasing awareness of the role of urban forests in enriching human health and well-being [9,10,11], but none of the indicator sets or management parameters surveyed included a measure of how trees can be planted to enhance their effects on human health.



The main aim of this study is to develop a decision support framework, centered on a set of key indicators, which can be used to build and test various scenarios of future urban forests. A decision support framework for urban forest design is proposed to help cities achieve their future forest vision. A decision support framework translates “big picture” thinking at the vision level into values, goals, indicators, and targets, which will lead to specific strategies and actions to enable implementation [16]. A framework creates a transparent linkage between practical strategies and actions on the ground and the goals and objectives inspiring them.



The purpose of the Delphi research was to select a small, but broad set of key urban forest indicators to drive the design and measurement of future forest scenarios. Criteria and indicators are a commonly used tool in the profession of forestry [17,18,19] and urban design [20]. There have been a few studies looking at indicator sets for urban forestry [21,22,23,24,25,26]. None of the existing indicator sets captured the full range of urban forest benefits required for this study. This study is focused on urban forests in the context of climate change, and looks at issues of human health and well-being. Indicators addressing these issues were not in most indicator sets reviewed. Additionally, it is hoped that many communities implementing urban tree planting programs could use the indicators selected. This indicator set could provide communities with limited resources a simple but fairly comprehensive framework for planning future urban forests.



Indicators are a common tool used to measure progress towards an objective. For example, the use of criteria and indicator sets is well established in sustainable forest management plans [17,18,19] and literature exists on what constitutes a good indicator [17]. According to their literature review, Harshaw et al. [17] list the characteristics of a good indicator as:

	
Relevant



	
Credible



	
Measurable



	
Cost-effective



	
Connected to [urban] forestry








These characteristics were used to evaluate the initial list of indicators for this project.



While indicators are primarily used to measure performance, Kellett [20] proposes “indicators are also very useful, arguably more useful, in community planning and design to direct alternatives and choices toward targets when opportunity is far greater to modify direction or approach” [20]. He differentiates between “enabling” indicators that can direct design from “performance” indicators that simply measure the results of design [20]. For example, tree canopy cover is an “enabling” indicator because it can be used to direct design decisions. A community could use a canopy cover target of thirty percent to guide design, while also using the indicator to measure the resulting forest to see if this cover was achieved. A performance indicator, on the other hand, can only be used once the design is in place. An example of a performance indicator could be “tree health”. This indicator is important, but difficult to guide design decisions. For the purposes of this study, “enabling” indicators will be used that can both direct design choices for a series of alternative futures, as well as measure the results of these futures once they are modeled. Dobbs et al. argue that the urban forest structure determines its ability to provide ecosystem services [21]. Enabling indicators are those that determine the structure of the urban forest. No literature reviewed to date has proposed using indicators as a design input for visioning future forests.



There have been a few recent attempts to create indicator sets for urban forest resources [22,23,24]. Current indicator sets proposed for urban forestry have shortcomings. First, there is a lack of uptake for the indicators sets. Kenney et al. [22] noted that Clark et al.’s indicator set [23], while comprehensive, has had little uptake by municipalities in the decade since being proposed. If municipalities aren’t using the indicators, this could show they aren’t measuring the issues urban foresters are most interested in. While most cities have a set of management parameters, a study by Östberg et al. [24] found few parameters that were used by multiple cities. This lack of standardization between cities makes comparison of performance between cities difficult. For example, some cities may collect tree diversity data, while others may collect data about habitat areas. Many collect some data about tree cover, but even this measure is not easily compared between cities, as the definition of what constitutes a “city” is not standardized. Some cities include the suburban periphery, while others may focus on the downtown core. It is hoped that a shorter list of easily measurable indicators could provide a first step towards building common basis for cities to begin measuring and comparing urban forest assets.




2. Materials and Methods


This research used an email Delphi approach to solicit feedback from experts in the field of urban forestry. Participants were asked to rate indicators that could be used to design and measure urban forests, and then comment on a decision support framework for future urban forests. The goal for this study was to evaluate a set of key urban forest indicators.



2.1. Delphi Approach


The Delphi approach is a well-established research method that asks experts to lend their opinion to a structured problem in order to develop informed solutions [27,28]. The method provides structured feedback to participants after each round in order to facilitate an anonymous dialogue about the subject matter. It has been used once before to solicit expert feedback on parameters for urban forest inventories [24].



The Delphi method has known weaknesses [27]. These include: Its reliance on a careful selection of expert participants, the lengthy time required for a multiple round survey, participant attrition, ease of ability to be manipulated by the facilitator, an inability to handle discord easily, and limited interaction between participants. This study used a number of methods to help address these weaknesses. Academic participants were carefully screened based on relevant publication history. Local practitioners were selected based on their management positions within local governments. The study attempted to reduce time between rounds, but slow response rates were a problem. Participants were lost between the first and second rounds. This study used a combination of quantitative and qualitative feedback to help clearly communicate feedback received in order to increase transparency and reduce the possibility of facilitator manipulation.



Using the Delphi method, participants worked iteratively to select a small set of key indicators using both a likert scale for rating indicators and qualitative feedback. Qualitative feedback was encouraged, as suggested by Landeta [27] to get a better understanding of participant choices. The feedback was summarized and returned to experts in the second round of the Delphi. It was also used to modify the rationales for each indicator.




2.2. Email Delphi Method


This study used electronic mail to contact participants and distribute the survey. Before email, researchers undertaking a Delphi study used posted mail surveys to contact participants and collect feedback [28]. Email provides a faster method of communication than regular mail, but recent developments in social media and other online platforms could provide an even more user-friendly approach. Participant attrition was an issue in this study, and an exploration of other methods of delivering a Delphi survey is recommended.




2.3. Indicator Selection


Indicators were developed from relevant literature that represented a wide range of economic, environmental and social issues [21,22,23,24,25,26]. The indicators included both quantitative and qualitative issues (see Appendix Table A1). Indicators were reduced to those indicators that could function both as design drivers (“enabling indicators”) and as measurement tools for the resulting design (Table 1). The urban forestry literature also underrepresents social values of urban forest measures [29]. The indicator sets reviewed contained few social indicators.



Table A1. Existing Urban Forest Indicator Sets.







	

	
i-Tree

	
Dobbs et al. 2011

	
Kenney et al. 2011

	
Clark et al. 1997

	
USDA Forest Health Indicators. (Woodall et al. 2011)

	
Parameters Östberg (2011)






	
Canopy Cover/volume

	
Number of Trees

	
Tree Canopy Cover

	
Relative Canopy Cover

	
Canopy cover

	

	
Scientific name:tree specie & genera




	
Tree Density

	
Tree Structure

	

	

	

	
Vitality




	
Diversity

	
Species Composition

	
Shannon diversity index

	
Species distribution

	
Species mix

	
Vegetation diversity

	
Coordinates




	

	

	
Age distribution

	
Age distribution

	

	
Hazard class




	
Tree Health/Risk

	
Tree Health

	
Crown dieback

	
Condition of publicly owned trees

	

	
Crown condition

	
Identification number




	
Pests risk analysis

	
Damage to infrastructure

	

	

	
Ozone injury

	
Presence of fruit bodies




	
Air Quality Improvement

	
Ozone, sulfur dioxide, nitrogen dioxide, carbon monoxide, particulate matter (<10 microns) removal

	
Air pollutant removal

	

	

	

	
Date of latest inventory




	
VOC emissions

	
Decrease in air quality

	

	

	

	
Category of care




	
Economic benefit based on effect of trees on air quality improvement

	
Pm 10 removal

	

	

	

	
Conservation value




	
Allergenicity

	
Tree pollen allergenicity index

	
Allergenicity

	

	

	

	
Street or park trees




	

	

	

	

	

	
Age class




	
Greenhouse gas storage/sequestration

	
Carbon stored

	
C02 sequestration

	

	

	
Down woody material

	
Stem circumference at 1 m height at planting




	
Net carbon annually sequestered

	

	

	

	

	
Date of planting




	
Energy conservation

	
Effects of trees on building energy use + consequent effects on co2 emissions

	
Temperature Reduction

	

	

	

	
Name of disease or pest




	
Stormwater management

	
Canopy rainfall interception summarized by species or land use

	
Soil Infiltration

	

	

	

	
Reason for felling




	
Property value benefits

	
Property value increase

	

	

	

	

	




	
Habitat provision

	

	
Ratio of native trees

	
Native vegetation

	
Native vegetation

	
Lichen communities

	




	
Human health/well-being

	
Public health incidence reduction

	
Recreation cover

	

	

	

	




	
Economic Value

	
Replacement value

	

	

	

	

	




	
Soils/growing space

	

	
Soil Infiltration

	

	

	
Soils

	




	

	
Soil fertility

	

	

	

	




	

	
Soil bulk density

	

	

	

	




	

	
Soil nutrients

	

	

	

	




	

	
Heavy metals

	

	

	

	




	
Other

	

	
Leaf area and distance to roads

	
Species suitability

	

	

	




	

	
Type of foliage

	

	

	

	




	

	
Curve Number

	

	

	

	




	

	
Fruit fall

	

	

	

	




	

	
Tree biomass

	

	

	

	










Table 1. Mean rankings and frequency of rating, all participants (n = 15).







	
Indicator

	
Rating

	
1

	
2

	
3

	
4

	
5






	
Urban Tree Diversity

	
4.9

	

	

	

	
2

	
13




	
Physical Access to Nature

	
4.9

	

	

	

	
2

	
13




	
Canopy Cover

	
4.3

	

	

	
1

	
8

	
6




	
Stormwater Control

	
4.2

	

	
1

	
3

	
3

	
8




	
Visual Access to Nature

	
4.1

	
1

	

	
1

	
7

	
6




	
Habitat Provision

	
4.1

	

	
1

	
1

	
9

	
4




	
Air Quality Improvement

	
4.0

	

	
2

	
1

	
7

	
5




	
Available Growing Space

	
3.8

	
3

	

	
1

	
4

	
7




	
Greenhouse Gas Sequestration and Storage

	
3.6

	
1

	
1

	
5

	
4

	
4




	
Energy Conservation

	
3.4

	
1

	
2

	
5

	
4

	
3




	
Property Value Benefits

	
3.3

	
1

	
1

	
9

	
1

	
3




	
Tree Risk

	
3.1

	
2

	
2

	
6

	
2

	
3










New indicators were created to capture social values of human health and well-being. Urban forests’ contribution to human health and well-being has been the subject of much recent research [9,10,11], but the indicator sets reviewed did not sufficiently capture this dimension. Dobbs et al. [21] did address human health and well-being, acknowledging “that quantifying the relationship between the urban forest and human well-being in terms of psychological and social values is critical in assessing ESG [Ecosystem Services and Goods]” [21] (p. 199). Their research focused on regulation indicators, such as air quality services of urban forests, in more detail than other dimensions of human health and well-being. This research builds on their indicator list to include two additional indicators that attempt to capture recreation and psychological benefits of urban forests.



Two indicators were introduced to test whether the experts agreed that these were important aspects of urban forestry. In order to fit within the study’s requirement for indicators that could be used to direct design decisions, the indicators introduced had to be spatially explicit. The first new indicator: “physical access to nature”, captures the equitable distribution of urban forest assets within a community. This indicator relates to the literature examining the human health benefits of additional physical activity linked to increased greenspace within a community [30,31,32,33]. Through these studies, access to nature has been tied to increased recreation, particularly walking, which is beneficial to both physical and mental health of residents.



The next indicator: “visual access to nature”, attempts to capture the psychological health benefits of natural views from residences and workplaces. Views of nature have long been recognized as having positive benefits for human health and well-being [10,34]. Increasing visual access to nature for community residents could work towards lowering stress levels and improving mental wellness.



Indicators relating to the management of urban forests were well represented in existing indicators sets, but are not within the scope of this research project. This project recognizes that they are a critical contribution to the future of urban forests, but not within the scope of this research.



The reduced list was then sent to selected academic experts and local practitioners for the first round of the Delphi questioning. Participants were provided with identical questionnaires listing twelve indicators. Each indicator had a brief description, a rationale statement, and a likert rating scale. The likert scale asked participants to rate each indicator in terms of low importance (1) to high importance (5). Participants were also given space and encouraged to propose additional indicators they felt were missing from the list.




2.4. Expert Selection


The opinions of international and local expertise were sought. Linstone suggests a suitable minimum panel size of seven [28], which fit with the scope of this study. The targets were eight participants from each group.



2.4.1. Local Practitioners


The region of Metro Vancouver, in British Columbia, Canada, was chosen as the location for testing local practitioner preferences. Metro Vancouver faces all of the challenges outlined in the introduction of this paper, and it hosts a wide range of local governments, each with a unique approach to managing their urban forest [14]. The 13 local municipalities within the Metro Vancouver region with populations over 50,000 people were contacted. Emails were sent to either the identified urban forestry manager, parks manager, or to the general urban forest email if one was listed on the website. From the first email, names of appropriate local experts were suggested, and finally 18 local practitioners working in municipalities were asked to participate in the study. Ten of these expressed willingness to participate, and seven returned their first round survey. Only four local practitioners returned the second round survey. Two rounds of reminders were sent to encourage greater survey response.




2.4.2. Academics


Nineteen academics were identified and contacted for willingness to participate in the study. Academics were identified based on publication of relevant urban forestry research, including social science research. They were also selected based on geographical distribution. Academics from all continents were contacted, with the exception of Antarctica. Two academics suggested alternate names to stand in for them because of time constraints. Twelve academics expressed interest in participating in the study, and nine returned the first round survey. These nine represented eight countries from five continents. Six returned the second round survey. Again, two rounds of reminders were sent to encourage greater survey response.






3. Results


Few participants provided comments on the decision support framework, as the key focus of the exercise was to rate a list of indicators. Those that did comment questioned the terminology. Definitions of words such as: Goals, objectives, and values, have different implications within different fields of study. The discipline of Forestry often uses “criteria and indicators” to develop and measure scenarios. Social science research often discusses “values”. Following the feedback, the decision support framework was modified slightly.



See Appendix Table A2 for decision support framework.



Table A2. Decision Support Framework.







	
Vision

	
Goal

	
Objective

	
Proposed Indicators






	
Healthy and resilient urban forests that contribute to residents’ well-being, climate mitigation, and ecosystem services.

	
A forest that adapts to predicted climate change

	
The urban forest is resilient to predicted changes in weather, water availability, and/or potential invasion by insects and diseases

	
Urban Forest Diversity




	
Available Growing Space




	
Canopy Cover




	
Tree Risk




	
A forest that helps mitigate future climate change

	
The urban forest supports a community that releases fewer greenhouse gases through daily transportation and building energy uses, while storing and sequestering optimal amounts of carbon dioxide

	
Greenhouse Gas Sequestration and Storage




	
Energy Conservation




	
A forest that contributes to local residents’ well-being

	
The urban forest supports health and well-being by providing a variety of recreation opportunities, an aesthetically pleasing environment that lowers stress levels and maximizes filtration of air pollution

	
Air Quality Improvement




	
Visual Access to Nature




	
Physical Access to Nature




	
Property Value Benefits




	
A forest that supports a resilient local ecosystem

	
The urban forest supports local flora and fauna through habitat and food provision, while infiltrating storm water to support health local streams and rivers

	
Storm water Control




	
Habitat Provision










3.1. Delphi Round One


Table 1 shows the mean likert scale results of the first round with all participants combined. “Urban tree diversity” and “physical access to nature” were rated as the most important indicators. “Tree risk” and “energy conservation” were rated as the indicators with lowest importance. The order of the indicators within the survey was not changed, but seemed to have little effect on the ranking. The highest rated indicators were first and ninth within the survey, while the lowest ranked were fourth and sixth.



Generally, the mean ranking of indicators follows the consensus of the group. As seen in Table 1, indicators with high consensus (fewer different responses) are highest on the list. One notable exception to this rule was the “visual access to nature” indicator. One participant rated this 1: Low importance, one rated it 3, and the remaining participants rated it 4 or 5.




3.2. Comments


Participant comments are presented in the following section. They are presented by indicator in the order that all participants ranked the indicators. For each indicator, the rationale statement sent to participants is provided, as well as the revised statement following the Delphi, to give a better understanding of each indicator.



3.2.1. Urban Tree Diversity


Rationale statement provided in Round One: A diverse urban forest increases the ability of the forest to withstand change. Trees should be of diverse ages, species, genera, and families in order to ensure the forest can adapt to future climate change scenarios.



Revised rationale statement following Delphi: A diverse urban forest increases the ability of the forest to withstand change, which is of key importance to the long-term stability of the forest. Diversity is also influential on psycho-social outcomes of urban forests. Trees should be of diverse sizes, ages, species, genera, and families in order to ensure the forest can adapt to future climate change scenarios. Public opinion about desirable tree sizes/types/forms can help inform the creation of a diverse urban forest. This opinion will vary between communities.



In the participant comments, “urban tree diversity” was connected to climate change adaptation, ecosystem service provision, long term planning, decision making, psycho-social outcomes, cultural values, forest stability, and forest resilience. Participants commented that this was a useful indicator linked to many different aspects of urban forest planning. Good diversity is important to long term stability, resiliency, and is an important base for a range of ecosystem services. One participant noted that it “should be balanced with species selection for cohesive and consistent streetscapes” (Participant One). Another noted that companion plants should be included in the diversity discussion.




3.2.2. Physical Access to Nature


Rationale statement provided in Round One: Access to nature has been tied to increased recreation, particularly walking, which is beneficial to both physical and mental health of residents. It could also promote more sustainable commuting, as residents are more likely to walk, jog, or cycle to work along aesthetically pleasing routes. Ensuring equal access to nature for all residents within a community promotes greater equality.



Revised rationale statement following Delphi: Access to nature has been tied to increased recreation, particularly walking, which is beneficial to both physical and mental health of residents. “Play in nature” is very important for people to gain connection to nature and urban forests. It could also promote more sustainable commuting, as residents are more likely to walk, jog, or cycle to work along aesthetically pleasing routes. Ensuring equal access to nature for all residents within a community promotes greater equality. Urban forests should also provide a diversity of potential uses.



Participants commented that “physical access to nature” was an important indicator linking urban forests to human health. They noted that this indicator could start to address issues such as equitable distribution of green spaces and improved population health. Safety, structure, size, and accessibility of greenspace were noted as important considerations when using physical access as a measure of urban forest success. It was also noted that the type of community (dense urban vs. sprawling suburban) could change the way this indicator was measured.




3.2.3. Canopy Cover


Rationale statement provided in Round One: Canopy cover is a very common metric used to evaluate a city’s urban forest. It is relatively easy to measure and communicate with the general public.



Revised rationale statement following Delphi: “Canopy cover” is a very common metric used to evaluate a city’s urban forest. It is relatively easy to measure and communicate with the general public and a good starting point for quantifying a community’s urban forest. “Canopy volume” estimates total leaf area of a tree’s canopy, which provides more information about a tree’s overall ecosystem service provision. Communities with sufficient means are encouraged to measure “canopy volume”, as well as “canopy cover”.



“Canopy cover” is an important indicator that is becoming commonly used. It was highly rated by both academics and practitioners. The ease of using and communicating this indicator was noted by participants as reasons to continue using “canopy cover” as an urban forest indicator. Another was the ability to communicate long-term trends using “canopy cover”. One participant noted the use of “canopy cover” in communicating the “borderless nature of the urban forest to the public and decision-makers” (Participant One). Some participants noted that with emerging three-dimensional technologies, such as LiDAR, canopy cover could eventually be measured in the third dimension as canopy volume, which would capture a more robust measurement of the urban forest in a community. One participant noted that “while canopy cover is an important measure, it does not tell as complete a story as canopy volume does in terms of the overall ecosystem services that trees provide” (Participant Two).




3.2.4. Stormwater Control


Rationale statement provided in Round One: Trees filter and infiltrate storm water, cleaning and moderating the amount of water running into engineered systems. If designed and planned with this function in mind, urban forests can provide both cost savings and enhanced environmental benefits for urban areas.



The rationale statement was not revised, as participants generally agreed with the statement provided.



“Stormwater control” was rated as an important indicator for measuring urban forests. Participants commented that this indicator was “widely recognized as one of the most important services provided by the urban forest” (Participant Three). Another mentioned that it was “an extremely powerful tool for raising support for green infrastructure” (Participant One). There was disagreement about the ease of measuring this indicator, though many participants noted that tools, such as iTree measure the stormwater control benefits of urban forests.




3.2.5. Visual Access to Nature


Rationale statement provided in Round One: There is growing evidence that access to nature, even when viewed through a window, is beneficial to well being. Increasing visual access to nature for community residents could work towards lowering stress levels and improving mental wellness.



The rationale statement was not revised, as participants generally agreed with the statement provided.



Participants commented that “visual access to nature” was an important indicator for connecting populations to nature. It was ranked highly by most participants, but one participant gave it a low importance rating on the scale. There was concern that the actual content of the view, and what constitutes “natural” would be difficult to define. There was consensus that natural should include trees, not just anything that is green, because trees “give us a vital third dimension (height) to our experience and interaction with them” (Participant Four). This indicator had the most comments and suggestions about possible measurement techniques.




3.2.6. Habitat Provision


Rationale statement provided in Round One: Urban forests can help protect biodiversity and provide habitat for urban flora and fauna. Different types of urban forest provide different amounts and quality of habitat. For example, a naturalized park would likely support more urban nature than a concrete planter holding a non-native species.



Revised rationale statement following Delphi: Urban forests can help protect biodiversity and provide habitat for urban flora and fauna. Quantity and quality of habitat varies in urban forests. For example, a large park with diverse trees and understory plantings would likely support more urban nature than a concrete planter holding a non-native species.



While some participants noted this was an important indicator, most were concerned about the difficulty of defining “habitat” and measuring success. One participant noted that, “it is a mistake to concentrate just on native species, particularly in the light of the pests and diseases issue and the changes that have already contributed to the urban heat island—changes that are only going to get worse. We need a resilient urban forest, comprising many species, as they have many roles to fulfill as well as ‘nature’” (Participant Five). Other participants also linked this indicator to the “urban forest diversity” indicator.




3.2.7. Air Quality Improvement


Rationale statement provided in Round One: Research shows that the presence of trees is generally beneficial for the air quality and human health in an area. Trees absorb a variety of air pollutants in varying amounts, depending on a number of characteristics such as species, age, location, tree health, etc.



The rationale statement was not revised because this indicator was dropped from the list after the first round.



There was less consensus on the merits of measuring air quality improvement benefits of urban forests. Some participants noted that, “the air pollution reduction benefits of urban trees are under debate” (Participant Three). It was agreed that poor urban air quality is an important health concern, but that measuring the urban forests’ contribution to this was difficult and would likely be relatively small. A few participants noted that pollen and VOC production would have to be taken into account when measuring a forest’s net air quality improvement. It was also noted that this concept was not well understood or appreciated by the general public.




3.2.8. Available Growing Space


Rationale statement provided in Round One: The amount of available growing space indicates the potential of a community to increase and maintain their urban forest. Without space and suitable soil, the urban forest will be difficult to expand and manage.



Revised rationale statement following Delphi: The amount of available growing space indicates the ability of a community to increase and maintain their urban forest. Without sufficient soil volume and quality, the urban forest will be difficult to expand and manage. Focusing efforts on providing adequate space for trees, and planting the correct tree in the available space, will result in substantially reduced costs associated with maintenance (pruning) and infrastructure damage caused by trunk buttress flare and root expansion. The challenge is for communities to prioritize and plan for adequate growing space and soil volumes well in advance.



“Available growing space” was connected to tree health, tree canopy size, planning, and permeability. Participants commented that “space” should be measured in three dimensions, because adequate soil volume was of key importance to forest health. Along with property value benefits, this indicator generated the most comments, with every participant writing an opinion on the challenges in using this indicator. Many noted that it was an important indicator or priority during development of a new project or area, and that is was often overlooked. Participants also noted the need to consider public versus private landownership when looking at “available growing space”.




3.2.9. Greenhouse Gas Sequestration and Storage


Rationale statement provided in Round One: Greenhouse gas sequestration and storage measures the amount of carbon dioxide absorbed and stored by trees and within the soil of urban forests. Carbon dioxide is the most abundant greenhouse gas derived from fossil fuels. The amount of carbon absorbed and stored reflects the contribution of urban forests to mitigating climate change. This indicator proposes bundling the two values to convey the full impact of trees on carbon mitigation.



The rationale statement was not revised, as participants generally agreed with the statement provided.



While climate change was acknowledged as an important concern, there was less consensus about the amount of carbon sequestered and stored by urban forests, and the value urban citizens place on this issue. Some participants suggested that other greenhouse gases, such as ozone and methane, be included. Others commented that inclusion of other components, such as urban soils, was important. One participant suggested that “the only reason to make carbon calculations might be to choose species and spacings wisely, and to convey to the public that trees are exceptional agents of climate-change mitigation” (Participant Four). Another participant noted that the indicator “can be a part of a good case for advocacy for funding urban forest initiatives” (Participant Six).




3.2.10. Energy Conservation


Rationale statement provided in Round One: Energy conservation measures the contribution of the urban forest to reducing a community’s energy use. This could be a reduction in building energy use through shading during hot summers.



The rationale statement was not revised because this indicator was dropped from the list after the first round.



Participants appreciated the energy conservation benefits of urban forests, but there was debate about how the scale of measuring this indicator might fit with the other urban forest indicators. Interventions and detailed measurements would make more sense on a site-specific scale, not at the scale of the entire urban forest. As one participant noted, “while I rate it low, it’s possible that the public would really appreciate this as an indicator. It’s one of the few indicators where the individual can feel they’re making a measurable difference” (Participant Seven). A few different participants noted this personal benefit. It was also noted that the type of energy savings would differ globally, and that design opportunities would be regionally based.




3.2.11. Property Value Benefits


Rationale statement provided in Round One: Trees can contribute to an individual’s economic well-being if they increase property value. Economic indicators such as this can be easy to communicate with residents.



The rationale statement was not revised because this indicator was dropped from the list after the first round.



Property value was included as an indicator for two reasons. The first is that it provided a clear economic indicator missing from the list. The second reason is to acknowledge the history of research surrounding urban forests and property value [1]. While difficult to rationalize as an enabling indicator, it could provide some guidance to designers about tree planting locations to promote more equitable distribution of urban forest resources.



“Property value benefits” was another indicator where scale was an issue noted by participants. At a finer scale, issues, such as tree maintenance, hazard trees, and other undesirable characteristics, would be important considerations. Many pointed to ethical concerns about an indicator that favors property owners, and single-family residences specifically. As one participant pointed out “higher prices mean that certain parts of the population are ‘frozen out’ and have less access to the urban forest” (Participant Three). Another pointed out that those living in high-rise towers would see little property value benefits in adjacent urban forests.




3.2.12. Tree Risk


Rationale statement provided in Round One: Often residents’ concerns about urban forests stem from fears of potential damage to people, structures or utilities due to tree or limb fall during storms or from disease. Urban forests with lower risk due to healthy trees planted in appropriate locations might be more compatible with community members. Tree age by species should be considered when factoring risk for trees.



The rationale statement was not revised because this indicator was dropped from the list after the first round.



“Tree risk” was ranked as the least important indicator in the first round. While participants noted that tree risk can be a large part of the urban forestry discourse, and was important from a management perspective, they pointed out that perception of risk and actual risk were often at odds. One participant pointed out that it was time consuming to measure, and “would be more trouble and cost than it would be worth” (Participant Eight). One participant argued that it is equally important to communicate the negative side of urban forestry, so the “tree risk” indicator helps achieve this.





3.3. Academic vs. Practitioner


The following section describes the differences between the academic and practitioner groups in round one of the Delphi.



The academic participants rated “urban tree diversity” and “access to nature” as top indicators (see Table 2). It is interesting to see social indicators connecting urban forests to their residents ranked as top indicators. These indicators were not specifically mentioned in previous urban forestry indicator sets. Practitioners placed less importance on “visual access to nature”, but did rank “physical access to nature” as the highest priority, with every practitioner giving it a rating of five.



Table 2. Academic and practitioner ratings.







	
Indicator

	
Academic Rating

	
Practitioner Rating






	
Urban Tree Diversity

	
4.9

	
4.9




	
Physical Access to Nature

	
4.8

	
5.0




	
Visual Access to Nature

	
4.4

	
3.9




	
Canopy Cover

	
4.3

	
4.4




	
Stormwater Control

	
4.1

	
4.3




	
Habitat Provision

	
3.9

	
4.3




	
Available Growing Space

	
3.6

	
4.0




	
Energy Conservation

	
3.5

	
3.3




	
Air Quality Improvement

	
3.5

	
4.6




	
Tree Risk

	
3.1

	
3.1




	
Greenhouse Gas Sequestration and Storage

	
3.1

	
4.1




	
Property Value Benefits

	
2.8

	
3.9










Practitioners ranked “air quality improvement” as more important than academics. The academics that gave this indicator a low ranking cited recent research that found urban forests had a relatively minor impact on air quality improvement. This could demonstrate a lag time of results from published academic studies being shared amongst professionals working in the field. The survey had similar results for “greenhouse gas sequestration and storage”, which was ranked seventh in overall importance by practitioners and eleventh by academics.



The major difference in comments between the groups was the regional focus of the practitioners. They connected each indicator with regional urban forestry issues. For example, many practitioners mentioned evergreen conifers as important storm water management trees in a region where most storm water falls during times when deciduous trees have lost their leaves.




3.4. Comments/Suggestions for Additional Indicators


Most suggestions for additional indicators included management and public perception/awareness indicators. This is a noted, though deliberate, shortcoming of this particular project, which is focused on indicators that can be used to drive design decisions for urban forests.



Suggested indicators included:

	
Safety and Security



	
Spirituality



	
Sense of Place



	
Products Derived from the Urban Forest



	
Urban Forest Management



	
Public Support for the Urban Forest



	
Land Tenure



	
Presence of Invasive Species



	
Presence of Beneficial Pollinators



	
Presence of Urban Wildlife








The first three indicators are specifically social issues that attempt to capture a dimension of urban forestry often missing in the literature. Although none of these were rated above the top indicators selected in the first round, they did receive mostly positive qualitative responses from participants during the second round. Each had a wide range of responses indicating a lack of consensus for these indicators. Each of these issues seemed more regionally appropriate, and could be used as a subset of indicators for specific locations.




3.5. Delphi Round Two


3.5.1. Academic


Academic participants were sent a new survey with the top seven indicators chosen by academics in round one and a list of indicators proposed by academic participants during round one. Revisions were made to the description and rationale statement for each indicator. Participants were asked to comment on these and to comment on metrics suggested for each indicator during round one.



The only change in indicator ranking from academic participants was the switching of canopy cover and visual access to nature (see Table 3). The rest of the indicators were ranked in the same order, so the survey reached consensus on their relative importance.



Table 3. Academic consensus after Round Two.







	
Indicator

	
Round Two Score

	
Round One Rank






	
Urban Tree Diversity

	
5.0

	
1




	
Physical Access to Nature

	
4.8

	
2




	
Canopy Cover

	
4.3

	
4




	
Visual Access to Nature

	
4.0

	
3




	
Stormwater Control

	
3.8

	
5




	
Habitat Provision

	
3.8

	
6




	
Available Growing Space

	
3.2

	
7











3.5.2. Practitioner


Practitioner participants were sent a new survey with the top seven indicators chosen in round one and a list of indicators proposed by practitioner participants during round one. Revisions were made to the description and rationale statement for each indicator. Participants were asked to comment on these and to comment on metrics suggested for each indicator during round one. There was a very low return rate on the practitioner responses; results are presented (see Table 4), but do not represent a group consensus.



Table 4. Practitioner results after Round Two.







	
Indicator

	
Round Two Score

	
Round One Rank






	
Physical Access to Nature

	
5.0

	
1




	
Urban Tree Diversity

	
5.0

	
2




	
Stormwater Control

	
5.0

	
5




	
Air Quality Improvement

	
4.5

	
3




	
Habitat Provision

	
4.0

	
6




	
Greenhouse Gas Sequestration & Storage

	
4.0

	
7




	
Available Growing Space

	
4.0

	
8




	
Canopy Cover

	
3.5

	
4













4. Discussion


Urban forests are valued for a range of reasons that are not often captured in a community’s design, planning, and management of their forest. This research uses indicators within a decision support framework to create a more comprehensive approach to guide design and planning for future urban forests. As cities are increasingly acknowledging the important role of green infrastructure and natural systems in improving livability and viability, these indicators could be ubiquitous in planning approaches for greening global cities.



The study shows that some indicators ranked as high importance are not necessarily the ones measured or promoted by many urban forestry programs. As Kenney et al. [22] point out, simply using absolute canopy cover targets to guide urban forest management goals “does not provide a comprehensive assessment of urban forest stewardship in a community and does not account for an area’s potential to support a forest canopy” [22] (p. 108). At the same time, an overly complex set of indicators is overwhelming for most communities to measure and communicate with the public. This study has created a basic set of indicators that captures a range of important urban forest values. It is hoped that this indicator set could provide a foundation for guiding planning decisions for global future urban forests.



The results indicate that social indicators, such as human health and well-being, are important considerations when planning urban forests. Recent research demonstrates that these values are not always included in urban forest valuation [29]. When included, social indicators were rated highly by participants, and made up a large portion of suggested additional indicators. More research into additional social indicators, both enabling and performance indicators, could yield measurement tools that better reflect values held about urban forests.



One participant pointed out that the indicators were “operating at different levels” and suggested following McPherson et al.’s conceptual approach of structure, function, and value [35], to categorize the indicators. Table 5 divides the indicators into structural and functional indicators.



Table 5. Structural versus functional indicators.







	
Structural Indicators

	
Functional Indicators






	
Urban Tree Diversity

	
Stormwater Management




	
Physical Access to Nature

	
Habitat Provision




	
Canopy Cover

	
Air Quality Improvement




	
Visual Access to Nature

	
Greenhouse Gas Sequestration and Storage




	
Available Growing Space

	










The structural indicators can be conceptually divided into diversity, distribution, and density indicators. “Urban tree diversity” was the most highly rated indicator, which reflects the argument that urban forests of diverse species and ages “provide a wider range of benefits over the long term” [22] (p. 108). Distribution indicators, such as physical and visual access to nature, begin to describe where urban forest components should be located to provide benefits for all urban citizens. Finally, density indicators such as “canopy cover” and “available growing space” direct the amount of space dedicated to the urban forest resource. The structural indicators are easily categorized as “enabling” indicators; they direct urban forest design and planning in a spatially explicit way.



The functional indicators are not as easily spatialized, or conceived as “enabling” indicators. Fortunately, much recent research in urban forestry provides design directions to optimize these indicators [2,3,4,5,6,7,8,10]. We can use this research to make design choices that optimize storm water management (leaf area index, thresholds for impervious surface area), habitat provision (ideal patch sizes, connectivity corridors), air quality improvement (low VOC species, tree location near pollution sources), and greenhouse gas storage and sequestration (tree location to cool buildings, tree location to enhance physical activity). When combined (see Table 6), the structural and functional indicators, when used with targets set by a community, create a comprehensive set of instructions to guide planning and design of urban forests.



Table 6. Final indicators.







	
Selected Indicators






	
Urban Tree Diversity




	
Physical Access to Nature




	
Canopy Cover




	
Stormwater Control




	
Habitat Provision




	
Air Quality Improvement




	
Visual Access to Nature




	
Available Growing Space




	
Greenhouse Gas Sequestration and Storage










Future Research


Academic experts from a wide range of social, political, and ecological contexts came to consensus on a set of indicators that can be used to guide the design of future urban forests. Their results were quite similar to a group of practitioner experts from one region, indicating that these values are shared, not just within the academic community, but also with a wide range of professionals working in the field of urban forestry.



This study is the first part of a three phase research project that intends to test the physical arrangement of forest and urban form components in order to understand where there are synergies and where there are conflicts between these components in planning for future sustainable and resilient communities. The next phase of this project will test the ability of these indicators to guide design and planning decisions through the creation of a set of future forest scenarios for a community in the Metro Vancouver region. The scenarios will provide a method for evaluating trade-offs and conflicts between different urban forest structures, a need addressed by McPherson et al. [35]. Once the scenarios are developed, the same indicators will be used to measure the performance of each scenario. The indicators can then be used to compare the scenarios and assess the potential co-benefits or trade-offs between scenarios.





5. Conclusions


This study developed a framework, including a short list of key indicators, to guide planning and design of future urban forests. Experts and practitioners rated a set of indicators in terms of their importance for urban forest planning and design. As Dobbs et al. argue, indicators “are one approach that could be used to better understand the structure of an urban forest, the suite of ESG provided by urban forests, and their influence on human well-being using a simple, innovative and repeatable metric” [21] (p.1). This paper extends this idea to include indicators as inputs to guide design and planning of urban forest structure. The ranking of the indicators within this study reveals a range of values that are important to capture when planning and designing future urban forests. When planting trees, communities should think beyond basic canopy cover targets to focus on tree diversity, distribution, and other design requirements to maximize ecosystem services provided by urban forests, including social benefits such as human health and well-being.
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