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Abstract 

DEVELOPING A SPATIAL FORM MODEL TO ASSESS 

CANOPY COVER AND OTHER URBAN FORESTRY METRICS FOR 

GUELPH, ONTARIO 

Jessica L. Brommer Advisor:  

University of Guelph, 2015 Robert Corry 

Abstract: 

Canopy cover is used as one of many indicators of urban forest management success. This study de-

veloped a spatial form model to determine whether Guelph’s canopy cover target of 40% is achieva-

ble given various planning considerations. The model used a geographic information system (ArcGIS 

10.2) and leaf-on SPOT 6 satellite imagery to determine existing land covers; it applied a variety of 

spatial analysis tools to land cover data and existing infrastructure to determine the spatial extent 

and/or quantity of a variety of urban forest metrics. Results found that a 40% canopy cover is achiev-

able if 52% of the available plantable space becomes canopy cover. Industrial and employment, insti-

tutional, low-density residential, commercial, and parkland should be targeted for future planting ef-

forts due to their large plantable space areas and/or low relative canopy cover. 
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 Introduction 

Nearly 50% of the world’s population lives within urban areas, which account for only 3% of the earth’s 

surface (Sandberg et al., 2015), thus nearly half the people in the world rely on the urban forest as their 

day-to-day source for interacting with trees and the wildlife associated with them (Steenberg et al., 2013). 

In Canada, this figure is significantly larger, with about 80% of the population residing in cities 

(Steenberg et al., 2013). The United Nations predicts that by 2050, nearly two thirds of an estimated 

world population of 9 billion people will live in the city (Carreiro, 2008). Unfortunately, these facts alone 

are not a strong enough incentive for municipalities to enact urban forest management plans or policies; 

trees and forests are rarely identified as having a value unto themselves as a private good, so other bene-

fits are usually needed to support the maintenance and enhancement of the urban forest (Sandberg et al., 

2015). These benefits, in the broadest sense, include the economic, ecological, and health benefits that 

trees provide to humans. 

In the last decade, numerous municipalities in Canada and the United States have released what are called 

Urban Forest Management Plans (UFMPs); these documents are the primary method by which municipal-

ities practice urban forest management (Ordóñez & Duinker, 2013). While there is currently little litera-

ture analyzing the quality and comprehensiveness of individual UFMPs, their existence is important as 

they allow urban forest management principles to be translated into practice; that is, they show how goals 

and objectives can be put into action. 

In 2006 the City of Guelph first began work on a comprehensive and strategic approach to urban forest 

management. The City of Guelph Urban Forest Management Plan: 2013-2032 was completed in 2012, 

and provides the guiding principles, vision, and strategic goals for the next 20 year period, as well as spe-

cific recommendations of varying priority that should be addressed. It outlines the human and financial 

resources that will be required for the first ten years of implementation, almost half of which will be de-

voted to responding to emerald ash borer. 

Recommendation #6 of Guelph’s UFMP is to undertake an Urban Tree Cover (UTC) Potential Plantable 

Spaces Analysis. The recommendation is stated as follows: 

“Use the most current and best available aerial imagery of the City combined with 

UTC software and related desktop analyses to generate detailed City-wide land cover 

mapping. This mapping will: (a) provide an accurate baseline for future canopy cover 

studies, (b) identify potential plantable areas in the City (i.e., open vegetated areas 
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large enough to accommodate a tree), and (c) assess if a 40% canopy cover target is 

feasible for the City.” (City of Guelph, 2012, p. 33) 

1.1 Problem Statement 

This study investigates whether Guelph’s canopy cover target of 40% is achievable, given various plan-

ning, and environmental considerations. If the target is not achievable, outcomes will suggest a more real-

istic target. 

Recent processes used to measure plantable space and maximum potential canopy cover typically search 

out permeable surfaces using high resolution satellite imagery, and then apply GIS-based decision rules to 

eliminate areas that are too close to existing amenities; some have also attempted to determine the maxi-

mum number of mature trees that could hypothetically fit in that space (Kirnbauer et al., 2009; Wu et al., 

2008).  

While canopy estimates and plantable spaces analyses are becoming more common in Canadian munici-

palities, plantable spaces analyses typically do not account for a site’s land use zoning and the different 

planting densities that they can accommodate. Urban land use plays a large role in identifying the distri-

bution, abundance, and location of future trees, primarily because different land uses experience different 

levels of impervious development (Hill et al., 2010; Merry et al., 2013; Mincey et al., 2013). Furthermore, 

most urban forest management plans in Canada do not set canopy cover or tree diversity targets for each 

land use category (Ordóñez & Duinker, 2013).  

Very few plantable spaces analyses have given consideration for tree growth or mortality rates. Most 

studies assume that trees, once planted, are already at a mature size; they also assume that the existing 

canopy cover does not continue to grow. As demonstrated in Table 2.1 below, Guelph’s canopy cover 

target date of 2031 is ambitious when compared to those of comparable municipalities (Table 2.1). This 

study will not attempt to forecast when maximum canopy cover can be achieved; however, it may be 

studied by other researchers in the future. 

This study will fill gaps in the literature using a GIS-based assessment; a spatial form model will be de-

veloped in ArcMap 10.2.2 using the ModelBuilder application. The model will automate the process of 

determining common urban forestry metrics (see Section 2.1.3-2.1.5) by applying a variety of analysis 

tools to spatial data and satellite imagery to map the factors that affect plantable space. Factors fall into 

three general categories: planning, environmental, and socio-economic (Table 1.1).  
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Table 1.1 – Factors that need to be included in the GIS assessment or in post-GIS analysis. Highlighted fac-
tors are ones examined to some degree in this study.  

Category Factor 

Planning Land use plays a large role in identifying the distribution, abundance, and location of 
future trees, primarily because different land uses experience different levels of im-
perviousness (Merry et al., 2013; Mincey et al., 2013). Furthermore, some land uses 
require that a lower level of planting be undertaken for functional reasons, e.g., sports 
fields, open parkland. Canopy loss from projected development, particularly in ex-
panding parts of a city, could be examined in future studies. 

Above and below ground utilities (e.g., power lines, water infrastructure, etc.), and 
whether trees may be planted within their vicinity, will be considered. 

Environmental The existing canopy cover and surface hydrology will be considered. 

The natural mortality rate of trees in urban environments (urban core, outside of the 
core, and peri-urban) influences the canopy cover and plantable space over time. 

An estimate of canopy loss due to pest disturbances that increase mortality rates, 
such as emerald ash borer (EAB), will be used in the model. While a detailed study 
into the effects of EAB may be outside of the scope of this research, one benefit to 
creating a model is that any assumptions/estimates used may be easily substituted in 
the future once their accuracy improves. 

Non-treed habitats, such as meadows, grasslands, and wetlands, are just as im-
portant ecologically as forest habitats, and should remain where they already exist. 
These habitats can also be incorporated into the urban landscape, and some plantable 
space can be put aside for these efforts. 

Socio-
economic 

Trees need time to grow, and ideally not all trees will be planted or reach maturity at 
the same time. This is made even more complex by the fact that planting efforts are 
dependent on funding and human resources (for planting and maintenance). Thus 
reaching the canopy cover target on time will depend greatly on City and stakeholder 
action as well as available human and financial resources. Projects should assume 
some temporal variability in planting and maintenance. 

While all these factors are important variables in determining plantable space and canopy growth, not all 

of them will be accounted for in this study as they may require data collection prior to incorporation into 

the model that is outside the scope of this study (such as number of ash trees in the city that will die as a 

result of emerald ash borer). The factors accounted for in the model tend to fall under the 'Planning' and 

'Environmental' categories. Factors affecting tree growth and decline (i.e., that would be incorporated into 

a growth model) will not be considered in this study, as discussed above, but could be topics of future 

research. 

1.2 Research Questions 

In the process of completing this research, the following research questions will be answered: 
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1. What is Guelph’s existing canopy cover? 

2. What is Guelph’s potential plantable space? 

3. Can 40% potential canopy cover be achieved? Similarly, what is the maximum potential canopy 

cover for Guelph? 

4. How do urban forest metrics such as existing canopy cover, potential plantable space, maximum 

potential canopy cover, and relative canopy cover vary between City land use zones, Census 

tracts, and Wards? 

5. Assuming that not all plantable space will be planted to maximum potential canopy cover due to 

design and practical concerns (e.g., parks are not typically planted to maximum potential canopy 

cover due to a desire for some sunny, open space free of trees), what is a more realistic canopy 

cover that can be achieved in Guelph? 

1.3 Thesis Structure 

This thesis is organized into six chapters. The first chapter includes an introduction to the topic, the re-

search problem, the gap in knowledge that this thesis addresses, and the study research questions.  

Chapter 2 is a literature review that describes: urban forestry terminology definitions; the social, envi-

ronmental, and economic benefits of the urban forest; a description of what urban forest management and 

urban forest management plans are, and what they should include; setting and evaluating urban canopy 

cover goals; a brief overview of the City of Guelph’s Urban Forest Management Plan (2012) and how it is 

related to this research; a review of methodology used in recent land cover, canopy cover, and plantable 

spaces analyses; an overview of what GIS, remote sensing, and spatial form models are; a general over-

view of how municipal policy can help or hinder the urban forest; and an overview of the planning, socio-

economic, and environmental considerations that should be evaluated when undertaking a potential cano-

py cover or plantable spaces analysis.  

Chapter 3 describes the methods that were used to conduct this research, and Chapter 4 presents the re-

sults of the model produced.  

Chapter 5 discusses the major results, going further by examining what this study calls 'actual potential 

canopy cover'. It discusses the limitations of the analysis (and corresponding opportunities for future re-

search), the benefits of such an analysis, and the relevance that such research has to landscape architects 

and related professions. The chapter then concludes with a summary of this study's purpose and findings, 

along with some final remarks. 
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 Literature Review 

The literature review helped to gain an understanding of the terminology commonly used in urban forest-

ry management, the benefits of having an extensive and healthy urban forest, how municipalities use ur-

ban forest management plans to effectively (or perhaps ineffectively) manage the urban forest, the legisla-

tion and policies enacted in Ontario and Ontario municipalities to regulate the urban forest resource, and 

the variables that one must consider when modelling canopy cover and plantable space. 

2.1 Definitions 

Definition harmonization is important in research, as some terms may have varying definitions in differ-

ent parts of the world; furthermore, as concepts change over time, the terminology describing those con-

cepts may also change, so it is important that researchers and practitioners in the field are aware of those 

changes. Harmonization aims for improved comparability, compatibility, and consistency among defini-

tions; part of harmonization involves documenting similarities and differences among definitions 

(Konijnendijk et al., 2006).  

2.1.1 Urban, Peri-Urban, and Rural 

The definition of urban varies depending on the source. Statistics Canada currently defines urban area as 

“a concentration of population at a high density” with “a population of at least 1,000 and a density of 400 

or more people per square kilometre” (2011c). Recently, however, Statistics Canada has stopped using the 

term urban area, and has substituted it with three new categories: small population centres, medium pop-

ulation centres, and large urban population centres. This was mainly because areas with small populations 

were being grouped with large, metropolitan areas, thus leading to misinterpretation. Furthermore, the 

word urban is frequently used to describe Census Metropolitan Areas (CMAs), which often include a mix 

of urbanized and rural areas, thus causing further confusion (Statistics Canada, 2011c). 

Today, urban is generally used to describe anywhere that people live in communities. It is also common 

for municipalities to refer to their entire jurisdiction as urban, even though it often includes land that is 

not generally considered urban; as such, many people have begun using the term peri-urban to describe 

those areas that have a low population density, but that are situated next to, and influenced by, urban areas 

(Konijnendijk et al., 2006). It is therefore suggested that rural refers to any land that is not under any di-

rect influence of urban land. 
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2.1.2 Urban Forestry and Urban Forest 

Defining urban forestry sparked a substantial amount of debate in both North America and Europe. Brit-

ish and Irish definitions of urban forestry align closely to the North American coining of the term, howev-

er, confusion and debate has occurred in other European countries. This is because when translated into 

other European languages, the term can have a meaning closer to ‘city woodland’ or ‘town forestry’. City 

or town woodlands have a long history in Europe, and refer to the conservation and management of 

woodland owned by city authorities; thus European definitions of urban forestry tend to put more empha-

sis on the woodland element (Konijnendijk, 2003; Konijnendijk et al., 2006; Randrup et al., 2005). 

Even within North America, a plethora of definitions have been used and the topic is still under debate. 

The most broadly accepted definition of urban forestry (Konijnendijk, 2003) is:  

“the art, science and technology of managing trees and forest resources in and 

around urban community ecosystems for the physiological, sociological, economic 

and aesthetic benefits trees provide society” (Helms, 1998, p. 193) 

In following this definition, urban forest can be defined as “trees and forest resources in and around urban 

community ecosystems”. Again, some disagreement exists in what exactly constitutes the urban forest; 

while many have accepted the urban forest to include all woodland and trees in and around urban centres 

or communities, other definitions include all non-treed greenspace. Some argue that this allows for a 

long-term, pro-active, ecosystem-based approach, rather than the traditional, reactive approach focused 

around protection care, and maintenance of trees (Konijnendijk et al., 2006). 

Furthermore, those working at the municipal level often expand the definition to include all trees and 

treed areas within municipal boundaries, as is the case in Guelph’s UFMP (City of Guelph, 2012; 

Konijnendijk et al., 2006). Others consider the urban forest to extend beyond these invisible municipal 

boundaries, to include peri-urban trees and woodlands on land which provides drinking water for the as-

sociated urban area (Carreiro & Zipperer, 2008). 

For the purposes of this study, the urban forest will include all individual trees and treed areas that occur 

within the municipal boundary, consistent with Helms (1998) and the City of Guelph (2012). Considera-

tion to whether other non-treed ecosystems (such as grassland and shrub land) should be treed, as these 

ecosystems are important for their intrinsic value. 

To conclude, while definitions of urban forestry and urban forest vary, many believe the definition 

should be broad and holistic, and should incorporate ecological, economic, and sociological elements, 
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while being inclusive of people in urban, suburban, and rural communities. It should also be recognized 

that a multidisciplinary approach to urban forestry, with a focus on anticipated benefits is needed in order 

for all aspects of protection and management to be considered (Konijnendijk et al., 2006; Schwab & 

Kollin, 2009a). 

2.1.3 Existing Canopy Cover 

Existing canopy cover is the total surface area that is covered by tree canopy when looking at it two-

dimensionally from above. It can be expressed as an area or as a percentage of the total land area (Kenney 

et al., 2011; Mincey et al., 2013). It is a simple way to measure the extent of the urban forest, however, 

some researchers have pointed out that it should not be used as the only indicator of success for urban 

forest management; instead, they argue for a comprehensive set of criteria and performance indicators, 

called a criteria and indicators-based (C&I) approach, in which existing canopy cover is only one of these 

criteria (Kenney et al., 2011; Mincey et al., 2013). These other criteria and indicators include, but are not 

limited to, species diversity, tree health and maintenance, tree age and size, native species composition, 

stakeholder involvement, existence of a tree inventory, existence of a risk management program, and ex-

istence of tree protection policy (Kenney et al., 2011). Yet fundamentally canopy cover remains as an im-

portant and easy to measure criterion. 

2.1.4 Potential Plantable Space, and Maximum Potential Canopy Cover 

Potential plantable space (often called potential canopy cover) is defined by many as any place that has 

vegetated cover and can accommodate a physically mature tree (City of Guelph, 2012; Kenney et al., 

2011; Mincey et al., 2013). The City of Guelph recognizes that hardscapes can also accommodate trees 

(e.g., parking lots), however, it is usually at a much greater cost, particularly if those features have already 

been constructed (2012).  

For this study, potential plantable space will be the space that can accommodate a tree once all the plan-

ning, socio-economic, and environmental considerations have been accommodated. It can be expressed as 

an area, or as a percentage of the total land area. It will exclude impervious areas (cement, asphalt, shin-

gles, brick, highly compacted gravel, etc.) and will include permeable ones (turf and herbaceous, bare 

soil, loose gravel, etc.) Some pervious areas may be deemed non-plantable so another habitat or land use 

type is preserved (e.g., wetlands, agricultural, etc.) or due to their proximity to above and below ground 

utilities such as hydro wires. 
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Maximum potential canopy cover is the sum of potential plantable space and existing canopy cover, that 

is, it is the total area that is expected to be covered by canopy if all planting opportunities are taken ad-

vantage of. It can be expressed as an area or as a percentage of the total land area (Mincey et al., 2013). 

2.1.5 Relative Canopy Cover 

Relative canopy cover is one of the performance indicators proposed by Kenney et al. (2011) as discussed 

in Section 2.1.3 above (Kenney et al., 2011; Mincey et al., 2013). It is the percentage of the maximum 

potential canopy cover that is currently being utilized by existing trees. Thus, relative canopy cover is 

calculated as such: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝑅𝐶𝐶𝐶𝐶 𝐶𝐶𝑅𝑅𝐶 (%) =
𝐸𝐸𝑅𝐸𝑅𝑅𝐶𝐸 𝐶𝑅𝐶𝐶𝐶𝐶 𝐶𝐶𝑅𝑅𝐶

𝑀𝑅𝐸𝑅𝑀𝑀𝑀 𝑃𝐶𝑅𝑅𝐶𝑅𝑅𝑅𝑅 𝐶𝑅𝐶𝐶𝐶𝐶 𝐶𝐶𝑅𝑅𝐶
 

Where existing canopy cover and maximum potential canopy cover can be expressed 

as areas or as percentages. 

This indicator allows for comparison between existing canopy cover and maximum potential canopy cov-

er. As one can see, it is more beneficial than simply using existing canopy cover, as it takes into consider-

ation what maximum canopy cover is possible in an area. For example, if the existing canopy cover for a 

commercial area is found to be 15%, some people may interpret that as an area that needs to be heavily 

planted. However, the maximum potential canopy cover may be 17%, in which case the relative canopy 

cover is about 88%. This means that only 12% of the total area remains plantable (i.e., the potential plant-

able space).  

Deduced above, the following equation is also true: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝑅𝐶𝐶𝐶𝐶 𝐶𝐶𝑅𝑅𝐶 (%) = 100%− 𝑃𝐶𝑅𝑅𝐶𝑅𝑅𝑅𝑅 𝑃𝑅𝑅𝐶𝑅𝑅𝑃𝑅𝑅 𝑆𝐶𝑅𝑆𝑅 (%) 

Relative canopy cover goals should only be used when setting new goals for already existing develop-

ment, and should not be used for goal setting or policy making in regards to areas slated for future devel-

opment. This is due to the fact that such goals may be abused by those seeking to maximize profits. Some 

developers may opt to convert pervious surfaces into impervious ones in an attempt to limit the number of 

trees required for planting. Furthermore, Such goals could be used to support heavy intensification, leav-

ing little room to plant or grow trees. 
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2.1.6 Adaptive Management 

Generally speaking, adaptive management is management that adapts to new circumstances; it is a meth-

od by which uncertainty and change can be integrated into management, creating a more fluid and less 

rigid management structure (Ordóñez & Duinker, 2013). Due to the complexity of the urban forest and its 

processes, as well as the constant changes in their structure and environment, it is important that the effec-

tiveness of management activities is monitored, evaluated, and updated accordingly (Dwyer et al., 2002). 

2.2 Benefits of the Urban Forest  

As Nowak and Dwyer (2007) discuss, it is useful to understand the benefits, costs, and outcomes of urban 

forest management options so that benefits may be optimized by selecting those that are most important at 

a given site.  

The following (Sections 2.2.1-2.2.9) discuss the environmental, social, and economic benefits that trees 

offer urban areas. 

2.2.1 Removal of Air Pollutants 

Trees remove many gaseous air pollutants and airborne particles released into the atmosphere primarily 

through fossil fuel burning. Gaseous air pollutants are usually removed by dry deposition, a mechanism 

where pollutants are absorbed through leaf stomata, where they then diffuse into intercellular spaces; they 

may then undergo further reactions depending on the pollutant (Chen & Jim, 2008; Nowak & Dwyer, 

2007). Airborne particles can be intercepted by trees, where they are usually held temporarily before be-

ing either re-suspended to the air, washed away by rain, or fall to the ground with leaves during the au-

tumn (Chen & Jim, 2008; Nowak & Dwyer, 2007). 

Pollutants that may be removed by trees include ozone (O3), nitrogen dioxide (NO2), sulfur dioxide (SO2), 

carbon monoxide (CO), and a variety of particulate matter of 10 microns or less (PM10) (Chen & Jim, 

2008; Kielbaso, 2008; Nowak & Dwyer, 2007; Schwab & Kollin, 2009a; Tyrväinen et al., 2005). 

Trees also reduce atmospheric carbon dioxide (CO2) by storing and sequestering carbon from carbon di-

oxide. ‘Storage’ refers to the total amount of carbon stored in tree biomass, while ‘sequestration’ refers to 

the rate of carbon absorption per year (Schwab & Kollin, 2009a). Carbon storage is only temporary; due 

to decomposition, nearly all of the carbon sequestered by a tree is converted back to carbon dioxide when 

a tree dies. This means that carbon sequestering is only beneficial in the long term if the overall vegeta-

tion structure is maintained; therefore it is important to maintain and expand the urban forest (Nowak & 
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Dwyer, 2007). If carbon is used to maintain the urban forest via fossil fuel consumption, urban tree eco-

systems can become net carbon emitters, unless other carbon reductions (such as energy reductions or 

long-term carbon storage in wood products) can be taken advantage of (Nowak & Dwyer, 2007). 

2.2.2 Improved Water Quality and Flood Control 

Urban trees help to reduce storm runoff by intercepting precipitation via their leaves, branches and trunks; 

this intercepted water is slowed and either evaporates or runs off the tree (stem flow) and into the ground 

(Figure 2.1). By slowing down water flow and allowing some of it to evaporate or permeate into the 

ground, trees (combined with permeable surfaces) allow for a dramatic reduction in the volume of water 

that must be stored, cleaned, and managed by stormwater management systems (Chen & Jim, 2008; 

Kielbaso, 2008; Nowak & Dwyer, 2007; Schwab & Kollin, 2009a; Tyrväinen et al., 2005); it also reduces 

the frequency and magnitude of peak flows and flash floods while increasing the lag time to peak flows. 

These concepts are demonstrated in Figure 2.1 and Figure 2.2. By reducing the amount of water entering 

stormwater management systems, the size and density of drains could be reduced, which in turn results in 

a lower cost of construction and maintenance of drainage infrastructure (Chen & Jim, 2008; Kielbaso, 

2008). 

 

Figure 2.1 – Water flow when intercepted by tree; precipitation is slowed by, stored within, or evapotran-
spired from the tree. This reduces the burden on stormwater management infrastructure and allows for 
groundwater recharge. Adapted from Wolf (2014). 
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Figure 2.2 – Hydrograph comparing flow patterns of rural areas to urban areas. Rural areas have significant-
ly more treed and permeable space than urban areas, which store and slow stormwater; this results in a more 
level hydrograph where channel discharge is significantly lower and lag times are sustainably longer. Rural 
areas typically experience short lag times and high peak flows (flash floods) due to the tendency for water to 
travel over impervious surfaces and directly to stormwater management systems, artificial channels, and nat-
ural/modified channels. 

Trees also improve water quality in many ways. First, by covering channels, trees help to keep water tem-

peratures from getting too warm; many riverine animal and plant species are temperature sensitive, and 

therefore have difficulty surviving in water that is too warm. Furthermore, many species of algae thrive in 

warm water; when algal blooms grow too large and then die, decomposing bacteria use up oxygen in the 

water, causing other plants and animals to die (Schwab & Kollin, 2009a). By reducing the amount of run-

off, trees also reduce the amount of pollutant wash-off from roadways and parking lots (Tyrväinen et al., 

2005). 

Pervious surfaces that have trees, shrubs, and grasses, with extensive root systems, hold more water than 

bare soil does on its own. Slow percolation into these surfaces and through these root systems filters the 

water and removes pollutants, particularly those picked up on impervious surfaces, such as fertilizers, 

salts, bio-toxins, and oils (Schwab & Kollin, 2009a). Some plants are more effective than others at remov-

ing pollutants, and some tree species will die if repeatedly exposed to certain pollutants. This process also 

allows for better groundwater recharge (Tyrväinen et al., 2005). 
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2.2.3 Reduced Urban Noise 

The acoustic performance of vegetation in reducing noise has been shown to be quite small unless the 

vegetation belt is wide; however, visually screening the noise source can reduce the amount of noise that 

people perceive that they hear, even if it does not actually block the sound (Chen & Jim, 2008; Nowak & 

Dwyer, 2007; Watts et al., 1999). 

2.2.4 Urban Wildlife and Biodiversity Benefits 

Urban vegetation can provide habitat and food for a variety of wildlife, particularly when located within 

urban forested parcels, along river edges, or along meadow edges. Urban trees bring wildlife into our cit-

ies, and provide areas where people can engage with wildlife directly through various recreational activi-

ties, such as bird watching and photography, and old trees in parks are often good habitat for birds, bats, 

and insects (Schwab & Kollin, 2009a; Tyrväinen et al., 2005). Many people enjoy and appreciate having 

wildlife in their lives, and feel a satisfaction in helping urban wildlife when feeding animals in their back-

yard (Nowak & Dwyer, 2007).  

As Nowak and Dwyer (2007) point out, cities must be careful in what species are planted within the urban 

environment. While there is a great opportunity for increasing plant biodiversity (and thus the diversity of 

animals that live in or feed on those plants), non-native plants can become invasive, outcompete native 

plants, and create maintenance nightmares for those managing the urban forest. Altering the vegetation 

composition can also increase or decrease the prevalence of tree insects and diseases (Nowak & Dwyer, 

2007; Tyrväinen et al., 2005). 

2.2.5 Urban Heat Island, Microclimate, and Energy Reduction 

The urban heat island effect is a phenomenon whereby manmade, impervious surfaces (such as concrete, 

asphalt, steel and brick) absorb sunlight and convert it to sensible heat (heat that you can feel via a tem-

perature change), resulting in slightly warmer air temperatures in city centres than in the surrounding rural 

areas. By absorbing sunlight for photosynthesis and providing shade, trees prevent sunlight from hitting 

surfaces that radiate heat, thus reducing the urban heat island effect (Chen & Jim, 2008; Schwab & 

Kollin, 2009a).  

Trees also undergo evapotranspiration, which is the sum of evaporation from the surface of the tree and 

the water transpired out a tree’s aerial parts. The process converts solar radiation into latent heat/energy 

(energy absorbed or released during a change in state that occurs without changing a substance’s tempera-

ture). In other words, latent energy is absorbed by the water molecules in plants, causing it to evaporate, 
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but the water molecules do not change temperature. Converting solar radiation into latent energy means 

that less solar radiation is available to be converted into sensible energy and radiated by impervious sur-

faces (Brown, 2010). 

 By reducing the urban heat island effect, less energy is needed to keep buildings cool in the summer and 

air conditioning costs are also reduced. It has been estimated that the urban heat island effect can increase 

city centre temperatures by 3-5 degrees Celsius (5-9 degrees Fahrenheit) (Schwab & Kollin, 2009a). 

When cold wind hits a house, heat is transferred along a gradient from the house to the air outside. This 

heat transfer can be prevented using trees, however, it must be done properly. For example, trees that 

shade buildings in the winter can prevent desired heating, and trees that block wind in the summer can 

prevent desired cooling; furthermore, trees need to be placed close enough to a building that they have the 

desired effect on shade and wind, but not so close that they cause a safety concern (Chen & Jim, 2008; 

Nowak & Dwyer, 2007).  

2.2.6 Human Health Benefits 

There are many health benefits associated with urban trees. Trees have been proven to provide psycholog-

ical benefits including reduced stress, increased job satisfaction (when viewed from the workplace), im-

proved learning and behaviour among children, and improved mood. In hospitals, patients with window 

views of trees have been shown to recover faster and with fewer complications than those without 

(Nowak & Dwyer, 2007; Schwab & Kollin, 2009a). Residents have also been found to socialize more 

with their neighbours when they live next to trees and other vegetation; they were also found to feel safer, 

have less stress, experience less violence, and were less likely to abuse their children (Schwab & Kollin, 

2009a; Tyrväinen et al., 2005). 

Incorporating shade trees along streets and increasing park space encourages exercise and physical activi-

ty, and urban trees have been associated with improved physical health for urban residents. As previously 

discussed, trees remove air pollutants which reduces the occurrence and severity of respiratory illnesses, 

such as asthma, and other related health problems. The shade provided by trees creates places for people 

to escape from extreme heat, thus reducing heat induced medical emergencies; shade also allows people 

to escape the sun’s ultraviolet radiation, thus reducing health problems like skin cancer and cataracts 

(Nowak & Dwyer, 2007; Schwab & Kollin, 2009a).  
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2.2.7 Improved Aesthetic and Recreation 

Vegetation softens the landscape and makes it more visually pleasing to the human eye; it creates shapes, 

texture, and colours that vary through the seasons. Vegetation is an important component for creating 

spaces where people can gather, interact with each other, and engage in other recreational activities; these 

recreational activities may be passive or active, and include reading, relaxing, playing, walking, running, 

cycling, and eating (Chen & Jim, 2008). Recreationists consider natural environments more attractive 

than the built environment, and forests are considered one of the most attractive nature types; that said, 

people generally prefer clear views and low-density understorey vegetation (Chen & Jim, 2008; 

Tyrväinen et al., 2005). Old and mature forest stands are preferred over young ones, as is variation in spe-

cies and habitat types (Tyrväinen et al., 2005). Aesthetic preferences and preferred urban forest manage-

ment practices often vary between ages, ethnicity, cultural background, and educational level (Tyrväinen 

et al., 2005). 

2.2.8 Community Benefits 

Involvement in urban forestry efforts can help build a stronger community. Tree planting and other activi-

ties show people that they can work together to improve their environment; they can also help in fostering 

a community identity and improving self-esteem among involved individuals. As previously discussed, 

urban forests have been associated with stronger ties between neighbours, a greater sense of safety, and 

lowered crime rates (Nowak & Dwyer, 2007; Schwab & Kollin, 2009a). 

2.2.9 Economic Benefits 

Numerous studies have been undertaken linking increased property values to trees, parks, greenways, 

wooded lots, tree cover, treed landscaping, and an attractive view from the house (Nowak & Dwyer, 

2007; Schwab & Kollin, 2009a). 

Urban forests also contribute to commercial real estate; similar to residential properties, tree-lined streets 

have also been found to increase commercial property values. Shoppers have been found to shop longer in 

downtown business districts that have large, well-maintained trees. Commercial venues with tree-lined 

streets are generally perceived to have higher quality goods, and customers are willing to pay an average 

of 12% more on goods and services (Schwab & Kollin, 2009a). 

Increased property values for residential and commercial property also result in increased property taxes; 

while many residents may see this as a negative effect, this money can be fed back into the local commu-

nity to make further improvements and provide additional community services (Nowak & Dwyer, 2007). 
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There are also economic benefits associated with many of the benefits already mentioned above. Removal 

of poisonous and carcinogenic air pollutants also results in a reduction in health care costs (Schwab & 

Kollin, 2009a). By reducing the amount of water entering stormwater management systems, and thus re-

ducing the size and density of drains, there is a lower construction and maintenance cost of drainage in-

frastructure (Chen & Jim, 2008; Kielbaso, 2008). By reducing the urban heat island effect, improving mi-

croclimate, and reducing energy consumption, a great deal of money is saved on heating and cooling 

buildings (Chen & Jim, 2008; Heidt & Neef, 2008; Nowak & Dwyer, 2007). By reducing extreme heat, 

there is also a reduction in heat induced medical problems and death, and therefore a reduction in health 

care and emergency service costs (Heidt & Neef, 2008). Lastly, sedentary lifestyles often result in obesi-

ty, cardiovascular disease, and some types of cancer. By improving opportunities for recreation and pro-

moting physical activity, urban forests help in preventing a sedentary lifestyle, and thus help to reduce the 

health care costs associated with these health problems (Schwab & Kollin, 2009a). 

2.3 Urban Forest Management Plans (UFMPs) 

Urban forest management plans (UFMPs) are the defining documents behind urban forest management; 

they provide strategic direction and operational guidance for urban forest management, allowing urban 

forest principles and concepts to be translated into practical application in the form of management tech-

niques and local policy (Steenberg et al., 2013). Sections 2.3.1-2.3.3 describe in greater detail what an 

UFMP is, current deficiencies commonly found in UFMPs, and how to evaluate and set municipal canopy 

cover goals.  

2.3.1 Defining a Successful UFMP 

Urban forest management is characterized by: 

1. A broad set of benefits to the community, 

2. Principles that define the philosophical, administrative, and technical approaches to management, 

such as inventories, time frames, and goals, 

3. Public and stakeholder participation in urban forest management decisions and actions, and 

4. An official municipal document approved by the city council that translates its goals and 

objectives into action and provides accountability, i.e., an Urban Forest Management Plan 

(UFMP) (Ordóñez & Duinker, 2013; Schwab & Kollin, 2009a). 

While the above are important elements, the success of an urban forestry program is also dependent on a 

variety of other factors, such as continual support from an educated governing body, long-term citizen 
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support, funding, and ordinances and enforcement (Schwab & Kollin, 2009a). Having a thorough invento-

ry of city trees, an on-staff forester or arborist, and a forestry division within the municipal government 

can also dramatically improve an urban forest program (Kielbaso, 2008).  

Urban forest management must cover both private and public property; trees on private land may not be 

maintained as well as city owned trees, however, to exclude them from management plans would exclude 

a large percentage of the urban forest (Kenney et al., 2011). In many cities, as much as 90% of trees are 

located on private property, which means that private property plays a large role in urban forest functions; 

it also means that policy targeting urban trees on private land will have a larger influence on the urban 

forest than policy addressing public trees (Conway & Urbani, 2007). Tree bylaws on privately owned 

land can effectively prevent the removal of healthy trees (providing they pose no safety threats), and in-

centive programs can encourage residents and business owners to plant trees on their property. 

In the last decade, many Urban Forestry Management Plans (UFMPs) have been developed across Cana-

da and the United States. UFMPs have become the defining documents for urban forest management, and 

can serve a variety of purposes for cities; in particular, they are important for justifying the existence of 

an urban forest management program as well as the budgeting and staffing required administering such a 

program. Most municipalities use an approach that relies on single tree maintenance, canopy cover en-

hancement, tree diversity enhancement, and planting and educational programs (Ordóñez & Duinker, 

2013); furthermore, UFMPs are most valuable when developed using public participation (Steenberg et 

al., 2013). 

The most common goals found within North-American UFMPs are: 

1. To increase canopy cover or percentage leaf cover, 

2. To increase species diversity and to set a standard to achieve, and 

3. To increase tree sizes (Ordóñez & Duinker, 2013). 

UFMPs are essential for managing a resource that is, by nature, long-term; realistic goals and objectives 

should be set and measured/re-evaluated regularly (Kielbaso, 2008). In the first study of its kind, Ordóñez 

and Duinker (2013) analyzed 14 UFMPs from across Canada, and identified the common elements of an 

Canadian UFMPs. These include three levels of planning process, beginning with identification of a vi-

sion and purpose, followed by identification of more specific values, objectives, and targets. Actions and 

schedules are then identified for achieving such goals; these actions are then implemented and monitored 

to evaluate success (Figure 2.3).  
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Figure 2.3 – Urban Forest Management Plan Elements Adapted from Ordóñez and Duinker (2013). 

Level 1 of Figure 2.3 includes any guiding statement within the plan, while Levels 2 and 3 refer to the 

management themes and actions. A higher level of specificity is preferred, however, many existing 

UFMPs refer to the document as a “strategy” or “framework” for a plan, and often lack specific goals, 

actions, or schedules (Ordóñez & Duinker, 2013). 

While Ordóñez and Duinker (2013) identify common goals well, one element is missing from Figure 2.3, 

and that is the process of adaptive management (See Section 2.1.6). As previously discussed, the urban 

forest and its processes are extremely complex, and constantly change in structure and environment. 

Thus, it is important that the effectiveness of management activities is monitored, evaluated, and updated 

accordingly (Dwyer et al., 2002).The City of Guelph’s (2012) Urban Forest Management Process (Figure 

2.4) shows the progression from the initial research and consultation stage to the final monitoring and re-

evaluation stage. Figure 2.4 shows how adaptive management is used to continuously revise the plan to 

integrate new findings and trends.  

Ordóñez and Duinker (2013) identified the themes found within the 14 UFMPs (Level 2, Figure 2.3). 

Themes fit into three clusters and each theme had its own criteria; the authors recommend that each crite-

ria have specific indicators (numeric or categorical) set by the municipality so that success of the UFMP 

could be measured. Figure 2.5 shows the cluster/theme/criteria framework that Ordóñez and Duinker 

(2013) used to organize and compare the themes, criteria, and indicators found within the 14 municipali-

ties’ UFMPs. 
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Figure 2.4 – Urban Forest Management Process(City of Guelph, 2012, p. 12). 

Along with evaluating canopy cover and potential plantable space, species diversity, tree age, tree health, 

tree size, and a variety of other indicators are equally important parameters in sustaining and managing 

the urban forest. Too often municipalities focus on increasing canopy cover. This can result in an unduly 

focus on tree planting activities which could be to the detriment of other approaches to management that 

may be more effective (such as tree maintenance) (City of Guelph, 2012; Kenney et al., 2011; Steenberg 

et al., 2013). Establishment and enhancement of canopy cover and plantable space exist as only two of 

nearly 50 criteria recommended for use in measuring the success of an UFMP (Ordóñez & Duinker, 

2013) (Figure 2.5). 
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Figure 2.5 – Framework used by Ordóñez and Duinker (2013) to organize and compare the themes, criteria, and indicators found within 14 UFMPs 
from across Canada. Establishment and enhancement of canopy cover and plantable space (bolded items) exist as only two of nearly 50 criteria recom-
mended for use in measuring the success of an UFMP.
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2.3.2 Current Deficiencies of UFMPs 

As previously mentioned, many existing UFMPs refer to the document as a “strategy” or “framework” for 

a plan, and often lack specific goals, actions, or schedules (Kenney et al., 2011; Ordóñez & Duinker, 

2013). While strategies and frameworks may be a good start to developing UFMPs, it is important that 

specific goals, actions, and schedules be determined so that progress and success can be monitored 

(Ordóñez & Duinker, 2013). Success (and thus failure) creates accountability among municipalities and 

other stakeholders; city staff in particular would rather celebrate and boast the success of reaching a tar-

get, than face the public backlash of failing to do so.  

That said, UFMP numeric targets are often arbitrarily set and there are no standards for what certain 

goals, such as canopy cover, should be for a city. While one might think these standards should exist, it is 

likely better that a one-size-fits-all approach to urban forestry management be avoided (Ordóñez & 

Duinker, 2013). Every municipality is different from another in terms of the factors influencing its urban 

forest structure (proportion of various land uses, species makeup, connectivity, climate, available space, 

building density, invasive species, pests, etc.) as well as the intensity at which these factors are influenc-

ing the urban forest. A much better approach to setting UFMP numeric targets would be to study these 

factors in detail and determine based on evidence and appropriate analysis what targets are achievable. 

Current deficiencies related to setting a canopy cover target are discussed further in Section 2.3.3 below. 

Ordóñez and Duinker’s study (2013) found that public input is scant in UFMPs. While themes of mainte-

nance and plant establishment were common, themes of tree diversity, naturalness/conservation, and cli-

mate change were less frequent; economic themes were also less frequent and lacked specificity. Social 

and political themes were common but lacked specificity. Only two of the UFMPs studied by Ordóñez 

and Duinker discuss tree distribution as an issue in terms of accessibility and equity for all residents. 

Time horizons of many UFMPs were short (longest was 60 years), and discussion about the monitoring or 

reporting of progress toward these horizons was vague. 

In terms of policy, most municipalities mention regulating negative behaviour (such as cutting trees) in 

their UFMP, but few discuss the option of motivating positive behaviour (such as implementing incentive 

programs); incentive programs can encourage tree planting on private land, especially on residential prop-

erty (Ordóñez & Duinker, 2013). Planting on residential property is not typically undertaken by munici-

palities due to the effort required to gain property access for planting and maintenance, as well as liability 

issues; but by providing monetary incentives for tree planting and educating residents on tree mainte-

nance, tree selection, and the benefits of trees (particularly on property values and energy use), many of 

these concerns can be effectively removed (Ordóñez & Duinker, 2013). 
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Ordóñez and Duinker also found that multi-scale treatment specifications, such as canopy cover or tree 

diversity targets for each land use category, were almost non-existent (2013).  

2.3.3 Setting a Canopy Cover Goal 

Canopy cover is a simple and intuitive way to describe the extent of the urban forest. Interestingly, there 

is not a lot of information available in the literature regarding what a good canopy cover goal is. Up until 

at least 2009, American Forests had a web page that gave recommendations for canopy cover for two dif-

ferent regional categories: 1) Metropolitan areas east of the Mississippi River (USA) and in the Pacific 

Northwest, and 2) Metropolitan areas in the Southwest and dry West. Recognizing that canopy cover will 

vary within cities based on land use, American Forests also recommended that suburban residential, urban 

residential, and central business districts maintain canopy covers of 50, 25, and 15%, respectively. Nu-

merous people have cited this source (Hill et al., 2010; Kenney et al., 2011; McLeod, 2007; Mincey et al., 

2013; Schwab & Kollin, 2009b), however, the web address no longer works, and no replacement page 

with the same information has been created. Thus it is unclear whether American Forests still supports 

these guidelines. 

Regardless, dividing America's lower 48 states into only two geographical categories is likely not suffi-

cient given its enormous size; even local geographic and geologic features (lakes, mountains, glacial de-

posits, etc.) can affect climate, soils and, ultimately, the vegetation of a region. Canopy cover goals 

should be set at finer, disaggregated scales because canopy cover and land use ordinances vary signifi-

cantly at this scale of analysis (Mincey et al., 2013). Aggregated land uses are more generalized, and in-

clude land uses such as residential, commercial, industrial, business, institutional, parkland, open space, 

and mixed-use. Disaggregated land uses take aggregated land uses and break them down further; specifi-

cally, Mincey, et al. (2013) found that the canopy cover of high density residential zones is akin to that of 

commercial zones, and are significantly different from low and medium density residential zones. 

It is important that goals be tailored to a specific municipality, as different municipalities have different 

proportions of land use zones, varying levels of development intensification, and different factors affect-

ing the health and extent of the urban forest.  

Canopy cover goals should be attainable and not overly ambitious; setting overly ambitious canopy tar-

gets can be problematic, as some municipalities that have little rural land may not actually have the plant-

able space to achieve such targets. A 40% canopy cover may be attainable in one municipality, but unat-

tainable in another due to its potential plantable space (City of Guelph, 2012). Setting overly ambitious 

canopy cover targets may also unduly put focus on tree planting over other more strategic and compre-
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hensive forms of management, such as those discussed in Section 2.1.3 above (Kenney et al., 2011). It is 

therefore best that canopy cover targets are set after plantable spaces and the maximum canopy cover 

have been determined (Kenney et al., 2011). 

Clearly-defined targets, criteria, and performance indicators of success are important as they measure 

progress towards objectives and a way by which to evaluate success (Kenney et al., 2011). As previously 

mentioned, the possibility of success and failure provides accountability among municipalities and other 

stakeholders, which further motivates those involved to reach the set targets. 

Furthermore, as discussed in Section 2.1.5, existing canopy cover alone does not determine whether an 

area should be planted or not. Relative canopy cover is much more beneficial than simply using existing 

canopy cover, as it takes into consideration what maximum canopy cover is possible in an area. For ex-

ample, a commercial core may have 10% canopy cover, but be at 100% relative canopy cover, meaning 

that it has no more surface available in which trees can be planted (maximum potential canopy cover = 

10%; potential plantable space = 0%). However, an industrial area that is also at 10% existing canopy 

cover may only be at 20% relative canopy cover, and therefore has the potential to support significantly 

more trees (maximum potential canopy cover = 50%; potential plantable space = 40%). Therefore, meas-

uring existing canopy cover alone is not a good indicator of where planting programs need to focus, as it 

does not account for regional differences in potential plantable space (Kenney et al., 2011), which are of-

ten tied to land use zoning. 

2.4 Guelph’s Urban Forest Management Plan 

It is currently estimated that Guelph’s human population has grown from approximately 80 000 in 1986 

to approximately 125 000 in 2012, and is expected to grow an additional 50 000 by 2031, without expan-

sion of the current municipal boundary (City of Guelph, 2012). While this growth brings many positive 

aspects such as diversity, generation of new ideas, and economic growth, it can also present problems for 

both maintaining and expanding the City’s urban forest. In 2006 the City of Guelph first began work on a 

comprehensive and strategic approach to urban forest management, and in the Fall of 2007 Council 

adopted the Framework for the Strategic Urban Forest Management Plan: 2008-2028; one of the gaps 

identified by the framework was the need for a 20-year urban forest management plan.  

The City of Guelph Urban Forest Management Plan: 2013-2032 (hereinafter called the Plan) was adopted 

in 2012. The purpose of the Plan is to review and assess all aspects of urban forest management in the 

City of Guelph. The Plan provides the guiding principles, vision, and strategic goals for the next 20 year 

period through a series of four Five-Year Management Plans; these Five-Year Management Plans are 
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used to confirm priority and timing. The Plan also makes recommendations for the first five-year period, 

identifying specific strategies to maintain and increase canopy cover, and for improving the effectiveness 

of urban forest management on both public and private lands. 

2.4.1 Vision 

The vision of the City of Guelph’s Urban Forest Management Plan (2012, p. 9) is as follows: 

“The City of Guelph will foster the health and sustainability of its community by in-

creasing its urban forest cover. Continually pursuing and promoting the implementa-

tion of best practices for tree protection, tree establishment and tree maintenance will 

provide a range of environmental, economic, and health benefits for residents, and 

habitat for a diversity of plant and animal species. By setting an example on its own 

lands and supporting expanded local stewardship, the City will enjoy and sustain its 

urban forest for the longterm.” 

This vision is inclusionary in that it incorporates the concerns of a variety of stakeholders, 

whether they are more concerned about the economy, the environment, or the general wellbeing 

of their family, friends, and neighbours. It is also inclusionary in that it recognizes the need for 

public awareness and participation through stewardship efforts. The vision also emphasizes the 

need to look at long-term sustainability, but fails to address how local by-laws and regulations 

can be used as a management tool for improved success, as well as the importance of support 

from local politicians. 

2.4.2 Strategic Goals 

Guiding principles of the City’s UFMP focus on themes of understanding the urban forest, monitoring 

and assessment, innovation and creativity, protecting existing trees, making smart planting choices (in 

terms of tree placement and species selection), tree maintenance, and adaptive management. Strategic 

goals reflect these Guiding Principles. While there are 11 strategic goals listed in the Plan, the ones most 

pertinent to this research are: 

Goal #1  Complete a more comprehensive inventory program. 

Goal #2  Monitor and review the status of the City’s urban forest management every five years and 

revise planning and practices as required. 
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Goal #6  Transition towards proactive tree establishment and replacement whereby all potential 

plantable spots in the City are explored. 

2.4.3 Recommendations 

The recommendations are laid out into 4 sections within the plan: 

1. Administration - Management and Monitoring (Recommendations 1-10) 

2. Planning - Legislation, Policies and Guidelines (Recommendations 11-13) 

3. Operations - Protection, Enhancement, Replacement, and Planting (Recommendations 14-18) 

4. Communications - Outreach, Stewardship and Partnerships (Recommendations 19-22) 

It is unnecessary to describe all of these recommendations of the Plan in detail; however, one recommen-

dation will be reviewed in detail as this research is based directly on it. 

Of the 22 recommendations within Guelph's UFMP, Recommendation #6 (2012, p. 33) is to undertake an 

Urban Tree Cover (UTC) Potential Plantable Spaces Analysis. The recommendation is stated as follows: 

“Use the most current and best available aerial imagery of the City combined with 

UTC software and related desktop analyses to generate detailed City-wide land cover 

mapping. This mapping will: (a) provide an accurate baseline for future canopy cov-

er studies, (b) identify potential plantable areas in the City (i.e., open vegetated areas 

large enough to accommodate a tree), and (c) assess if a 40% canopy cover target is 

feasible for the City." [emphasis added] 

By answering the research questions listed in Section 1.2 of this thesis, Recommendation 6 will be satis-

fied by this research project. 

Other notable background information pertaining to this recommendation is included in Chapter 3 of the 

Plan. This includes past canopy cover estimates; the Framework for the Strategic Urban Forest Manage-

ment Plan (City of Guelph, 2007) gave an estimate of canopy cover of about 30%. This was found using 

data from the Natural Heritage Strategy, dated mapping of trees in parts of the City’s urban areas, and 

some air photo interpretation to capture larger groupings of trees in the urban matrix. A more accurate 

canopy cover assessment was completed using a grant from the TD Green Streets program in 2011, which 

allowed for the use of more up-to-date aerial imagery; this estimated the canopy cover to be much lower, 

at only 20% (City of Guelph, 2011q, 2012). While this may be surprising to some, it seems quite possible 

when looking at the canopy cover estimates of other Cities that have little or no rural area within their 

municipal boundary (Table 2.1). 
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Table 2.1 – Comparison of canopy cover estimates and goals from comparable municipalities. Adapted from 
City of Guelph, 2012, p. 19.  

Municipality  Canopy 
Cover 
Estimate1 

Canopy Cover 
Goal 

Canopy 
Cover 
Goal Date 

Source 

City of Guelph 20% 40% 2031 (City of Guelph, 2012) 

Town of Ajax 19% none N/A (Town of Ajax, 2010) 

Town of Oakville 29% 40% 2058 (Town of Oakville, 2008) 

City of Thunder Bay 47% none N/A (City of Thunder Bay, 2011) 

City of Burlington 23% none N/A (City of Burlington, 2010) 

City of St. 
Catharines 

15-17% 30% Framework in 
place by 2030; 
predicted to hit 
30% by ~2050 

(City of St. Catharines, 2011) 

City of Mississauga 15% 15-20% city 
avg.; Canopy 
cover ≥ the city-
wide average in 
all residential 
areas, and most 
other land uses. 

2033 (City of Mississauga, 2014) 

City of Brampton 11% TBD N/A (Toronto and Region 
Conservation Authority, 2011) 

City of Pickering 20% none N/A (Toronto and Region 
Conservation Authority, 2012) 

[1] Not all estimates were determined using the same methods 
[2]“Comparable municipalities” are municipalities identified by the City of Guelph as being suitable for 
comparison due to their proximity, average family income, population, expenditures, number of employees, 
governance level and structure, services provided, and presence of a post-secondary institution (City of 
Guelph, 2009). 

The “Administration - Management and Monitoring” section of the Plan also outlines a few methods that 

have been used in the past (by other municipalities) to estimate canopy cover and plantable space. These 

are discussed generally in this Section, but are discussed in more detail in Section 2.5 below.  

Canopy cover measures are problematic as there is no standard method used for assessment. i-Tree Eco 

(based on the Urban Forest Effects (UFORE) model and developed by the USDA Forest Service) has 

been used to give a rough estimate of canopy cover, as well as species composition, species abundance, 

age classes, tree condition, and valuation of the services provided (air pollution removal, carbon seques-

tration, etc.). Results give "big picture" information, but are not useful at the site-scale or for identifying 

where canopy and plantable spaces are spatially located. 
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The second method discussed in the Plan for obtaining canopy cover estimates is using orthorectified 

photos and GIS. This uses a combination of mapped treed natural areas with point count data on trees in 

the urban matrix and/or sub-samples within land use types. It is reasonably accurate and potential planta-

ble spaces may be identified if the point count data is detailed enough. This method was used by the City 

of Guelph in 2011, however, point count data at the time was not complete, and a public tree inventory is 

still being completed by the City (as of December 2014). 

The last method for measuring canopy cover described in the Plan is the Urban Tree Canopy (UTC) 

method. This method analyzes fine resolution leaf-on satellite imagery, and can also be used to determine 

plantable space. It requires powerful computing and specialized software, along with a fair bit of desktop 

digitizing and analysis, but can yield comprehensive mapping and data and is easy to replicate for future 

monitoring measurements. This method has been used by the City of Toronto and the Region of Peel in 

collaboration with the USDA Forest Service and the University of Vermont. 

2.4.4 Implementation 

The Plan concludes with a section that discusses its implementation and estimates the financial resources 

needed for the first two Five-Year Management Plans. An estimate of $5,483,000 for the first Five-Year 

Management Plan, and $6,000,000 for the second Five-Year Management Plan; almost half of this cost is 

attributed to developing and implementing a strategy for dealing with emerald ash borer. 

In implementing the recommendations of the Plan, it is intended that urban forest management within the 

City of Guelph will switch from reactive (maintenance and planting done by request or in emergency sit-

uations) to proactive. Proactive structural pruning, particularly on young trees, can help reduce the need 

for future pruning and reduce tree-related risk. It also allows work crews to identify other issues (such as 

pests and disease) and, since it is on a pre-determined schedule, allows for easier collaboration between 

the City and Guelph Hydro's pruning around utility lines, thus residents can be notified well in advance 

and on fewer occasions. Pruning and tree inventory data may be completed at the same time, again, to 

improve efficiency (City of Guelph, 2012). Proactive steps reduce the need for future pruning, the likeli-

hood of branch and tree failure, future conflicts with utilities, and overall management costs. 

At the time of writing the Plan, it was brought to attention that the financial and human resources needed 

to move the City toward achieving urban forestry goals were inadequate. Since then, a “Tree Team” has 

been formed by the City, and three positions have been created and filled, including: a Manager of Forest-

ry, an Urban Forestry Field Technologist, and an Urban Forestry GIS Technologist. As per the Plan, it is 

still recommended that two more Urban Forestry Field Technologists be hired as well as a half-time Ad-
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ministrative Assistant; these positions should be filled within the first Five-Year Management Plan (2013-

2017) (City of Guelph, 2012). 

The four sets of Five-Year Management Plans were developed to determine priority of implementation; 

priorities were assigned through consultation between City staff, stakeholders, and the public. Prioritiza-

tion was assigned to the various recommendations based on the logical sequence for the recommended 

item, identification of which items are likely to provide the most benefits to the urban forest, considera-

tion of risk-related activities, and spreading out the cost of new resource requirements in a manageable 

way. As per adaptive management, priorities will need to be reassessed throughout implementation 

(Figure 2.4). Recommendation 6 is listed as a high priority item and was supposed to begin implementa-

tion in 2013 (City of Guelph, 2012). 

2.5 Methodology Used in Recent Studies 

Recent studies have focused primarily on land cover analysis and measuring existing canopy cover, but 

few have focused on potential plantable space and maximum potential canopy cover. This section will 

give an overview of the studies that have been completed in the past; it will review only GIS and remote 

sensing techniques, but will not discuss studies that use only field-based techniques, which are out of the 

scope of this study. 

2.5.1 Land Cover and Canopy Cover Analyses 

Research on land cover and canopy cover analysis is plentiful, but are presented at varying scales. Choos-

ing the proper resolution to use can be a difficult task. Higher resolution images are difficult to classify 

due to the increased complexity in land cover (Horning et al., 2010). For example, a woodlot has leaves, 

but it may also have branches or shadows that, if revealed in an image, will be classified as a land cover 

other than canopy; this is challenging as the user may want the entire grouping of trees to be classified as 

canopy. Contrary to this, lower-resolution imagery may oversimplify land cover, causing small features 

that the user wishes to pick up to be lost, such as individual trees or small structures, such as sidewalks 

(Horning et al., 2010). 

At the coarsest scale, Dwyer et al. and the USDA Forest Service (2000) completed a nation-wide assess-

ment of urban forests in the United States. The objective of the national assessment was to provide a 

strong knowledge base for large-scale planning activities. The study used 1km resolution Advanced Very 

High Resolution Radiometer (AVHRR) data and 30m resolution Landsat Thematic Mapper Data. When 

available, municipal-scale variations in urban forest structure were superimposed onto the broad, regional 
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variations. As Nowak et al. (2001) discuss in another article, local data are essential for understanding 

local-scale variations and structure. AVHRR produces highly variable results for urban canopy cover 

mapping, due to its low spatial and spectral resolutions; furthermore, the lack of red and blue bands mean 

that AVHRR is only marginally useful for land cover mapping (Walton, 2008; Walton et al., 2008). 

High resolution satellite imagery, such as Quickbird and IKONOS imagery, has been used to analyze ur-

ban forest cover in many cities in the United States, including Baltimore, Annapolis, Syracuse, and New 

York , allowing for the classification of individual, open-grown trees (Walton et al., 2008). However, to 

reiterate, high-resolution satellite imagery is more complex; multiple pixels with different spectral charac-

teristics may make up the same object, making it difficult to classify a land cover based on spectral char-

acteristics alone (Walton et al., 2008). Furthermore, land covers sharing similar spectral characteristics, 

such as grass and deciduous trees, or gravel and impervious material, can be misclassified.  

Some researchers have attempted to solve this problem by incorporating texture measures (Myeong et al., 

2001; Zhang, 2001) or object-based classification (Johnson, 2013; Walker & Briggs, 2007; Zhou & Troy, 

2008) into their canopy cover analysis. Texture algorithms evaluate the texture of the area surrounding the 

raster cell so that classification may be improved (Walton et al., 2008). Object-based classification is a 

method that segments the image into clusters of similar cells, which are combined to form the final classi-

fication values. By considering segments rather than individual cells, classification can mimic manual 

classification (Walton et al., 2008). 

Some land cover and canopy cover analyses (Kato et al., 2009; Kim et al., 2009) opt out of the use of sat-

ellite imagery, and instead opt for airborne systems; these include airborne systems such as Light Detec-

tion and Ranging (LIDAR), Airborne Data Acquisition and Registration (ADAR), and Compact Airborne 

Spectrographic Imager (CASI). Airborne sensors have the advantage of being flexible about timing, as 

fly-overs can be completed at a user-specified date and time (Ward & Johnson, 2007). Spatial resolution 

for airborne sensors can be 20 cm or less, and the spectral resolution can be extremely high (i.e., hyper-

spectral, capturing hundreds of spectral bands) because data storage is not a concern as it is with satellites 

(Ward & Johnson, 2007). Airborne sensors have similar disadvantages to high-resolution satellite image-

ry, due to their small spatial resolution. They also have the disadvantage of being costly. 

2.5.2 Plantable Spaces Analyses 

While many journal articles mention the importance of completing plantable spaces analyses (Kenny, 

2008; Mincey et al., 2013; Ordóñez & Duinker, 2013), few have actually completed such a study. Gener-
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ally, the ones that do exist use GIS-based tools and decision rules that are either too close to existing in-

frastructure or too small of an area to support a tree (Mincey et al., 2013).  

Wu et al. (2008) completed a plantable spaces analysis on Los Angeles using ENVI (Environment for 

Visualizing Images) and ArcGIS software. Land cover data were derived from QuickBird imagery using a 

combination of moving masks method, supervised classification, and unsupervised classification. They 

then created a tree planting program that sought out, tested, and located potential planting sites based on 

user defined rules; areas that were too close to buildings, paving, and existing trees were masked out. This 

approach is somewhat innovative as it seeks to virtually plant trees, something that few researchers at-

tempt; however, there are some problems with the planting module. First, it operates under the assump-

tion that mature canopies cannot overlap. While logically this makes sense, as one would want to maxim-

ize canopy cover per tree planted, tree planting rarely operates this way in the real world. Trees are often 

clustered into groups for aesthetic purposes, or planted closely to create wind barriers. 

Kirnbauer et al. (2009) developed a Prototype Decision Support System (PDSS) that provides users with 

tools to better urban forestry management. The PDSS was divided into seven modules, of which two are 

devoted to defining plantable and non-plantable space. This was done using ArcTrees, an application for 

use within ArcMap that uses VBA scripts to determine plantability. Unfortunately, VBA is no longer 

supported by ESRI as of Version 10.1, so the module cannot be run unless the user is running Version 

10.0 or older. Within ArcTrees, the user is required to add shapefiles such as sewers, natural gas, tele-

communication lines, building footprints, and hydro lines; each of these then goes through a process of 

buffering. Once this is complete, the user enters a few more inputs into TreeModules, including tree radi-

us and height, boundary coordinates, total land area, tree budget (dollars/year), maintenance cost 

(tree/year), and the desired planting algorithms. TreeModules uses customized VBA scripts to create a 

tailored Microsoft Excel interface; from this, three outputs are produced: x-y coordinates for tree planting 

sites, 2D map of the canopy, and a 3D representation of mature trees (Kirnbauer et al., 2009). 

Nowak and Greenfield (2009) completed a land cover and plantable spaces analysis by interpreting and 

classifying 2001 and 2003 National Land Cover Data (NLCD), which is derived from Landsat imagery, 

and determining plantable areas using a planting priority index. The planting priority index incorporated 

the standardized population density, the standardized canopy green space, and the standardized tree cover 

per capita. Again, the NLCD has a coarse resolution of 30m, and therefore is not particularly useful for 

the city scale as individual or small groupings of trees cannot be detected. The index could be useful for 

certain applications, but is purely based on existing canopy cover and existing population; it does not ac-

tually incorporate available plantable space at all. 
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Merry et al. (2013) sought to find a straight forward and time efficient method for classifying land cover 

and determining plantable space. However, the study area was quite large and used Landsat data; this 

meant, again, that the spatial resolution was quite coarse and individual trees would not be picked up. The 

researchers used supervised classification on the imagery to delineate four classes: water, developed, 

open, and forest. These classifications are generalized, but are appropriate for the scale at which they 

were completing their analysis. Supervised classification can work quite well, however, at finer resolu-

tions, and particularly for complex land covers where many land covers need to be classified (such as the 

urban matrix of municipalities), supervised classification can be a challenge. Furthermore, their analysis 

of plantable space was based solely on land cover, and did not incorporate any additional datasets, such as 

infrastructure buffer zones. 

2.5.3 Urban Forest Effects (UFORE) Model and i-Tree 

The USDA Forest Service’s i-Tree software suite is a collection of applications commonly used by mu-

nicipalities across North America to model the urban forest. One program from the suite, i-Tree Eco 

(formerly UFORE), requires the user to collect a complete tree inventory or field data from randomly se-

lected plots; collection of data is therefore time and resource consuming, and the margin of error varies 

depending on the number of plots inventoried (City of Guelph, 2012). Results are numerical and overall 

city canopy cannot be viewed spatially. Furthermore, the application requires a significant amount of ad-

justment to use it outside of the United States, including the addition of tree species not in the database. 

The model also defaults to United States building types, energy use, weather conditions, biomass formu-

las, and growth rates (Nowak, 2010). Numerous other variables must be adjusted to match local values, 

including those related to leaf on/off dates, tree structure, carbon storage and sequestration, biogenic vola-

tile organic compound (VOC) emissions, and energy costs (Nowak, 2010).  

i-Tree Vue is another application in the i-Tree Suite that has been used to estimate canopy cover; it uses 

coarse resolution National Land Cover Database (NLCD) data (30m), which is only available for areas 

within the United States (USDA Forest Service, 2015). NLCD is derived from Landsat Satellite imagery, 

which also has a resolution of 30m. While this application does spatially locate forest resources, the mar-

gin of error is quite large and varies depending on the number of test plots sampled. Furthermore, with a 

resolution of 30m, identifying small groupings of trees is difficult, and identifying individual trees in an 

urban matrix is next nearly impossible. The application also does not measure potential plantable space 

(City of Guelph, 2012). Finer resolution spatial data available for Guelph are needed. 
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2.6 GIS and Remote Sensing 

A Geographic Information System (GIS) is a system for collecting, storing, retrieving, transforming, ana-

lyzing, and displaying spatially referenced data. In doing so, these data have value added in that it can be 

viewed efficiently and new data may be created from them, thus aiding in decision making. In general, a 

GIS is composed of five components: computer hardware and operating system, computer software, spa-

tial data, data management/analysis procedures, and the people operating the GIS (Heywood et al., 2006). 

Thus GIS is useful when questions arise regarding location, spatial patterns, or spatial implications. As 

such, the most common method for storing, displaying, and analyzing spatial data is the map; maps are an 

effective way to communicate three-dimensional, real-world features in two-dimensional space using 

points, lines, and areas. Maps are a compact and elegant method for displaying and communicating spatial 

information to the user (Heywood et al., 2006). 

Due to the complexity of the real-world, particularly features that are part of the natural environment, and 

due to technological limitations, all spatial data is generalized to some degree. Generalization is also 

needed to maintain clarity, and is usually governed by the scale of the map being produced (Heywood et 

al., 2006). 

Remote sensing is broadly defined as information collected at a distance. More specifically, it is the ob-

servation and derivation of information about the Earth’s surface and water features using reflected or 

emitted electromagnetic energy via an overhead image (Campbell, 2007). Therefore, remotely sensed im-

agery includes data such as aerial photography, satellite imagery, and orthophotography. 

2.7 Spatial Form Models 

Spatial form models focus on representing the structure, distribution, and analysis of geographical fea-

tures. Features are represented by entities, which can be split into three general types: points, lines, and 

areas (Heywood et al., 2006). For example, fire hydrants are represented by points, water lines are repre-

sented by lines, and land cover types are represented by areas. Some features may be displayed as a dif-

ferent entity type depending on scale. For example, at a finer scale, a building may be best represented as 

an area, but at a coarser scale it may be better represented as a point. Furthermore, some features, such as 

woodland or other vegetation, may not have discrete boundary lines due to the existence of transition are-

as where two vegetation types are interspersed with one another. These are often called ‘fuzzy’ bounda-

ries, and can cause problems for the person defining or analyzing the entities (Heywood et al., 2006). 
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Entities may be represented in two different data structures: raster and vector. The raster approach defines 

entities using a grid of cells, each one of which has a value associated with it; the shape and character of 

the entity is defined by the grouping of cells (Heywood et al., 2006). The cell size is called the spatial res-

olution (often just called the resolution); for example, the imagery used in this study has a resolution of 

6m for the multispectral imagery, meaning that each cell covers an area of 6m by 6m (imagery specifica-

tions are described in more detail in Section 3.2.2). 

The vector approach uses Cartesian coordinates to store the shape of a spatial entity; thus a point is repre-

sented by a single x-y coordinate, lines are represented by a series of x-y coordinates strung together, and 

areas are represented by a series of x-y coordinates strung together into a closed polygon (Heywood et al., 

2006). 

Both types of data structures, raster and vector, have two types of data that must be managed: spatial data 

and attribute data. Spatial data is data related to where things are (their location in space). Attribute data is 

data related to what things are, for example, lines representing streets may have a variety of attribute data 

associated with it, such as street name, street type (highway, arterial), its condition, the number of lanes it 

has, and/or its length (Heywood et al., 2006). Attribute data can be useful not only for displaying spatial 

data, but also for analyzing the data. 

But spatial form models are not just about displaying data. Data analysis techniques allow the user to take 

the data, and create/extract new information so that research questions can be answered and decision mak-

ing can occur (Heywood et al., 2006). There are a wide range of data analysis tools available in ArcMap 

including, but not limited to, measurement techniques, attribute queries, extract tools, reclassification, 

proximity tools, overlay tools, and statistical tools. These tools can be found within the ArcToolbox in 

ArcMap. 

2.8 Urban Tree Legislation: Federal and Provincial 

2.8.1 Federal Legislation 

While there are no federal Acts regulating urban trees specifically, others may indirectly protect trees. For 

example, the Species at Risk Act (2002) protects species (including trees) that are designated as Species 

at Risk, and applies to species that are naturally occurring or have habitat on federal lands. Currently, the 

only federally designated and naturally occurring tree Species at Risk in the City of Guelph is Butternut 

(Juglans cinerea) (City of Guelph, 2012). 
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The Migratory Birds Convention Act (1994) prohibits the disturbance of nests being utilized by any of the 

listed species of birds; in practice is used to prevent the removal of trees while listed birds are using them 

for nesting (City of Guelph, 2012). 

2.8.2 Provincial Legislation 

As a result of the Municipal Act (2001) and the Forestry Act (1990a), municipalities can enact by-laws 

restricting the removal or injury of trees. Other policies that may be put into place include tree planting 

programs (and native tree programs), removal programs, replacement programs, monitoring programs, 

and NGO support programs, and urban forest management plans (Conway & Urbani, 2007). Often such 

programs are outlined within an urban forest management plan (UFMP). 

In Ontario, under Section 135 of the Municipal Act (2001), local municipalities (meaning single-tier mu-

nicipalities, like Guelph, or lower tier municipalities) may prohibit or regulate the destruction or injuring 

of trees by enacting a tree by-law, and an upper-tier municipality may prohibit or regulate the destruction 

or injuring of trees in woodlands by enacting a by-law, both having regard to good forestry practices as 

defined in the Forestry Act (1990a). An upper-tier municipality may pass all or part of its power to pass a 

by-law respecting the destruction or injuring of trees in woodlands to one or more of its lower-tier munic-

ipalities with the agreement of the lower-tier municipality or municipalities, but a lower tier municipality 

cannot pass its power to pass a by-law respecting the destruction of trees to its upper tier municipality.  

As a single-tier municipality, Guelph does not need to defer to or be consistent with County of Welling-

ton policies (City of Guelph, 2012). As per Section 10.2 of the Municipality Act (2001), a single-tier mu-

nicipality may provide any service or thing that the municipality considers necessary or desirable for the 

public, including the passing of by-laws respecting the economic, social and environmental well-being of 

the municipality. 

A municipality may require permits be obtained to injure or destroy trees and impose conditions on a 

permit, such as the manner in which destruction occurs and the qualifications of persons authorized to 

injure or destroy trees (Ontario, 2001). Municipalities have the right to enter private property to ensure 

compliance, and enforce regulations via fines or requiring tree replacement by the property owner 

(Conway & Urbani, 2007). 

There are some exemptions that by-laws passed under Section 135 do not apply to. Most notably, a by-

law passed under Section 135 does not apply to:  

• Activities undertaken by the municipality itself, 
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• The injuring or destruction of trees as a condition to the approval of a site plan, a plan of 

subdivision, or a consent, 

• The injuring or destruction of trees as a requirement of a site plan agreement or subdivision 

agreement, 

• The injuring or destruction of trees for constructing and maintaining a transmission system or a 

distribution system, or 

• The injuring or destruction of trees for the lawful establishment, operation, or enlargement of any 

pit or quarry (Ontario, 2001). 

Just as with federal legislation, many provincial regulations may indirectly protect trees. Similar to the 

Species at Risk Act (2002), the Endangered Species Act protects species (including trees) that are desig-

nated as Species at Risk as well as their habitats, the difference being that this Act is provincially regulat-

ed. Butternut (Juglans cinerea) is also a provincially designated and naturally occurring tree Species at 

Risk (City of Guelph, 2012). 

The Provincial Policy Statement states the Government of Ontario’s land use planning policies and is is-

sued under Section 3 of the Planning Act. The Planning Act (1990) and the Provincial Policy Statement 

(2005) directs conservation authorities and municipalities to develop policies that define and provide pro-

tection for significant woodlands. Furthermore, under Section 41 of the Planning Act gives municipalities 

control to designate site plan control areas via site plan control by-laws where in an official plan an area is 

shown or described as a proposed site plan control area; with this authority municipalities may identify 

trees for protection and require replacements on private lands subject to the development process (City of 

Guelph, 2012; Ontario, 1990b). For more detail on site control by-laws, see Section 2.9.4. 

Other regulations that may protect trees indirectly include the Lakes and Rivers Improvement Act, Con-

servation Land Act, Conservation Authorities Act, and Ontario Water Resources Act. 

2.9 Urban Tree Policy: Municipal 

2.9.1 Official Plans 

Official Plan policies can be the basis of a planning framework supportive of urban forest protection. It is 

only recently that official plans in Canada have begun to incorporate support explicitly for protection of 

the urban forest resource. Guelph’s OPA 42, which was passed in June of 2014, specifically addresses 

tree protection outside natural areas and recognizes the role that the urban forest plays, and the benefits it 
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provides (City of Guelph, 2012). Specifically, the Plan states in Policy 3.5.14 (City of Guelph, 2012, pp. 

23-24) that: 

"The City will encourage measures to preserve mature trees of scenic value, and any 

other cultural heritage landscape resources of heritage significance. Existing trees, 

tree and hedge lines should be an essential consideration in the design of any devel-

opment proposal. The City will consider measures to preserve mature, desirable trees 

along streets and roads, except in circumstances where removal is necessary because 

of disease, damage, or to ensure public health and safety." 

Section 6.8 of the Plan goes into greater detail, outlining four general policies (6.8.1-6.8.4) for managing 

forest resources. These policies state that the City will: 

1. Encourage the protection of forest resources. 

2. Will consider developing a comprehensive ecological definition of woodland significance in the 

Municipality by conducting an assessment study of wooded areas. 

3. Will classify certain woodlots as significant due to their natural heritage functions in addition to 

their contiguous size of at least 1 hectare and existence in a natural setting. 

4. Ensure that development proposals within or on adjacent lands to a significant woodland do not 

negatively affect the woodland and its ecological functions. 

2.9.2 Tree Ordinances 

Municipal urban forest policies (also called tree ordinances) can take a variety of forms, as described in 

Table 2.2. 

Table 2.2 – Municipal tree policy and program types and descriptions (Conway & Urbani, 2007). 

Policy Type Description 

Tree protection by-laws 
and tree removal regula-
tions 

Enacted under the Municipality Act (see Section 2.8.1), they prohibit or 
regulate the removal, destruction, or injuring of trees in a municipality. 
These programs describe the circumstances under which trees may be 
removed, the proper procedure for removal, and the penalties that may 
incur if policies are not followed. Programs may focus on private proper-
ty, public property, or both. 

Tree planting programs Established to regulate the planting of trees. Programs may focus on pri-
vate residential planting (e.g., adopt a tree programs) or public property 
planting, and may specify biodiversity or native plant targets. Further-
more, developers are also often subject to their own set of tree planting 
regulations via the plan approval process and zoning ordinances. 
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Policy Type Description 

Tree replacement programs Established to regulate the replacement of damaged street trees. 

Tree monitoring programs Established to monitor the health of trees. These programs may range 
from passive information collection (via resident reporting) to proactive 
programs involving regular assessments by municipal staff. 

Urban forest management 
plans 

The defining documents behind urban forest management (see Section 
2.3). 

Public tree by-laws are developed in many municipalities and exist to protect individual trees by prohibit-

ing the damage or destruction of trees on municipal land, and allow the municipality to issue a fine to 

those who breach the by-law. 

Policies addressing urban trees on private property are relatively recent developments in comparison to 

public property and, more specifically, street tree policies; since more than half of the urban forest may be 

located on private property, policy addressing this private land is likely to have a strong influence on the 

urban forest (Conway & Urbani, 2007; Hill et al., 2010; Ward & Johnson, 2007). 

In 1986 Guelph became the first lower or single-tier municipality to implement a private tree by-law, 

which was updated most recently in 2010. The by-law prohibits, without permission from the City, the 

damage or destruction of any tree measuring at least 10 centimetres in diameter at 1.4 metres above the 

ground on lots larger than 0.2 hectares. Trees on lots equal to or smaller than 0.2 ha will continue to be 

cared for by the residents and property owners. Some trees are exempt from the by-law and can be re-

moved without a permit; these include dead or dying trees, trees posing danger to life or property, or trees 

affected by unforeseen causes or natural events (City of Guelph, 2014). 

When modelling the effect of such policies, it is important to remember that there will be a lag in time 

between policy enforcement and their effects (due to the time required for trees to be planted and to grow 

in size), especially across an entire municipality; it is therefore important that municipal policies are eval-

uated 10, 20, and/or 50 years after their implementation (Conway & Urbani, 2007). 

Having policy is not necessarily enough when it comes to providing equitable access to the urban forest 

resource. First, the emphasis of programs on public land may contribute to a lower level of canopy cover 

in poor neighbourhoods where people cannot afford to enhance the urban forest on their own property 

(Conway & Urbani, 2007).  

Second, programs supporting tree planting on private property can favour people who own, rather than 

rent, their property; for example, a Milwaukee free tree program was studied (Perkins et al., 2004) and 

found to have given out trees disproportionately to property owners, and areas with high rental rates did 
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not share the benefits of the program. Renters were less likely to use the program due to the permissions 

required from owners to plant, their high mobility (i.e., not likely to stay in a place long enough to gain 

long-term benefits of trees), and the lack of a financial incentive (will not see the market returns from in-

creased property values) (Conway & Urbani, 2007).  

Lastly, older neighbourhoods where mature trees are reaching the end of their lifespan often do not have 

replacement strategies in place due to their age, even though they are the most likely neighbourhoods to 

need such programs (Conway & Urbani, 2007). 

2.9.3 Zoning By-laws 

A zoning by-law controls the use of land in a community. It states how land may be used, where buildings 

may be located, what type(s) of buildings are permitted and how they may be used, lot dimensions, park-

ing requirements, building heights, and building setbacks. Typically this is done by dividing the munici-

pality into different land use zones, and the by-law specifies the permitted uses and specifications for each 

land use (City of Guelph, 2012; Ontario Ministry of Municipal Affairs and Housing, 2010). 

Official plans set out a municipality’s general policies for future land use, and zoning by-laws put the of-

ficial plan into effect; they contain specific requirements that are legally enforceable. This means that new 

development that does not comply with the zoning by-laws will be refused a building permit by the mu-

nicipality (Ontario Ministry of Municipal Affairs and Housing, 2010). 

Some municipalities have considered using zoning by-laws to require minimum tree planting areas for 

given zones, or as a proportion of hardscape areas (e.g., one tree per five parking spaces). However, this 

approach has not been popular as zoning by-laws do not provide a lot of flexibility for site-specific condi-

tions. The site plan approval process is much more effective and flexible when it comes to accomplishing 

the desired urban forest management goals (City of Guelph, 2012). 

2.9.4 Site Plan Control By-Laws 

As per the Planning Act (1990b), site plan control by-laws establish areas described in the Official Plan 

where site plan control will be applied over and above those set out in zoning by-laws. The City has to 

review and approve certain plans before development may be undertaken on an area subject to site plan 

control (Ontario Ministry of Municipal Affairs and Housing, 2010). 

Site plan controls ensure that developments are built and maintained in the way that council approves, 

new developments meet standards of quality and aesthetic, there is safe and easy access for pedestrians 
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and vehicles, there is adequate landscaping, there is adequate parking and drainage, and nearby properties 

are protected from incompatible development (Ontario Ministry of Municipal Affairs and Housing, 2010). 

With the authority granted by the Planning Act (1990b) municipalities may identify trees for protection 

and require replacements on private lands subject to the development process (City of Guelph, 2012; 

Ontario, 1990b). Many municipalities in southern Ontario, including the City of Guelph, use this authori-

ty, requiring that all trees of at least 10 centimetres in diameter be assessed and inventoried and that de-

tailed tree preservation plans be submitted as part of site plan application (City of Guelph, 2012). 

Some proactive municipalities also set minimum standards for arborist reports, oftentimes requiring tree 

inventories and specifications for protection, as well as that the report be written by a certified arborist or 

comparatively qualified individual (City of Guelph, 2012). 

2.10 Modelling Plantable Space and Canopy Cover 

Field data, while detailed, is time and resource consuming, and often cannot be completed at the same 

pace at which the urban environment changes. It is also limited in its ability to study the urban forest lo-

cated on private property. 

In the last 15 years, many researchers have recognized or investigated the opportunities that geospatial 

tools provide for gathering, analyzing, and reporting urban forest information, and the ability that they 

have to answer many urban forest management questions. Geospatial tools may include geographic in-

formation systems (GIS), global positioning systems (GPS), and/or remote sensing techniques (Bridges, 

2008; Ward & Johnson, 2007). These tools are further described in Chapter 3. 

Integration of geospatial tools into urban forest assessments can help increase their effectiveness and al-

low municipalities to gain a more comprehensive understanding of the urban forest (Bridges, 2008). Per-

haps one of the greatest benefits of geospatial tools is their ability to collect and analyze extensive spatial 

data in a short period of time. Because some land-use patterns tend to change rapidly in response to vari-

ous economic, social, and environmental forces, having methods to quickly gather information and ana-

lyze the urban environment across large areas is important (Conway & Urbani, 2007; Ward & Johnson, 

2007). Geospatial tools and modelling approaches are further discussed in Chapter 3. 

To assess the existing canopy cover, potential plantable space, and relative canopy cover, a thorough un-

derstanding of a variety of influencing factors need to be considered. These planning, socio-economic, 

and environmental factors can be seen in Table 1.1. Consideration needs to be given to above and below-

ground growing space, current and future land uses, climate and soils, natural tree mortality, loss of trees 
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due to pests and disease, and the financial/human resource limitations that limit the management of the 

current, and future, urban forest (City of Guelph, 2012; Kenney et al., 2011; Mincey et al., 2013); due to 

the quantity and complexity of factors, setting urban forest canopy cover goals can be challenging. Sec-

tions 2.10.1- 2.10.3 will examine and describe these variables in more detail. 

2.10.1 Planning Considerations 

Nowak et al. (1996) discovered that highest tree coverage occurs on land zoned for 1-2 bedroom homes 

(31.4%), undeveloped land (44.5%), and parkland (47.6%), while the lowest occurs on land zoned indus-

trial (19.9%) and commercial (7.2%). From this it can be inferred that communities or municipalities with 

a higher percentage of residential, undeveloped, or park land will have a higher percent existing canopy 

cover (Hill et al., 2010). 

Mincey et al. (2013) took this a step further by looking at aggregated and disaggregated scales of land 

use. Their results were similar to those found by Nowak et al. (1996), in that they found that, at the aggre-

gated scale, residential zoned lands have the highest percent existing canopy cover, maximum potential 

canopy cover, and relative canopy cover. However, at the disaggregated scale, they found that the existing 

canopy cover of high density residential zones is akin to that of commercial zones, and are significantly 

different from low and medium density residential zones. High density residential zones have a lower 

percent existing canopy cover, maximum potential canopy cover, and relative canopy cover than other 

types of residential districts. Therefore, canopy cover goals should be set at finer, disaggregated scales 

because canopy cover and land use ordinances vary significantly at this scale of analysis (Mincey et al., 

2013). 

Because different land use zones experience different levels of canopy cover, it is logical that canopy 

cover goals be determined by disaggregated land use, rather than setting a single goal, such as 40%, to be 

applied across the whole City. It would also be logical to complete canopy cover assessments so that vari-

ables such as existing canopy cover, potential plantable space, and relative canopy cover may be deter-

mined for each land use. Most urban forest management plans in Canada do not set canopy cover or tree 

diversity targets for each land use category (Ordóñez & Duinker, 2013). 

Another example of where disaggregated land uses may be of particular importance is in parkland. While 

some parks may lend themselves to higher maximum potential canopy coverage, others, such as sports 

parks, may require significantly lower maximum potential canopy coverage so that they may function as 

intended. If safety is also a factor, planting a space up to its full carrying capacity may not be desired, as 

trees can impede visibility into a site. This may be of concern in parks where illicit activities are known to 
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take place. Although research has been completed which examines the existing canopy cover of various 

aggregated and disaggregated land uses (Hill et al., 2010; Mincey et al., 2013; Nowak et al., 1996), as 

well as how to calculate urban forest variables (such as existing canopy cover, potential plantable space, 

and relative canopy cover), no literature was found that examined how these urban forest variables are 

influenced by these more design-based, land planning decisions. 

Accounting for above and below ground infrastructure in plantable space analyses is something that has 

been explored (Kenny, 2008; Kirnbauer et al., 2009; Wu et al., 2008). This typically includes applying a 

set-back around the incompatible infrastructure and classifying it as non-plantable, thus creating a separa-

tion between the infrastructure and vegetation. 

2.10.2 Socio-economic Considerations 

When it comes to planting programs, not all trees are planted or reach maturity at the same time, mainly 

because financial and human resources limit the amount of trees that can be planted in a given year. How-

ever, this is not necessarily a bad thing. By staggering planting efforts over many years it guarantees an 

uneven age distribution, which is desired at the city and neighbourhood scale (City of Guelph, 2012; 

Kenney et al., 2011).  

An uneven age distribution is good for many reasons. First, it prevents a large percentage of trees in a 

municipality or neighbourhood from reaching their natural mortality at the same time, leaving the land-

scape bare and suddenly void of trees until new stock can grow to a size that contributes to the overall 

canopy (City of Toronto, 2013a). This is happening in many older neighbourhoods where trees planted in 

the early 1900s are reaching the end of their lifespan. These neighbourhoods often do not have replace-

ment strategies in place due to their age, even though they are the most likely neighbourhoods to need 

such programs (City of Toronto, 2013a; Conway & Urbani, 2007). Second, it allows urban forest staff to 

manage smaller numbers of juvenile trees at a time, thus allowing for more attention to be paid toward 

maintenance; this is important because pruning a tree early in its life can reduce much of the risk that it 

may pose in its maturity if neglected (City of Guelph, 2012). 

2.10.3 Environmental Considerations 

Existing canopy cover will have to be mapped, as these areas will have to be categorized as non-

plantable; Furthermore, these existing trees will be subject to natural mortality rates, as well as mortality 

due to pest/disease disturbances. 
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The presence of emerald ash borer (EAB) was confirmed in Guelph in 2011. As a comprehensive public 

tree inventory has not been completed, and no sampling of ash (Fraxinus spp.) trees on private land has 

been initiated, it is difficult to estimate how much existing ash canopy will be removed from the land-

scape due to this invasive pest (City of Guelph, 2012). Completing an ash inventory is outside the scope 

of this study, however, an educated estimate of the area of affected canopy can be used in models and up-

dated in the future when a tree inventory (of private and public land) is completed and a more accurate 

estimate can be made. 

Soil conditions and hydrology may also determine where trees may grow and their mortality rates. The 

model will have to consider that trees cannot be planted directly within channels or other above ground 

drainage features, however canopy may overlap such features (i.e., tree branches may reach out over a 

river). Soils that are low quality or exposed bedrock are not the best growing medium; to decrease mortal-

ity rates of new plantings and improve the overall health of the urban trees, these areas should remain 

non-planted (at least with trees). 

Lastly, non-treed habitats, such as meadows, grasslands, and wetlands, are just as important ecologically 

as forest habitats, and should be preserved and allowed to evolve naturally where they already exist. 

These habitats can also be incorporated into the urban landscape, and some plantable space can be put 

aside for these efforts. 

2.11 Summary 

In summary, the urban forest provides a variety of health, community, economic, aesthetic, and environ-

mental benefits to a city. Recognizing this, cities have started to develop urban forestry management 

plans (or UFMPs) to set goals for attaining a healthier urban forest. However, UFMPs are still in their 

early stages and some, while still useful, remain vague about goal setting. Furthermore, many goals are 

set without proper evidence that such goals are even attainable by that particular municipality. This study, 

attempts to investigate whether the canopy cover set by the City of Guelph (40%) is achievable by deter-

mining the existing canopy cover and available plantable space. 

A variety of urban forest metrics can also be calculated for municipalities at a variety of scales; these met-

rics provide support when determining where planting efforts should be focused within a City. Such re-

sults also provide direct evidence in support of creating zoning and site plan control by-laws for a munic-

ipality; such legislation, while rare now, could prove an important tool for municipalities that are serious 

about attaining their urban forestry goals. 
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Spatial form models utilizing GIS and remote sensing capabilities are one method by which plantable 

space, existing canopy cover, and other urban forest metrics can be determined. GIS provides the strong 

benefit of limiting the amount of field work and human resources necessary to complete such an analysis. 

It can also account for a variety of important planning considerations. 

While many researchers have focused primarily on land cover analysis and measuring existing canopy 

cover, few have taken it a step further in determining potential plantable space and maximum potential 

canopy cover. Even fewer have investigated GIS as a tool for determining these values, with many opting 

for field techniques, and even fewer still investigating these metrics at the city-scale. 

Further research into evidence-based goal setting is needed if Cities are to set goals attainable for their 

unique municipalities and methods utilizing GIS and a proper plantable spaces analysis could prove a cost 

effective tool for many.  
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 Methods 

Land-use patterns tend to change rapidly in response to various economic, social, and environmental forc-

es; as a result, the academic community has acknowledged the need to develop methods that quickly as-

sess urban forestry variables and complete urban forest assessments (Conway & Urbani, 2007; Ward & 

Johnson, 2007). GIS and remote sensing have been identified as tools that can be used to do so, particu-

larly with the increased availability and affordability of higher resolution remote sensing data (Bridges, 

2008; Conway & Urbani, 2007). 

The following Chapter will outline the geospatial methods used by this study to answer the research ques-

tions listed in Section 1.2. The Chapter begins with a brief description of the study area and how/why it 

was chosen, followed by a brief discussion on imagery and shapefile selection and acquisition. The com-

puter hardware and software used in this study are also briefly covered. Section 3.4 makes up the bulk of 

this Chapter, and details the model produced for this study.  

3.1 Study Area 

Guelph, Ontario, Canada was chosen as the study area for this research. Guelph is a single tier municipali-

ty geographically located in the south end of Wellington County in Southwestern Ontario (Figure 3.1).  

Guelph was chosen for many reasons. First, there was an identified need for the research; as discussed in 

Section 2.4.3, the City of Guelph identified the need to complete this research. Again, the recommenda-

tion is as follows: 

“Use the most current and best available aerial imagery of the City combined with 

UTC software and related desktop analyses to generate detailed City-wide land cover 

mapping. This mapping will: (a) provide an accurate baseline for future canopy cov-

er studies, (b) identify potential plantable areas in the City (i.e., open vegetated areas 

large enough to accommodate a tree), and (c) assess if a 40% canopy cover target is 

feasible for the City.” (City of Guelph, 2012, p. 33) 

The second reason for Guelph being chosen as the study area was because the University of Guelph facul-

ty were contacted regarding the identified need to complete such research. On November 29, 2013 I was 

first approached via email by my advisor, Professor Robert Corry, about my interest in completing “…an 

Urban Tree Cover (UTC) Potential Plantable Spaces Analysis”, as per Recommendation #6 of the City’s 

UFMP, with the possibility of also completing a land cover assessment. The need for this research was 

brought to his attention by Jim Taylor (Professor Emeritus at the University of Guelph and President of 
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Trees for Guelph) and Martin Neumann (Manager of Forestry at the City of Guelph). While the goals and 

objectives have changed slightly since then, I was interested in pursuing a project that incorporated the 

GIS skills obtained in by Bachelor Degree with the landscape architectural knowledge gained in my Mas-

ter’s Degree; it also provided the opportunity to work alongside municipal government staff to complete 

research that would be useful for the City of Guelph. 

Lastly, convenience did play a small role in site selection. The data sharing agreement between the Uni-

versity of Guelph and the City of Guelph made spatial data (such as shapefiles and satellite imagery) easi-

er to acquire than they would have been from other municipalities. Furthermore, since I would be living 

and studying in Guelph, it was easy to meet with City staff and other key people/groups as needed. 

 
Figure 3.1 - Top Left: Wellington County as situated in Southwestern Ontario; Bottom Left: City of Guelph 
as situated in Wellington County; Right: City of Guelph Municipal Boundary (Study Area). Spatial data 
sources: (City of Guelph, 2011b, 2011p; DMTI Spatial Inc., 2013a, 2013b, 2013c, 2013d; Ontario Ministry of 
Natural Resources, 1983; Statistics Canada, 2011a). 

The decision to complete the study at the municipal scale using City of Guelph boundaries was made for 

two reasons: first, being approached by City of Guelph staff to complete the research, and having identi-

fied the need for such research across the entire municipality, logically it made sense to use the municipal 

boundary as my study area boundary; second, Urban Forest Management Plans, Canopy cover assess-
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ments, and plantable spaces analyses are most often completed at the municipal scale, as demonstrated by 

Table 2.1.  

3.2 Data Collection 

3.2.1 Imagery Requirements 

It is important that imagery fulfil a variety of requirements that are necessary for the model. First, the im-

agery has to be captured at a time when trees are leafed out (i.e., leaf-on imagery) so that canopy cover 

could adequately be captured. This can be challenging as municipalities typically have imagery that is 

leaf-off imagery; this is because city departments, such as planning and engineering, prefer to be able to 

see the underlying infrastructure rather than the tree canopy. The City of Guelph Forestry department pur-

chased leaf-on imagery for this research as well as for their own future use.  

Second, it was important that the imagery be as recent as possible to capture the most accurate representa-

tion of Guelph’s existing canopy cover, built infrastructure (buildings, roads, parking lots, etc.), and other 

vegetation cover. 

Third, Satellite imagery with a Near Infrared (NIR) band in addition to the usual red, green, and blue 

bands would be preferred. Light at the NIR wavelength is almost completely absorbed by water, but is 

reflected for soil and vegetation; this makes water appear dark and land appear bright, therefore making 

NIR a good band for detecting the water-land interface (Horning et al., 2010). The NIR band also makes 

different vegetation types and species more apparent, as differences in the reflectivity are often more pro-

nounced in the NIR band than they are in visible bands (Campbell, 2007; Horning et al., 2010). 

Fourth, minimal cloud cover would be preferred in imagery. Clouds can partially or completely block out 

the land below it, making it more difficult to classify what is underneath it. Their shadows can also cause 

land cover to be incorrectly classified. 

Lastly, spatial resolution, the size of a pixel in ground dimensions, would need to be considered. Deter-

mining the best resolution for the user’s needs can be a complex decision to make. On one hand, the reso-

lution should be fine enough to capture individual trees, even those that are small. However, there are also 

some disadvantages to finer-resolution imagery. Finer-resolution imagery has more pixels, and therefore 

requires more storage, to cover the same area as a low-resolution image, as the data size becomes larger. 

As a result, the footprint (i.e., the area covered by a single tile) of a fine-resolution image is usually 

smaller than a low-resolution image, and more tiles are often required to cover the same area (Horning et 

al., 2010). This can cause problems when mosaicing (or tiling) an image; mosaicing an image is the pro-
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cess of taking multiple tiles and creating one seamless image. Generally speaking, it is better practice to 

mosaic as few images as possible to cover a study area (Horning et al., 2010). Predictably, high-resolution 

imagery also costs more. 

Lastly, as discussed in Section 2.5.1, higher resolution images can be more difficult to classify due to the 

increased complexity and the individual components that may make up a land cover (Horning et al., 

2010). For example, a woodlot or forest has leaves, but it may also have branches or shadows that will be 

classified as a land cover other than canopy; this presents a challenge, as the user may want the entire 

grouping of trees to be classified as canopy. Contrary to this, low-resolution imagery may oversimplify 

land cover, causing smaller features that the user wishes to pick up to be lost, such as individual trees or 

small structures (Horning et al., 2010). 

City of Guelph Forestry Department acquired the satellite data for this research. The finest-resolution data 

that could be acquired was SPOT 6 satellite imagery (non-pansharpened) (Centre national d'études 

spatiales, 2014a, 2014b). This imagery is generally regarded as medium-resolution imagery, and is suffi-

cient in specification for completion of this research given the municipal scale and the processing that 

would need to be completed. It is recent (June, 2014), leaf-on imagery. The specifications are described in 

Section 3.2.2 below. 

3.2.2 Spot 6 Imagery 

The Spot 6 satellite orbits at an altitude of 694km and collects 6m resolution imagery for 4 spectral bands: 

Red (625-695nm), Green (530-590nm), Blue (450-520nm), and NIR (760-890nm). It also collects a pan-

chromatic band (450-745nm) at a resolution of 1.5m (See Sections 3.4.2 and 3.4.3 for more discussion on 

multispectral and panchromatic sensors). The imagery was also corrected for radiometric and sensor dis-

tortions before being delivered to the City of Guelph (Astrium Services, 2013). Table 3.1 outlines the 

specifications of the satellite imagery before processing by the City of Guelph and within this study. 

Table 3.1 – Specifications for SPOT 6 satellite imagery (Centre national d'études spatiales, 2014a, 2014b). 

Date/Time Acquired June 7, 2014, 3:56:21 pm 

Bands Red, Green, Blue, NIR + Panchromatic 

Resolution 
Red, Green, Blue, NIR → 6m 

Panchromatic → 1.5m 

Pixel Depth/Type 16 bit unsigned 

Sun Azimuth 134.36 ̊ 
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Sun Elevation 62.78 ̊ 

Sensor Azimuth 5.07 ̊ 

Sensor Elevation 66.14 ̊ 

Off Nadir 21.53 ̊ 

Imagery came in eight tiles, each measuring 18432m by 21504m, therefore covering a total area of about 

3170km2. The area covered extended far beyond the City of Guelph municipal boundary. The City per-

formed their own quality control after receipt from the vendor (LandInfo); this process included re-

projecting the raster into North American Datum 1983 Universal Transverse Mercator Zone 17 North 

(NAD 1983 UTM Zone 17N). 

3.2.3 City of Guelph Vector Shapefiles 

City of Guelph shapefiles for natural features, infrastructure, and political boundaries were obtained on 

Scholars GeoPortal. A data sharing agreement between the University of Guelph and The City of Guelph 

allows for datasets licenced by the City to be shared with University of Guelph users. These shapefiles 

were all last updated in 2010 or 2011; while they are in need of an update, new shapefiles can easily be 

substituted into a model as they become available. 

Vector shapefiles include any data that comes in shapefile format as a point, line, or polygon. This may 

include, but is not limited to, shapefiles showing the spatial extent and location of natural features, infra-

structure, or political boundaries. 

3.3 Software and Hardware 

The GIS software package used in this study was ESRI’s ArcGIS, Version 10.2.2. More specifically, 

ArcMap 10.2.2 was used, and the model was built using ModelBuilder, an application within ArcMap 

used to create and edit spatial models. ModelBuilder strings together geoprocessing tools, feeding the 

output of one tool into another tool as the input (ESRI, 2014c). An example of a model is shown in Figure 

3.2; this model uses satellite imagery to create an NDVI layer and clip it to a city boundary. While this is 

only an example of a small model, the one built for this study will be significantly longer as a variety of 

tools will need to be used. 

The software was run on an HP Pavillion m6 Notebook personal PC laptop running Windows 7 Home 

Premium (64-bit). The laptop has an Intel® Core™ i5-3210M 2.5GHz processor, 8.0 GB of RAM, an 

Intel® HD Graphics 4000 integrated graphics card, and an AMD Radeon™ HD 7670M dedicated 

graphics card. 
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Figure 3.2 – Example of a small model built in ModelBuilder that can be used to produce an NDVI raster 
image and clip it to a city boundary. Blue ovals indicate project data added to the model (a vector or raster 
image to be used in the model), orange rectangles indicate the tool being applied to the spatial data, and green 
ovals indicate the tool outputs (or derived data) that become inputs for the next tool. Parenthetical numbers 
indicate the number of times the tool has been added to the model (Note: these have been removed from Ap-
pendix A diagrams for easier reading). 

3.4 The Model 

The following section will outline the model as it has been built in ModelBuilder. The detailed model can 

be seen in Appendix A; this appendix shows every tool used in the process. A flow chart demonstrating 

model steps can be seen in Figure 3.3. 

The model is a spatial form model in that the data are analyzed and new information is created/extracted 

from them so that research questions can be answered and decision making can occur (Heywood et al., 

2006). As Appendix A shows, there are a wide range of data analysis tools available in ArcMap. Once 

analysis is complete, the newly created data (raster images and vector shapefiles) can be displayed as a 

map. Other non-spatial forms of data (such as Microsoft Excel files) can also be exported from the model. 

A model was created as it allows for the automation of the tools necessary to complete such an analysis. 

Furthermore, if small changes have to be made, it is quite easy to adjust tool parameters and rerun the 

model (or that section of the model). The model has many benefits over software suites like i-Tree in that 

no field work is required, and it can be completed at a finer scale. There are, of course, limitations to this 

analysis type as well (See Section 5.3). 
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Figure 3.3 – Flow chart demonstrating model steps. 

3.4.1 Pre-model Steps 

Before running the model, the data frame’s coordinate system had to be defined within ArcMap. For 

Guelph, the projected coordinate system was set to North American Datum 1983 Universal Transverse 

Mercator Zone 17 North (NAD 1983 UTM Zone 17N). Without having to go into too much detail about 

map projections, this projection was used as UTM projections are typical for the municipal scale within 

North America, and Guelph falls within Zone 17. If the model is repeated in the future by a different mu-

nicipality, this step should be repeated to ensure the proper projection is defined. 

3.4.2 Mosaicing 

Satellites are often equipped with a multispectral sensor that collects bands covering the visible and near 

infrared spectrums, as well as a panchromatic sensor which collects the visible spectrum in a single grey-

scale image, but at a higher resolution. These two images are complementary as the multispectral sensor 

provides high spectral resolution, while the panchromatic sensor provides high spatial resolution. For this 

study, both a multispectral image (6m resolution) and a panchromatic image (1.5m resolution) have been 

acquired (See section 3.2.2 for specifications). 

The first step in building the model was to mosaic, or stitch, together the tiles of imagery; a mosaic would 

have to be completed for both the panchromatic layer and the multispectral layer. The pixel type was set 

to ‘16_bit_unsigned’, as this is the pixel depth and type of SPOT 6 imagery. A ‘16 bit’ pixel depth means 
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is that cells can have 216 (or 65536) unique values, and an ‘unsigned integer’ pixel type means that all 

values must be positive; therefore values range from 0 to 65535. 

The Build Footprints tool was used on both imagery types; footprints aid in determining the data that is 

displayed in the mosaicked image (ESRI, 2014a). The computation method was set to ‘Radiometry’; gen-

erally this option allows for the removal of border areas that do not define valid data, and redefines the 

shape of the footprint based on the pixel value range (ESRI, 2014a). Therefore the minimum data value is 

1 and the maximum data value is 65535. To reduce processing time, the number of vertices was lowered 

to 30.  

Seamlines were built on both mosaic datasets. Since the tiles of Guelph imagery do not overlap, this tool 

is less important in this case; however, other municipalities using this model in the future may have over-

lapping rasters and therefore need to run this tool. “Radiometry’ was selected as the computation method 

so that values and patterns within the intersecting areas would be used to compute the seamlines. The fi-

nal step to mosaicing is to colour balance the image. 

3.4.3 Pansharpening 

Pansharpening (also called panchromatic sharpening, image sharpening, or image fusion) is the process of 

using the higher-resolution panchromatic image and fusing it with the lower-resolution multispectral im-

age so that a multispectral image is produced with the same resolution as the higher-resolution panchro-

matic image (Horning et al., 2010; Tuia, 2014). Higher-resolution imagery is often not collected by the 

multispectral sensor due to restrictions in data storage and the costs associated with it (Tuia, 2014). Thus 

for the City of Guelph, the 1.5m panchromatic image was fused with the 6m multispectral image to get a 

more detailed, 1.5m resolution multispectral image (See Figure 3.4). 

As the panchromatic image was s slightly askew from the multispectral image as well as some of the vec-

tor shapefiles, specifically the City of Guelph’s Streets file, the Register Raster tool was used to bring it 

into closer alignment. While this was necessary for the City of Guelph, it would likely not be necessary 

for future uses of the model in other municipalities (particularly if their multispectral and panchromatic 

images line up properly). 

A tool new to ArcGIS 10.2 is the Compute Pansharpen Weights tool. This tool calculates the optimal set 

of pan-sharpened weights for use in the pansharpening tool. Unfortunately, the output of the Compute 

Pansharpen Weights tool is a string, and cannot be automated to put values directly into the Create Pan-

sharpened Raster Dataset tool; this means that the model must first be run to the Compute Pansharpen 
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Weights tool, stopped, and the values must be manually entered into the Create Pan-sharpened Raster 

Dataset tool. 

Finally the Create Pan-sharpened Raster Dataset tool was run with the computed pansharpen weights. 

Again the red channel represented band 1 (visible red), the green channel represented band 2 (visible 

green), the blue channel represented band 3 (visible blue) and the infrared channel was captured by the 

satellite as band 4. Lastly, a pansharpening method had to be chosen. Pansharpening can be completed 

using a variety of algorithms that have been developed over the years. ArcGIS currently offers five differ-

ent methods: IHS (Intensity Hue Saturation), Brovey, ESRI, Simple Mean, and Gram-Schmidt, although 

more exist.  

The IHS method was not used, as spectral characteristics are greatly distorted and therefore pixel values 

are changed dramatically, thus it should not be used for pixel-based classification (Amro et al., 2011). The 

IHS method also only works for three band images (not four) and converts the RGB colour model into an 

IHS colour model, which is not desired (Amro et al., 2011; ESRI, 2014b). The ESRI method was not used 

as there is no information outside of the ArcGIS help menus regarding its accuracy or comparing it to 

other methods. The simple mean method, while the most straightforward, is elementary when compared 

to the algorithms used for the other methods; furthermore, like the IHS method, it only works for three 

band images. 

This left two methods to choose between: Brovey and Gram-Schmidt. Within ArcMap 10.2, the Brovey 

method creates an 8 bit unsigned integer image, and therefore was unsuccessful in fusing the 16 bit SPOT 

6 imagery. This left only the Gram-Schmidt method, which is considered to be a sophisticated pansharp-

ening method; it is a popular method for pansharpening multispectral imagery, and outperforms most oth-

er methods in both maximizing sharpness and minimizing color distortion (Karathanassi & Kolokousis, 

2007; Maurer, 2013; Sarp, 2014). Gram-Schmidt pansharpening requires forward and backward trans-

forming of the image, thus it takes a long time to compute and a significant amount of computer resources 

(Maurer, 2013; Sarp, 2014). The results of the pansharpening are illustrated in Figure 3.4. 

Once pansharpening was completed, three background maps could be produced: a true-colour aerial im-

age of the City (Figure 3.5), a near infrared false-colour image of the City (Figure 3.6), and an image dis-

playing the Normalized Difference Vegetation Index (NDVI) (Figure 3.7). Although the true-colour 

pansharpened image is the only one that carries forward into the rest of the model, the other two can help 

greatly in getting an initial idea of where existing vegetation is in the City. 
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Figure 3.4 – Close-up of pansharpening results for Johnston Green, University of Guelph; 1.5m panchro-
matic image fused with the 6m multispectral image resulting in 1.5m resolution multispectral image. 

False colour images are produced by switching the bands that each colour (red, green, and blue) repre-

sents. In this case, red represents the near infrared band; since vegetation reflects NIR well, bright red 

areas indicate vegetation, while light turquoise areas indicate hard, non-vegetated surfaces.  

An NDVI map can also assist in getting an initial idea of vegetated areas. NDVI values can range from -1 

to +1; high NDVI values (green in Figure 3.7) indicate healthy vegetation, while low NDVI values (pur-

ple) indicate non-vegetated surfaces. NDVI is calculated using the equation: 

𝑁𝑁𝑁𝑁 =
(𝑁𝑁𝑅 − 𝑅𝑅𝑅)
 (𝑁𝑁𝑅 + 𝑅𝑅𝑅)
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3.4.4 Unsupervised Classification of Land Cover 

Before doing the unsupervised classification, a texture layer was created using a series of neighbourhood 

statistics operations (Figure 3.8). Image texture is a measure of spectral variability between a pixel and its 

neighboring pixels; thus high texture means that there are large spectral differences while low texture 

means that there are small spectral differences. This was done using a methodology recommended by the 

United States Department of Agriculture Forest Service (2005). It includes first performing neighbour-

hood statistics on a group of cells (in this case a seven pixel by seven pixel square was used, as recom-

mended by the USDA) where the standard deviation statistics type is used. This produces the texture im-

age, which is then filtered (removes high texture values), smoothed, and rescaled into a 16 bit image.  

The resulting layer indicates what areas are most visually textured (e.g., residential areas, canopy areas) 

and what areas are least textured (e.g., turf, pavement). This layer was added to the existing pansharpened 

image as a fifth band to be used in the unsupervised classification. 

An unsupervised classification was then completed, classifying the image into 400 classes based on spec-

tral signature. After this tool, each of the classes was visually investigated and reclassified based on land 

cover; this is a time consuming process, but can usually be completed in under 8 hours.  

Unsupervised classification was determined to be better than supervised classification for a variety of rea-

sons. First, the process of supervised classification is also more time-consuming (than unsupervised clas-

sification), as training samples must be identified and traced by the user. It is important that the entire 

range of signatures be captured in the process, which is a difficult task when comparing the signature pro-

duced by five different bands. This process is made more difficult by the increased range of vales permit-

ted by using a 16-bit image over an 8-bit image. 

Each of the 400 classes was identified as falling into one of eight classes: canopy, turf and herbaceous, 

other vegetation, bare soil, gravel, impervious, water, and shadows (this was not the final set of categories 

used; see Section 0).  
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Figure 3.5 - City of Guelph pansharpened image; pansharpened using panchromatic and multispectral satellite imagery from Centre national d'études 
spatiales (2014a) (2014b). 
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Figure 3.6 – City of Guelph Near Infrared (NIR) false colour pansharpened image; pansharpened using panchromatic and multispectral satellite im-
agery from Centre national d'études spatiales (2014a) (2014b). 
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Figure 3.7 - City of Guelph Normalized Difference Vegetation Index (NDVI); created using satellite imagery from Centre national d'études spatiales 
(2014a) (2014b).



57 

 

 

Figure 3.8 – Texture image added to the existing pansharpened image as a fifth band; created using satellite imagery from Centre national d'études 
spatiales (2014a) (2014b).
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The resulting raster image then underwent noise reduction to eliminate small groupings of cells; this was 

done to reduce the processing required later when converting the raster image to a polygon, as well as to 

eliminate any random single cells that may have been incorrectly classified. Noise reduction, while neces-

sary to eliminate single cell misclassifications, can cause some issues in that it can eliminate single cells 

that may actually represent individual trees; individual trees occur frequently throughout the urban matrix, 

thus a large amount of total canopy may be omitted from analysis. Conversely, some single cells repre-

senting non-canopied land cover may also be converted into canopy cover during noise reduction. There-

fore, the area calculations may not change dramatically, but the spatial location of small objects, such as 

individual trees, may be lost. 

The raster was then converted into a vector image. This resulted in a layer with over 578 000 polygons; 

this makes rendering and the running of further processing quite slow, so it was decided that polygons 

less than or equal to 4.5m2 would be eliminated by merging them into the largest adjacent polygon. This 

dropped the number of polygons down to a little under 318 000. This reduction in polygon count was not 

desirable, but was necessary to shorten model processing time; in the future, this step can be removed if a 

more powerful computer is available to run the model. 

3.4.5 Automated Re-classification 

With unsupervised classification complete, there were still many errors in the resulting polygon layer that 

had to be addressed. These errors would have to be fixed using a series of automated reclassifications (us-

ing the 'Select Layer by...' tools and the 'Calculate Field' tool), followed by a final sweep of manual edits. 

It is rare for any classified land cover image to not have to go through such edits. Common errors includ-

ed: 

• misclassification between gravel, impervious, and bare soil layers, 

• misclassification between deciduous forests and turf and herbaceous, and 

• misclassification between water and shadows. 

For many automated methods, the land use zoning of the city would be needed. The zoning shapefile of 

the city (City of Guelph, 2011p) contained 537 land use zones, which were amalgamated into 16 catego-

ries; any space within the City that did not have a zone assigned to it was made into a 17th category called 

'Right of Way' (See Figure 3.9). 
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Figure 3.9 - Land use zoning for the City of Guelph, amalgamated into 17 zones from the City of Guelph's Zoning shapefile (2011p). Note, close-ups of 
this map can be found in Appendix B. 
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Automated methods included the reclassification of: 

• Shadows intersecting water bodies (DMTI Spatial Inc., 2013b) and stormwater management 

ponds (City of Guelph, 2011g) into 'Water', 

• Impervious areas within waterbodies and stormwater management ponds (caused by sediment 

buildup and concrete channel beds) to 'Water', 

• Bare soil, other vegetation, or turf and herbaceous areas within agricultural zones into a new land 

cover type called 'Agricultural', 

• Bare soil, other vegetation, turf and herbaceous, and impervious areas within GRCA wetlands 

into a new land cover type called 'Wetland', 

• Gravel areas within industrial and employment, commercial, commercial - central business, and 

institutional zones into 'Impervious' (this was done because after visual inspection it was 

discovered that the most these areas were gravel parking lots that, after compaction from cars, 

would be virtually impervious; gravel areas that did not appear to be parking lots were noted and 

manually reclassified in the manual edit stage), 

• Impervious areas within urban reserve zones into 'Gravel' (this tended to be in areas of new 

development where construction was captured by the imagery), 

• 'Other Vegetation' category merged into 'Turf and Herbaceous' category, and 

• Wetland, agricultural, bare soil, gravel, impervious, shadow, turf an herbaceous, and water areas 

≤ 1000m2 located within large canopied areas ≥ 10,000m2 into 'Canopy (these areas are generally 

regarded as 100% canopied areas). 

Shadow polygons were then merged by elimination into the largest adjacent polygon. A final manual edit 

was done to change any obvious classification errors. The final result is a land cover map with eight dif-

ferent cover categories: canopy, turf and herbaceous, agricultural, wetland, bare soil, gravel, impervious, 

and water (see Figure 4.1). 

The decision was made early on in building the model that canopy cover, no matter the land use zone, 

would always be read as canopy and was not to be reclassified at any point. The main reason for this was 

that canopy (for the most part) is the most elevated land cover in instances where multiple surfaces inter-

act (i.e., canopy will always fall on top of ground-level items, such as roads, turf, and wetlands). A satel-

lite, when recording the surface of the earth, is taking a photo perpendicular to the surface of the earth, 

thus any objects located beneath canopy are not captured. This is further demonstrated in Figure 3.10 be-

low. Furthermore, by not reclassifying canopy as any other land cover, an accurate existing canopy cover 

can be measured, which is needed for future urban forest metric calculations. 
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Figure 3.10 – Demonstration of how land cover is perceived two-dimensionally by the model. The perceived 
land cover is that which the imagery captures (i.e. the top-most layer of cover).Elements below the top-most 
layer are not captured in land cover classification. 

Therefore, the land cover area measurements found in the results section of this study (except canopy 

cover) are not the actual land cover areas, but instead are measurements of the visible area of a given land 

cover when viewing the area perpendicularly from above. This means that any land cover that can be cov-

ered by tree canopy is likely to have a perceived area that is smaller than its actual coverage. 

3.4.6 Plantable Space Analysis 

The next step in the model was to complete a plantable spaces analysis based on the land cover and the 

existing infrastructure. Land cover was classified as plantable or non-plantable based on Table 3.2.  

Table 3.2 – Table used to classify land cover into plantability. 

Land Cover Plantability 

Canopy Non-plantable 

Turf and Herbaceous Plantable 

Agricultural Non-plantable 

Wetland Non-plantable 

Bare Soil Non-plantable 

Gravel Non-plantable 

Impervious Non-plantable 

Water Non-plantable 
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The next step was to buffer the existing infrastructure appropriately; this is done as trees can often nega-

tively affect the functioning or maintenance of infrastructure. Buffers were based off work by Kirnbauer, 

et al. (2009), who used recommendations made by (Head et al., 2001; Kenney et al., 2001; McGauley et 

al., 2000). The layers and buffers used are listed in Table 3.3. These buffered areas were then dissolved 

into one shapefile which was then classified as non-plantable (Figure 3.11). 

Table 3.3 – Buffers used around existing infrastructure which was later classified as non-plantable. 

Layer Buffer (m) 

Guelph Buildings (City of Guelph, 2011c) 2.5 

Guelph Driveways (City of Guelph, 2011f) 2.0 

Guelph Railways (City of Guelph, 2011d) 2.0 

Guelph Road Area (City of Guelph, 2011h) 2.0 

Guelph Sanitary Lift Stations (City of Guelph, 2011f) 3.0 

Guelph Sanitary Manholes (City of Guelph, 2011g) 3.0 

Guelph Sanitary Pipes (City of Guelph, 2011e) 3.0 

Guelph Sidewalks (City of Guelph, 2011k) 2.0 

Guelph Storm Catch Basins (City of Guelph, 2011i) 3.0 

Guelph Storm Ditches (City of Guelph, 2011j) 2.0 

Guelph Storm Manholes (City of Guelph, 2011a) 3.0 

Guelph Storm Pipes (City of Guelph, 2011d) 3.0 

Guelph Storm Water Management Channels (City of Guelph, 2011k) 2.0 

Guelph Stormceptors (City of Guelph, 2011l) 3.0 

Guelph Water Headers (City of Guelph, 2011n) 3.0 

Guelph Water Hydrants (City of Guelph, 2011o) 3.0 

Guelph Water Mains (City of Guelph, 2011a) 3.0 

Guelph Water Manholes (City of Guelph, 2011c) 3.0 

Guelph Overhead Primary (Guelph Hydro, 2011a) 3.0 

Guelph Underground Primary (Guelph Hydro, 2011b) 3.0 
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Figure 3.11 - Buffer areas placed around City infrastructure. Infrastructure features buffered, buffer distances, and shapefile sources can be seen in 
Table 3.3.  
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Next, any areas listed as plantable in the land cover reclassification process, but non-plantable in the in-

frastructure buffering process, were classified as non-plantable. After the necessary joins and dissolves a 

plantable spaces layer resulted. Potential plantable space for the City was calculated using the 'Add Ge-

ometry Attributes' Tool; the same tool was used to calculate the existing canopy cover from the land cov-

er layer. Using potential plantable space and existing canopy cover, maximum potential canopy cover and 

relative canopy cover could then be calculated (Section 2.1). 

The Ward layer was then overlaid (using the union tool) onto the plantable spaces layer and the land cov-

er layer; this creates a shapefile with field data from each source shapefile and with all boundaries includ-

ed. Areas could then be calculated for potential plantable space and land cover by ward. After this, exist-

ing canopy cover, maximum potential canopy cover and relative canopy cover by ward could be calculat-

ed. The resulting tables were exported to excel for use in report writing. This process was repeated two 

more times, once using the census tract layer and once using the land use zone layer (rather than using the 

ward layer); this resulted in a set of urban forest metrics by census tract, and a set by land use zone. 
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 Results 

The key results of the experimental study and the prototype are summarized in the following section. The 

numerical and spatial results of the model are expressed in Tables and Figures below. Results are dis-

cussed in Chapter 5. 

4.1 City-wide Results 

City-wide results are summarized in Table 4.1 and Table 4.2. Spatial data produced by the model can be 

found in Figure 4.1 and Figure 4.2. 

The City as a whole consists mainly of impervious surfaces (36.2%), cano py cover (28.6%), and turf and 

herbaceous cover (26.4%). All other land covers (agriculture, gravel, bare soil, wetland, and water) fell at 

or below 3.2% of the City's total area, with water being the lowest (at only 1%) (Table 4.1). These find-

ings are reflected in Figure 4.1 where the map is obviously dominated by impervious (orange), canopy 

(dark green), and turf and herbaceous (light green) land covers.  

Figure 4.1 displays the spatial patterns of land covers across the City; these are further analyzed in Sec-

tion 5.1.1. The model calculated an existing canopy cover of 28.6% (24,891,160 m2). This falls between 

the two previous estimates of 30% (City of Guelph, 2007) and 20% (City of Guelph, 2011q).  

Potential plantable space for the City as a whole was found to be 22.2% (19,331,710 m2), thus answering 

research question number two. As shown in Figure 4.2, large plantable areas are most frequently found 

around the periphery of the City in areas that are still undeveloped. Other patterns are discussed in Section 

5.1.1. 

By adding potential plantable space to the existing canopy cover, maximum potential canopy cover is 

found to be 50.8% (44,222,870 m2), thus a 40% maximum potential canopy cover is also achievable; this 

answers research question number three.  

Relative canopy cover (existing canopy cover ÷ max potential canopy cover) is 56.3%, meaning that of 

56.3% of the maximum potential canopy cover is being taken advantage of, with the other 43.7% being 

plantable space. 

Table 4.1 – Land cover of City. 

Land Cover Area (m2) % of Total Guelph Area* 

Agricultural 2 786 510 3.2% 
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Land Cover Area (m2) % of Total Guelph Area* 

Bare Soil 1 256 789 1.4% 

Canopy (i.e., Existing Canopy Cover) 24 891 160 28.6% 

Gravel 1 724 743 2.0% 

Impervious 31 531 861 36.2% 

Turf and Herbaceous 23 008 735 26.4% 

Water 849 934 1.00% 

Wetland 1 103 508 1.3% 

*Total Area of Guelph = 87 153 116 m2 (8715.3116 ha) 

Table 4.2 – Plantable space of City. 

Land Cover Area (m2) % of Total Guelph Area* 

Plantable (Potential Plantable Space) 19 331 710 22.2% 

Non-Plantable 67 821 431 77.8% 

*Total Area of Guelph = 87 153 116 m2 (8715.3116 ha) 
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Figure 4.1 – Land cover for the City of Guelph; land covers were derived in the model using satellite imagery from Centre national d'études spatiales 
(2014a) (2014b). Note, close-ups of this map can be found in Appendix C. 
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Figure 4.2 – Plantable and non-plantable spaces. Note, close-ups of this map can be found in Appendix D. 
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4.2 Results by Ward 

Guelph is divided into six wards, or sections (City of Guelph, 2011m). The land cover and forest metrics 

can also be calculated for each ward so that they may then be compared. The locations of Guelph's wards 

within the City boundary can be found in Figure 4.3. 

  

Figure 4.3 – Location of Guelph wards and associated names (City of Guelph, 2011m). 

Land cover results by ward are summarized in Table 4.3. Plantable space, maximum potential canopy 

cover, and relative canopy cover by ward are summarized in Table 4.4. Figure 4.4A shows percent exist-

ing canopy cover by ward, Figure 4.4B shows potential plantable space by ward, Figure 4.4C shows max-

imum potential canopy cover by ward, and Figure 4.4D shows relative canopy cover by ward. 

Looking at Table 4.3, the five land covers agricultural, bare soil, gravel, water, and wetland represent a 

small percentage of total area for each ward. Each of the six wards has equal to or less than 3.1% cover 

for each of these five land covers, with the exception of Ward 6 having 8.6% agricultural cover. The re-

maining three covers (canopy, impervious, and turf and herbaceous) make up most of the ward land co-

vers. These results are consistent with those found for the City as a whole. 

Impervious cover was most prevalent for Ward 1 (37.8%), Ward 3 (50.0%), Ward 4 (51.5%), and Ward 5 

(36.7%). Canopy cover was most prevalent for Ward 2 (36%) and Ward 6 (31.5%). 

When Looking at Table 4.4 and Figure 4.4, the urban forest metrics do not appear to vary much between 

wards. Existing canopy cover ranges from 22.8-36.0%, potential plantable space ranges from 16.7-26.3%, 

maximum potential canopy cover ranges from 40.5-55.6%, and relative canopy cover ranges from 46.4-

64.8% (the largest range of the four metrics). 

Ward No. Ward Name #1 Ward Name #2
1 St. Patrick's East
2 St. George's North
3 St. John's Centre
4 St. David's West
5 St. Andrew's University
6 St. James' South
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Ward 1 has the highest percent potential plantable space (26.3%) and the lowest relative canopy cover at 

46.4%, indicating that much of the Ward's plantable space is not being taken advantage of. Ward 2 and 

Ward 3 have the highest relative canopy covers (64.8% and 60.4%, respectively). In terms of potential 

plantable space by area, Ward 6 has the most at 6 490 453 m2 (over 2 500 000 m2 more than the next 

highest – Ward 1).  
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Table 4.3– Land cover by ward. 

  Land Cover Area (m2) and Percent of Total Ward Area 

W
ar

d 

T
ot

al
 W

ar
d 

A
re

a 
(m

2 ) 
Agricultural Bare Soil 

Canopy  
(Existing Canopy Cov-

er) 
Gravel Impervious Turf and Herbaceous Water Wetland 

1 14 441 390 153 172 (1.1%) 234 475 (1.6%) 3 286 985 (22.8%) 373 279 (2.6%) 5 463 877 (37.8%) 4 472 084 (31.0%) 267 231 (1.9%) 190 308 (1.3%) 

2 10 370 951 299 999 (2.9%) 34 020 (0.3%) 3 734 750 (36.0%) 322 074 (3.1%) 3 166 418 (30.5%) 2 560 097 (24.7%) 112 420 (1.1%) 141 178 (1.4%) 

3 8 902 399 0 (0.0%) 28 642 (0.3%) 2 266 134 (25.5%) 41 983 (0.5%) 4 449 852 (50.0%) 2 065 371 (23.2%) 3 952 (0.0%) 46 476 (0.5%) 

4 12 554 709 0 (0.0%) 195 030 (1.5%) 2 774 365 (22.1%) 228 997 (1.8%) 6 464 570 (51.5%) 2 798 568 (22.3%) 22 117 (0.2%) 71 085 (0.6%) 

5 13 823 912 0 (0.0%) 33 701 (0.2%) 4 295 845 (31.1%) 89 297 (0.6%) 5 078 622 (36.7%) 3 987 568 (28.9%) 179 804 (1.3%) 159 091 (1.1%) 

6 27 059 756 2 333 339 (8.6%) 730 922 (2.7%) 8 533 080 (31.5%) 669 113 (2.5%) 6 908 522 (25.5%) 7 125 048 (26.3%) 264 409 (1.0%) 495 370 (1.8%) 

 87 153 116 2 786 510 - 1 256 789 - 24 891 160 - 1 724 743 - 31 531 861 - 23 008 735 -  849 934 -  1 103 508 - 

 

Table 4.4– Plantable space, maximum potential canopy cover, and relative canopy cover by ward. 

W
ar

d 

T
ot

al
 W

ar
d 

A
re

a 
(m

2 ) Potential 
Plantable 
Space (m2) 

Potential 
Plantable 
Space (%) 

Non-
plantable 

Space (m2) 

Non-
plantable 
Space (%) 

Max Potential 
Canopy Cover 

(m2) 

Max Potential 
Canopy Cover 

(%) 

Relative 
Canopy 

Cover (%) 

1 14 441 390 3 792 861 26.3% 10 648 529 73.7% 7 079 850 49.0% 46.4% 

2 10 370 951 2 030 503 19.6% 8 340 448 80.4% 5 765 250 55.6% 64.8% 

3 8 902 399 1 488 349 16.7% 7 414 049 83.3% 3 754 480 42.2% 60.4% 

4 12 554 709 2 311 020 18.4% 10 243 689 81.6% 5 085 390 40.5% 54.6% 

5 13 823 912 3 218 524 23.3% 10 605 391 76.7% 7 514 370 54.4% 57.2% 

6 27 059 756 6 490 453 24.0% 20 569 324 76.0% 15 023 500 55.5% 56.8% 

 87 153 116 19 331 710 - 67 821 430 - 44 222 840 - - 
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Figure 4.4 – A) Existing canopy cover (%) by ward; B) Potential Plantable Space (%) by ward; C) Maximum Potential Canopy Cover (%) by ward; D) 
Relative Canopy Cover (%) by ward. 
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4.3 Results by Census Tract 

The City of Guelph contains 26 census tracts (Statistics Canada, 2011b) which, like wards, can have ur-

ban forest metrics calculated for each so they may be compared. Land cover results by census tract are 

summarized in Table 4.5; plantable space, maximum potential canopy cover, and relative canopy cover 

by census tract are summarized in Table 4.6. 

Figure 4.5A shows percent existing canopy cover by census tract, Figure 4.5B shows potential plantable 

space by census tract, Figure 4.6A shows maximum potential canopy cover by census tract, and Figure 

4.6B shows relative canopy cover by census tract. 

New results are also discovered due to the finer-scale analysis. Census tract (CT) 0001.09 in the south end 

has a higher percent agricultural area than the rest (18.2%). CT 0004.01 on the eastern edge in the north 

end of the City also has a high percentage of agricultural land cover (13.6%). 

CT 0006.00 (which encompasses the downtown core) has the highest percent impervious surface at 

83.8% and the CT with the next highest percent impervious surface is CT 0010.02 (63.8%), which is lo-

cated northwest of the downtown. The downtown census tract also exhibits lower than average canopy 

cover and turf and herbaceous cover. Numerous census tracts have canopy cover percentages ranging be-

tween 30 and 40 percent. Turf and Herbaceous is highest in CT 0001.02 (38.7%) and CT 0001.03 

(37.1%). 

In terms of maximum potential canopy cover (Figure 4.6A), one can see that some census tracts will not 

be able to hit the 40% maximum potential canopy cover target, while others will have a value well be-

yond it.  

The downtown census tract (CT 0006.00) has a relative canopy cover of 72%, meaning that only 23% of 

the maximum potential canopy cover is not being taken advantage of. Lower relative canopy cover values 

were found for CT 0004.03 (38%), CT 0001.02 (45%), CT 0001.03 (45%), and CT 0015.00 (43%). This 

indicates that much of the census tracts' plantable space is not being taken advantage of. In terms of po-

tential plantable space by area, CT 0004.03, CT 0001.02, and CT 0001.06 have the most (each having 

over two million square kilometres), and CT 0015.00, CT 00001.03, and CT 0001.09 also have well over 

one million square kilometres.  
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Table 4.5 - Land cover by census tract. Note: "Canopy" denotes "existing canopy cover (available in both m2 and %). Note: Land cover categories covering less than 1.0% of a census tract were omitted from the table. 

  Land Cover Area (m2) and Percent of Total Census Tract Area 
C

en
su

s T
ra

ct
 

N
am

e 

C
en

su
s T

ra
ct

 
A

re
a 

(m
2 ) 

Agricultural Bare Soil 
Canopy  

(Existing Canopy Cov-
er) 

Gravel Impervious Turf and Herbaceous Water Wetland 

0001.02 6 612 845 0 (0.0%) 174 310 (2.6%) 1 947 175 (29.5%) 128 727 (2.0%) 1 591 929 (24.1%) 2 557 305 (38.7%) 92079 (1.4%) 119 873 (1.8%) 

0001.03 5 096 919 0 (0.0%) 0 (0.0%) 1 382 831 (27.1%) 0 (0.0%) 1 728 461 (33.9%) 1 891 091 (37.1%) 0 (0.0%) 0 (0.0%) 

0001.05 1 877 088 0 (0.0%) 0 (0.0%)  681 830 (36.3%) 0 (0.0%)  691 568 (36.8%) 451 232 (24.0%) 19500 (1.0%) 0 (0.0%) 

0001.06 10 988 969 1 007 117 (9.2%) 379 498 (3.5%) 3 564 440 (32.4%) 307 546 (2.8%) 2 963 828 (27.0%) 2 454 037 (22.3%) 0 (0.0%) 234 649 (2.1%) 

0001.07 1 351 382 0 (0.0%) 0 (0.0%)  408 221 (30.2%) 0 (0.0%) 643 921 (47.7%) 290 204 (21.5%) 0 (0.0%) 0 (0.0%) 

0001.08 4 264 364 0 (0.0%) 147 477 (3.5%) 1 689 439 (39.6%) 132 159 (3.1%) 1 107 176 (26.0%) 1 017 991 (23.9%) 0 (0.0%) 140 155 (3.3%) 

0001.09 7 291 525 1 324 774 (18.2%) 0 (0.0%) 2 022 937 (27.7%) 118 918 (1.6%) 2 081 938 (28.5%) 1 522 717 (20.9%) 84065 (1.1%) 103 887 (1.4%) 

0002.00 2 369 763 0 (0.0%) 0 (0.0%)  865 921 (36.5%) 0 (0.0%) 814 913 (34.4%) 658 735 (27.8%) 0 (0.0%) 0 (0.0%) 

0003.00 2 007 189 0 (0.0%) 0 (0.0%)  423 242 (21.1%) 42 319 (2.1%) 1 009 994 (50.3%) 469 667 (23.4%) 54190 (2.7%) 0 (0.0%) 

0004.01 2 202 619 299 999 (13.6%) 0 (0.0%)  773 603 (35.1%) 204 632 (9.3%) 357 095 (16.2%) 543 422 (24.7%) 0 (0.0%) 0 (0.0%) 

0004.02 2 269 294 0 (0.0%) 0 (0.0%)  530 751 (23.4%) 36 392 (1.6%) 1 058 776 (46.7%) 560 261 (24.7%) 0 (0.0%) 66 082 (2.9%) 

0004.03 7 605 315 153 172 (2.0%) 218 925 (2.9%) 1 605 379 (21.1%) 284 647 (3.7%) 2 117 107 (27.8%) 2 894 956 (38.1%) 206919 (2.7%) 124 226 (1.6%) 

0005.00 2 045 058 0 (0.0%) 0 (0.0%)  693 388 (33.9%) 0 (0.0%) 799 829 (39.1%) 520 414 (25.5%) 21022 (1.0%) 0 (0.0%) 

0006.00 614 095 0 (0.0%) 0 (0.0%)  50 376 (8.2%) 0 (0.0%) 514 713 (83.8%) 35 043 (5.7%) 11838 (1.9%) 0 (0.0%) 

0007.00 1 343 861 0 (0.0%) 0 (0.0%) 441 762 (32.9%) 0 (0.0%) 598 117 (44.5%) 252 702 (18.8%) 43611 (3.3%) 0 (0.0%) 

0008.00 1 513 862 0 (0.0%) 0 (0.0%) 470 406 (31.1%) 25 192 (1.7%) 524 067 (34.6%) 450 167 (29.7%) 30884 (2.0%) 0 (0.0%) 

0009.03 1 768 775 0 (0.0%) 27 356 (1.5%) 666 845 (37.7%) 52 682 (3.0%) 646 894 (36.6%) 354 335 (20.0%) 0 (0.0%) 0 (0.0%) 

0009.04 1 834 897 0 (0.0%) 0 (0.0%) 630 906 (34.4%) 0 (0.0%) 789 409 (43.0%) 406 359 (22.1%) 0 (0.0%) 0 (0.0%) 

0009.05 2 062 851 0 (0.0%) 78 645 (3.8%) 552 227 (26.8%) 0 (0.0%) 1 004 262 (48.7%) 403 279 (19.5%) 0 (0.0%) 0 (0.0%) 

0009.06 1 658 857 0 (0.0%) 0 (0.0%) 386 188 (23.3%) 32 586 (2.0%) 791 209 (47.7%) 438 201 (26.4%) 0 (0.0%) 0 (0.0%) 

0010.01 987 143 0 (0.0%) 0 (0.0%) 264 185 (26.8%) 0 (0.0%) 499 520 (50.6%) 220 159 (22.3%) 0 (0.0%) 0 (0.0%) 

0010.02 1 063 306 0 (0.0%) 0 (0.0%) 180 482 (17.0%) 0 (0.0%) 678 560 (63.8%) 198 070 (18.6%) 0 (0.0%) 0 (0.0%) 

0011.00 2 110 243 0 (0.0%) 0 (0.0%) 717 427 (34.0%) 0 (0.0%) 886 162 (42.0%) 493 425 (23.4%) 0 (0.0%) 0 (0.0%) 

0012.00 1 896 116 0 (0.0%) 0 (0.0%) 645 734 (34.1%) 0 (0.0%) 799 603 (42.2%) 427 143 (22.5%) 0 (0.0%) 0 (0.0%) 

0013.01 1 673 915 0 (0.0%) 0 (0.0%) 586 864 (35.1%) 0 (0.0%) 550 145 (32.9%) 464 442 (27.8%) 56028 (3.3%) 0 (0.0%) 

0013.02 3 513 064 0 (0.0%) 0 (0.0%) 1 373 984 (39.1%) 86 814 (2.5%) 985 511 (28.0%) 891 581 (25.4%) 40065 (1.1%) 124 675 (3.5%) 

0015.00 9 129 802 0 (0.0%) 100 008 (1.1%) 1 334 616 (14.6%) 140 119 (1.5%) 5 297 155 (58.0%) 2 141 795 (23.5%) 0 (0.0%) 101 832 (1.1%) 

 87 153 116 2 785 061 - 1 126 218 - 24 891 160 - 1 592 733  31 531 861 - 23 008 735  660 202 - 1 015 379 - 
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Table 4.6 - Plantable space, maximum potential canopy cover, and relative canopy cover by census tract. 

C
T
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a 
(m
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Potential 
Plantable 

Space (m2) 

Potential 
Plantable 
Space (%) 

Non-
plantable 

Space (m2) 

Non-
plantable 
Space (%) 

Max Poten-
tial Canopy 
Cover (m2) 

Max Potential 
Canopy Cov-

er (%) 

Relative  
Canopy 

Cover (%) 

0001.02 6 612 845 2 377 638 36.0% 4 235 208 64.1% 4 324 810 65.4% 45.0% 
0001.03 5 096 919 1 703 679 33.4% 3 393 240 66.6% 3 086 510 60.6% 44.8% 
0001.05 1 877 088 336 554 17.9% 1 540 534 82.1% 1 018 380 54.3% 66.9% 
0001.06 10 988 969 2 193 276 20.0% 8 795 693 80.0% 5 757 720 52.4% 61.9% 
0001.07 1 351 382 196 910 14.6% 1 154 475 85.4%  605 131 44.8% 67.5% 
0001.08 4 264 364 901 764 21.1% 3 362 600 78.8% 2 591 200 60.8% 65.2% 
0001.09 7 291 525 1 348 746 18.5% 5 942 800 81.5% 3 371 680 46.2% 60.0% 
0002.00 2 369 763 458 305 19.3% 1 911 457 80.7% 1 324 230 55.9% 65.4% 
0003.00 2 007 189 342 551 17.1% 1 664 639 82.9%  765 792 38.2% 55.3% 
0004.01 2 202 619 467 563 21.2% 1 735 057 78.8% 1 241 170 56.3% 62.3% 
0004.02 2 269 294 453 841 20.0% 1 815 453 80.0%  984 593 43.4% 53.9% 
0004.03 7 605 315 2 644 942 34.8% 4 960 372 65.2% 4 250 320 55.9% 37.8% 
0005.00 2 045 058 336 735 16.5% 1 708 323 83.5% 1 030 120 50.4% 67.3% 
0006.00 614 095 19 257 3.1% 594 838 96.9% 69 633 11.3% 72.3% 
0007.00 1 343 861 130 058 9.7% 1 213 802 90.3% 571 821 42.5% 77.3% 
0008.00 1 513 862 331 877 21.9% 1 181 985 78.1% 802 283 53.0% 58.6% 
0009.03 1 768 775 297 339 16.8% 1 471 436 83.2% 964 184 54.5% 69.2% 
0009.04 1 834 897 311 353 17.0% 1 523 544 83.0% 942 260 51.3% 67.0% 
0009.05 2 062 851 318 890 15.5% 1 743 961 84.5% 871 117 42.2% 63.4% 
0009.06 1 658 857 384 158 23.2% 1 274 699 76.8% 770 346 46.4% 50.1% 
0010.01 987 143 133 844 13.6% 853 298 86.4% 398 029 40.3% 66.4% 
0010.02 1 063 306 151 182 14.2% 912 124 85.8% 331 665 31.2% 54.4% 
0011.00 2 110 243 329 523 15.6% 1 780 720 84.4% 1 046 950 49.6% 68.5% 
0012.00 1 896 116 279 409 14.7% 1 616 707 85.3% 925 143 48.8% 69.8% 
0013.01 1 673 915 337 463 20.2% 1 336 452 79.8% 924 327 55.2% 63.5% 
0013.02 3 513 064 769 228 21.9% 2 743 836 78.1% 2 143 210 61.0% 64.1% 
0015.00 9 129 802 1 775 623 19.5% 7 354 179 80.6% 3 110 240 34.1% 42.9% 

 87 153 116 19 331 710 - 67 821 431 - 44 222 864 - - 
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Figure 4.5 – A) Existing canopy cover (%) by Census Tract; B) Potential Plantable Space (%) by Census Tract. 
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Figure 4.6 – A) Maximum Potential Canopy Cover (%) by Census Tract; B) Relative Canopy Cover (%) by Census Tract. 
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4.4 Results by Land Use Zone 

Land use zone was the finest scale at which data were analyzed. The land use zone layer had 16426 poly-

gons in it, each of which had urban forest metrics calculated for it. Due to the amount of polygons pre-

sent, tables displaying values for metrics are not provided; however, these values are provided visually in 

Figure 4.7 - Figure 4.10. The figures are detailed accounts of the current state of Guelph's canopy cover 

and plantable space that can be directly compared to Figure 3.9 (Land Use Zoning Map).  

Figure 4.7 allows a snapshot view of what areas of the city contain the highest percent canopy cover 

(green) and the lowest (red). Figure 4.8 shows potential plantable space in the same way. Green areas in-

dicate areas with a high percentage of plantable space and red show those with a low percentage. In Fig-

ure 4.9, orange to red areas (<40%) are areas that cannot hit the 40% target; however, losses in these areas 

can be made up for in yellow to green areas (>40%) that can exceed the 40% target. 

Figure 4.10 shows relative canopy cover. At this scale, relative canopy cover can be viewed at the block 

scale, as most land use zones are divided by right of ways. Orange to red polygons indicate land use zone 

areas that have plantable space not being taken advantage of and that require planting to get closer to their 

maximum potential canopy cover. Figure patterns are further discussed in Section 5.1.4. 

Land cover and urban forest metrics were then calculated for each land use zone category as a whole 

(e.g., for all Commercial land use zone polygons as a whole). These results can be found in Table 4.7, 

Table 4.8, and Table 4.9. 

Low density residential land use zones far surpassed all others in existing canopy cover by area, with 6 

763 527 m2; wetland and agricultural zones were also high contributors with 3 413 500 m2 and 2 090 636 

m2, respectively. In terms of percent total area, the wetland land use zone has by far the highest percent 

existing canopy cover (81.5%), with floodplain and park-conservation following with 46.7% and 43.3%, 

respectively. Commercial, central business district, industrial and employment, and aggregate extraction 

areas had percent canopy covers below 10%, meaning that only a small percentage of their total land cov-

er is canopied. 

Water is also primarily found in the right of way, floodplain, and park-conservation land use zones (308 

901 m2, 185 282 m2, and 131 432 m2, respectively). Unpredictably, the wetland land cover actually only 

made up 12.2% of the wetland land use zone (this is further discussed in Section 5.1.4). The commercial 

central business district land use zone had the highest percent impervious land cover at 90.0%; note that 

this is different from the impervious results for the downtown census tract CT 0006.00 due to the fact that 

the census tract itself contains other land use zones such as commercial (general), mixed use, and flood-



79 

plain land use zones. The 90% imperviousness for central business district areas was much higher than 

the basic commercial areas (76.6%) and the mixed use areas (71.3%).  

The land use zone with the most potential plantable space was industrial and employment (3 444 130m2), 

followed closely by institutional (3 338 766 m2), residential low density (2 922 891 m2), and parks (2 479 

572 m2). By percent total area, parks had the most potential plantable space (56.0%), indicating the oppor-

tunity that City parks may also hold in increasing canopy cover. Agricultural, commercial central business 

and mixed use areas offer little plantable space, in terms of both area and percent of total area. 

Table 4.8 takes the total canopy cover area and calculates the percentage of total canopy found in each 

zone category in terms of percent of land use zone area, percent of total canopy cover area, and percent of 

City area. One can see that in terms of percent of total canopy cover, the most canopy is found in low 

density residential areas (27.1%). All categories of residential together contain 32.0% of the City's cano-

py. Close behind that, natural areas (floodplain, conservation parkland, and wetland) contain 25.7% of the 

City's canopy.  

When looking at the maximum potential canopy cover values in Table 4.9, 9 of the 17 land use zones 

have values greater than Guelph's target of 40%. These include: low density residential, institutional, ur-

ban reserve, park, conservation parkland, wetland, floodplain, aggregate extraction areas, and other (other 

being areas where land use zones were not explicitly stated). The highest maximum potential canopy cov-

er values were found for conservation parkland (86.9%), wetland (86.1%) and parkland (81.8%).The low-

est value by far was found for central business commercial zones (7.8%). 

Relative canopy cover was the highest for agricultural (100%) and wetland (94.6%) zones, meaning that 

they have been planted to (or close to) their full potential. The reason for this occurrence is further dis-

cussed in Section 5.1.4. The industrial and employment zone experienced the lowest relative canopy cov-

er (22.1%), with 30.4% (3 444 130 m2) of plantable space.  

Aggregate extraction areas, parkland, commercial (non-central business district), and institutional zones 

also experienced lower relative canopy cover values (24.0%, 31.5%, 31.7%, and 34.1%, respectively). 
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Figure 4.7 – Existing canopy cover (%) by land use zone. Note, close-ups of this map can be found in Appendix E. 
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Figure 4.8 – Potential Plantable Space (%) by land use zone. Note, close-ups of this map can be found in Appendix F. 
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Figure 4.9 – Maximum Potential Canopy Cover (%) by land use zone. Note, close-ups of this map can be found in Appendix G. 
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Figure 4.10 – Relative Canopy Cover (%) by land use zone. Note, close-ups of this map can be found in Appendix H.
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Table 4.7– Land cover averaged for each land use zone category. 

  Land Cover Area (m2) and Percent of Total Land Use Zone Area 
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Agricultural Bare Soil 
Canopy  

(Existing Canopy 
Cover) 

Gravel Impervious Turf and Herbaceous Water Wetland 

Residential - Low Density 17 789 911 0 (0.0%) 29 757 (0.2%) 6 763 527 (38.0%) 154 452 (0.9%) 6 904 902 (38.8%) 3 918 286 (22.0%) 6 462 (0.0%) 12 559 (0.1%) 

Residential - Medium Density 3 983 818 0 (0.0%) 16 139 (0.4%) 887 675 (22.3%) 75 473 (1.9%) 2 294 081 (57.6%) 699 561 (17.6%) 6 748 (0.2%) 4 158 (0.1%) 

Residential - High Density 1 565 111 0 (0.0%) 37 680 (2.4%) 335 433 (21.4%) 57 968 (3.7%) 852 960 (54.5%) 279 305 (17.9%) 1 288 (0.1%) 480 (0.0%) 

Commercial - Central Business 282 809 0 (0.0%) 0 (0.0%) 16 420 (5.8%) 0 (0.0%) 254 455 (90.0%) 10 654 (3.8%) 1 217 (0.4%) 0 (0.0%) 

Commercial 3 446 051 0 (0.0%) 39 691 (1.1%) 191 299 (5.6%) 90 394 (2.6%) 2 639 821 (76.6%) 483 652 (14.0%) 0 (0.0%) 0 (0.0%) 

Industrial and Employment 11 334 656 0 (0.0%) 551 898 (4.9%) 975 736 (8.6%) 329 898 (2.9%) 5 760 377 (50.8%) 3 677 633 (32.5%) 26 435 (0.2%) 12 683 (0.1%) 

Institutional 7 958 962 0 (0.0%) 178 928 (2.3%) 1 727 811 (21.7%) 44 382 (0.6%) 2 377 717 (29.9%) 3 580 558 (45.0%) 8 964 (0.1%) 40 625 (0.5%) 

Mixed Use 272 123 0 (0.0%) 1 101 (0.4%) 41 629 (15.3%) 7 698 (2.8%) 194 169 (71.0%) 27 486 (10.1%) 0 (0.0%) 0 (0.0%) 

Urban Reserve 4 091 418 0 (0.0%) 118 637 (2.9%) 1 607 604 (39.3%) 408 968 (10.0%) 82 660 (2.0%) 1 735 309 (42.4%) 14 727 (0.4%) 123 538 (3.0%) 

Park 4 428 199 0 (0.0%) 5 647 (0.1%) 1 143 146 (25.8%) 121 455 (2.7%) 450 064 (10.2%) 2 631 503 (59.4%) 51 465 (1.2%) 24 931 (0.6%) 

Park - Conservation 4 303 642 0 (0.0%) 66 239 (1.5%) 1 862 751 (43.3%) 59 178 (1.4%) 88 144 (2.0%) 1 983 790 (46.1%) 131 432 (3.0%) 112 135 (2.6%) 

Wetland 4 190 392 0 (0.0%) 1 624 (0.0%) 3 413 500 (81.5%) 7 333 (0.2%) 9 477 (0.2%) 200 724 (4.8%) 44 975 (1.1%) 512 786 (12.2%) 

Floodplain 2 424 957 0 (0.0%) 5 900 (0.2%) 1 133 416 (46.7%) 32 589 (1.3%) 160 501 (6.6%) 723 077 (29.8%) 185 282 (7.6%) 184 196 (7.6%) 

Agricultural 5 360 783 2 786 510 (52.0%) 0 (0.0%) 2 090 636 (39.0%) 201 372 (3.8%) 194 005 (3.6%) 0 (0.0%) 50 530 (0.9%) 37 735 (0.7%) 

Aggregate Extraction 19 154 0 (0.0%) 1 822 (9.5%) 1 853 (9.7%) 9 234 (48.2%) 81 (0.4%) 6 164 (32.2%) 0 (0.0%) 0 (0.0%) 

Right-of-Way 14 117 035 0 (0.0%) 82 086 (0.6%) 2 063 766 (14.6%) 0 (0.0%) 9 104 769 (64.5%) 2 532 919 (17.9%) 308 901 (2.2%) 22 035 (0.2%) 

Other 1 688 965 0 (0.0%) 119 715 (7.1%) 715 893 (42.4%) 121 990 (7.2%) 166 631 (9.9%) 522 530 (30.9%) 11 028 (0.6%) 31 179 (1.9%) 

 87 257 986 2786510 - 1 256 865 - 24 972 097 - 1 722 385 - 31 534 812 - 23 013 152 - 849 456 - 1119038 - 
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Table 4.8 – Canopy cover statistics summarized by land use zone. 

Land Use Zone 
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Residential - Low Density 17 789 911 6 763 527 38.0% 27.1% 7.8% 

Residential - Medium Density 3 983 818 887 675 22.3% 3.6% 1.0% 

Residential - High Density 1 565 111 335 433 21.4% 1.3% 0.4% 

Commercial - Central Business 282 809 16 420 5.8% 0.1% 0.02% 

Commercial 3 446 051 191 299 5.6% 0.8% 0.2% 

Industrial and Employment 11 334 656 975 736 8.6% 3.9% 1.1% 

Institutional 7 958 962 1 727 811 21.7% 6.9% 2.0% 

Mixed Use 272 123 41 629 15.3% 0.2% 0.1% 

Urban Reserve 4 091 418 1 607 604 39.3% 6.4% 1.8% 

Park 4 428 199 1 143 146 25.8% 4.6% 1.3% 

Park - Conservation 4 303 642 1 862 751 43.3% 7.5% 2.1% 

Wetland 4 190 392 3 413 500 81.5% 13.7% 3.9% 

Floodplain 2 424 957 1 133 416 46.7% 4.5% 1.3% 

Agricultural 5 360 783 2 090 636 39.0% 8.4% 2.4% 

Aggregate Extraction 19 154 1 853 9.7% 0.01% 0.00% 

Right-of-Way 14 117 035 2 063 766 14.6% 8.3% 2.4% 

Other 1 688 965 715 893 42.4% 2.9% 0.8% 

 

87 257 986 24 972 095 - 100.0% 28.62% 
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Table 4.9– Plantable space, maximum potential canopy cover, and relative canopy cover of averaged for each land use zone category. 
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Space (m2) 

Potential 
Plantable 
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Space (m2) 

Non-
plantable 
Space (%) 

Max Po-
tential 

Canopy 
Cover (m2) 

Max Po-
tential 

Canopy 
Cover (%) 

Relative 
Canopy 

Cover (%) 

Residential - Low Density 17 789 911 2 922 891 16.4% 14 867 020 83.6% 9 686 420 54.5% 69.8% 

Residential - Medium Density 3 983 818 510 734 12.8% 3 473 086 87.2% 1 398 410 35.1% 63.5% 

Residential - High Density 1 565 111 212 203 13.6% 1 352 908 86.4% 547 636 35.0% 61.3% 

Commercial - Central Business 282 809 5 591 2.0% 277 218 98.0% 22 011 7.8% 74.6% 

Commercial 3 446 051 411 472 11.9% 3 034 582 88.1% 602 772 17.5% 31.7% 

Industrial and Employment 11 334 656 3 444 130 30.4% 7 890 526 69.6% 4 419 870 39.0% 22.1% 

Institutional 7 958 962 3 338 766 42.0% 4 620 200 58.0% 5 066 580 63.7% 34.1% 

Mixed Use 272 123 19 577 7.2% 252 546 92.8% 61 205 22.5% 68.0% 

Urban Reserve 4 091 418 1 620 466 39.6% 2 470 953 60.4% 3 228 070 78.9% 49.8% 

Park 4 428 199 2 479 572 56.0% 1 948 643 44.0% 3 622 720 81.8% 31.5% 

Park - Conservation 4 303 642 1 876 372 43.6% 2 427 273 56.4% 3 739 120 86.9% 49.8% 

Wetland 4 190 392 193 485 4.6% 3 996 906 95.4% 3 606 990 86.1% 94.6% 

Floodplain 2 424 957 639 871 26.4% 1 785 086 73.6% 1 773 290 73.1% 63.9% 

Agricultural 5 360 783 21 0.0% 5 360 783 100.0% 2 090 660 39.0% 100.0% 

Aggregate Extraction 19 154 5 859 30.6% 13 295 69.4% 7 712 40.3% 24.0% 

Right-of-Way 14 117 035 1 139 376 8.1% 12 977 656 91.9% 3 203 140 22.7% 64.4% 

Other 1 688 965 515 386 30.5% 1 173 580 69.5% 1 231 280 72.9% 58.1% 

 87 257 986 19335773 - 67 922 261 - 44 307 887 - - 
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4.5 Accuracy Assessment 

The land cover classification created has to be assessed for accuracy to see how well the unsupervised 

classification and the model performed. This was done using a similar method to McGee et al., who used 

100 points to complete their assessment (2012). It was decided that 200 points would be used in the accu-

racy assessment. These points were randomly selected using the 'Create Random Points' tool in ArcMap. 

Points were randomly selected within the City of Guelph municipal boundaries. Once the target point 

amount was hit for a given land cover, no more points were verified for that cover type. Random points 

were selected until all land cover categories reached their Target number (See Table 4.10). 

Table 4.10 – Shows number of random points required for each land cover type in accuracy assessment; the 
number of points is proportional to the area classified as that land cover type.  

Land Cover Area (m2) % of Total 
Guelph Area 

Target no. of Random 
Pts Assessed 

Agricultural 2 786 510 3.2% 6 

Bare Soil 1 256 789 1.4% 3 

Canopy 24 891 160 28.6% 57 

Gravel 1 724 743 2.0% 4 

Impervious 31 531 861 36.2% 72 

Turf and Herbaceous 23 008 735 26.4% 53 

Water 849 934 1.00% 2 

Wetland 1 103 508 1.3% 3 

Total: 87 153 238 100% 200 

The SPOT 6 imagery was primarily used to visually determine land cover. If land cover could not be de-

termined using this imagery, Southwestern Ontario Orthophotography Project (SWOOP) 2010 imagery 

was inspected as a supplemental image reference, as it has a higher spatial resolution (30 cm); however, 

SWOOP imagery is older and leaf off, therefore both sets of imagery were examined and compared care-

fully. Other layers referenced in the assessment process include the City's land use zoning shapefile 

(2011), the Ontario Ministry of Natural Resources (OMNR) Ontario Geospatial Data Exchange (OGDE) 

Wooded Area shapefile (2006), and the Grand River Conservation Authority's Wetland shapefile (2014). 

When examining and classifying the randomly generated points, the land cover classification resulting 

from the model was hidden from view to prevent the model-generated data from affecting the opinions 

and classifications made by the researcher. 
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Results of the accuracy assessment can be found in the error matrix below (Table 4.11). Error matrices 

are useful in accuracy assessments as they allow the reader to see how many points are, for instance, la-

belled as canopy when they are actually a different land cover, as well as how many points are identified 

as another land cover when they are actually canopy. Due to some low sample numbers for the Agricul-

tural, Bare Soil, Gravel, Water, and Wetland land covers, the accuracy assessment when looking at those 

land covers individually is likely not valid.  

Accuracies are also indicated in Table 4.11. User's accuracy informs the reliability of the map as a predic-

tive device (Campbell, 2007). User's accuracy for canopy, impervious, and turf and herbaceous land co-

vers were 82.5%, 91.7%, and 73.6%, respectively. This tells us, for example, that of the area labelled 

'canopy' on the map, 82.5% actually is canopy on the ground (Campbell, 2007). 

Producer's accuracy tells us what percent of the actual land cover was correctly classified. Producer's ac-

curacy for canopy, impervious, and turf and herbaceous land covers were 82.5%, 88.0%, and 78.0%, re-

spectively. This tells us, for example, that of the actual canopy cover, 82.5% was correctly classified 

(Campbell, 2007). 

The results of the accuracy assessment indicated that the model had an overall accuracy of 83.0%. Overall 

accuracy gives the proportion of correctly classified pixels in the image used to construct the matrix, and 

is found by summing the diagonal entries (A.K.A. the trace) and dividing this value by the total number 

of points examined (Campbell, 2007). 

Errors of omission occur where the model has omitted land that should have been classified as a given 

land cover but was not (Campbell, 2007). For example, the impervious land cover has an error of omis-

sion of 12.0%, since nine of the 75 points that were actually impervious were misidentified as other land 

covers. Conversely, errors of commission occur where the model has identified land as belonging to class 

when it actually does not (Campbell, 2007). For example, impervious land cover has an error of commis-

sion of 8.3%, since six of the 72 points identified by the model as being impervious were actually differ-

ent land covers. 

The matrix also reveals that canopy cover is often misclassified as turf and herbaceous (six out of 57 

times) and vice versa (eight out of 50 times). Impervious surfaces are also often misclassified as turf and 

herbaceous (8 out of 75 times). 



89 

Table 4.11 – Error matrix from accuracy assessment. Yellow boxes indicate occurrences where the land cover classified by the model matched that 
found by the user. To read the matrix, numbers read across rows indicate land cover as classified by the model, while numbers read down columns in-
dicate land cover as classified by the user. For example, canopy cover was correctly identified by the model 47 times, but the model identified 10 points 
(1+8+1) as canopy when they were not, and identified 10 points (2+1+6+1) as other land covers when they were actually canopy. Accuracies are also 
indicated. 
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Agricultural* 3   2     1     6 50.0% 50.0% 
Bare Soil*   3             3 100.0% 0.0% 
Canopy     47   1 8   1 57 82.5% 17.5% 
Gravel*       4         4 100.0% 0.0% 
Impervious   2 1 1 66 2     72 91.7% 8.3% 
Turf & Herbaceous     6   8 39     53 73.6% 26.4% 
Water*             2   2 100.0% 0.0% 
Wetland*     1         2 3 66.7% 33.3% 

Column Total 3 5 57 5 75 50 2 3 200 
  Producer's Accuracy 100.0% 60.0% 82.5% 80.0% 88.0% 78.0% 100.0% 66.7% 

   Omission Error 0.0% 40.0% 17.5% 20.0% 12.0% 22.0% 0.0% 33.3% 
               Overall Accuracy = (3+3+47+4+66+39+2+2) / 200 = 83.0% 

       
*Due to small sample numbers, the accuracy assessment for these land covers is likely incorrect. As such, the accuracy values for these land covers have been 
stricken out in the table.



90 

 Discussion and Conclusion 

This chapter explores the results of the model and relates them back to the research questions asked in 

Section 1.2. Results are interpreted followed by a discussion of the limitations of the analysis, the benefits 

of the analysis, the relevance to landscape architecture, and opportunities for future research. The chapter 

ends with a brief summary of this research and some final remarks. 

5.1 Interpretation of Results 

5.1.1 City-wide Results 

The land cover percentages found for the City make sense when considering Guelph's land use zone com-

position (Table 5.1) and the typical land covers associated with each zone (Table 4.7). Low density resi-

dential areas tend to have a combination of impervious, turf, and canopy cover. Right-of-ways tend to be 

composed of primarily impervious surfaces, turf, and canopy cover, as they encompass City owned road-

ways, sidewalks, boulevards, and street tree canopy. Industrial areas are most often composed of large 

concrete buildings with vast parking lots. Turf and herbaceous areas are often left non-planted in case fur-

ther parking or buildings need to be constructed. Therefore, it makes sense that impervious surfaces 

(36.2%), canopy cover (28.6%), and turf and herbaceous (26.4%) are the largest land caver percentages 

for the City. 

Table 5.1 – Land Use Zone Composition of the City of Guelph, arranged from highest to lowest. 

Land Cover Area (m2) % of Total Guelph Area 

Residential - Low Density 17 789 911 20.39% 

Right-of-Way 14 117 035 16.18% 

Industrial and Employment 11 334 656 12.99% 

Institutional 7 958 962 9.12% 

Agricultural 5 360 783 6.14% 

Park 4 428 199 5.07% 

Park - Conservation 4 303 642 4.93% 

Wetland 4 190 392 4.80% 

Urban Reserve 4 091 418 4.69% 

Residential - Medium Density 3 983 818 4.57% 

Commercial 3 446 051 3.95% 
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Land Cover Area (m2) % of Total Guelph Area 

Floodplain 2 424 957 2.78% 

Other 1 688 965 1.94% 

Residential - High Density 1 565 111 1.79% 

Commercial - Central Business 282 809 0.32% 

Mixed Use 272 123 0.31% 

 87 257 986 100.00% 

Figure 4.1 also displays the spatial patterns of land covers across the City. One can see that agricultural 

areas (grey) are mostly found in the south end; impervious areas (orange) are concentrated in the down-

town central business district, in the northwest industrial and employment area, commercial areas sur-

rounding Stone Road Mall, and industrial and employment areas in the southwest. Large patches of cano-

py and wetland complexes can be found throughout the city, with one of the largest being the Provincially 

significant Hanlon Creek Swamp (located south of Kortright Road between Gordon Street and the Hanlon 

Parkway).  

The model calculated an existing canopy cover of 28.6% (24,891,160 m2). This falls between the two 

previous estimates of 30% (City of Guelph, 2007) and 20% (City of Guelph, 2011q). Although the accu-

racy assessment found that the spatial mapping of canopy cover was only 82% accurate, canopy cover 

was misclassified as other land covers just as frequently as other land covers were misclassified as canopy 

(10 to 10, or a 1:1 ratio) (Table 4.10). Thus the 28.6% canopy cover estimate is likely accurate. This an-

swers research question one in Section 1.2. 

Potential plantable space for the City as a whole was found to be 22.2% (19,331,710 m2), thus answering 

research question number two. As shown in Figure 4.2, large plantable areas are most frequently found 

around the periphery of the City in areas that are still undeveloped. The exception to this are recreational 

areas that aren't typically paved, such as sports fields, golf courses, and the University of Guelph Arbore-

tum. There is little plantable space in the downtown core, due to its imperviousness. Patterns of residen-

tial housing can also be seen, and although there is a significant amount of plantable space, individual 

areas are quite small. 

As mentioned in Chapter 4, the maximum potential canopy cover is 50.8% (44,222,870 m2), thus a 40% 

maximum potential canopy cover is also achievable; this answers research question number three. Rela-

tive canopy cover is 56.3%, meaning that of 56.3% of the maximum potential canopy cover is being taken 

advantage of, with the other 43.7% being plantable space. 
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The rest of Section 5.1 will examine how urban forest metrics vary across the City at three different 

scales: the Ward scale (coarse), the census tract scale (medium), and the land use zone scale (fine). By 

examining these metrics, research question number four is satisfied. Definitions of urban forest metrics 

can be found in Sections 2.1.3 - 2.1.5. 

5.1.2 Results by Ward 

The City is divided into six wards, so the urban forest metrics calculated are quite generalized as ward 

areas are large. More precise results are found as the areas observed become smaller (e.g., at the census 

tract level or the land use zone level). 

As previously mentioned in Section 4.2, Table 4.3 shows that the five land covers agricultural, bare soil, 

gravel, water, and wetland represent a small percentage of total area for each ward (equal to or less than 

3.1% cover for each land cover), with the exception being Ward 6 having 8.6% agricultural cover. Most 

of the ward land cover is composed of canopy, impervious, and turf and herbaceous cover. These results 

are consistent with those found for the City as a whole (Section 5.1.1). 

Impervious cover was most prevalent for Ward 1 (37.8%), Ward 3 (50.0%), Ward 4 (51.5%), and Ward 5 

(36.7%). Wards 3 and 5 are particularly high, likely due to their location in the northeast corner of Guelph 

where industrial/employment and commercial land uses with large buildings and parking lots are com-

mon. Ward 1 contains the downtown core, and Ward 5 contains the university; these areas also have a 

significant amount of dense buildings and parking lots, which may explain the high values of impervious 

cover. 

Canopy cover was most prevalent for Ward 2 (36%) and Ward 6 (31.5%). Ward 2 has little development 

aside from residential areas and a few scattered industrial and commercial buildings, and has a significant 

amount of woodland in its northeastern-most corner; this likely explains the dominance of canopy cover. 

Ward 6 is still quite undeveloped in its southernmost limits and also contains the Hanlon Creek swamp, 

among other groupings of wetland and woodland, thus contributing to its high canopy cover percentage. 

When Looking at Table 4.4 and Figure 4.4, the urban forest metrics do not appear to vary much between 

wards. Existing canopy cover ranges from 22.8-36.0%, potential plantable space ranges from 16.7-26.3%, 

maximum potential canopy cover ranges from 40.5-55.6%, and relative canopy cover ranges from 46.4-

64.8% (the largest range of the four metrics). 

Relative canopy cover is a useful metric as it allows for comparison between existing canopy cover and 

maximum potential canopy cover. It is more beneficial than simply using existing canopy cover, as it 
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takes into consideration what maximum canopy cover is possible (see Section 2.1.5 for more details). 

Ward 1 has the highest percent potential plantable space and the lowest relative canopy cover at 46%; this 

indicates that much of the Ward's plantable space is not being taken advantage of. It is therefore recom-

mended that future planting efforts have some focus on Ward 1. Ward 2 and Ward 3 have the highest rela-

tive canopy cover (65% and 60%, respectively), and should therefore be given less priority. 

In terms of potential plantable space by area, Ward 6 has the most at 6 490 453 m2 (over 2 500 000 m2 

more than the next highest – Ward 1). Ward 6 has a vast amount of plantable space that could be taken 

advantage of due to its large amount of undeveloped areas, which have acted as agricultural land in the 

past. However, this space is also lucrative to developers as it is flat and unoccupied, making it easy to 

build on. It is important that the City recognize Ward 6, not only as an area of future development, but 

also as an area of future canopy growth. 

5.1.3 Results by Census Tract 

When looking at Table 4.5, many of the same patterns found in Section 5.1.2 are reiterated, such as the 

high percent of impervious cover in the northwest corner of Guelph; however, new results are also dis-

covered as a result of the finer-scale analysis. Census tract (CT) 0001.09 in the south end has a higher 

percent agricultural area than the rest (18.2%), which was expected after the ward-scale analysis. Howev-

er, CT 0004.01 on the eastern edge in the north end of the City also has a high percentage of agricultural 

land cover (13.6%); this was not identified in the ward-scale analysis due to the size of the wards. 

One census tract that sticks out in the land cover analysis is CT 0006.00, which encompasses the down-

town core. The percent of impervious surface is the highest of any other census tract at 83.8%. By com-

parison, the census tract with the next highest percent impervious surface is CT 0010.02, which is located 

northwest of the downtown and has a percent impervious cover of 63.8%. The downtown census tract 

also exhibits lower than average canopy cover and turf and herbaceous cover, which is to be expected in 

an area with dense building coverage and parking areas. 

Numerous census tracts have canopy cover percentages ranging between 30 and 40 percent. These census 

tracts are ones that tend to have woodlots and/or wetlands on-site. Turf and Herbaceous is highest in CT 

0001.02 (38.7%) and CT 0001.03 (37.1%); the former is likely due to the presence of undeveloped land 

zoned for industrial land use, and the latter is likely due to the presence of the arboretum and Cutten Club 

golf course in the census tract. 

When looking at the urban forest metric results in Table 4.6, Figure 4.5, and Figure 4.6, similar patterns 

can be found as in the ward-scale analysis. Again, the benefits of completing a finer-scale analysis can be 
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seen; with smaller polygons undergoing calculations, one can better see the difference in values across the 

City (i.e., results are less generalized).  

In terms of maximum potential canopy cover (Figure 4.6A), one can see that some census tracts will not 

be able to hit the 40% maximum potential canopy cover target, while others will have a value well be-

yond it. CT 0006.00 (11.3%), CT 0010.02 (31.2%), CT, 0015.00 (34.1%), and CT 0003.00 (38.2%) all 

fall below it; again, these areas tend to have a lot of commercial and industrial/employment land use zon-

ing, and therefore have a lot of impervious surfaces that cannot accommodate a tree. The canopy cover 

that cannot be attained in these census tracts will need to be balanced out by those with higher maximum 

potential canopy covers if a 40% canopy cover goal is to be achieved. 

However, as stated earlier, relative canopy cover is often a better metric as it accounts for both the exist-

ing canopy cover and the maximum potential canopy cover. Figure 4.6B is quite interesting; the down-

town census tract (CT 0006.00) has a relative canopy cover of 72%, meaning that only 28% of the maxi-

mum potential canopy cover is not being taken advantage of. Areas that are orange and yellow are the 

areas that should be noted for future tree plantings, such as CT 0004.03 (38%), CT 0001.02 (45%), CT 

0001.03 (45%), and CT 0015.00 (43%). This indicates that much of the census tracts' plantable space is 

not being taken advantage of. It is therefore recommended that future planting efforts have some focus on 

these census tracts (CT 0004.03 in particular). CT 0007.00 and CT 0006.00 have the highest relative can-

opy cover (77% and 72%, respectively), and should therefore be given less priority. 

In terms of potential plantable space by area, CT 0004.03, CT 0001.02, and CT 0001.06 have the most 

(each having over two million square kilometres). CT 0015.00, CT 00001.03, and CT 0001.09 also have 

well over one million square kilometres. Only three of these census tracts fall within Ward 6, which was 

identified in the previous section as an area of focus for future plantings due to the plantable area (CT 

0001.02, CT 0001.06, and CT 0001.09). The other three census tracts (CT 0015.00, CT 0001.03, and CT 

0004.03) have been found as a result completing the analysis at a finer scale. All six census tracts should 

be recognized as areas where future canopy cover growth could take place. 

5.1.4 Results by Land Use Zone 

Land use zone was the finest scale at which data were analyzed. Each polygon in the land use zone layer 

had land cover analysis completed on it as well as urban forest metric calculations. Urban forest metrics 

are displayed visually in Figure 4.7 through Figure 4.10. Values were then averaged for each land use 

zone category and displayed in Table 4.7, Table 4.8, and Table 4.9. 
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As seen in Figure 4.7, high percentages of existing canopy cover tend to occur in wooded and wetland 

areas, while low percent canopy areas occur in commercial and industrial/employment areas. Many of the 

more plantable areas in the City occur around the periphery where land is not as urbanized. The Universi-

ty Arboretum and the current Turfgrass Institute (which will likely be moving to a new location in the 

next few years to make way for development) also provide a significant amount of plantable space. Last-

ly, parks and schoolyards provide smaller patches of plantable spaces that are less likely than others to be 

developed in the future. 

In Figure 4.10, orange to red areas indicate land use zone areas that have plantable space not being taken 

advantage of and that require planting to get closer to their maximum potential canopy cover. Red areas 

tend to be found around the periphery of the City where land has been cleared but has not yet been devel-

oped. Conversely, green areas are those that are already close to achieving their maximum potential cano-

py covers. Green areas tend to be found in areas where intensification has occurred, such as the down-

town core, areas that naturally have a high percent canopy cover, such as woodlots, wetlands, and flood-

plains, or in agricultural areas where crop growth prevents trees from being planted there. 

Predictably, agricultural land cover is the primary land cover of the agricultural land use zone (52.0%) 

(Note: "agricultural" is both a land cover category and a land use zone category). Water is also primarily 

found in the right of way, floodplain, and park-conservation land use zones (308 901 m2, 185 282 m2, and 

131 432 m2, respectively). Some results, however, were less predictable. For example, the wetland land 

cover actually only made up 12.2% of the wetland land use zone. The reason for this is that wetland areas 

often have canopy cover in the form of low-lying, water-loving trees and shrubs, such as willows. As dis-

cussed in Section 0, canopy blocks the satellite from being able to read the underlying vegetation, thus the 

visible wetland area is significantly smaller than the actual wetland area.  

The commercial central business district land use zone had the highest percent impervious land cover 

(90.0%) (again, this is different than the value found for the entire census tract as the census tract contains 

other land use zones aside from commercial central business district), which was much higher than the 

basic commercial areas (76.6%) and the mixed use areas (71.3%). This was expected as central business 

districts tend to be highly intensified, particularly when adequate green spaces have not been accounted 

for. 

Low density residential land use zones far surpassed all others in existing canopy cover by area, with 6 

763 527 m2; wetland and agricultural zones were also high contributors with 3 413 500 m2 and 2 090 636 

m2, respectively. In terms of percent total area, the wetland land use zone has by far the highest percent 

existing canopy cover (81.5%), with floodplain and park-conservation trailing behind (46.7% and 43.3%, 
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respectively). Commercial, central business district, industrial and employment, and aggregate extraction 

areas all had percent canopy covers below 10%, meaning that only a small percentage of their total land 

cover is canopied. This is predictable as these are land use zones where owners desire easy maintenance, 

usually resulting in fewer trees, which require pruning, watering, and avoidance when mowing grass. 

As one can guess, low density residential areas held high area values for canopy cover, impervious sur-

faces, and turf and herbaceous areas, partially due to the matrix proportions that one tends to find in these 

areas (a mix of manicured lawns, streetscapes, and roads/driveways), and partially because the low densi-

ty residential land use had the largest total area (17 789 911 m2). The same was also found for right-of-

ways, which had a notable amount of impervious cover (9 104 769 m2); this makes sense as right-of-ways 

encompass municipally owned roadways. 

The land use zone with the most potential plantable space was industrial and employment (3 444 130m2), 

followed closely by institutional (3 338 766 m2), residential low density (2 922 891 m2), and parks (2 479 

572 m2); again, these values are somewhat influenced by the fact that these land use zones (particularly 

the first three) are quite large in total area. Regardless, these areas provide a generous amount of space 

that could be taken advantage of by future planting efforts. By percent total area, parks had the most po-

tential plantable space (56.0%), indicating the opportunity that City parks may also hold in increasing 

canopy cover. Agricultural, commercial central business and mixed use areas offer little plantable space, 

in terms of both area and percent of total area. 

Table 4.8 shows that, in terms of percent of total canopy cover, the most canopy is found in low density 

residential areas (27.1%), which makes sense when one considers how much area is covered by this land 

use category (6 763 527 m2). All categories of residential together contain 32.0% of the City's canopy. 

Close behind that, natural areas (floodplain, conservation parkland, and wetland) contain 25.7% of the 

City's canopy.  

As previously mentioned, for maximum potential canopy cover, 9 of the 17 land use zones have values 

greater than Guelph's target of 40%, including: low density residential, institutional, urban reserve, park, 

conservation parkland, wetland, floodplain, aggregate extraction areas, and other (other being areas where 

land use zones were not explicitly stated). The highest maximum potential canopy cover values were for 

conservation parkland (86.9%), wetland (86.1%) and parkland (81.8%), and the lowest value was for cen-

tral business commercial zones (7.8%). This makes sense as areas with high percentages of both canopy 

and plantable space combined, as well as low percentages of impervious space, should have the highest 

maximum potential canopy cover. 
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Relative canopy cover was the highest for agricultural (100%) and wetland (94.6%) zones, meaning that 

they have been planted to (or close to) their full potential. Agricultural land was reclassified in the model 

so that any bare soil or turf and herbaceous areas were reclassified as agricultural, which was determined 

to be 'non-plantable', thus resulting in the zone's 100% relative canopy cover; nothing is to be planted in 

these areas aside from crops. Similar to agricultural zones, areas in wetlands that would normally be clas-

sified as plantable in other zones were reclassified as wetland and determined to be non-plantable. This 

was done for a variety of reasons. First, it was decided that wetland habitats should be preserved and left 

to function on their own without any human alteration; wetlands are a important habitat in Ontario and 

already face many challenges due to intensification efforts and suburban growth. Second, it is difficult, 

time consuming, and sometimes dangerous to travel into wetland areas for the purpose of planting a few 

trees. Focusing efforts in areas more easily accessible and lacking in established habitat would yield 

greater returns. 

The industrial and employment zone experienced the lowest relative canopy cover (22.1%). This is likely 

a result of the tendency for these areas to have large, clear-cut swaths of land for industrial-sized build-

ings, as well as the tendency for large, potentially plantable areas to remain without trees, based on the 

possibility that this land needs to be used for additional parking or buildings in the future. With little to no 

residents nearby, there is little outside pressure or encouragement for trees to be planted in these areas. 

Further tree planting efforts should focus on these areas as they are severely lacking in canopy and, with 3 

444 130 m2 of plantable space, provide a great opportunity for increasing the City-wide canopy cover. 

Aggregate extraction areas also have a low relative canopy cover, however, it is unlikely that these areas 

will experience any planting until they have been retired and require restoration. Regardless, the total area 

(19 154 m2) and total plantable space (5 859 m2) of this land use zone is miniscule compared to others, 

therefore, even if it was planted it would have little effect on increasing the City's overall canopy cover. 

Parkland, commercial (non-central business district), and institutional zones also have lower relative can-

opy cover values (31.5%, 31.7%, and 34.1%, respectively). In addition to industrial and unemployment 

areas, these zones should also be viewed as areas to target future planting efforts. 

5.2 Actual Potential Canopy Cover 

As stated previously, City-wide, the existing canopy cover is 28.6% and potential plantable space is 

22.2%, resulting in a maximum potential canopy cover of 50.8%. However, it is unlikely that this value 

will be reached solely by planting in the plantable areas indicated in Figure 4.2. The reasoning for this is 

simple; while these areas are all plantable, due to common design decisions made by foresters, planners, 
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and landscape architects, available plantable space is rarely planted to 100%. For instance, street trees are 

often planted uniformly down a street, allowing for future canopy growth, but also for gaps for sunlight to 

shine through. As another example, municipal parks often leave areas of open space large enough for 

people to relax in the sun, engage in pick-up recreational activities (catch, frisbee, soccer, etc.), or simply 

to create interest and break uniformity in the landscape. Formal sports fields may also be included in a 

park design, which will prevent trees from being planted in those areas of the park. 

Determining a more realistic potential canopy cover (what I am calling 'Actual Potential Canopy Cover') 

is challenging, mainly because it is hard to decide what level of planting is appropriate for a city or an 

individual land use zone; one city may vary drastically from another in land zoning makeup, physical ge-

ography, climate, local bylaws, community groups, and political views. What may be appropriate for one 

city may not be for another. Furthermore, land use zoning can strongly influence the future land cover of 

an area (including its canopy cover) as well as other urban forest metrics. It is therefore important for ur-

ban forest goals (such as canopy cover), land-use policies, and related canopy cover policies to vary at the 

land use zone scale (Mincey et al., 2013), rather than the City scale, or simply by urban, suburban, and 

rural zones. 

This, however, is a fairly new realization. When reading through today's urban forestry management 

plans, some mention the need for zoning by-law amendments that would require tree planting areas be set 

aside within certain land use zones (e.g., Town of Oakville (2008)), however, few actually mention any 

specific numbers.  

As an example, Seattle, Washington is one of the few that does set goals by land use (City of Seattle, 

2008). These numbers were determined by starting with the American Forest's 40% recommendation, and 

then taking into consideration Seattle's land use mix, current canopy cover, current planting opportunities, 

existing land use goals, and external expert opinion from other cities, consultants, the University of Wash-

ington, and the public. 

However, Seattle is different from Guelph in terms of total area, zoning allocations, population, and cli-

mate, among other things. The same can be said of Portland, Oregon, although their land use categories 

were quite generalized, with only five categories: Residential (35-40%), Commercial / Industrial / Institu-

tional (15%), Developed Parks and Open Spaces (30%), Rights-of-way (35%), and Natural Areas and 

Streams (Portland Parks and Recreation, 2007). 

It would be preferable to set Guelph's goals to those similar to a comparable municipality; comparable 

municipalities are those identified by the City of Guelph as being suitable for comparison due to their 
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proximity, average family income, population, expenditures, number of employees, governance level and 

structure, services provided, and presence of a post-secondary institution (City of Guelph, 2009). Alterna-

tively, using a city with similar land use zone areas and percentages would also work. The problem is that 

none of Guelph's identified comparable municipalities have broken down their canopy cover goals by 

land use zone (although some have noted their maximum potential canopy cover by land use zone). 

Such goal setting could be completed using evidence-based decision making and a multi-disciplinary 

team of professionals. However, this type of analysis was outside the scope of this study. 

London, Ontario, while not a comparable municipality, was identified as having broken down canopy 

cover goals by land use zone. However, as stated in their Urban Forest Strategy (B.A. Blackwell & 

Associates Ltd., 2014) targets are based on American Forests recommendations (which have since been 

removed from their website), current canopy cover data from the City's UFORE study, anticipated future 

trends, distribution of land use zoning, and canopy cover targets of other communities (although no spe-

cifics are mentioned). No existing canopy cover values appear to have been found for these land use 

zones, so there is nothing to compare the goals against. Furthermore, these targets were set before com-

pleting any sort of plantable spaces analyses or tree inventories, and are considered by the City of London 

to be provisional. 

Toronto, Ontario has also broken down canopy cover goals by land use zone in their Urban Forest Man-

agement Plan, as seen in Table 5.2 (City of Toronto, 2013b). They determined values by reviewing satel-

lite imagery, looking at existing canopy by land use, and considering the potential for increased canopy 

cover. Plantable spaces analysis did not account for future development or infrastructure limitations such 

as hydro wires. It is unclear in the report whether the "total possible canopy coverage" they discuss is 

their maximum potential canopy cover, or if it is more of an "actual potential canopy cover" as discussed 

above. Their process for determining such values is vague and not discussed in great detail. 

Table 5.2 – Canopy cover goals by land use for the City of Toronto (City of Toronto, 2013b). 

Land Use Zoning 
Estimated 
Existing 

Canopy Cover 

Estimated Possible 
Additional 

Canopy Coverage 

Total Possible 
Canopy 

Coverage 

Single Family Residential 31% 10% 41% 

Multi-family Resident 18% 2% 20% 

Commercial 6% 2% 8% 

Industrial 4% 3% 7% 

Institutional 17% 3% 20% 
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Land Use Zoning 
Estimated 
Existing 

Canopy Cover 

Estimated Possible 
Additional 

Canopy Coverage 

Total Possible 
Canopy 

Coverage 

Utilities & Transportation 11% 1% 12% 

Other 15% 1% 16% 

Open Space 1 (Parks & TRCA lands) 52% 3% 55% 

Open Space 2 (Commercial Landscaped 
Areas/ Recreation/ Agriculture) 26% 2% 28% 

Total 28% 18% 40% 

The City of Toronto also developed preliminary annual planting targets for the City using basic algebra. 

Simply using the quantity of trees planted is not preferred, as it does not measure the number of success-

ful plantings, or the size or type of plantings, however, it is a good place to start when initially setting 

planting targets for a city, as least until new, more complex methods can be undertaken (City of Toronto, 

2013b). Such analysis could be undertaken for Guelph. 

From a design point of view, there is also little information on how trees should be arranged in various 

land use zones, or what shade-to-sun ratios are typically recommended. This is the case for areas that are 

not frequented by public users, such as industrial or agricultural zones. Streetscapes designs typically rec-

ommend large trees be spaced 10-15m apart. Parks have no such guidelines; this is likely because differ-

ent parks serve different functions. Some are meant to be havens for escaping the sun, where plantings are 

more informal and trees are arranged in clusters; others may be sports parks where trees only occur in 

rows along the periphery of sports fields; others still may be quite formal having trees only along path-

ways and as specimens throughout. It is therefore difficult to determine what the typical canopy cover of 

parkland should be. The design of private residential property is governed by the owner, thus if an owner 

prefers lots of shade it is likely to have many trees, however, if the owner likes to garden, or simply en-

joys sunbathing in their backyard, it is less likely that their private yards will be covered by shade. 

Perhaps the main reason for the lack of such guidelines is that canopy cover goals are averaged across the 

city for each land use zone. A range of values may be appropriate for canopy cover depending on the 

function and activities that occur within each individual parcel of land. For example, one park may have 

little canopy cover due to its function as a sports park, while another may have been designed for nature 

hikes and therefore has a lot of cover. Both canopy levels are appropriate given the way each site is used. 

Having little background information on what canopy cover goals are typically desired for each land use 

zone, or on what percentages are desired from a design point of view, it is difficult to determine what 
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Guelph's goals should actually be. What is certain is that it canopy cover goals must fall between the ex-

isting canopy cover and the maximum potential canopy cover (see Table 5.3). 

Alternatively, a method can be devised wherein the potential plantable space (i.e. the difference between 

maximum potential canopy cover and existing canopy cover) is taken for each land use zone, and then a 

uniform percentage is applied to those differences; this uniform percent value was determined through 

trial and error by slowly increasing its value until the 40% canopy cover (34 903 194 m2) was achieved. 

The uniform percentage that allowed for this was found to be 52% (this is specific to the City of Guelph 

and varies by City and city-wide canopy cover goal). Once this number is applied to the potential planta-

ble space, the weighted percentage increases for each zone have been found. This percentage increase is 

added to the existing percent canopy cover to get the actual canopy cover goal for each land use zone, 

which can then be translated into an area value (in square metres). This method is further demonstrated in 

Table 5.3.  

While this method is effective given the circumstances, it gives no consideration to what zones may be 

logistically easier to plant than others. For instance, it would generally be easier to plant parks and con-

servation land than it would be to plant residential, commercial, or industrial land, as the latter three are 

privately owned by people who may view trees on their property as high maintenance or inhibitors of fu-

ture development. Private owners also may see trees as objects which promote illicit or illegal activities 

(such as vandalism or drug dealing), and therefore may avoid planting them when possible. Resistance to 

tree planting could be avoided by requiring certain canopy cover percentages within zoning by-laws and 

site control plan by-laws (See Sections 2.9.3 and 2.9.4). 

Regardless, what this does show is that, by using a weighted percentage, a 40% canopy cover can be 

achieved within the City of Guelph without having to plant all of the existing plantable space. From Table 

5.3, it can be determined that of the 19 335 791 m2 of potential plantable space, only 52% (10 057 506 

m2) of it needs to be covered to achieve an overall 40% canopy cover in the City. This leaves 48% (9 278 

285 m2) to be left as open, non-canopied space. City-wide, the new canopy cover goal of 35 029 601 m2 

represents 79% of the maximum potential canopy cover (44 307 886 m2). 
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Table 5.3 – Potential scenario to achieve 40% canopy cover. A uniform percentage (found through trial and error) was applied to potential plantable 
space to determine what weighted percentage increase that would allow a 40% city-wide canopy cover to be achieved; the uniform percentage that al-
lowed for this was 52%. 
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Residential - Low Density 17 789 911 6 763 527 38.0% 9 686 420 54.5% 16.4% 8.6% 46.6% 8 286 541 
Residential - Medium Density 3 983 818 887 675 22.3% 1 398 410 35.1% 12.8% 6.7% 29.0% 1 153 554 
Residential - High Density 1 565 111 335 433 21.4% 547 636 35.0% 13.6% 7.1% 28.5% 445 618 
Commercial - Central Business 282 809 16 420 5.8% 22 011 7.8% 2.0% 1.0% 6.8% 19 344 
Commercial 3 446 051 191 299 5.6% 602 772 17.5% 11.9% 6.2% 11.8% 406 220 
Industrial and Employment 11 334 656 975 736 8.6% 4 419 870 39.0% 30.4% 15.8% 24.4% 2 766 563 
Institutional 7 958 962 1 727 811 21.7% 5 066 580 63.7% 42.0% 21.8% 43.5% 3 465 332 
Mixed Use 272 123 41 629 15.3% 61 205 22.5% 7.2% 3.7% 19.0% 51 823 
Urban Reserve 4 091 418 1 607 604 39.3% 3 228 070 78.9% 39.6% 20.6% 59.9% 2 450 432 
Park 4 428 199 1 143 146 25.8% 3 622 720 81.8% 56.0% 29.1% 54.9% 2 431 967 
Park - Conservation 4 303 642 1 862 751 43.3% 3 739 120 86.9% 43.6% 22.7% 66.0% 2 839 199 
Wetland 4 190 392 3 413 500 81.5% 3 606 990 86.1% 4.6% 2.4% 83.9% 3 515 404 
Floodplain 2 424 957 1 133 416 46.7% 1 773 290 73.1% 26.4% 13.7% 60.4% 1 465 353 
Agricultural 5 360 783 2 090 636 39.0% 2 090 660 39.0% 0.0% 0.0% 39.0% 2 090 705 
Aggregate Extraction 19 154 1 853 9.7% 7 712 40.3% 30.6% 15.9% 25.6% 4 903 
Right-of-Way 14 117 035 2 063 766 14.6% 3 203 140 22.7% 8.1% 4.2% 18.8% 2 655 697 
Other 1 688 965 715 893 42.4% 1 231 280 72.9% 30.5% 15.9% 58.3% 983 991 
  87 257 986 24 972 095 - 44 307 886 - - - - 35 029 601 

To achieve 40% canopy cover, 
canopy area must = 

↓ 
    34 903 194 m2 City-wide 
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5.3 Limitations of the Analysis 

There are, of course, some limitations to this analysis. Most of the limitations stem from the fact that 

when mapping anything there is always a certain level of generalization due to the complexity of the real-

world and due to technological limitations; the natural environment, due to its fuzzy boundaries and ten-

dency to change over time, is often quite generalized (Heywood et al., 2006). Others stem from the fact 

that the urban environment can change quite rapidly, and updating spatial data files at the same pace can 

be quite challenging, particularly if a municipality lacks the human or financial resources to do so. Lastly, 

limitations exist stemming from the ArcGIS software itself; some glitches in tools as well as user-

unfriendly features made the model-building process difficult at times. These issues may be improved 

through ongoing software development. 

5.3.1 Generalization of Data 

To keep the model simplified to some degree, all infrastructure buffered areas were deemed non-

plantable. However, in the real world, this is not always the case. For instance, municipalities will often 

allow planting of small tree species under power lines. 

Furthermore, all impervious land cover was classified as non-plantable in the model; this was done be-

cause it is significantly more costly for municipalities to focus planting efforts on concrete and asphalt 

areas (such as in parking lots or on building roofs). That said, there is a significant opportunity for many 

municipalities to increase green space and canopy cover by taking advantage of these areas, and by re-

quiring future development to plant trees, gardens, or green roofs on a certain percentage of these spaces. 

Further development of the model created in this study could include accounting for these facts in some 

capacity. 

Some shapefiles, particularly those displaying utility locations, are created only to display locations 

schematically (as was the case with above and below ground power lines in this study). This means that 

the utilities are not necessarily located exactly where they are shown on the GIS or map; they are meant to 

give a general idea of where utilities are located, and if work must be done on or around them, a profes-

sional is sent out to locate them more accurately so that they may be avoided by construction crews.  

5.3.2 Spatial Data Age 

Another limitation that made itself present throughout the model building process was the presence of 

outdated data. For example, much of the City's geospatial data was from 2011 and was four years old. 

Within the span of four years, a lot can change in a city; buildings and parking lots are built or removed, 
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new suburbs are developed, and trees may be planted, grow, die, or be removed for other reasons; entire 

stands of trees may be lost to natural disasters, like storms and tornadoes, or invasive insects, like the em-

erald ash borer or gypsy moth. For the model to work with the highest accuracy possible, data used 

should be as new as possible. 

Updating spatial data can be difficult when financial or human resources are limited and when change is 

occurring at a pace that cannot be matched. Acquiring regular leaf-on and leaf-off imagery can be costly, 

as can the costs of paying staff to digitize changes in the various shapefiles often produced by municipali-

ties. 

5.3.3 Variables Unaccounted For and Future Research 

While the model includes tools for pansharpening, land cover classification, and a plantability analysis, 

there are some variables that were not accounted for due to their complexity or due to a lack of spatial 

data. 

Emerald ash borer was first detected in Guelph's south end in 2011 and by 2013 it was being detected 

throughout the City. It is expected that close to 100% of the ash trees in the City will die over the next ten 

years (City of Guelph, 2015). It has been estimated that there are approximately 10,000 publicly owned 

ash trees in Guelph, however, a precise number has not been determined; while a tree inventory of public-

ly owned trees is in progress, it has not yet been completed. Furthermore, no inventory of ash trees on 

private lands is planned (mainly due to logistical reasons of accessing private property), and no attempt 

has been made to determine the City's percentage of canopy cover that is currently made up of ash trees 

(Marchant, 2014). Estimating such a value can be challenging, not only due to private property access, but 

also due to the time required to complete the necessary field work and imagery interpretation, as well as 

the complexity (in both pattern and spectral signature) of the urban environment. Such an analysis would 

allow for a better estimation of the canopy cover that will exist in the future, and the plantable space that 

will open up as a result of canopy cover loss. 

In addition to tree canopy loss due to EAB, trees and treed areas also experience a natural tree growth and 

mortality. Finding this value can be difficult and is further complicated by the fact that on a 'per-tree' ba-

sis, individual trees will experience a greater amount of two-dimensional growth than large wooded areas; 

this is because individual trees experience visible growth around the entire circumference of the tree's 

canopy, while groupings of trees experience visible growth only on the outer edges of the woodlot (i.e., 

while inner trees may be growing, this canopy growth is not likely to be captured by imagery). 
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As discussed briefly in Section 1.1, forecasting can be quite difficult due to the complexity of the envi-

ronment and the processes it undergoes. In the past, some municipalities have attempted to make rough 

estimations of natural canopy growth and mortality using simple mathematical calculations; if mortality is 

determined to outweigh growth, calculations can be made to determine the number of trees that need to be 

planted to balance this amount (e.g., City of Toronto (2013b, p. Appendix 2); in the future, more ad-

vanced numerical growth models could be developed by researchers. 

Some researchers, as discussed in Section 2.5.2, have attempted to develop models that attempt to virtual-

ly plant trees in areas identified as plantable. Future research should focus on this type of modelling using 

canopy cover goals by land use zone. 

Also, some shrubs or trees in shrub-form (such as willows or viburnum) will be read as canopy cover 

even though they may not have open space beneath them (as a typical tree form would); this means that 

the canopy cover found represents not only that of trees but also of shrubs, making the land cover classifi-

cation much more generalized than it could be. Future research could incorporate LIDAR in the land cov-

er classification analysis so that land cover can be more accurately determined. Fortunately, large shrubs 

can provide many of the same benefits that trees provide (improving air and water quality, reducing air 

temperature, intercepting and storing rainwater, aesthetically pleasing), and so counting them as part of 

the urban forest is not necessarily a problem. What may become an issue in the future is defining what 

makes a tree a tree and a shrub a shrub; it is often difficult to draw the line, particularly with species that 

tend to take on both forms, such as dogwood and willow. 

Lastly, some areas that would be considered non-plantable by municipal standards were not accounted for 

in the buffering process, mainly due to lack of spatial data. This includes areas close to intersections and 

road signage, areas approved for future development, and a detailed sports field inventory.  

5.3.4 Software Limitations 

There are, of course, some limitations in the software. Building such a large model in ModelBuilder is 

difficult as a large amount of CPU is needed. Once the model got to a certain size, the ModelBuilder ap-

plication became slow. Oftentimes tools had to be run only a few at a time, as running multiple together, 

while still in succession, would freeze the computer. This, of course, could be overcome by using a com-

puter with more RAM. Furthermore, certain tool settings could not be selected until the previous tool has 

been run, which made building the model from scratch quite difficult.  

The calculate geometry tool, while quite useful, was often a challenge to use, as there is no ability to 

name the output fields to the user's needs. This meant that if the tool was run multiple times, field names 
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became quite similar and difficult to identify; furthermore, they could not be renamed. For instance, the 

first time an area field was calculated (e.g., for the whole census tract), ArcGIS would automatically call 

it 'POLY_AREA'. If the canopy cover area were calculated next, it would be called 'POLY_ARE_1', and 

then plantable area would be 'POLY_ARE_3'. These names are not user friendly. 

A glitch was also discovered in the spatial join tool. If a shapefile had a large amount of polygons in it or 

had multipart polygons (as was the case when completing spatial joins on the land use zoning layers), the 

'sum' merge did not provide the correct results; values were lower than the value they should have been, 

which was verified by manual calculations. This meant that a workaround had to be built in the model 

using different tools so that the spatial join tool was not used. Once the error was discovered, a significant 

portion of the model was rebuilt and many figures had to be regenerated, resulting in lost time. 

Lastly, the compute pansharpen weights tool, while helpful, could be improved upon in future software 

versions so that outputs can be easily input into the 'Compute Pansharpened Raster Dataset' tool. As pre-

viously mentioned, having to stop the model and manually enter values into the tool is somewhat ineffi-

cient. 

5.4 Benefits of the Analysis 

This analysis has been quite beneficial in many ways. It has provided a spatial guide showing where the 

City's existing canopy cover, and other land covers, exist (Figure 4.1). It has also identified spatially 

where plantable spaces exist (Figure 4.2), and what areas should be targeted for future planting efforts as 

a result of having a large potential plantable area or a low relative canopy cover (Section 5.1). 

5.5 Relevance for Landscape Architecture 

Landscape architects can benefit greatly from the analysis and methodology found within this study. Di-

rectly, many landscape architects work in municipal forestry departments or for conservation authorities, 

so completing a canopy cover or plantable spaces analysis is a task that may need to be completed on a 

regular basis.  

Indirectly, the results of such an analysis can influence the decisions that a landscape architect makes 

when designing at the site scale. For instance, if a landscape architect is designing a park that is in an area 

found to have a low relative canopy cover, they may choose to design the park with more trees than they 

would typically plant to increase the relative canopy cover. Conversely, if the park is in an area that al-

ready has a high relative canopy cover, a landscape architect may opt to design the park to be more open 

and with fewer trees (such as a sports park). 
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The site scale, while seemingly miniscule in comparison to landscape planning at the municipal scale, is 

very important. It is the scale at which larger scale planning is put into practice and should not be under-

estimated in its importance to contributing to the overall urban forest. The urban forest should be consid-

ered with every new project, be it a park, subdivision, or industrial space, and no matter what the site size. 

Every tree counts in contributing to the urban forest. 

If, in the future, canopy cover goals are set by land use zone and enforced through zoning by-laws and/or 

site plan control by-laws, canopy cover and plantable spaces analyses provide the hard evidence to back 

up such by-laws, which must then be followed by a variety of professions including landscape architects, 

urban planners, and developers. 

5.6 Summary of Research 

5.6.1 Purpose and Research Questions 

The purpose of this research was to investigate whether Guelph’s canopy cover target of 40% is achieva-

ble, given various planning, and environmental considerations. The research also investigated how 

Guelph's urban forest metrics (including existing canopy cover, potential plantable space, maximum po-

tential canopy cover, and relative canopy cover) differ spatially. These analysis were completed at a va-

riety of spatial scales, including the city-wide (coarsest), ward, census tract, and land use zone (finest) 

scales. Lastly, the research looked at what this study called 'actual potential canopy cover', and whether 

40% was still a realistic goal for the City when accounting for design and practical concerns. 

5.6.2 The Literature Gap and Methodology 

Most urban forest management plans in Canada do not set canopy cover or tree diversity targets for scales 

finer than the city-scale, such as the ward, census tract, or land use zone scale (Ordóñez & Duinker, 

2013). This study set goals for Guelph's land use zones by calculating urban forest metrics and applying a 

weighted percent of 52% to each zone's potential plantable space to meet the City-wide goal of 40%. It 

would have been preferred to base targets off of levels acquired by a municipality successful in increasing 

their urban canopy, off of targets set by a municipality comparable to the City of Guelph, or off of a set of 

design principles; however, since urban forestry management plans and the process of setting canopy 

cover goals is still a new concept to most municipalities, none have yet reached their long term canopy 

cover goals, and few have set goals based off of land use zoning. Furthermore, no design guidelines exist 

in the literature regarding what level of canopy cover various land use zones should try to achieve. 
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This research used a spatial form model developed using the ModelBuilder application in ArcMap 10.2.2. 

The model automated (with some manual edits) the process of completing a land cover classification and 

plantable spaces analysis followed by the calculation of common urban forestry metrics. Results were 

displayed spatially through various maps as well as numerically in table format. 

5.6.3 Findings 

Results found that a 40% canopy cover is likely possible within the City of Guelph (as the maximum po-

tential canopy cover is 50.8%), but will require that 52% of the plantable space in each land use zone be 

planted. While the 40% canopy cover goal was found to be achievable, the timeline to reach said goal was 

not investigated in this study. Now, the official goal for the City is to reach the 40% canopy cover by 

2031. When compared to other municipal goals, this is an ambitious deadline, and may want to be re-

worked in the near future to incorporate the fact that 10,000 publicly owned ash trees and a yet-to-be-

determined amount of private ash trees will die in the next ten years due to emerald ash borer. 

The City as a whole consists mainly of impervious surfaces (36.2%), canopy cover (28.6%), and turf and 

herbaceous cover (26.4%). Thus the existing canopy cover was found to be 28.6% (24,891,160 m2). Po-

tential plantable space for the City as a whole was found to be 22.2% (19,331,710 m2). 

At the ward scale, Ward 1 had the lowest relative canopy cover (46%) while Ward 6 had the most planta-

ble space by area. Therefore, the City should look at these two Wards as target areas for future planting 

efforts; in particular, care should be taken to preserve the existing trees in Ward 6 as ongoing develop-

ment is likely to result in reduced canopy cover. 

At the census tract scale, it was determined that some census tracts will not be able to hit the 40% maxi-

mum potential canopy cover target, while others will have a value well beyond it. Census tracts that have 

a max potential canopy cover below 40% tend to have a lot of commercial and industrial/employment 

land use zoning, and therefore have a lot of impervious surfaces that cannot accommodate a tree. The 

downtown census tract (CT 0006.00) has a relative canopy cover of 72%, meaning that only 23% of the 

maximum potential canopy cover is not being taken advantage of, and planting efforts would likely be 

better if focused elsewhere. Census tracts with low relative canopy covers (as low as 38%) are not being 

taken advantage of and should be targeted in future planting programs (CT 0004.03 in particular). 

In terms of potential plantable space by area, CT 0004.03, CT 0001.02, and CT 0001.06 have the most 

(each having over two million square kilometres). CT 0015.00, CT 00001.03, and CT 0001.09 also have 

well over one million square kilometres. All six census tracts should be recognized as areas where future 

canopy cover growth could take place. 



109 

When looking at urban forest metrics by land use zone, low relative canopy covers tend to be found 

around the periphery of the City where land has been cleared but has not yet been developed. Conversely, 

high relative canopy covers tend to be found are those that are already close to achieving their maximum 

potential canopy covers, such as areas where intensification has occurred (e.g., the downtown core) or 

natural areas (e.g., woodlots, wetlands, and floodplains), or in agricultural areas where crop growth pre-

vents trees from being planted. 

Low density residential land use zones far surpassed all others in existing canopy cover by area, with 6 

763 527 m2 (27.1%); wetland and agricultural zones were also high contributors. In terms of percent total 

area, the wetland land use zone has by far the highest percent existing canopy cover (81.5%). Commer-

cial, central business district, industrial and employment, and aggregate extraction areas all had percent 

canopy covers below 10%, meaning that only a small percentage of their total land cover is canopied.  

The land use zone with the most potential plantable space was industrial and employment (3 444 130m2), 

followed closely by institutional, residential low density, and parks; these areas provide a generous 

amount of space that could be taken advantage of by future planting efforts.  

Relative canopy cover was the highest for agricultural (100%) and wetland (94.6%) zones, meaning that 

they have been planted to (or close to) their full potential. Industrial and employment zone experienced 

the lowest relative canopy cover (22.1%). This is likely a result of the tendency for these areas to have 

large, clear-cut swaths of land for industrial-sized buildings and future parking lots. Further tree planting 

efforts should focus on these areas as they are severely lacking in canopy and, with 3 444 130 m2 of 

plantable space, provide a great opportunity for increasing the City-wide canopy cover. Parkland, com-

mercial, and institutional zones also experienced lower relative canopy covers and should be targeted by 

future planting efforts. 

5.7 Final Remarks 

This research adds to the body of knowledge of urban forestry management and urban site design and 

management. It is this researcher's hope that the mapping produced and the calculated urban forest met-

rics within this study are considered by the City of Guelph in future urban tree policy development and 

when planning future planting efforts. Results should also be considered by landscape architects complet-

ing site-scale design projects within the City.
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Appendix A: The model as viewed in the ModelBuilder environment



121 

 

Figure A 1 – Mosaicing process. 
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Figure A 2 – Pansharpening and clipping processes. 
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Figure A 3 - Creation of texture band (which is then merged with the 4 band multispectral image) and the NDVI raster. Also creates true colour and near infrared false colour mapping. 
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Figure A 4 - Unsupervised classification, noise reduction, and conversion of raster image into vector shapefile. 
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Figure A 5 – Elimination of small polygons and creation/population of 'Covers' field. 
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Figure A 6 – Automated re-classification process. 
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Figure A 7 – Automated re-classification process (continued) and reclassification of land use zones into 17 generalized zones. 
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Figure A 8 – Automated re-classification process (continued) and calculation of areas for land use zones. 
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Figure A 9 – Automated re-classification process (continued). 
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Figure A 10 – Re-classification of small polygons within woodlots to 'Canopy' and automated reclassification (continued). 
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Figure A 11 - Elimination of 'Shadow' polygons and completion of the automated re-classification process.
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Figure A 12 – Buffering of infrastructure and union into a single layer. For buffer distances see Table 3.3.
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Figure A 13 – Manual edits completed outside of the model and completion of final land cover shapefile; isolation of canopy cover; land cover calculations; and beginning of plantability classification. 
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Figure A 14 – Canopy cover and land cover calculations. 
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Figure A 15 – Plantability classification (continued). 
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Figure A 16 – Canopy cover calculations (continued). 



137 

 

Figure A 17 – Completion of plantability classification; isolation of plantable areas; and plantability calculations. 
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Figure A 18 – Plantability calculations. 
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Figure A 19 – plantability calculations and maximum potential canopy cover calculations. 
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Figure A 20 – Maximum potential canopy cover calculations (continued) and relative canopy cover calculations. 
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Appendix B: Land Use Zones at 1:30 000
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Figure B 1 - Land Use zones at 1:30 000 (Displaying Wards 1 and 2). 
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Figure B 2 - Land Use zones at 1:30 000 (Displaying Wards 3 and 4). 
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Figure B 3 – Land Use zones at 1:30 000 (Displaying Wards 5 and 6).
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Appendix C: Land cover at 1:30 000
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Figure C 1 – Land cover at 1:30 000 (Displaying Wards 1 and 2). 
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Figure C 2 - Land cover at 1:30 000 (Displaying Wards 3 and 4). 



148 

 

Figure C 3 - Land cover at 1:30 000 (Displaying Wards 5 and 6).
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Appendix D: Plantable and non-plantable space at 1:30 000
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Figure D 1 - Plantable and non-plantable space at 1:30 000 (Displaying Wards 1 and 2). 
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Figure D 2 - Plantable and non-plantable space at 1:30 000 (Displaying Wards 3 and 4). 
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Figure D 3 - Plantable and non-plantable space at 1:30 000 (Displaying Wards 5 and 6).
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Appendix E: Existing Canopy Cover (%) by land use zone at 1:30 000 
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Figure E 1 – Existing canopy cover (%) by land use zone at 1:30 000 (Displaying Wards 1 and 2). 
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Figure E 2 - Existing canopy cover (%) by land use zone at 1:30 000 (Displaying Wards 3 and 4). 



156 

 

Figure E 3 - Existing canopy cover (%) by land use zone at 1:30 000 (Displaying Wards 5 and 6).
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Appendix F: Potential plantable space (%) by land use zone at 1:30 000 
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Figure F 1 - Potential plantable space (%) by land use zone at 1:30 000 (Displaying Wards 1 and 2). 
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Figure F 2 - Potential plantable space (%) by land use zone at 1:30 000 (Displaying Wards 3 and 4). 
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Figure F 3 - Potential plantable space (%) by land use zone at 1:30 000 (Displaying Wards 5 and 6).
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Appendix G: Maximum potential canopy cover (%) by land use zone at 1:30 000 
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Figure G 1 - Maximum potential canopy cover (%) by land use zone at 1:30 000 (Displaying Wards 1 and 2). 
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Figure G 2 - Maximum potential canopy cover (%) by land use zone at 1:30 000 (Displaying Wards 3 and 4). 
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Figure G 3 - Maximum potential canopy cover (%) by land use zone at 1:30 000 (Displaying Wards 5 and 6).
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Appendix H: Relative canopy cover (%) by land use zone at 1:30 000 
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Figure H 1 - Relative canopy cover (%) by land use zone at 1:30 000 (Displaying Wards 1 and 2). 
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Figure H 2 - Relative canopy cover (%) by land use zone at 1:30 000 (Displaying Wards 3 and 4). 
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Figure H 3 - Relative canopy cover (%) by land use zone at 1:30 000 (Displaying Wards 5 and 6). 
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