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Abstract 

MEASURING URBAN FOREST CANOPY EFFECTS  

ON STORMWATER RUNOFF IN GUELPH, ONTARIO 

 

Stephen M. O’Neill                  Advisor: 

University of Guelph, 2018          Robert Corry 

 

Cities are complex and contribute to urban stream degradation due to increased stormwater 

runoff volumes and velocities and ineffective stormwater management infrastructure.  

Trees provide measurable benefits to cities including rainfall interception which can 

decrease stormwater runoff, demonstrating their effectiveness as a stormwater management 

tool.  This study quantifies the effects of urban forest canopy on stormwater runoff to 

assess proportions of canopy cover required to effectively reduce runoff levels.  i-Tree 

Hydro, a semi-distributed hydrological model, was used to measure hydrologic effects of 

the City of Guelph’s urban forest. Varying proportions of canopy cover were used to 

compare Guelph’s current and potential urban forest.  Results show that increasing canopy 

cover in plantable spaces decreased overall flow within the City, however, runoff over 

impervious surfaces increased.  The findings can inform design decisions related to urban 

stormwater management and improve urban forest management measures, however, 

impervious surfaces remain a design challenge. 
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Chapter 1: Introduction 

As of 2016, more than half of the world’s population lives in urban areas (United Nations, 2016).  

This number continues to grow, leading to increased rates of urbanization and development 

(United Nations, 2016).  Urban development can have apparent impacts to existing natural 

systems including forests and rivers.  Urbanization puts increasing stress on urban stream 

systems due to excess stormwater runoff while ineffective of incomplete stormwater 

management infrastructure can exacerbate this problem (Booth, 1990; Ferguson,1998).  An 

abundance of impervious surfaces and efficient drainage networks can generate stormwater 

runoff during a precipitation event, increasing peak flows in adjacent rivers, which can lead to 

flooding and morphological change (Burns et al., 2012; Martin et al., 2012). 

 

The impact of urbanization on urban forests can result in a loss of trees and decrease the benefits 

they provide to the environment and society (Kuehler et al., 2017).  Trees and forests provide 

many ecosystem services and benefits to humans and cities including the ability to intercept 

rainfall, reduce stormwater runoff over impervious surfaces, and improve air and water quality 

(Kuehler et al., 2017).  Urbanization often creates environmental stressors that can negatively 

impact urban trees, urban forests, and adjacent forest stands (Nowak and Walton, 2005).  The 

increasing presence and effects of urban stressors highlights the need to actively manage and 

protect the quality of urban forests to maintain and maximize their benefits (Nowak and Walton, 

2005).  Trees play an important role in the hydrological cycle and are beneficial to rivers in many 

ways, both directly and indirectly.  Outside of a stream channel, trees can regulate stream flow 

by reducing the amount of runoff that reaches a stream, while regulating stream temperature and 

reducing erosion within streams. 

 

A lack of an adequate urban forest structure in the City of Guelph can contribute to problems 

associated with excess stormwater runoff including flooding and water quality reduction, which 

can lead to the degradation of Guelph’s fluvial systems.  Therefore, it is important to understand 

the effects that an urban forest canopy can have on the hydrological processes within a city or 

urbanized watershed (Kuehler et al., 2017).  Landscape architects can play a role in growing and 

managing urban forests, having the knowledge and ability to create green spaces that can 
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accommodate trees and other urban vegetation.  This can therefore help the problem of 

decreasing urban forest structure and forest fragmentation associated with urbanization. 

 

This study aims to estimate the relationship between an urban forest and the hydrology of an 

urban area.  The results might provide insight to the relationship between urban hydrological 

processes and urban stream health. 

1.1 Problem Statement 

Like most urban areas, the City of Guelph is comprised of an abundance of impervious surfaces 

(Brommer, 2015).  Brommer (2015) found that impervious surfaces cover over 31 million m2 or 

32% of Guelph’s total area, more than any other land-cover type within the City.  Without 

effective stormwater management measures in place, this can contribute to an increase of 

stormwater runoff and restrict infiltration in many areas, potentially compromising the Speed and 

Eramosa river systems that help characterize Guelph.  

 

The City of Guelph (2012) outlined their goal of reaching 40% canopy cover by 2031 in their 

Urban Forest Management Plan (UFMP).  The UFMP recommended that the City needed further 

analysis of plantable space to determine whether their goal was attainable (City of Guelph, 

2012).  Brommer (2015) determined that there is sufficient plantable space for Guelph to achieve 

its target of 40% canopy cover and that parks have the most plantable space as a percentage of 

total park area within the City of Guelph (56%).  In this study, however, plantable space only 

refers to turf and herbaceous areas, which already allows for water infiltration reducing the need 

for stormwater runoff management.  It is also unrealistic to consider all turf and herbaceous land-

cover as plantable space since these areas are valuable as public amenities and for development.  

Brommer (2015) analyzed canopy cover at the city ward, census tract, and land-use zone 

divisions and states that land-uses with a high percentage of relative canopy cover should be 

given less priority for planting as these areas have almost reached their maximum potential 

canopy cover, even if the areas have a low amount of existing canopy cover as a proportion of 

their total area. 
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Guelph’s downtown central business district is an area with a high percentage of relative canopy 

cover but minimal existing canopy cover and, based on Brommer’s (2015) conclusions, should 

be given lower priority for tree planting.  However, the Guelph central business district contains 

90% impervious surface cover, which is greater than any other land use within the city 

(Brommer 2015).  In a stormwater management context, this land-use should be given a higher 

priority for planting due to the amount of impervious surface, lack of existing canopy cover, and 

the potential benefits that trees can provide to this land-use type.  If the City of Guelph only 

increases urban canopy over land deemed plantable space, they might be missing an opportunity 

to utilize trees and the urban forest to their fullest potential as a stormwater management tool in 

areas such as the central business district.  Understanding how canopy cover affects the 

production of stormwater runoff at various scales would contribute to a greater understanding of 

the benefits of canopy cover in an urban area and could help landscape architects, planners, and 

engineers make design decisions for future development within the city. 

 

The gaps in knowledge related to this topic allow this study to be done without overlap.  The 

effects that the urban canopy can have on hydrological processes are understood at smaller scales 

including the single tree scale.  As the scale increases to the city and watershed scales, the 

knowledge decreases.  This is because of the complexities of land-cover interactions within 

cities.  Cities vary in composition and configuration of land-uses, while the make-up and pattern 

of land-cover types within each land-use also varies.  This makes it difficult to assume that urban 

forest effects on hydrology will be consistent in two cities with similar land-use and land-cover 

composition and configuration.  Therefore, it is essential to determine the hydrological effects of 

an urban forest canopy on a site by site basis. 

 

The results of this research could potentially contribute to the knowledge of applied urban 

forestry and landscape architecture, providing insight to the hydrological effects of an urban 

forest at the city scale.  Urban hydrology and stream systems, urban forestry, and the 

composition of land-covers within cities interact and create complex processes that are difficult 

to understand.  This research aims to provide insight to the complex interactions between these 

elements that are common amongst urban areas. 
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1.2 Research Question 

In completing this study, the following research question will be answered: 

 

What are the hydrological effects of increasing urban forest canopy to 40% within the City of 

Guelph based on Brommer’s (2015) analysis? 

1.3 Thesis Structure 

This thesis is comprised of five chapters.  The first chapter is an introduction to the thesis topic 

and discusses the problem statement and research question to be answered. 

 

The second chapter is a review of the relevant literature and includes the following topics: 

urbanization, major land-cover types in cities, the impacts of impervious surfaces, and how 

urbanization effects canopy cover; urban hydrology, how the hydrological cycle and natural 

drainage systems are affected by urbanization, stormwater runoff caused by impervious surfaces, 

urban stormwater management infrastructure and strategies, urban river systems, and urban 

stream restoration; urban forests and the various environmental, social, and economic benefits 

that they provide, and a brief outline of urban forest management plans; and finally, common 

approaches to assessing the impacts that trees and urban forests have on stormwater runoff, 

including various hydrological computer models. 

 

The third chapter outlines the methods that were used to conduct the research, while chapter four 

presents the results that were gathered from the various hydrological analyses. 

 

Finally, the research results are analyzed and discussed, comparing how varying land-cover 

scenarios preform hydrologically and what this suggests for effective stormwater management 

and for urban stream systems.  While outlining important limitations of this research, the benefits 

that this research can provide to the practice of landscape architecture and related urban planning 

disciplines are highlighted. 
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Chapter 2: Literature Review 

2.1 Urbanization 

Urbanization is increasing globally, as currently 54 percent of the world’s population live in 

urban areas (The United Nations, 2015).  That number is expected to increase to approximately 

66 percent by 2050, an increase of approximately 2.5 billion people living in cities (The United 

Nations, 2015).  Very simply, urban means relating to a town or city, although there are many 

existing interpretations of what defines an urban area.  Statistics Canada (2011a) defines urban as 

“a concentration of population at a high density…having a population of at least 1,000 and a 

density of 400 people/km2 or greater” (Statistics Canada, 2011a).  Urbanization can have 

profound impacts on ecological environments resulting from increased population, sealing 

pervious surfaces, and forest clearing.  Thoughtful planning and effective policy is required to 

protect sensitive environments from urbanization (The United Nations, 2015).  The following 

section outlines the relationship between urban land-use and imperviousness, as well as the 

impacts that urbanization has on canopy cover. 

2.1.1 Land-Use and Impervious Cover 

Urban areas are comprised of many land-uses including residential, commercial, and industrial.  

These land-uses are comprised of several different land-cover types, including impervious cover 

in the form of roads, sidewalks, driveways and buildings, which can dominate a certain land-use 

type, such as residential or commercial.  The total percentage of land-cover types, however, 

varies across cities because urban areas are heterogeneous, which makes it difficult to generalize 

about the land-cover make-up of a specific land-use.  As Beck et al.  (2016) state, there is limited 

knowledge about how changing land-cover patterns affect processes within complex urban 

systems.  Ferguson (1998) estimated that residential land-uses are comprised of anywhere from 

10-65 percent impervious cover, depending on size, while commercial, business, and shopping 

centres are made up of between 85-95 percent impervious surfaces.  Land-cover analyses might 

show that these values can vary between cities.  In a report by Hess et al. (2007), land-use 

composition was analyzed for downtown census tracts in the Golden Horseshoe area of Ontario. 
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Commercial land-use dominated in most analyzed census tracts while residential land-use was 

not found to be prevalent (Hess et al., 2007).  This implies that many urban areas within the 

Golden Horsehoe of Ontario contain high amounts of impervious surfaces. 

2.1.2 Urbanization Effects on Canopy Cover 

In the United States, approximately 5% of existing forested land outside of urban areas is 

projected to be clear-cut for urbanization between 2000 and 2050 (Nowak and Walton, 2005).  In 

St. Paul, Manitoba, a rural area outside of Winnipeg, urbanization increased by an average of 

25% in a 30-year period at the expense of valuable, fertile agricultural land (Hathout, 2002).  In 

some areas of the Lake Superior watershed, developed land increased by 0.5% while deciduous 

forest decreased by 0.5% between 1992 and 2001 (Hollenhorst et al., 2011).  The dramatic 

increase of urbanization has come at the cost of forest cover, and it is evident that urbanization 

affects canopy cover in complex ways (Sanders, 1984; Berland, 2012).  Urban morphology 

modifies the natural environment by increasing built structures, roads, and sidewalks at the 

expense of trees and forests (Sanders, 1984).  A lack of plantable space within a dense urban 

fabric place stress on trees limiting their growth, their life expectancy, and increasing their 

susceptibility to disease and damage (Jim, 1998).  Urban forest structure is influenced by a city’s 

development history and land-use legacies, urban morphology patterns, and management 

choices, and is therefore highly variable across cities (Sanders, 1984; Berland, 2012). 

 

Pre-urbanization land-uses have influenced the development of cities and the extent of urban 

canopy cover (Sanders, 1984).  Past land use of an area is important to consider as this can 

influence perceived land-cover changes (Berland, 2012).  For example, an area once dominated 

by a low-vegetated land-use might see an increase in total canopy cover with urbanization where 

trees are planted throughout various land-uses (i.e. residential, parks/open spaces) (Berland, 

2012).  In a recent study conducted by Berland (2012) in Minneapolis, Minnesota, tree canopy 

cover (TCC) increased along an urban-rural gradient with an increase in urban land cover.  This 

was due to the suburbanization of agricultural land, which introduced canopy cover to the area.  

Despite the overall increase of TCC, different land-uses experienced varying degrees of canopy 

cover.  For example, the downtown urban core had lower TCC than a mature low-density 
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residential neighbourhood (Berland, 2012).  This highlights the importance of analyzing urban 

canopy cover across different land-uses from high-density urban to suburban to rural areas. 

 

Additionally, in the process of development, opportunities to plant trees either emerge or are 

limited, while any existing forest stands are shaped by the patterns of urbanization (Sanders, 

1984; Bigsby et al., 2014).  While forest stands within urban areas can be protected from 

development, these stands tend to decrease in size exposing them to urban stresses (Nowak and 

Walton, 2005).  Artificial surfaces such as roads, sidewalks, parking lots, and buildings will 

inhibit the ability to plant trees as well as eliminate existing canopy cover (Sanders, 1984; 

Bigsby et al., 2014).  Intensively developed areas, therefore, will generally contain lower 

amounts of canopy cover than less-densely developed areas. 

 

Trees that are planted in highly developed areas are impacted by their growing conditions and 

surrounding environment (Quigley, 2004; Mullaney et al., 2015).  Street trees tend to be exposed 

to urban stresses including soil compaction, limited root volume, increased impervious surfaces 

under root crown, and soil, air, and water pollutants (Quigley, 2004).  These factors combined 

with other natural forces can reduce the health of urban trees and diminish the health of an urban 

forest (Quigley, 2004).  Quigley (2004) notes that site preparation could be a significant factor in 

ensuring the health of urban street trees, while Mullaney et al. (2015) maintain that street tree 

growth can be limited because urban tree pits can reduce the amount of water available to tree 

roots.  Soil compaction and imperviousness from urban development also limit the amount of 

water available to tree roots, causing stress and diminishing urban tree health (Quigley, 2004).  

The environmental conditions associated with urbanization diminish the health of an urban forest 

and limit the potential benefits trees can provide. 

2.2 Urban Hydrology 

Jones (1971) defines urban hydrology as “the interdisciplinary science of water and its 

interrelationships with the urban population.”  Urbanization has profound effects on the 

hydrological cycle and cities must accommodate and control water flows that exist within them.  

Because of the steady increase of urbanization, it is crucial to understand the relationship 
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between city landscapes and the hydrological cycle.  The following section will review 

hydrology in an urban context. 

2.2.1 The Hydrological Cycle and the Natural Drainage System 

The hydrological cycle is the process of water evaporating from oceans into the atmosphere, 

falling as precipitation onto the land and moving its way back towards water bodies, or being 

evaporated in the process (Lazaro, 1990).  In a natural drainage basin, water that falls to earth as 

precipitation will penetrate the soil and flow towards a water body as subsurface runoff.  Once 

the soil becomes saturated, during a storm event of great magnitude, any subsequent rainfall 

becomes overland flow.  The disruption of the natural drainage system through development can 

limit the amount of pervious surfaces, decrease infiltration, and increase surface runoff (Lazaro, 

1990; Booth 1991).  Figure 2.1 illustrates drainage flows in a natural catchment compared to an 

urbanized catchment. 

2.2.2 Urban Stormwater Runoff 

According to Booth (1991), stormwater runoff is the precipitation that reaches the stream 

channel as overland or subsurface flow within one or two days of falling.  Stormwater runoff 

levels will vary based on certain factors including the magnitude and duration of a rainfall event, 

watershed size, topography, soil composition and condition, and land-cover composition (Booth, 

1991).  It has been suggested that urbanization impacts water flow greater than any other land-

use, as impervious surfaces reduce infiltration and increase the proportion of precipitation that 

turns into runoff (Walsh et al., 2012).  As Lazaro (1990) states, urbanization causes an increase 

in stormwater flow speed and volume, and decreased water quality leading to frequent flooding 

and increased costs associated with water treatment.  Quantity and quality of stormwater runoff 

are, therefore, two major problems within urban hydrology and stormwater management in need 

of attention. 
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Figure 2.1 - Natural vs. urban drainage system (Susdrain, 2018). 

The increase of stormwater runoff in cities can be directly attributed to the increase of 

impervious surfaces which reduces infiltration, evaporation, and subsurface storage (Walsh et al., 

2012).  Impervious surfaces increase and accelerate runoff volumes and direct runoff into 

receiving waters (Lee and Heaney, 2003; Walsh et al., 2012).  Since the infiltration rate of 
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impervious surfaces is essentially zero, almost all precipitation that falls on impervious surfaces 

becomes stormwater runoff (Ferguson 1998). 

 

Impervious surfaces are littered with pollutants from many sources, mainly automobiles.  Roads 

and parking lots, among other surfaces, contain pollutants such as oils, metals, and sediments, 

while many residential lawns, which can also generate runoff, contain excess nutrients from 

fertilizers (Ferguson, 1998).  These compounds are carried directly into receiving waters in high 

concentrations without any treatment where they can damage stream ecosystems.  Two origins of 

pollutants are discussed throughout the literature (Lazaro, 1990; Ferguson, 1998), which are 

point source and non-point source.  Point source pollutants outlet directly into a stream channel 

as in the case of a wastewater or sewage system, while non-point source pollutants have a lesser 

known, more extensive, point of origin.  Automobile oil, fertilizers, road sediments are all 

examples of non-point source pollutants (Lazaro, 1990; Ferguson, 1998). 

2.2.3 Stormwater Management 

Stormwater management (SWM) is a necessary part of a city’s function because of urbanization 

and the increase of impervious surfaces.  SWM practices are used to accommodate hydrological 

needs created by urban expansion (Ferguson, 2016).  As Ferguson (2016) states, SWM practices 

vary in function and design, are built across different land-uses, but operate cohesively as part of 

a single stormwater system. 

 

The most common SWM system in urban areas are drainage systems that collect stormwater 

runoff into pipes and discharge them into the nearest receiving waters (Burns et al., 2012; 

Ferguson, 2016).  This system is commonly referred to as the drainage-efficiency approach 

(Burns et al., 2012).  Drainage systems are designed to accommodate runoff flows of a given 

magnitude in a primary system, although some storms can produce greater runoff volumes than 

these networks are designed to accommodate.  A secondary system, therefore, is implemented to 

relieve the primary system from excess runoff volume or from clogging (Ferguson, 1998; 

Ferguson 2016). 
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The conventional drainage system of a city presents complex problems for urban hydrology and 

related ecosystem management.  There is a direct association with conventional drainage systems 

and impervious surfaces, as impervious surfaces in cities require drainage.  This leads to changes 

in the hydrology of a city since impervious surfaces and drainage networks increase runoff 

velocity, reduce evapotranspiration, and reduce infiltration (Burns et al., 2012).  As Burns et al. 

(2012) state, impervious surfaces that are directly connected to drainage systems are positively 

correlated with declines in ecological health of receiving streams that cannot be explained by 

total imperviousness (TI) of an urban catchment.  Studies analyzing the relationship between 

stream health and watershed TI found that streams in watersheds with similar TI differed in 

health and stability (Burns et al., 2012).  There have been studies that show streams in 

catchments where impervious surfaces are mostly draining onto pervious surfaces remained in 

better ecological health than streams with an equal amount of TI (Burns et al., 2012).  This 

emphasizes the importance of maintaining pervious surfaces to allow for infiltration and 

evapotranspiration, and of decreasing the amount of impervious surfaces that are directly 

connected to conventional stormwater drainage systems. 

 

Another common SWM approach is stormwater detention.  When it was determined that 

development resulted in higher peak runoff rates, detention basins were increasingly used as a 

form of SWM (Ferguson, 1998).  Detention basins are meant to capture stormwater and slowly 

release it back into the environment, theoretically decreasing peak runoff rates (Lohdi and 

Acharya, 2014).  The runoff captured by a detention basin is released into the environment over a 

span of several days through conveyance, infiltration, evaporation and transpiration, or a 

combination of these processes, (Lohdi and Acharya, 2014).  There are different types of 

detention basins which include dry and wet basins.  Dry basins empty after each storm and stay 

empty (dry) until the next storm.  Wet basins, or retention ponds, are permanent pools with an 

additional volume capacity at a higher elevation than water levels before a storm event.  

(Urbonas, 1994; Ferguson, 1998).  Wetlands, both natural and constructed, are also considered to 

be a form of detention (Urbonas, 1994).  Wetlands help with enhancing water quality and act as a 

detention basin to reduce peak runoff flows and are particularly effective in enhancing water 

quality (Urbonas, 1994). 
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Although detention basins are a common form of SWM designed to mitigate damaging impacts 

of stormwater runoff on stream channels, in some ways they can have a damaging effect.  

Detention basins can reduce runoff rates but the total volume released into receiving waters 

remains the same (Booth et al., 2002).  In slowly releasing the collected runoff from a storm 

event, detention basins can increase the duration of large, damaging flows, causing stream 

habitat disturbance and downstream channel erosion (Booth et al., 2002; Burns et al., 2012). 

2.2.4 Urban Fluvial Systems 

Streams are complex and dynamic systems that provide habitat for an abundance of species, 

which makes them ecologically significant (Vietz et al., 2016).  Stream environments can be 

significantly impacted by landscape change, such as developing previously forested land (Allan, 

2004; Vietz et al., 2014).  As Allan (2004, p. 257) states, “rivers are influenced by the landscapes 

through which they flow,” suggesting that a river’s form and function will respond to changing 

land-use, land-cover, or terrain occurring in its watershed.  There is a consensus among 

researchers that urbanization can have observable impacts on fluvial systems, although the exact 

causes and effects are intertwined in a complex web of variables at multiple scales (Fitzpatrick, 

et al., 2005).  Allan (2004, p. 261) suggests “different disturbances will exert influence at 

different spatial scales and by different pathways.” 

 

According to Vietz et al. (2014), urbanization has a greater impact on stream morphology than 

any other land-use.  There are studies that show only 10 to 20% total impervious (TI) surface 

coverage in a watershed can lead to morphological changes in a stream channel, although the 

exact number varies (Vietz et al., 2014).  Effective imperviousness (EI), however, is said to be 

more accurate as this only considers the amount of impervious surface area that is directly 

connected to a stream channel through stormwater drainage systems (Veitz et al., 2014).  

Impervious surfaces that are not directly connected to drainage systems do not always convey 

water towards stream systems, as runoff can settle in depressions, evaporating over time (Veitz et 

al., 2014). 
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Urbanization changes the landscape through development, which impacts the natural drainage 

system (Booth, 1991).  Limited infiltration combined with impervious surfaces and water 

conveyance systems increases rate and volume of runoff, frequency and magnitude of peak flows 

within a stream channel, and can irreversibly impact stream morphology resulting in substantial 

damage to urban ecosystems (Booth, 1991; Allan, 2004; Veitz et al., 2014).  Flood damage, 

streams consuming adjacent land, sedimentation, and habitat loss have all been associated with 

the impacts caused by urbanization (Booth, 1991). 

 

Excessive stormwater runoff impacts urban stream channels by changing their morphology.  The 

most common impacts are channel widening and deepening (or incision) due to erosion, as 

increased peak flows scour the bed and banks.  Excess runoff also transports an increased 

amount of sediment from urban surfaces.  Erosion and sedimentation combine to homogenize 

stream channels, destroying basic morphological features such as riffles, pools, and bars, which 

act as important habitat (Booth and Jackson, 1997). 

 

Further consequences of urban development are seen in the riparian zone of a stream corridor.  

The riparian zone consists of the vegetation that is associated with a stream channel.  

Development can encroach on the riparian zone destroying important vegetation that acts as bank 

stabilization (Booth, 1991; Booth and Jackson, 1997; Veitz et al., 2014).  A stream’s temperature 

regime can change when riparian vegetation is removed, as canopy cover provides shade 

maintaining a cooler water temperature (LeBlanc and Brown, 2000).  Increased sun exposure 

from the loss of canopy cover can lead to increased water temperatures, which can impact the 

ecology of a stream (Booth, 1991; LeBlanc and Brown 2000).  The reduction of tree canopy also 

results in a loss of leaf litter that serves as food for stream biota, as well as large woody debris 

within a stream which can provide habitat and decrease flow energy, reducing bed and bank 

erosion (Booth, 1991). 

2.2.5 Urban Stream Restoration 

Effective rehabilitation, restoration and maintenance of urban streams presents a complex 

challenge, almost as complex as the streams systems themselves.  Since there are many factors 
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that contribute to the degradation of an urban stream, it is difficult to pinpoint the exact problems 

and propose solutions.  According to Booth et al. (2004), restoration efforts of urban streams 

rarely succeed because of the narrow-minded approach taken or because there are many changes 

within an urban watershed that are not comprehensively considered and treated.  Veitz et al. 

(2016) state that traditional and current management approaches often treat symptoms of 

urbanization by modifying stream channels like “patch work” through channelization, channel 

straightening, enlargement, and armouring.  Booth et al. (2004) and Veitz et al. (2016) argue that 

it is necessary to address the root causes and drivers of change, which exist outside of the 

channel, during restoration efforts.  Focusing efforts on urban hydrological changes, maintaining 

riparian vegetation, managing sediment supply, and changing human attitudes and behaviours 

can assist with the stream restoration process (Booth et al., 2004; Vietz et al., 2016).  Booth et al. 

(2004) state that many urban streams can be rehabilitated to some degree but few can be fully 

restored and resemble undisturbed streams within similar regional conditions.  Booth et al. 

(2004) recommend 7 actions for modest rehabilitation goals: 

 

1. Cluster development to protect natural vegetation and keep riparian buffers in tact 

2. Limit watershed imperviousness through development reduction or by reducing 

effective impervious areas through infiltration of stormwater. 

3. Mimic natural flow frequencies and durations in addition to controlling peak 

discharges when designing detention ponds. 

4. Protect riparian buffers and wetland zones and minimize road utility crossings. 

5. Begin landowner stewardship programs stressing the importance of adjacent private 

property owners in rehabilitating, maintaining, or degrading stream health. 

6. Apply knowledge from multiple disciplines and communicate that knowledge. 

7. Stress the importance of measuring stream biota directly. 

2.3 Urban Forests 

It is well known that there are many environmental, social, and economic benefits of an urban 

forest.  If used strategically and effectively, trees can provide ecosystem services, which are 

defined as the benefits ecosystems provide to humans and the environment (Steenberg et al., 



 15 

2017; Livesley et al., 2016a).  The following section outlines some of the benefits that trees can 

provide at various scales.  These include hydrological impacts on water quantity and quality, 

important environmental impacts, and socio-cultural impacts.  This section will also be a general 

review of urban forest management plans (UFMP). 

2.3.1 Hydrological Impacts 

There is an apparent relationship between urban forests and urban hydrology.  Trees can reduce 

the amount of stormwater runoff that is produced during a rainfall event by intercepting and 

storing precipitation while allowing for infiltration into the soil (Chair, 2000; Inkilainen et al., 

2013; Livesley et al., 2016a).  There are many variables that determine how much stormwater 

runoff can be reduced in a given area including percentage of canopy cover, Leaf Area Index 

(LAI), leaf storage capacity, and an urban forest’s spatial configuration (Chair, 2000; Kuehler et 

al., 2017).  LAI is the surface area of leaves relative to the ground surface area below a tree 

(Chair, 2000), and leaf storage capacity refers to the amount of water a leaf can retain before it 

becomes saturated (Chair, 2000; Kuehler et al., 2017).  The effects of trees on the reduction of 

stormwater runoff can be seen at the site, land-use, and watershed scale (Chair, 2000; Wissmar et 

al., 2004; Inkilainen et al., 2013). 

 

In a report presented by Chair (2000), it is explained that rainfall interception plays a key role in 

reducing stormwater runoff in urban areas.  At the site scale, interception can be divided into 

three layers: above ground, surface level, and below ground effects (Chair, 2000).  It is said that 

surface level and below ground effects are greater, but mature trees often produce significant 

effects in all three layers (Chair, 2000).  This report gives reference to the Pacific Northwest 

where environmental conditions are regionally specific, but it is important that studies are 

conducted within a variety of regions to reflect a range of conditions.  Figure 2.2 illustrates the 

interaction between rainfall and individual trees. 
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Figure 2.2 - Effects of canopy on precipitation at the single tree scale.  Adapted from Chair, 2000 (p.3). 

Inkilainen et al. (2013) conducted a study to quantify rainfall interception of a residential urban 

forest.  It was determined that vegetation in a residential urban forest can influence rainfall 

interception and stormwater runoff, but it depends on the frequency and severity of storm events 

(Inkilainen et al., 2013).  Trees can only store a certain amount of precipitation before saturation 

occurs, at which point leaf storage stops.  Therefore, trees will lose the ability to store 

precipitation during severe or extended storm events (Inkilainen et al., 2013).  This study also 

showed that canopy cover was a more influential indication of throughfall than LAI since LAI is 

much more difficult to determine than canopy cover (Inkilainen et al., 2013, p. 100).  This study 

also explained that residents can influence urban forest structure based on landscape preferences 

and therefore can influence rainfall interception in a residential land-use (Inkilainen et al., 2013).  

The researchers of this study used buckets to collect precipitation and calculations to determine 

interception rates and the findings were consistent with other studies in this field (Inkilainen et 

al., 2013).  These findings show that residential vegetation influenced the regulation of 

throughfall, suggesting trees can be used in a stormwater management application (Inkilainen et 

al., 2013). 
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Wissmar et al. (2004) studied the impact of land use change on the stream discharge 

characteristics in urban watersheds.  They used a spatially distributed hydrology model to 

evaluate how the increase of impervious surfaces in place of forest cover can affect the flow 

regime of a stream (Wissmar et al., 2004).  They found that there are negative consequences of 

decreasing forested land and increasing impervious surfaces (Wissmar et al., 2004) suggesting 

trees can play a role in the reduction of stormwater runoff during a rainfall event.  The 

researchers presented the data in the form of flood frequency-curves to highlight the negative 

effects of forest removal and increased imperviousness (Wissmar et al., 2004).  This study was 

conducted in Seattle, Washington and can only be reflective of a specific climate and 

topographic region, although the findings suggest there are benefits of retaining forest canopy in 

an urban area in place of impervious alternatives. 

 

Urban trees have been known to improve stormwater runoff quality by filtering pollutants during 

storage and infiltration through biofiltration systems (Denman et al., 2016; Livesley et al., 

2016a).  Biofilters or rain gardens are a form of low impact development (LID) technology 

designed to capture urban stormwater runoff and allow for infiltration and pollutant sequestration 

(Denman et al., 2016).  A variety of vegetation types are used in these systems but trees can play 

an important role in increasing water quality (Denman et al., 2016).  As Denman et al. (2016) 

state, street trees have been found to effectively remove certain pollutants from stormwater 

runoff.  In the study performed by Denman et al. (2016), four different tree species performed 

similarly in the reduction of pollutants from water when used in biofiltration systems.  This 

suggests that tree species selection might not be an primary concern when using trees as water 

quality improvement tools.  Scharenbroch et al. (2016) however, suggest there is limited 

information regarding which species are best suited for biofiltration systems in terms of 

performance and ability to survive in the site-specific conditions. 

 

Trees in green spaces can also act as buffers and prevent contaminants, such as fertilizers, from 

entering stream systems (Livesley et al., 2016b).  Urban soils can become contaminated from 

many sources and have limited capacity to store pollutants.  If pollutant levels exceed the 

threshold, contaminants can percolate through the soil into groundwater or runoff into stream 

systems during a rainfall event (Livesley et al, 2016b).  Livesley et al. (2016b) studied soil 
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carbon/nitrogen storage levels and found that concentrations of carbon and nitrogen and 

carbon/nitrogen ratios were greater under canopy than under turf areas, suggesting that 

strategically planted trees can keep certain pollutants out of groundwater and water ways. 

2.3.2 Other Environmental Impacts 

Trees have been known to provide other observable environmental benefits for urban areas.  

Some notable impacts include reduction of the urban heat island effect and fluxes of air 

pollution.  The urban heat island effect is the phenomenon of increasing temperatures within 

urban areas that are filled with concrete and asphalt surfaces, which absorb and radiate heat from 

the sun.  It is increasingly problematic, especially with higher air temperatures due to climate 

change.  There have been observable relationships between trees and reduced temperatures 

within urban areas.  It has been reported that urban green spaces are cooler than the cities 

themselves, as cooler air generated by vegetated green spaces can extend into the nearby urban 

areas (Sugawara et al., 2016).  Sugawara et al. (2016) found that cooler air extended 

approximately 450 m downwind of a large urban green space, although different environmental 

conditions affected the movement of the cooler air mass.  Napoli et al. (2016) studied the effect 

that tree shading has on surface temperature of asphalt and turf.  There was a significant 

difference of surface temperature on asphalt under tree canopy compared to uncovered asphalt, 

because trees can intercept incoming radiation before it is absorbed by asphalt surfaces (Napoli 

et al., 2016).  The relationship was not as strong over turf areas, which could be due to the 

cooling effect of evaporation from turf grass (Napoli et al., 2016).  Higher surface temperatures 

also have implications for increasing runoff temperatures.  Rain falling on warmer impervious 

surfaces will increase in temperature leading to increased stream temperatures.  These authors 

suggest that more research is needed to quantify the benefits of trees on urban heat island 

reduction in a variety of locations to understand the effects in different climates. 

 

There have been mixed results when researching the effects of trees on air pollution.  It is 

common to believe that trees purify the air within cities, although Calfapietra et al. (2013) found 

trees can have a negative effect on air pollution.  It has been found that trees can emit large 

amounts of biogenic volatile organic compounds (BVOCs).  When BVOCs combine with 
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common anthropogenic compounds such as CO2, a reaction occurs which leads to the formation 

of harmful atmospheric pollutants, especially ozone (Calfapietra et al., 2013).  The quality and 

quantity of BVOCs emitted by trees, however, is dependent on species (Calfapietra et al., 2013).  

This is important to consider when selecting trees for use in urban areas.  Park and Schade 

(2016) found that trees can play a role in reduction of CO and CO2 concentration in cities.  

Measurements taken at a site with over 90 percent deciduous leaf foliage showed a drop in total 

concentrations of CO and CO2 throughout their study period (Park and Schade, 2016).  These 

results vary with atmospheric conditions (Calfapietra et al., 2013; Park and Schade, 2016), 

however, suggesting further research is needed within different locations and climates. 

2.3.3 Economic Impacts 

The economic benefits that trees can provide have been studied, although it is difficult to 

accurately estimate the exact value of an urban forest due to changing environmental conditions, 

unpredictability of a tree’s life span, and the intangible nature of benefits provided (Chen and 

Jim, 2008; Peterson and Straka, 2012).  Some economic value can be given to the ecosystem 

services that urban forests provide including reduced stormwater runoff, CO2 reduction, and 

energy savings, although it is difficult to place a value on each of the provided services (Chen 

and Jim, 2008; Peterson and Straka, 2012).  In a study conducted by McPherson et al. (1997), it 

was estimated that Chicago’s urban forest provided a benefit of $59 million per year while the 

cost was $21 million.  This equalled a net value of $38 million or $402 per tree planted 

(McPherson et al., 1997).  In another study quantifying the economic benefits of Modesto, 

California’s urban forest, McPherson et al. (1999) found the benefits resulting from runoff 

reduction totalled $616,000 USD or $7/tree in one fiscal year, with the cost of stormwater 

management being valued at approximately $2.07/m3 of runoff per year.  The costs associated 

with urban forests are based on planting, maintenance, disease prevention and control, and tree 

removal, although costs will vary from city to city (Peterson and Straka, 2012).  It is well known 

that urban forests benefit society in many ways but valuing these benefits should be estimated 

across many locations, as the complexity of a city will cause varying degrees of economic value 

(Peterson and Straka, 2012). 
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2.3.4 Urban Forest Management Plans 

Urban forest management plans (UFMP) or strategies (UFMS) are developed by municipalities 

to maintain and improve the health of their urban forests.   The responsibility is on the 

municipality to control urban forestry and develop a management plan (if desired), as unlike the 

United States, Canada has no federal regulatory agency governing urban forestry (City of 

Toronto, 2013).  UFMPs for major Canadian cities were reviewed for this section, all of which 

consisted of similar content and structure.  First, the UFMPs outline the benefits of an urban 

forest, covering the ecological, social, and economic impacts, as well as why management plans 

are important for the municipality.  The City of Toronto Strategic Forest Management Plan 

(SFMP) (2013) describes how urbanization can impact stormwater within the city and states the 

role that trees have in stormwater management.  The York Region Forest Management Plan 

(2016) briefly mentions the hydrological value of urban forests, stating that trees can “slow 

stormwater runoff and improve water quality” (p. 4).  Following a statement of the benefits, 

current management plants typically outline their vision for the urban forest along with various 

goals, objectives, targets, and principles believed necessary for realizing that vision.  The City of 

Toronto SFMP (2013) describes strategic planting goals for areas in need, which includes 

“public lands…within priority stormwater management areas” (p. 37).  Next, there is an outline 

of potential challenges that might need to be overcome during plan implementation, followed by 

progress monitoring framework, which is essential to evaluate the performance of the plan.  

Monitoring throughout the implementation period can help improve the plan as needed.  There 

are, however, no monitoring criteria relating to hydrological indicators or stormwater 

management mentioned in the reviewed UFMPs. 

 

UFMPs are intended to be used as tools for city staff, urban forestry divisions, the public, and 

other stakeholders so that everyone can work together to improve the state of the urban forest 

and achieve the intended targets.  A common target throughout UFMPs in Canada is 

approximately 30-40 percent canopy cover within each municipality.  The number that is given 

in each plan seems to be somewhat arbitrary, as there are no reasons for the specific canopy 

cover percentages other than to maximize the strength and the potential benefits of the urban 

forest (City of Toronto, 2013).  According to Brommer (2015) canopy cover goals should be set 
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at the land-use scale and based on management plans from other municipalities of a comparable 

size and composition of land-use, land-cover, and climate. 

2.4 Assessing Canopy Cover Effects on Stormwater Runoff 

The effects of tree canopy cover on stormwater runoff can be assessed in various ways and have 

been analyzed in different areas around the world.  Analysis methods include the use of physical 

models and computer models, which use mathematical models and require data inputs to produce 

stormwater parameter outputs.  Computer models are a common approach to assessing the 

hydrological effects of different land covers within a watershed including tree cover and 

impervious surfaces.  Many computer models utilized for urban hydrology and stormwater 

management do not take into account the effects of vegetation cover; however, two that do 

incorporate the effects of vegetation are i-Tree Hydro (formerly UFORE-Hydro) and MIKE 

SHE. 

 

Data input requirements for these spatial models are relatively similar and include land-use, land-

cover, and meteorological data.  General data include topographic information or a digital 

elevation model (DEM), land cover data (percent canopy cover, percent pervious cover, percent 

impervious cover, etc.), drainage network maps, watershed size, and processed climate data. 

 

The models use the input data to run a simulation and produce output data, which can then be 

analyzed.  Simulations can be run at any time increments but 1-hour time-steps are commonly 

used.  Output data include canopy interception, evapotranspiration, surface runoff, and channel 

discharge, and are provided at each 1-hour time step.  These outputs vary at each time-step, 

while land-cover and topographic information stay constant (Zölch et al., 2017).  Despite the 

similarities in data amongst the models, there are differences in their function.  The following 

section will outline two common approaches to modelling the effects of canopy cover on 

stormwater runoff. 

 

In a study conducted by Zölch et al. (2017), computer modelling software called MIKE SHE was 

used to quantify the effects of urban green infrastructure, specifically trees and green roofs, in 
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the regulation of urban surface runoff.  MIKE SHE is an integrated hydrological model used for 

catchments of various sizes and is used to model groundwater, surface water, recharge, and 

evapotranspiration (MIKE Powered by DHI, 2017).  The study examined effects at the urban 

micro-scale (3.5 ha) during two heavy rainfall events.  The first rainfall intensity used was a 2-

year storm of 24.7 mm/hour based on current climate conditions, while the second event 

intensity was “comparable to an average heavy rain event in Munich under future climate 

conditions as projected by the regional climate model REMO” and totalled 30.9 mm/hour (Zölch 

et al., 2017, p. 137).  MIKE SHE was used for its ability to calculate the complex hydrological 

processes included in the urban water balance while using detailed vegetation parameters (Zölch 

et al., 2017).  The model is integrated with different process modules such as overland flow, the 

unsaturated soil zone, the saturated soil zone, and land-use, which are used to calculate certain 

parameters within the overall model run. 

 

The calculation of overland flow uses topographic information or a DEM, surface roughness 

values based on standard values for common materials (i.e. concrete, turf grass, etc.), and 

stormwater drainage network mapping.  The researchers were unable to acquire detailed sewer 

mapping, in which case some overland water flow was removed manually from the model.  

Within the unsaturated soil zone, the infiltration, soil moisture, and saturated zone recharge are 

calculated using precipitation and soil data.  The calculation of groundwater changes occurs 

within the saturated zone module.  Finally, within the land-use module, vegetation effects are 

determined including evaporation of water in the canopy, soil evaporation, and 

evapotranspiration.  Input data such as potential evapotranspiration, a land-use map, and specific 

vegetation data are required.  To determine the effects of canopy cover, the model uses a 

maximum canopy interception rate from a leaf storage capacity, as well as LAI (Zölch et al., 

2017).  Meteorological data for the study included climate data for two precipitation events of 

different magnitudes based on current and projected future climate conditions.  The model was 

run for a two-week period (of simulation time) at a 1-hour time step to account for antecedent 

soil moisture conditions.  The model is raster-based with a 1m grid resolution, which is a high 

spatial resolution (Zölch et al., 2017).  The model was run using different scenarios of vegetation 

cover, which included a baseline scenario (current conditions), a no green scenario where 

vegetation was completely removed and surfaces were sealed, a realistic scenario where trees 
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were ‘planted’ where it was technically and spatially possible, and a maximum scenario where 

vegetation was added to all available spaces (Zölch et al., 2017). 

 

The MIKE SHE model and the study that presented this model are both seen to have strengths 

and limitations.  The strengths of the model, as outlined by Zölch et al. (2017), are that the model 

allows for the input of detailed vegetation characteristics, considers the effects of vegetation on 

the hydrological cycle, and runs on a continuous time series during simulation.  According to 

Zölch et al. (2017), MIKE SHE is generally used for large catchments of 100 km2 or greater, 

which presents a limitation of the study as the study site measured only 3.5 ha (0.035 km2).  

Other limitations of this study are associated with a lack of available data and ability to validate 

the results (Zölch et al., 2017). 

 

In a study conducted by Wang et al. (2008) a hydrological computer model known as Urban 

Forest Effects – Hydrology (UFORE-Hydro) was presented and then tested to assess the effects 

of canopy cover on stormwater runoff in Dead Run, Maryland.  This model has since been 

updated and is now known as i-Tree Hydro.  For this review, the model will be referred to as i-

Tree Hydro.  This software enables simulation of hydrological changes based on changes to 

land-cover patterns, specifically canopy cover and impervious surface change (i-Tree, n/d).  Data 

input requirements for i-Tree include topographic information, land-cover data, project area 

information (location, size, simulation time-period), climate data (precipitation, potential 

evaporation, potential evapotranspiration, etc.), and hydrological data which can be auto-

calibrated if a stream-gauge is used (Wang et al., 2008; i-Tree, 2016).  A detailed sewer map is 

not required as input data for this model, however, a value is required for the percent of 

impervious area that is directly connected to a stormwater drainage network.  A default value is 

used by the model if the value cannot be calculated (i-Tree, n/d).  The model can be run using 

different land-cover scenarios, which simulate different land-cover patterns in the project area.  

Current conditions can be used as a base scenario and up to three alternative scenarios can be 

created for comparison (i-Tree, 2016).  1-hour time steps or finer are recommended during 

simulations (Wang et al., 2008).  Outputs for i-Tree Hydro include canopy interception, 

infiltration, evapotranspiration, surface (pervious and impervious) and subsurface runoff, and 
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channel discharge.  Output data are provided for each time-step during simulation (Wang et al., 

2008). 

 

As Wang et al. (2008) mentioned, i-Tree Hydro is able to consider sparse vegetation when 

calculating interception within the model.  This is a strength as this will allow for potentially 

accurate results for urban areas with sparse vegetation (i.e. street trees), which some models 

might not be able to calculate.  The model also considers tree structure characteristics, which 

allow for interception calculation including seasonally varying LAI, which has an observable 

effect on precipitation interception (Wang et al., 2008).  When used to assess the effects of 

canopy cover in regulating stormwater runoff in Dead Run, Maryland, the UFORE-Hydro model 

showed that an increase in canopy cover over impervious surfaces increases interception and 

reduces runoff, while increasing impervious cover leads to an increase in stormwater runoff 

(Wang et al., 2008). 

 

Armson et al. (2013) used a physical approach in assessing canopy effects on stormwater runoff 

by constructing three plots of different scenarios; asphalt, asphalt with a tree planted in the 

centre, and grass.  This study was intended to determine the effectiveness of trees in reducing 

stormwater runoff, and to show that tree pits play an important role in runoff reduction (Armson 

et al., 2013).  The plots were 3m x 3m and set up in an undisturbed area free of large objects that 

could interfere with precipitation.  Precipitation that fell within each plot was measured with 

tipping bucket rain gauges that would tip after every 5 mL that fell, while total daily rainfall rate, 

rainfall timing, and air temperature were all recorded for analysis of results (Armson et al., 

2013).   During a period of 243 days, approximately 500 mm of rainfall was recorded and the 

most precipitation recorded in one day was 39 mm (Armson et al., 2013).  The results of this 

research showed that the treed plot reduced surface runoff by an average of 60 percent of total 

rainfall (Armson et al., 2013).  This study was limited by the small plot sizes which are not 

representative of a larger scale, however, these results show the potential of trees and tree pits to 

reduce runoff during rainfall events.  The plots were also simplified and homogenous unlike 

urban areas that are complex heterogeneous systems.  The complexity and diversity of the urban 

build environment and its corresponding influence on rainfall interception is not considered in 

this study, limiting the generality of any conclusions that might be drawn from these results. 
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The differences in the assessment of urban canopy cover effects on stormwater runoff show that 

the computer modelling approach is better suited for assessments of larger spatial scales.  With 

detailed elevation, land-use, and vegetation cover information, the modelling approach can 

quickly estimate the effects of canopy cover on hydrology in complex, dynamic urban systems.  

The physical approach to assessment of canopy cover effects on stormwater runoff is much more 

limited in terms of spatial scale, however the hands-on approach can be beneficial.  Because field 

measurements undertaken in physical studies can empirically quantify the rainfall interception of 

single trees and forest stands, such studies can prove important for improving modelling 

accuracy. 
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Chapter 3: Methods 

Chapter three details how this research was conducted, identifying important characteristics of 

the selected research site, the choice of hydrological model and describing how canopy-cover 

parameters and other landscape characteristics were varied to reveal and estimate the influence 

of canopy cover on urban hydrology. 

3.1 Study Area 

The City of Guelph was chosen as the study area because of its dedication to growing their urban 

forest, the need for improved urban forest management (City of Guelph, 2012), and available 

city land-cover and canopy data provided by Brommer (2015).  Therefore, Guelph presented the 

unique opportunity to apply Brommer’s (2015) studies of the area to better inform the model.  

Guelph is a suitable study site since it has an urban forest management plan in place with 

ongoing management and monitoring strategies, and there are no existing studies that quantify 

the effects of their urban forest on stormwater runoff at any spatial scale.  The City of Guelph is 

a medium municipality located approximately 80 km west of Toronto at 43 32’ 41.297” N, 80 

14’ 53.4” W and is 335m asl (above sea level).  According to the 2011 census (Statistics Canada, 

2011b) Guelph’s human population is approximately 140,000, with significant and continued 

growth expected (City of Guelph, 2012).  Guelph’s climate is defined by cold winters and warm, 

humid summers, with moderate to high levels of precipitation.  Guelph’s average annual 

precipitation is 945 mm (Government of Canada, 2018).  Guelph is situated in the Grand River 

watershed, adjacent to two of its tributaries, the Eramosa and Speed Rivers. 

 

Guelph is an urban area consisting of a variety of land-uses including residential, commercial, 

industrial, parks, and a central business district.  Brommer’s (2015) plantable space analysis for 

the City of Guelph included a measurement of land-cover throughout the City of Guelph, each 

land-use by total area, and total land-cover within each land-use.  When combined (low-density, 

medium-density, high-density), residential land-use makes up the greatest proportion of land area 

at approximately 26.7% of total area (Brommer, 2015; p. 90).  The right-of-way makes up the 

next largest proportion of total land area at 16%, and industrial and employment land-use makes 
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up the third largest proportion at 13% (Brommer, 2015; p. 90).  Each land use is made up of 

various surface materials including impervious, turf/herbaceous, gravel, and bare soil.  

Impervious surfaces and turf/herbaceous cover make up the greatest total area of land-cover at 

approximately 36% and 26% respectively (Brommer, 2015; p. 87).  It is estimated that tree 

canopy covers approximately 24,891,160 m2 of total land area in the City of Guelph, which is 

equal to approximately 28.6% (Brommer, 2015; p. 87).  This is lower than the City of Guelph’s 

canopy cover target of 40% as outlined in their UFMP (2012). 

3.2 Modelling Software – i-Tree Hydro 

The modelling software chosen for this study is i-Tree Hydro, which was originally developed as 

UFORE-Hydro (Urban Forest Effects – Hydrology) (Wang et al., 2008).  i-Tree Hydro is a 

“semi-distributed topographical-based hydrological model” (Wang et al., 2008, p. 76).  This 

means that the study site is treated as one large cell, where precipitation is spatially uniform 

across the entire area (Pina et al., 2014).  Topographical and land-cover data are then used to 

calculate the distribution of precipitation and the hydrological processes that occur throughout 

the site (Wang et al., 2008; Pina et al., 2014).  It was determined that i-Tree Hydro was best for 

this study because it has explicit consideration for the effects of vegetation on hydrology (Wang 

et al., 2008), and because it is easily accessible for landscape architecture practitioners since it is 

free and easy to navigate. 

 

There are four steps involved in running a simulation in i-Tree Hydro.  Step 1 involves 

specification of the geographic location, time-span, topographic data, climate data, and stream 

gauge data.  First the user specifies where the project is located.  Any location in the world is 

available for selection.  Next, the project time span is specified by the user, where the project 

time-period must fall within the same time-period as the weather data that was selected.  For 

example, if the weather data is measured from January 1, 2005 to December 31, 2012, the project 

time-period must fall within those dates.  Topographic information is then loaded into the 

software, either as pre-loaded topographic index (TI) data or pre-processed topographic data in 

the form of a Digital Elevation Model (DEM).  Pre-loaded TI data are selected for specific 

watershed studies, while non-watershed areas require pre-processed DEM or TI data created by 
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the user.  Climate data is input next, where the user can select pre-loaded data from a weather 

station in the United States, or load their own processed weather data in the correct format. 

Finally, stream gauge data are selected or loaded into the model.  Stream gauge data are only 

selected or loaded if the project area being studied is a watershed, otherwise the “not auto 

calibrating” selection is made for this step.  Figure 3.1 shows an example of step 1 

 

 

Figure 3.1 - Step 1 of the simulation process in the i-Tree Hydro model. 

Land-cover information is entered in step 2.  The project area is first specified as total land area 

in units that can be specified by the user.  The land-cover totals can then be entered either as a 

percentage of the total project area or the total area covered by each land-cover type within the 

project area.  The following are the land-cover types that are required as inputs for the i-Tree 

Hydro model: tree canopy (TC); pervious cover under TC; impervious cover under TC; shrub 

canopy; herbaceous cover; water; impervious cover outside of TC; bare soil.  Apart from 

pervious and impervious cover under TC, the sum of all land-cover types must equal 100 
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percent.  The sum of pervious and impervious cover under TC must equal the percentage of TC.  

For example, if TC is equal to 30 percent, pervious cover under TC and impervious cover under 

TC must combine to equal 30 percent.   

 

The next value required by the model is directly connected impervious area (DCIA).  This is 

entered as a percentage of the project area and is not relative to total impervious cover.  DCIA 

will therefore be less than or equal to the amount of impervious surface area in the study site.  

DCIA can be calculated using the Sutherland Equation (See section 3.3) (EPA, 2010).  Further in 

step 2, canopy parameters are specified which include tree leaf area index (LAI), shrub LAI, 

herbaceous LAI, percentage of coniferous trees, and percentage of coniferous shrubs.  Multiple 

land-cover scenarios can be specified by the user in this step starting with the base case or 

baseline scenario with an option to create up to three alternative scenarios.  Figure 3.2 shows an 

example of step 2 in the simulation process. 

 

 

Figure 3.2 - Step 2 of the i-Tree Hydro simulation process. 
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In step 3, hydrological parameters are specified by the user.  The hydrological parameters are 

meant to mimic observed stream flow for watershed projects that would have a specified outlet 

point.  These parameters are auto-calibrated based on hydrologic processes such as precipitation, 

infiltration, and evaporation to predict stream flow at the stream gauge that was specified in step 

1.  For non-watershed projects the values within step 3 are set as default parameters, some of 

which are based on the project location specified in step 1 including leaf-on and leaf-off days.  

For both watershed and non-watershed projects, the user can change the values manually to 

achieve a modelled streamflow that resembles the actual streamflow as closely as possible.  The 

i-Tree Hydro user’s manual provides a list of the hydrological parameters with a range of typical 

values for each parameter.  Soil type for the project area is also specified in step 3.  If the user 

changes any hydrological parameters, they can be saved as a personalized parameter set.  Figure 

3.3 shows an example of step 3 in the i-Tree Hydro simulation process. 

 

 

Figure 3.3 - An example of Step 3 in the i-Tree Hydro model. 
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In step 4, the user selects which scenarios are to be simulated.  Simulations can include up to two 

scenarios and typically compare the base case to an alternative scenario created in step 2.  The 

user can also select a saved hydrological parameter set to be used for simulation.  The time it 

takes to run a simulation depends on the size of the data files loaded and selected in previous 

steps, but they generally take approximately 3-5 minutes to run for an area the size of Guelph.  

Figure 3.4 is an example of the i-Tree Hydro simulation step.  

 

 

Figure 3.4 - The simulation window in Step 4 of the i-Tree Hydro model. 

Once the simulation has successfully completed, the outputs become available.  The output data 

are uploaded to a specified or default directory.  Outputs can be viewed within the i-Tree 

program as an executive summary, displaying the results in tables and bar graphs.  The outputs 

displayed in the tables include: total flow; base flow; pervious flow; impervious flow; high and 

low flow volumes and dates; median flow volume; number of flow events above and below 

median flow; and length of flow above and below median flow, all of which compare the base 

case to the alternative case.  The graphs compare the base and alternative cases and display 

pervious runoff, impervious runoff, and base flow.  A time-series chart can also be displayed 

comparing hydrological processes for base and alternative cases with precipitation also 

displayed. 
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3.3 Landscape Representation 

Spatial and numerical data are required for modelling the project area.  For the most meaningful 

results, this data can be directly measured to create an empirically accurate representation of the 

project area.  Alternatively, default values can be applied; however, the less realistic 

characterization of the project area can diminish the value of the corresponding results. 

 

The topographic data were initially contour data of the City of Guelph obtained from Scholar’s 

Geoportal.  The contour data were brought into ArcMap and converted to a triangulated irregular 

network (TIN) model, and from there, converted to a digital elevation model (DEM) with a .dat 

file type extension, which is required for use within i-Tree Hydro.  This provides the model with 

specific topographic information representing drainage patterns within the project area.   

Pre-loaded climate data were used from a weather station in Watertown, New York, United 

States.  This was necessary because the data measured by Canadian weather stations are not 

sufficient for use within the i-Tree Hydro model and therefore would not allow for simulations to 

be completed.  Watertown, New York was selected for the climate data because it has similar 

precipitation, temperature, and humidity as the City of Guelph.  The weather data available spans 

from 2005 to 2012.  Table 3.1 displays average annual climate normals for Guelph, Ontario and 

Watertown, New York. 

 
Table 3.1 - Average annual climate normals for Guelph, ON & Watertown, NY (1Government of Canada, 

2018; 2National Oceanic and Atmospheric Administration, n/d). 

Annual Climate Normals (1981-2010) Guelph1 Watertown2 

Average Precipitation (mm) 945.0 916.0 

Average Temperature (Degrees Celsius) 6.7 7.3 

Maximum Temperature (Degrees Celsius) 11.2 13.0 

Minimum Temperature (Degrees Celsius) 2.2 1.6 

 

Land-cover data was obtained from Brommer (2015), who provides estimated surface-cover 

composition for the project area.  This includes: impervious cover; turf and herbaceous cover; 

canopy cover; agriculture; wetland; water; bare soil; and gravel.  Brommer (2015) used Spot 6 

satellite imagery to determine the land-cover composition in the City of Guelph.  This imagery 
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was “the finest-resolution data that could be acquired” (p. 46) as well as the most recent data 

available.  This imagery resolution was considered medium-resolution and was determined to be 

sufficient given the municipal scale of the project area (Brommer, 2015).  Brommer (2015) also 

completed an accuracy assessment following the completion of her modelling process “to see 

how well the unsupervised classification and the model preformed” (p. 87).  The overall 

accuracy of the model was determined to be 83 percent (Brommer, 2015).  DCIA was calculated 

using the Sutherland Equation outlined by the EPA (2010).  The Sutherland Equations were used 

because this method is specified by the i-Tree Hydro user’s manual for DCIA calculation (i-Tree, 

2017).  The equations vary based on the appropriate land-use within the project area and are as 

follows: 

 

(1)                                                         DCIAm = 0.1 (TI)1.5 

 

(2)                                                         DCIAh = 0.4 (TI)1.2  

 

Where TI is percentage of total impervious surface cover and greater than or equal to 1.  

Equation (1) refers to medium density residential, described by the EPA (2010) as “mostly storm 

sewered with curb and gutter, no dry wells or infiltration, residential rooftops are not directly 

connected” (p. 3).  Equation (2) refers to high density residential, described by the EPA (2010) 

as “the same as [medium density residential] but residential rooftops are connected” (p. 3).  

Equations (1) and (2) are also applied to commercial and industrial land-uses (EPA, 2010).  The 

value calculated for DCIA was 29.68% using equation (2).  Equation (2) was used because the 

City of Guelph’s Stormwater Disposal By-law (1993) specifies: 

 

“Run-off from the roof areas of every single detached dwelling and every semidetached 

dwelling, including any accessory building covering more than fifteen square meters, 

shall be collected in suitable eaves-troughs and discharged through Roof Water 

Downspouts, into a Storm Water Disposal System connected to a Municipal Storm 

Drainage Facility” (City of Guelph, 1993, Section 4.2). 

 

The by-law also states for all other buildings: 
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“All Storm water run-off from roofs of buildings other than single detached dwellings or 

semi-detached dwellings shall discharge to a Storm Water Disposal System, connected to 

a Municipal Storm Drainage Facility” (City of Guelph, 1993, Section 4.8). 

 

After speaking with a forestry manager from the City of Guelph (Timea Filer, pers. comm.), and 

a coordinator for the Trees for Guelph program (Moritz Sanio, pers. comm.), it was determined 

that the best approach for leaf area index (LAI) was to start with the model default of 4.7 and 

conduct sensitivity analyses thereafter, which would determine how sensitive the model is to 

changing LAI.  The City of Guelph has open public tree inventory data available for most of the 

city’s street and park trees, however, there is no information for the large forest stands in natural 

areas and because of limited available time, individual sampling was not feasible.  Percentage of 

coniferous canopy was estimated based on a conversation with Moritz Sanio.  Sanio is involved 

with planting trees in the City of Guelph and plants approximately 25 percent coniferous to 75 

percent deciduous.  Therefore, it was decided that percentage of coniferous canopy would be 25 

percent of total canopy. 

 

There were no available data that would help determine the amount of pervious and impervious 

surface cover under tree canopy so these values were estimated.  It was estimated that the 

baseline proportion of pervious and impervious surface cover under tree canopy would be 75 

percent to 25 percent respectively. 

 

Soil type was determined by the Soil Survey of Wellington County.  The City of Guelph is 

situated in the southern portion of Wellington County and the soil type was determined to be 

predominantly loam (Agriculture and Agri-Food Canada, 2013). 

 

The hydrological parameters in step 3 are auto-calibrated if the project area is a watershed, while 

these parameters for a non-watershed area can be manually changed or left as the default values, 

some of which are location specific.  Since the City of Guelph is not a delineated watershed, the 

model provides defaults for the hydrological parameters.  It was determined that these 
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parameters would be unchanged due to the complex nature of the parameters and because they 

are mostly related to stream flow at a specified gauging station. 

3.4 Land-Cover Scenarios 

i-Tree Hydro allows the user to create alternative land-cover scenarios relative to the base case.  

The initial scenario, or the base case, consists of current land-cover conditions, which is the City 

of Guelph’s land-cover composition at the time of Brommer’s (2015) analysis. 

 

Some of the land-cover values had to be combined or divided into one or more categories 

because the land-cover categories in the i-Tree Hydro model are simplified, and therefore do not 

encompass all what Brommer (2015) analyzed.  For example, wetland was combined with water, 

since a wetland category does not exist in i-Tree Hydro.  Furthermore, gravel was combined with 

bare soil, and agricultural was divided between herbaceous cover, bare soil, and shrub canopy. 

Table 3.2 shows the values used for the base case and the alternative scenarios. The total project 

area is 87,153,116 m2. 

 

Simulations were run comparing the base case to four different land-cover scenarios.  To help 

answer the research question pertaining to runoff effects of the urban forest if Guelph were to 

reach their 40 percent canopy cover target, the initial alternative scenario was with canopy cover 

increased to 40 percent.  Additional simulations were then completed to see what the 

hydrological effects would be if one-quarter, one-half, and three-quarters of the canopy cover 

target was met.  This was to determine whether there are noticeable hydrological effects of 

Guelph’s urban forest before the canopy cover target is reached. 

 

Simulations were run comparing the base case to four different land-cover scenarios.  To help 

answer the research question pertaining to runoff effects of the urban forest if Guelph were to 

reach their 40 percent canopy cover target, the initial alternative scenario was with canopy cover 

increased to 40 percent.  Additional simulations were then completed to see what the 

hydrological effects would be if one-quarter, one-half, and three-quarters of the canopy cover 
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target was met.  This was to determine whether there are noticeable hydrological effects of 

Guelph’s urban forest before the canopy cover target is reached. 

 
Table 3.2 - Land-cover percentages for the base case and alternative scenarios. 

 Base Case 1/4 Target 1/2 Target 3/4 Target Target 

Land-cover type % % % % % 

Canopy Cover 28.6 31.4 34.3 37.1 40.0 

Pervious cover under 

tree canopy 
21.4 24.0 26.6 29.2 32.0 

Impervious cover 

under tree canopy 
7.1 7.5 7.7 7.9 8.0 

Shrub Cover 1.6 1.3 1.0 0.7 0.4 

Herbaceous 26.4 24.5 22.6 20.7 18.8 

Water 2.2 2.2 2.2 2.2 2.2 

Impervious 36.2 36.2 36.2 36.2 36.2 

Bare Soil 5.0 4.3 3.7 3.0 2.4 

Total: 100 100 100 100 100 

 

Since the model requires the sum of land-cover types to total 100 percent, an increase in canopy 

cover means that other land-cover types must decrease.  In each scenario, herbaceous cover, bare 

soil, and shrub canopy combined to decrease by the same percentage increase of canopy cover.  

This is because Brommer’s (2015) analysis examined plantable space which was defined as turf 

and herbaceous land-cover (p. 61).  Therefore, canopy cover will only increase in plantable 

spaces for this research and thus pervious land-cover will decrease in each alternative scenario.  

In each alternative scenario, it was assumed that herbaceous cover would decrease approximately 

two-thirds of the difference, while the remaining one-third would be divided between bare soil 

and shrub canopy.  For example, in the canopy cover target scenario, canopy cover increased by 

11.4 percent from the base case scenario and therefore herbaceous cover, bare soil and shrub 

canopy decreased by 7.6, 2.4, and 1.2 percent respectively.  Shrub canopy cover decreased to 

account for the loss of shrub canopy due to shading and nutrient competition from increased 

canopy. 
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The proportions of pervious and impervious cover beneath tree canopy also shifted in each 

scenario.  It was assumed that the proportion of pervious cover under tree canopy would increase 

while impervious cover under tree canopy would decrease relative to total canopy cover.  In each 

scenario, the percentage of pervious and impervious cover under tree canopy increased and 

decreased by 1.25 percent respectively.  As a result, in the canopy cover target scenario the 

proportion of pervious and impervious cover beneath tree canopy totalled 80 percent and 20 

percent respectively.  This percentage is relative to total canopy cover. 

 

DCIA remained constant across each scenario, as did tree, shrub, and herbaceous leaf area index.  

Percent coniferous canopy also remained constant at 25 percent relative to total canopy cover.  

This means percent coniferous canopy cover was 7.15 percent for the base case scenario and 10 

percent for the canopy cover target scenario. 

 

The project time-period for the simulation spans one year and was set for January 1, 2011 to 

December 30, 2012 (setting the project time-period end date to December 31, 2012 caused an 

error within the model).  This was the most recent pre-loaded weather data available.  The 

project time-period spans two years to account for the two-year recurrence storm. 
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Chapter 4: Results 

The following chapter is a summary of the key results of this study.  The results of all 

simulations are displayed which includes all measured flow parameters.  A variety of 

hydrological parameters were measured in each simulation and displayed comparing the base 

case to the selected alternative land-cover scenario.  In each simulation, hydrological parameters 

were measured for overall flow, base flow, pervious runoff, and impervious runoff.  The 

parameters that will be displayed and discussed are total flow (m3) for the two-year simulation 

time-period, highest flow (m3/hour), median flow (m3/hour), and average time of flow events 

above median flow (hours).  This is followed by the results of the leaf area index sensitivity 

analysis.  The results are further explained and discussed in Chapter 5. 

4.1 Total and Base Flow 

Over the two-year project time-period, precipitation totalled 1,983 mm.  This is an annual 

average of 991 mm, which is approximately 45 mm greater than Guelph’s average annual 

precipitation.  This generated a total flow volume of 108,173,000 m3 (volumes rounded to the 

nearest 100 m3) throughout the project area in the base case land-cover scenario.  The total 

volume of flow continuously decreased as canopy cover increased and replaced herbaceous 

cover, bare soil, and shrub canopy.  The simulation comparing the base case and canopy target 

scenarios showed that total flow decreased 165,400 m3 (~0.150 percent) to 108,007,600 m3.  

There was, however, an increase of 1,700 m3 (~0.002 percent) to 108,174,700 m3 in total flow 

volume from the base case to the one-half canopy target scenario.   

 

In terms of the magnitude of change between different canopy proportion scenarios, the largest 

differences in total flow were seen between the scenarios that achieved one-half and three-

quarters of the target canopy percentage.  The decrease in total volume between these scenarios 

was 100,000 m3 (~0.900 percent).  The smallest decrease in flow volume was between the three-

quarter scenario and the target canopy scenario where total flow decreased 14,400 m3 (~0.010 

percent). 
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The results showed an overall decrease in total base flow from the base case to the canopy target 

scenario.  The initial base flow of 4,165,200 m3 decreased 89,400 m3 (~2.190 percent) to 

4,075,800 m3 when canopy cover reached the City’s target of 40 percent.  Unlike total flow 

volume over the two-year time-period, the largest change in base flow came from the difference 

between base canopy scenario and the achievement of one-quarter of the canopy target.  Base 

flow decreased 32,200 m3 (~0.780 percent) between these two scenarios.  The smallest decrease 

in total base flow volume was between the three-quarter and canopy target scenario where base 

flow volume decreased 10,500 m3 (~0.260 percent). 

4.2 Pervious and Impervious Flow 

This section describes the differences between flows over pervious and impervious surfaces.  

These surface types have implications for infiltration and water storage and for water quality.  It 

was hypothesized that additional tree canopy would reduce runoff from both surface types. 

 

There was a decrease in total runoff over pervious surfaces from the base land-cover scenario to 

the canopy target scenario.  Initially, pervious runoff totalled 84,669,200 m3 and decreased 

401,200 m3 (~0.48 percent) to 84,268,000 m3 as canopy cover increased to the City’s 40 percent 

canopy target.   

 

In terms of the magnitude of change between different canopy proportion scenarios, the largest 

differences in pervious flow was seen between the scenarios that achieved one-half and three-

quarters of the canopy target.  Total pervious flow decreased 141,400 m3 (~0.17 percent) 

between these scenarios.  The smallest difference was between the three-quarter and canopy 

target scenarios where pervious runoff decreased 51,200 m3 (~0.06 percent). 

 

The initial impervious flow of 19,329,600 m3 unexpectedly increased 325,100 m3 (~1.65 

percent) to 19,654,700 m3 as canopy cover increased to the City’s canopy target.  In terms of the 

magnitude of change between different canopy proportion scenarios, the largest differences in 

impervious flow was between the base case and one-quarter canopy target scenarios.  Total 

impervious flow increased 134,600 m3 (~0.69 percent) between these scenarios.  The smallest 
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difference was between the three-quarter and canopy target scenarios where impervious flow 

increased 47,100 m3 (~0.23 percent).  Table 4.1 shows the results for overall flow volume in 

cubic meters for each land-cover scenario with the differences between each incremental canopy 

scenario, while Figure 4.1 charts the percentage of change in overall flow volume as canopy 

cover increases. 

 

Table 4.1 - Results for overall flow volume (m3) for each land-cover scenario. 

 

 

 
Total Flow Base Flow Pervious Runoff Impervious Runoff 

Base Case 108,173,000 4,165,200 84,669,200 19,329,600 

difference 1,700 32,200 100,600 134,600 

1/4 Target 108,174,700 4,133,000 84,568,600 19,464,200 

difference 52,700 21,100 108,000 76,300 

1/2 Target 108,122,000 4,111,900 84,460,600 19,540,500 

difference 100,000 25,600 141,400 67,100 

3/4 Target 108,022,000 4,086,300 84,319,200 19,607,600 

difference 14,400 10,500 51,200 47,100 

Target 108,007,600 4,075,800 84,268,000 19,654,700 

Total 165,400 89,400 401,200 325,100 
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Figure 4.1 - The percentage of change in overall flow volume as canopy cover increases. 

4.3 Flow Velocities 

This section describes the differences in the highest flow (m3/hour), median flow (m3/hour) and 

average time of flow events above median flow (hours) for overall flow, base flow, pervious 

flow and impervious flow in each canopy scenario. 

4.3.1 Highest Flow 

Highest flow has implications for stream morphology since higher flow velocities can cause 

erosion and initiate morphological change within streams (Booth, 1991).  The results for highest 

flow throughout the project time-period showed similar trends as for overall flow.  Over the two-

year project time-period, the highest flow was 407,245 m3/hour and decreased by 360 m3/hour 
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(~0.09 percent) to 406,885 m3/hour from the base case to the canopy target scenario.  Like total 

flow, there was an increase of 76 m3/hour (~0.02 percent) to 407,321 m3/hour in highest flow 

from the base case to the scenario that achieved one-quarter of the City’s canopy target.   

 

In terms of the magnitude of change between different canopy proportion scenarios, the largest 

differences in highest flow were seen between the scenarios that achieved one-half and three-

quarters of the target canopy percentage.  The decrease in highest flow between these scenarios 

was 315 m3/hour (~0.07 percent).  The smallest decrease in highest flow was between the three-

quarter scenario and the target canopy scenario where total flow decreased 23 m3/hour (~0.01 

percent). 

 

The highest base flow also decreased from the base case to the canopy target scenario.  Initially, 

highest base flow was 344 m3/hour and decreased 6 m3/hour (~1.77 percent) to 338 m3/hour.  

Like total base flow, the largest difference in highest base flow between canopy proportion 

scenarios was seen from the base case to the scenario that achieved one-quarter of the target 

canopy percentage.  This decrease in highest base flow totalled 2.4 m3/hour (~1.80 percent).  The 

smallest change was between the scenario that achieved three-quarters of the canopy target and 

the 40 percent canopy target scenario.  Highest base flow decreased 0.5 m3/hour (~0.15 percent) 

between these two scenarios. 

 

Highest flow over pervious surfaces decreased from the initial canopy cover scenario to the 

canopy target scenario.  Initial highest flow over pervious surfaces totalled 344,545 m3/hour and 

decreased 1,500 m3/hour (~0.44 percent) to 343,040 m3/hour.  The greatest decrease between 

canopy proportion scenarios occurred between the scenarios that achieved one-half and three-

quarters of the City’s canopy target where highest flow decreased 550 m3/hour (~0.16 percent).  

The smallest decrease occurred between the three-quarter and canopy target scenarios where 

highest flow decreased 190 m3/hour (~0.06 percent). 

 

As with total impervious flow, highest impervious flow increased by 1,150 m3/hour (~1.81 

percent) from 62,476 m3/hour to 63,626 m3/hour.  The greatest increase in highest impervious 

flow between canopy proportion scenarios occurred from the base scenario to the one-quarter 
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canopy target scenario where highest flow increased 473 m3/hour (~0.75 percent).  The smallest 

increase occurred between the three-quarter and canopy target scenarios where highest flow 

increased 167 m3/hour (~0.26 percent).  Table 4.2 displays the results of highest flow in cubic 

meters per hour for each land-cover scenario.  Figure 4.2 charts the percentage of change in 

highest flow between each canopy proportion scenario. 

 
Table 4.2 - Results for highest flow (m3/hour) for each land-cover scenario. 

 

 

 

 
Total Flow Base Flow Pervious Runoff Impervious Runoff 

Base Case 407,245 344 344,545 62,476 

difference 76                    3 396 473 

1/4 Target 407,321 341 344,149 62,949 

difference 98                    1 366 271 

1/2 Target 407,223 340 343,783 63,220 

difference 315                    2 553 239 

3/4 Target 406,908 338.7 343,230 63,459 

difference 23                  0.5 190 167 

Target 406,885 338.2 343,040 63,626 

Total: 360                   6 1500 1150 
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Figure 4.2 - The percentage of change in highest flow as canopy cover increases. 

4.3.2 Median Flow 

The results for median flow (m3/hour) showed an overall decrease from the base case to the 

canopy target scenario for all flow types except for impervious flow.  Initial overall median flow 

was 340.3 m3/hour and decreased 6.3 m3/hour (~1.89 percent) to 334.0 m3/hour.  Median base 

flow was 272.0 m3/hour in the base scenario and decreased 6.9 m3/hour (~2.60 percent) to 265.1 

m3/hour in the canopy target scenario.  Median pervious flow showed a greater relative change of 

2 m3/hour (~15.87 percent) from 14.6 m3/hour in the base case scenario to 12.6 m3/hour in the 

canopy target scenario.  Median impervious flow remained unchanged across all land-cover 

scenarios apart a 0.1 m3/hour (~0.04 percent) decrease from 24.9 m3/hour to 24.8 m3/hour 

between the base case and one-half canopy target scenarios.  Table 4.3 displays the results of 

median flow in cubic meters per hour for each land-cover scenario. 
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Consistent with overall and highest flow, the magnitude of change between different canopy 

proportion scenarios was greatest between the one-half and three-quarter canopy target scenarios 

for total and pervious flow and between the base case and one-quarter canopy target scenarios 

for base and impervious flow. 

 

Table 4.3 - Results for median flow (m3/hour) for each land-cover scenario. 

 

 

 
Total Flow Base Flow Pervious Runoff Impervious Runoff 

Base Case 340.3 272.0 14.6 24.9 

difference 2.4 2.2 0.1 0.1 

1/4 Target 337.9 269.8 14.5 24.8 

difference 1.5 1.5 1.2 0.1 

1/2 Target 336.4 268.3 13.3 24.9 

difference 1.8 2.4 0.6 0.0 

3/4 Target 334.6 265.9 12.7 24.9 

difference 0.6 0.8 0.1 0.0 

Target 334.0 265.1 12.6 24.9 

Total 6.3 6.9 2.0 0.0 
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Figure 4.3 - The percent of change in median flow as canopy cover increases. 

4.3.3 Average Time of Flow Events Above Median Flow 

Overall, the average time of flow events above median flow decreased 0.9 hours (~0.010 

percent) from 88.5 hours to 87.6 hours between the base case and canopy target scenario.  The 

average time of flow events above median flow was greatest for base flow at 2,190.0 hours but 

remained constant across all land-cover scenarios.  Average time of flow events above median 

flow over pervious surfaces was 129.9 hours in the base scenario and increased 4.3 hours 

(~0.030 percent) to 134.4 hours in the canopy target scenario.  Finally, average time of flow 

events above median flow over impervious surfaces was 84.5 hours in the base scenario and 

decreased 0.8 hours (~0.009 percent) to 83.7 hours in the one-quarter canopy target scenario and 

remained constant throughout the remaining canopy cover scenarios. 
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Table 4.4 - Results for average time of flow events above median flow (hours) for each land-cover scenario 

 

4.4 Leaf Area Index Sensitivity Analysis 

An analysis was conducted to determine the sensitivity of the i-Tree Hydro model to changing 

leaf area index since an accurate value for the City of Guelph was not immediately apparent, nor 

could a city forestry staff person or an urban tree canopy advocate identify an appropriate value.  

To check the influence of different LAI values, five simulations were run where only LAI 

changed, each comparing the base case and canopy target scenarios.  The model’s default value 

of 4.7 was used to centre additional values of 2.7, 3.7, 5.7, and 6.7.  Flow volume outcomes were 

used to see how sensitive the i-Tree Hydro model was to LAI differences. 

 

The overall flow and highest flow parameters were the only parameters that showed notable 

changes in the sensitivity analysis. For overall flow, when LAI varied from 2.7 to 6.7 the 

proportional difference among scenarios ranged 0.13 percent for total flow, 0.57 percent for base 

flow, 0.21 percent for pervious runoff, and 0.03 percent for impervious runoff.  Furthermore, the 

proportional difference of highest flow ranged 0.11 percent for total flow, 0.10 percent for base 

flow, 0.11 percent for pervious runoff, and 0.01 percent for impervious runoff as LAI varied 

from 2.7 to 6.7.  Tables 4.5 and 4.6 show the percentage of proportional change of overall flow 

and highest flow volumes between each LAI scenario. 

 

 

 

 
Total Flow Base Flow Pervious Runoff Impervious Runoff 

Base Case 88.5 2,190.0 129.9 84.5 

1/4 Target 88.5 2,190.0 129.9 83.7 

1/2 Target 88.5 2,190.0 132.2 83.7 

3/4 Target 88.5 2,190.0 134.3 83.7 

Target 87.6 2,190.0 134.2 83.7 
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Table 4.5 - Percentage of proportional change of overall flow as LAI increases. 

LAI Total Flow Base Flow Pervious Runoff Impervious Runoff 

2.7 -0.11 -1.97 -0.44 1.68 

3.7 -0.15 -2.07 -0.48 1.66 

4.7 -0.15 -2.19 -0.48 1.65 

5.7 -0.08 -2.39 -0.37 1.64 

6.7 -0.02 -2.76 -0.27 1.63 

 

Table 4.6 - Percentage of proportional change of highest flow as LAI increases. 

LAI Total Flow Base Flow Pervious Runoff Impervious Runoff 

2.7 0.03 -1.71 -0.30 1.81 

3.7 -0.03 -1.74 -0.37 1.81 

4.7 -0.09 -1.77 -0.44 1.81 

5.7 -0.14 -1.81 -0.50 1.80 

6.7 -0.20 -1.87 -0.55 1.80 

 

 

Overall volumes of total flow and highest flow mostly decreased as LAI increased from 2.7 to 

6.7.  Overall flow decreased for base flow and impervious runoff in the base case and canopy 

target scenarios as LAI increased.  Total flow and pervious runoff increased as LAI increased, 

which was unexpected.  Highest flow volumes decreased for total flow, base flow, pervious 

runoff and impervious runoff in both scenarios as LAI increased.  Table 4.7 shows the 

percentage of change in total and highest flow between the base case and canopy target scenarios 

as LAI increases from 2.7 to 6.7. 

 

As leaf area index varied from the default value of 4.7 to values higher and lower in the model, 

the flow volumes also changed.  Proportionately, these changes were minor, however the 

volumetric changes could have implications for runoff within the project area. 
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Table 4.7 - Percentage of change in total and highest flows between each scenario as LAI increases from 2.7 to 

6.7. 

 Total Flow Highest Flow 

 Base Case Canopy Target Base Case Canopy Target 

Total Flow -0.01 0.09 -0.55 -0.78 

Base Flow -1.08 -1.87 -0.29 -0.44 

Pervious Runoff 0.13 0.30 -0.63 -0.88 

Impervious Runoff -0.39 -0.44 -0.11 -0.12 

 

The results presented in this chapter detail some of the values and differences among key 

variables in the measurement of canopy effects on hydrology.  In the following chapter, the 

results derived from computational modelling are discussed in the context of the City’s current 

canopy and with reference to available research literature concerning this and related areas of 

study.  Elaborations are also offered concerning important implications for landscape 

architecture and urban forestry. 
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Chapter 5: Discussion 

The following chapter discusses the results presented in Chapter 4, the limitations and benefits of 

this research, the implications for the landscape architecture profession, and opportunities for 

future research.  This chapter concludes with a summary of this research and some final remarks. 

5.1 Total and Base Flow 

The flow volume results generally showed that the overall volume of flow decreased by 165,400 

m3 (0.51 percent) as canopy cover area increased incrementally from 28.6 percent to 40 percent.  

In this study, overall volumes decreased, although proportional changes in volumes were modest.  

The decreases in overall flow and base flow as canopy area increases implies that a more 

balanced hydrologic regime is achievable through additional canopy cover, but additional urban 

design changes might be necessary to further modify flow proportions.  The hydrological and 

ecological significance of these changes are uncertain but the trends for total flow and base flow 

provide some insight to the potential effects of the urban forest on surface hydrology. 

 

Overall flow volume decreased consistently throughout the simulations, which was expected 

given the ability of canopy to intercept rainfall.  The greatest flow reduction was seen when 

canopy cover increased from one-half to three-quarters of the City’s canopy target.  Further 

increase in canopy area to the canopy target showed minor runoff reduction.  This is a potential 

indication that significant stormwater benefits can be achieved when canopy cover reaches three-

quarters of the 40 percent canopy cover target, or 37 percent canopy cover across the city. 

 

The decrease in base flow volume throughout the simulations was initially surprising given the 

ability of trees to increase infiltration into pervious surfaces, which would theoretically increase 

groundwater flow and therefore stream base flow.  However, since canopy cover increased in 

place of pervious surfaces, it might be that less precipitation would fall directly below canopy 

decreasing infiltration and thus base flow. 

 



 51 

The findings of this study are consistent with the literature despite the overall decrease in flow 

volumes being small in magnitude.  A study conducted by Xiao and McPherson (2002) showed 

similar rates of rainfall interception by Santa Monica’s urban forest.  Annual rainfall interception 

rates were reported to be approximately 193,000 m3 (1.6 percent) (Xiao and McPherson, 2002, p. 

295).  The volume of rainfall intercepted by Santa Monica’s urban forest is similar to the 

165,400 m3 (0.51 percent) decrease of total runoff in Guelph.  In another study conducted by 

Inkiläinen et al. (2013), it was estimated that residential canopy alone could reduce runoff by at 

least 9 percent based on measured rainfall interception.  The results of past research offer 

confidence in the findings of this study and show that the overall reduction of stormwater runoff 

in Guelph could potentially be greater than what was measured. 

5.2 Pervious and Impervious Flow 

The findings show that runoff decreased over pervious surfaces by 401,200 m3 (0.48 percent) as 

canopy cover area increased incrementally from 28.6 to 40 percent.  The volume of pervious 

runoff decreased in this study, although the proportional changes in runoff were again modest.  It 

is possible that the high volume of pervious runoff might not cause significant morphological 

changes since pervious surfaces can allow for infiltration theoretically producing more 

groundwater than overland flow.  This, however, is uncertain given the complex interactions 

between urban land-cover types. 

 

The decrease in pervious runoff was expected given the increase in canopy cover area over 

pervious surfaces.  The high volume of initial runoff over pervious surfaces, however, was 

surprising since pervious land-cover does not comprise the largest percentage of land-cover 

within the City of Guelph.  The greatest reduction in pervious runoff occurred when canopy 

cover increased from one-half to three-quarters of the City’s 40 percent canopy target.  Further 

increase in canopy to the 40 percent target showed a small decrease in reduction of pervious 

runoff.  This suggests that stormwater benefits over pervious surfaces might be achieved before 

the 40 percent canopy target is reached. 

  



 52 

The findings show that runoff over impervious surfaces increased by 325,100 m3 (1.65 percent) 

as canopy increased incrementally from 28.6 to 40 percent.  The volumetric increase was less 

than pervious runoff decrease, however, the proportional increase was greater. The increase of 

impervious flow could have potential impacts on stream morphology and ecology.  The 

magnitude of these potential impacts is uncertain. 

 

The increase in impervious runoff was not surprising given that canopy cover was only increased 

in plantable spaces in this study.  These findings suggest that only increasing canopy cover in 

plantable spaces (pervious surfaces) does not necessarily ensure stormwater benefits across the 

entire City.  Since runoff increased over impervious surfaces, it is assumed that excess runoff 

will continue to be conveyed towards streams which might increase damaging flows.  These 

results imply that increasing canopy cover over impervious surfaces could maximize the 

hydrological benefits throughout the entire City, manage runoff that is directed into streams, and 

reduce pressure exerted by excess stormwater on existing drainage infrastructure while 

complementing stream restoration measures. 

 

The difference in runoff volume between pervious and impervious surfaces was unexpected.  It 

was assumed that initial flow volume would be greater over impervious surfaces than over 

pervious surfaces because Guelph is comprised of 36.2 percent impervious surfaces.  This might 

be due to the way the model uses land-cover information to calculate hydrological parameters. 

 

The literature reviewed showed decreasing trends in runoff over impervious surfaces.  In a study 

conducted by Zölch et al. (2017) runoff was reduced by 6.3 percent in an urban area containing 

approximately 25 percent canopy cover.  The project area was small scale (150 x 180 m), and 

show that it is possible to decrease runoff over impervious surfaces with additional canopy 

cover. 

5.3 Flow Velocities 

Results for flow velocities showed a similar trend as for flow volumes.  As canopy area 

increased incrementally from 28.6 to 40 percent, there was an overall decrease in highest flow.  
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Highest base flow and pervious flow decreased but highest impervious flow increased.  Again, 

the overall rates changed but the proportional changes were small so the hydrologic and 

ecological effects are uncertain. 

 

The overall decrease of highest flow was expected given the increase in canopy cover and its 

interception capabilities.  It was hypothesized that interception would decrease the flow rate over 

pervious surfaces where canopy cover was increased and that this would subsequently decrease 

the rate of base flow.  The increase of highest flow over impervious surfaces was not surprising 

given impervious surface area and DCIA were held constant throughout the simulations.  The 

proportion of impervious surface area below canopy cover also decreased which could explain 

the increase in highest impervious flow. 

 

As with flow volumes, the largest decrease of highest overall and pervious flows occurred 

between the one-half and three-quarter canopy target scenarios, while further increase of canopy 

cover to the 40 percent target showed minimal change.  This might suggest that stormwater 

effects can be considerable before the City reaches 40 percent canopy cover.  The greatest 

increase in highest base and impervious flows occurred between the base scenario and one-

quarter scenario. 

 

Results for median flow showed a similar trend as highest and overall flows.  Overall median 

flow, median base flow, and median pervious flow all decreased as canopy cover increased from 

28.6 to 40 percent canopy cover, while median flow over impervious surfaces remained constant.  

The volumetric changes in median flow were smaller in magnitude than the changes in overall 

and highest flow, except for base flow where volumetric changes were similar between highest 

and median flows.  The proportional changes in median flow were also similar to overall and 

highest flow, except for pervious runoff where the proportion of change in median flow (~16 

percent) was greater than overall and highest flow.  It is likely that median flow rate over 

impervious surfaces remained unchanged because the proportion of impervious surface cover 

was held constant throughout simulations.  Although, this consistency was unexpected since 

highest flow over impervious surfaces increased throughout simulations.  There were no 

expectations for median flow prior to the start of this research, although it was a parameter that 
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was thought to be significant in understanding the relationship between canopy cover and stream 

hydrology.  A higher median flow, especially over impervious surfaces, could lead to 

morphological change within a stream. 

 

There was a much smaller change in the average time of flow events above median flow 

throughout the simulations, apart from pervious flow.  This value either changed slightly or 

remained constant for overall flow, base flow, and impervious flow, which could be attributed to 

the small change in median flow.  Base flow is a long spatial and temporal process which might 

explain why the average length of flow events above median base flow remained unchanged.  

There was only noticeable change for this value over pervious surfaces which is not surprising 

given that canopy cover only increased in place of herbaceous land-cover slowing runoff 

delivery.  There were no expectations for this value before the start of this study, although it is a 

metric that is important in understanding the relationship between canopy cover and stream 

hydrology.  Longer flow events above a median flow would likely increase the chances of 

morphological change within a stream.  If median flow increased, the average time of flow 

events above median flow would likely subsequently decrease. 

5.4 Leaf Area Index Analysis 

The results of the leaf area index analysis showed relatively small changes when LAI ranged 

from low to high giving confidence that the default value of 4.7 used in this study was sufficient.  

The LAI values in this study were held constant throughout the main simulations which allows 

for a strong comparison with the literature.  Zölch et al. (2017) ran multiple scenarios and used 

LAI values that ranged from 3 to 6.1 (p. 138).  The results were not presented based on LAI, 

however, runoff reduction ranged from 4.3 to 6.3 percent of total rainfall for a two-year storm 

event of 24.7 mm/hour.  In a study conducted by Wang et al. (2008) LAI values ranged from 3 to 

6 which caused an increase in rainfall interception of 2.7 percent.  Median LAI values of these 

two studies is similar to the value used in this research. 
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5.5 Research Limitations 

The hydrological model used for this research is semi-distributed and therefore does not consider 

the exact configuration of land-cover throughout the project area.  This means that there is no 

understanding of the complex interrelationships between land-covers, which can influence how 

water moves through the landscape, as might be found in a spatially-explicit model such as 

MIKE SHE.  Different land-covers can connect to each other or be isolated which can change 

how and where runoff flows.  For example, some pervious surfaces might not connect to any 

impervious surfaces and therefore pervious runoff, despite being such a high number, might 

remain on pervious surfaces until it is infiltrated or evaporated.  At the same time, some pervious 

surfaces might be adjacent and drain directly into local streams.  It is difficult to determine where 

the runoff is flowing in this model since the results are strictly numerical and not sensitive to the 

spatial arrangement of land-cover types. 

 

Another limitation regarding model inputs is that assumptions were made because of the 

difficulty of acquiring the data.  Assumptions were made for leaf area index, percentage of 

pervious and impervious land-cover under tree canopy, percentage of coniferous tree cover and 

canopy species composition in the urban canopy.  When increasing canopy cover in each 

scenario, other land-cover types had to decrease to maintain a sum to 100 percent land-cover. 

Field measurements and other geo-spatial studies could be completed to determine appropriate 

values and eliminate the need for assumptions.  An assumption was also made for the proportion 

of decrease in herbaceous cover, bare soil, and shrub canopy to maintain 100 percent land-cover.  

It is difficult to know the full implications of these choices but it is likely that the reported results 

might change in some way.  These values were held constant throughout the study to avoid 

confounding outcomes. 

 

The simplicity of the land-cover categories is considered a research limitation.  Many cities and 

watersheds contain more land-cover types than what are included in the i-Tree Hydro model.  

For this research, agriculture, wetland, and gravel land-covers had to be incorporated into an 

existing category since they were not included in the model, potentially causing error in the 

results.  These land-covers, however, comprise a small proportional area throughout the City of 
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Guelph and might not have as much of an influence on drainage as other land-covers larger in 

proportional area. 

 

The weather data that were used are considered a research limitation since they came from the 

United States.  Canadian climate data were not sufficient for use within the i-Tree Hydro model 

so climate data were used from a United States weather station in a location that had similar 

temperature and precipitation as the City of Guelph.  Some of the climate data fields required by 

i-Tree Hydro that are not measured by Canadian weather stations are cloud ceiling, sky cover, 

low, middle, and high cloud types, and visibility in statute.  This problem could be addressed in 

future versions of i-Tree Hydro by altering the required data fields to accommodate Canadian 

climate data or by including pre-loaded climate data from Canadian weather stations.  The use of 

United States climate data might have unexpectedly affected the outcomes, as parameters such as 

rainfall intensity, evapotranspiration rates, frost periods, leaf-on and -off dates and leaf transition 

periods might have differed from Guelph, which might have potential stormwater consequences.  

However, the similarity between the weather data for New York and Guelph was substantial, so 

effects might be small.  The lack of Canadian climate data might deter the use of i-Tree Hydro 

by Canadian landscape architecture practitioners especially in cities farther from the United 

States.  Proximity to the United States can factor into the use of i-Tree Hydro because there 

might be great differences in climate normals between some Canadian cities and the closest U.S. 

weather station. 

5.6 Benefits of Research 

This research shows the potential benefit that trees can have on the hydrology of a city or 

urbanized watershed.  Some of these findings were consistent with the literature which 

strengthens the knowledge that increased canopy cover can have a positive influence on 

stormwater runoff and therefore stream systems.  This research shows the usefulness of a 

hydrological model that can be used by practitioners, city officials, engineers, and forestry 

managers to determine the hydrological effects of a city’s canopy.  This information can be used 

by landscape architects to make decisions about the urban forest as well as improve upon 
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existing urban forest management strategies.  The City of Guelph might experience beneficial 

hydrologic effects of increased canopy even before the 40 percent target is achieved. 

 

This research is also beneficial as it shows how complicated one such study can be.  This study 

shows how there are numerous factors that must be considered when trying to measure and 

understand complex urban and ecological processes. 

5.7 Implications for Landscape Architecture 

Results show that canopy vegetation incorporated into intensely developed urban areas affects 

hydrology.  Landscape architects could play a role in maximizing the stormwater benefits of 

trees by designing effective urban tree infrastructure such as street tree pits.  Improved street tree 

pits could increase the health and longevity of urban trees and the total area covered by the urban 

forest canopy, therefore increasing their stormwater management potential.  Improved street tree 

pit infrastructure could also increase runoff interception allowing for more infiltration.  Tree pit 

improvement would most likely require a collaborative effort combining knowledge from 

multiple disciplines. 

 

Impervious surfaces in cities remain a design challenge for landscape architects.  However, 

landscape architects can design and incorporate technology into intensely developed urban areas 

to intercept runoff before it enters the drainage system (i.e. bio-swales, infiltration trenches, 

vegetated roofs, rain gardens, impervious surfacing treatments, etc.).  Most of these technologies 

could combine tree canopy with other design interventions to address impervious runoff, 

suggesting a more dynamically stable stream ecology resulting from on-site stormwater 

containment and treatment. 

 

Planting and maintaining trees in areas that are high in impervious surfaces should become 

priority.  In Guelph, this includes commercial (including the central business district), industrial, 

and residential areas.  The right-of-way, including boulevards, should also become priority for 

planting new trees, as well as maintaining and protecting existing trees to increase their density 

and age so their hydrological benefits can be maximized.  Although impervious surfaces are a 
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design challenge, an opportunity exists for landscape architects to implement their skills and 

expand canopy over impervious surfaces.  Impervious surfaces such as sidewalks have the space 

to accommodate additional canopy cover with effective design solutions. 

 

The model used for this research could be used by practitioners to approximate site-specific 

effects of trees on stormwater runoff.  As Booth (1991) explains, one way to minimize the 

impact of urbanization on the hydrology of urban stream systems is to replicate pre-development 

discharge.  Practitioners can use a model like i-Tree Hydro to quickly determine how much 

stormwater runoff is generated on a site since it is an intuitive tool.  i-Tree Hydro can be used at 

both small and large scales making it versatile.  i-Tree Hydro can also be used to determine the 

effects of green infrastructure on hydrology, which is increasingly being incorporated into urban 

design.  A model like i-Tree Hydro can provide useful stream discharge information to 

practitioners working on stream restoration projects, which could help with the implementation 

of effective stream restoration measures. 

5.8 Future Research 

The results of this study could be used as a basis for future research in urban forests and 

watersheds.  There is a need for studies relating to urban watershed forestry because cities are 

constantly changing.  The impact of increasing development on surface hydrology and stream 

morphology and ecology is well documented proving there is an increasing need to reduce 

stormwater runoff in cities and urbanized watersheds for more reasons than to protect streams.  

Future studies that use a spatially explicit land-cover model, such as MIKE SHE, and detailed 

land-cover parameters to account for the complex relationships between urban land-cover types 

might be beneficial and produce different results. 

 

A study to determine how urban forest configuration affects stormwater runoff would be 

beneficial and could help improve natural stormwater management within Guelph.  There could 

be a more effective way to configure Guelph’s urban forest to maximize stormwater runoff 

reduction.  This knowledge could help implement new and improve existing urban forest 

management strategies.  Other beneficial studies relating to configuration could identify how 



 59 

canopy cover has changed within a watershed over time and how streams have responded to the 

change.  This could help determine where canopy cover can provide the greatest hydrological 

benefits within a watershed (i.e. upper vs. lower watershed, clustered or dispersed). 

 

Tree species composition studies could supplement configuration research since certain species 

are more effective than others at intercepting, storing, absorbing, and transpiring precipitation.  

Leaf area index measurements throughout the City of Guelph could also be beneficial and 

improve the knowledge of Guelph’s urban forest since LAI is a value that has environmental and 

social significance.  Studies to determine the age structure of Guelph’s urban forest might be 

beneficial providing knowledge for urban hydrology and ecology.  There is also potential to look 

at how to reduce forest fragmentation and create connections between forest stands in cities to 

maximize the benefits that trees can provide.  This could create and enhance sociological and 

ecological benefits by providing green networks for Guelph’s human and wildlife populations as 

well as habitat for significant wildlife species. 

5.9 Conclusion 

The results of this study could be used as a basis for future research in urban forests and 

watersheds.  There is a need for studies relating to urban watershed forestry because cities are 

constantly changing.  The impact of increasing development on surface hydrology and stream 

morphology and ecology is well documented proving there is an increasing need to reduce 

stormwater runoff in cities and urbanized watersheds for more reasons than to protect streams.  

Future studies that use a spatially explicit land-cover model, such as MIKE SHE, and detailed 

land-cover parameters to account for the complex relationships between urban land-cover types 

might be beneficial and produce different results. 

 

A study to determine how urban forest configuration affects stormwater runoff would be 

beneficial and could help improve natural stormwater management within Guelph.  There could 

be a more effective way to configure Guelph’s urban forest to maximize stormwater runoff 

reduction.  This knowledge could help implement new and improve existing urban forest 

management strategies.  Other beneficial studies relating to configuration could identify how 
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canopy cover has changed within a watershed over time and how streams have responded to the 

change.  This could help determine where canopy cover can provide the greatest hydrological 

benefits within a watershed (i.e. upper vs. lower watershed, clustered or dispersed). 

 

Tree species composition studies could supplement configuration research since certain species 

are more effective than others at intercepting, storing, absorbing, and transpiring precipitation.  

Leaf area index measurements throughout the City of Guelph could also be beneficial and 

improve the knowledge of Guelph’s urban forest since LAI is a value that has environmental and 

social significance.  Studies to determine the age structure of Guelph’s urban forest might be 

beneficial providing knowledge for urban hydrology and ecology.  There is also potential to look 

at how to reduce forest fragmentation and create connections between forest stands in cities to 

maximize the benefits that trees can provide.  This could create and enhance sociological and 

ecological benefits by providing green networks for Guelph’s human and wildlife populations as 

well as habitat for significant wildlife species. 
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