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LAY ABSTRACT

The effects of urbanization on river systems are not well understood as appropriate field
parameters for representing such changes require years of consistent data for an accurate comparison
which is not typically available in Ontario due to budget and personnel constraints. To direct monitoring
and management efforts more effectively, a comparative aerial imagery analysis, field study, and
statistical analysis comprised of a Pearson correlation coefficient analysis and stepwise regression were
undertaken for twenty sites across four major watersheds in the Greater Toronto Area (GTA). Values
obtained through the Stream Power Index for Networks (SPIN) tool and manual calculations of
entrenchment and three ratios from Wood-Smith & Buffington (1996) were utilized. Results indicate that
statistical parameters such as the ability for specific stream power and imperviousness to predict the
shear stress ratio can be considered applicable initial estimates of river patterns but are not strong
enough for design purposes.
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ABSTRACT

The effects of urbanization on river systems are not well understood as appropriate field
parameters for representing such changes require years of consistent monitoring data for an accurate
comparison. Furthermore, due to their varying degrees of urbanization and management efforts,
conditions are not consistent even within the same watersheds so representative sites are difficult to
distinguish. This level of data is not typically available for watersheds in Ontario due to budget and
personnel constraints of organizations undertaking such monitoring activities. To direct monitoring and
management efforts more effectively, a comparative aerial imagery analysis was undertaken for a ~50-
year timeline for twenty study sites across the Mimico Creek, Etobicoke Creek, Highland Creek, and
Duffins Creek watersheds as well as a comprehensive field analysis to characterize current conditions. A
statistical analysis that included a Pearson correlation coefficient analysis and stepwise regression
utilizing values obtained through the Stream Power Index for Networks (SPIN) tool and manual
calculations including three ratios from Wood-Smith & Buffington (1996) was also completed. These
ratios included: bankfull width (W, ¢)/bankfull depth (h,f), Dso/bankfull depth (h (), and critical shear
stress (tcs0)/bankfull shear stress (t,r). Results indicated a strongly negative correlation between
entrenchment and the W,/ h, ratio and positive correlations of varying strengths between the t.so /7y
ratio and both the W, /h,r and Dso/hy,; ratios. Though weak, percent imperviousness and specific
stream power were able to predict the t.s50/7 ratio. Finally, t-tests between sites categorized as “rural”
(<30% imperviousness) and “urban” (>30% imperviousness) revealed when a control is placed on
drainage area, increases in specific stream power, Dg,, bankfull width, bankfull depth, and slope is
observed in “urban” areas. It is believed that such statistical parameters could be considered applicable
as a first order estimate of further stream pattern analyses but are not strong enough correlations to be
utilized for design purposes.
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CHAPTER 1: Introduction

Over the past few decades, much research has been conducted regarding the effects of different
disturbances on stream morphology and their capacity to maintain essential functions such as sediment
transport and flood conveyance. The effects of urbanization on river systems have become a popular
research focus in recent years due to ongoing residential and commercial expansion in response to a
predicted increase in urban populations of 1.5 times by 2045 (The World Bank, 2023). Research such as
that from Boggs & Sun (2011) has found that urbanization intensifies natural hydrological cycles,
increasing stormflows by 75% in areas with at least 44% impervious surface cover when compared to
those dominated by natural cover. In response to these intensified flows, urban rivers undergo
geomorphic adjustments such as channel enlargement, incision (Papangelakis et al., 2022°), and bed
coarsening (Hawley et al., 2013). The typical timespan for natural watercourses to undergo these
adjustments can be decades to millennia depending on the process, however, degradation processes have
been observed in as little as 10-100 years in urbanized watersheds (Simon & Rinaldi, 2006). To describe
these effects of urbanization on stream systems in addition to increased stream erosion, changes in
alluvial materials, flashy hydrology, and degradation of water quality and aquatic habitat, the term
“urban stream syndrome” has been coined (Mackenzie et al., 2022%; Mackenzie et al., 2022).
Unfortunately, due to the highly variable nature of land use change, channel evolution, and
anthropogenic influences, indicators of change vary between streams (Ashmore et al., 2023), making it
challenging to identify early indicators of geomorphic instability, which is an ongoing challenge for
successful river management.

The sediment regime is of major importance when attempting to determine the historical,
present, and future condition of a channel. Urbanization disturbs the natural sediment regime (Wohl et
al., 2015), with literature supporting an increase of the Dg, (i.e., the particle size in which 84% of the
sample is smaller than) (Bunte & Abt, 2001) by approximately 4 times in urban streams versus rural
streams (Robinson, 1976). This is a result of excess sediment transport capacity, which Gregory (2011)
noted correlated to an increase in sediment yield of ~160 times from rural areas (i.e., agricultural lands)
and artificial areas (i.e., exposed construction sites). In addition, eroding outer meander bend banks are
typical in pool-riffle channels (Montgomery & MacDonald, 2002) and a corresponding width-to-depth
ratio would be deeper in these areas and perhaps wider to accommodate the discharge energy. However,
not all literature is consistent, with studies such as that from Annable et al. (2012) finding contradictory
information that with increasing urbanization, bed material supply tends to decrease which is offset by a
smaller bankfull channel width, depth, and access to floodplains during major events. This inconsistency
in channel response leads to difficulties when developing effective management and restoration
techniques.

In response to urban river degradation, stream restoration has become a multi-billion-dollar effort
globally (Palmer et al., 2007). However, the responsibility for watercourse management tends to be
allocated to municipalities or local watershed management authorities (e.g., conservation authorities)
who typically do not have the budget and resources to accommodate upkeep and restoration for all areas
of concern. As a result, conventional approaches to mitigating the effects of urban hydrology such as
centralized SWM and channel hardening (e.g., armourstone) have long been preferred due to upfront
cost and technique familiarity (Papangelakis et al., 2022%). Unfortunately, these traditional methods
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have revealed a high rate of failure from which the necessity for alternative approaches such as adaptive
management have stemmed. The high failure rate is, in part, due to a persistent gap in understanding of
geomorphic responses to urbanization and the ability to predict them. Most of the previous literature
related to geomorphic responses in urban watersheds has focused on individual river systems (e.g.,
Ashmore et al., 2023), and whether signals of geomorphic adjustments are consistent between different
watersheds remains unanswered, presenting a significant challenge for developing effective monitoring
and management plans.

1.1 Research Aim and Objectives

The aim of this research is to better understand the trajectories of fluvial responses to
urbanization in the GTA. Specific objectives are to:

1. Provide a baseline historical geomorphic analysis of urbanizing watersheds in the GTA

2. Present a current geomorphic condition snapshot of watersheds to assess fluvial responses to
urbanization in the GTA

3. ldentify the most sensitive geomorphic indicators of urbanization that can be used as
predictive tools to guide watershed monitoring and management priorities

The overarching goal is that this research may be utilized for education and decision-making
purposes on a municipal and provincial level with respect to watershed management and development.
This thesis is organized as follows. CHAPTER 2 presents a summary of a literature review discussing
the findings and perspectives of recent and historical publications with relation to fluvial
geomorphological concepts such as sediment transport and stream morphology. It also includes a review
of literature used to formulate hypotheses and methodology for each of the main three methodological
components of this thesis: 1) aerial imagery analysis, 2) field analysis, and 3) statistical analysis.
CHAPTER 3 describes the watersheds studied and the methodology used for analysis. CHAPTER 4
presents the results of all analyses conducted as well as a discussion relating to management
implications, limitations, and future research recommendations. Finally, CHAPTER 5 provides a
conclusion, summarizing the main points of this study.
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CHAPTER 2: Literature Review
2.1 River Responses to Urbanization

Multiple studies have been conducted to quantify the effects of urbanization on channel
processes. Urbanization initiates morphological adjustments in response to changes to the hydrology and
sediment regime of channels. The conversion of natural cover to impervious cover that occurs during
urbanization intensifies natural hydrological cycles by increasing surface runoff and therefore stream
discharges (Papangelakis et al., 2022°). For instance, Arnold & Gibbons (1996) found that when
impervious surfaces in a watershed accounted for 10-20% of ground cover, runoff doubled, and when it
accounted for 35-50% of ground cover, it tripled. Adaptations in response to increased streamflows
initiate morphologic responses such as increased channel width and incision which are an endemic
problem in urban channels (Papangelakis et al., 2022°). The rapid response of rivers to urbanization can
be seen when reviewing sediment budgets and transport capabilities and can be further intensified when
reaches are straightened as is often the case in urbanized areas to accommaodate linear infrastructure. In
urban watersheds, mid-watershed reaches no longer function as temporary storage for coarse sands and
gravels (as is expected in natural watersheds), leading to an erosion-dominant condition in the channel
through the disruption of the sediment cascade process (Wohl & Merritts, 2007). Natural degradational
processes are escalated in urbanized watersheds to as little as 10-100 years compared to the typical
timespan for natural watercourses of decades to millennia (Simon & Rinaldi, 2006). Alternatively,
urbanization may also result in continuous changes with no perceived end as the intensity and type of
urbanization activities keep the stream in a constant state of stress and adaptation (Ashmore, 2015).

Urbanization-induced disturbances to fluvial systems can be visible when analyzing the natural
sediment regime (Wohl et al., 2015) through alterations to bed particle size and location along the
channel. For instance, bed coarsening in urban rivers has been observed by Robinson (1976) who
discovered that the Dg, in urban streams was ~4 times greater than that in rural streams, and further
supported by a regression analysis conducted by Hawley et al. (2013), especially in early development
streams. Bed coarsening is due to excess sediment transport capacity, typically initiated by headcuts
migrating upstream causing channel incision, therefore increasing the bank height, and consequently, the
concentration of erosive energy in the channel. Shear stress is also directly correlated with transport
capacity as the higher the shear stress exerted on the bed, the larger the particle size that can be moved in
the water column (Wilzbach & Cummins, 2018).

Increases in not only sediment size, but sediment yield, are an important response to consider
when discussing urbanized areas. Wolman (1967) noted an increase in suspended sediment yield of ~160
times from rural areas (i.e., agricultural lands) to artificial areas (i.e., exposed construction sites) in a
Maryland, USA case study. Smith & Wilcock (2015) quantified this difference further by determining
that suspended sediment yields from urban watersheds were 2-70 times higher than background levels,
with a median increase of ~6 times from forested areas and ~3 times from agricultural areas.
Furthermore, the time for excess sediment to be flushed from the system is highly variable, ranging from
just 5 years to 50 years (Chin, 2006), depending on a multitude of factors such as geology and climate,
resulting in observed sediment impacts beyond initial urban development. A case study in Maryland,
USA found that coarse-grained sediment load was averaging 90 t/km?/year in a full suburban basin
compared to a yield of 5-22 t/km?/year in forested basins. Russell et al. (2017) found the increase in
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sediment yields is at least in part due to the surrounding activity (e.g., construction) allowing for riprap,
concrete, brick, and other anthropogenic materials to supplement coarse sediment loading, making up 2-
21% of bed particles alone. These changes in sediment supply alter the state of the channel beyond
hardening and straightening as the natural progression of larger particles near the headwaters where flow
is slowest and reduced particle size downstream where flow is more intense is interrupted, leading to
unintended consequences such as erosion. Furthermore, pool-riffle channels have been found to display
the greatest sensitivity to increases in sediment supply and/or peak flows (Montgomery & MacDonald,
2002) which would encompass most channel types in Southern Ontario, especially in urban areas.
Papangelakis et al. (2019) found an increase in transport distances of coarse particles (>Ds,) in urban
channels. Since many of the channels studied in urban environments have been straightened to some
degree, this would result in a more consistent display of sediment size between sites at different points
along the channel as there are less local sorting points.

Contradictory to prior studies at the time, Annable et al. (2012) found that there was no increase
in observed bankfull width and depth versus bankfull discharge as a function of urbanization. The
authors also discovered that with increasing urbanization, bed material supply tends to decrease which is
offset by a smaller bankfull channel width, depth, and access to floodplains during major events. This
observation was further supported in their study by measurements of decreased sinuosity and bed
material transport and thus, channel degradation, with increasing urbanization in sites where artificial
structures (e.g., armourstone) were installed. These findings are consistent with previous studies
conducted by Bravard & Petit (2009) especially with regards to observed slope alterations. Slope
decreases downstream via lateral migration extension which Bravard & Petit (2009) explains by the
correlation of river slope to bedload size. Bedload size decreases downstream through sorting, attrition,
and dissolution in circumstances of materials such as limestone. Unfortunately, due to the highly
variable effects of urbanization, each stream indicates changes differently and in such a complex manner
that it is difficult to disentangle the influences of disturbances to the flow regime from those of the
sediment regime (Russell et al., 2017). Such contradictions in findings reinforce the inconsistent nature
of river science research, the validity of patterns, and the need for continuous comprehensive research.

2.2 Adaptive Management

The necessity for continuous comprehensive research is highlighted by the establishment of the
term “urban stream syndrome” which describes the effects of unmanaged and significant urbanization on
stream systems such as increased channel dimensions (Booth et al., 2016), changes in alluvial materials,
flashy hydrology, and degradation of water quality and aquatic habitat (Mackenzie et al., 2022%;
Mackenzie et al., 2022°). Meyer et al. (2005) found that this level of degradation was observed most
often in urban environments where channel morphologies are simplified (i.e., straightened). Such
alterations were common in the 1970s and 1980s and accompanied surrounding land use changes such
as agricultural and urban development (Padovan, 2016).
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There are three prevailing approaches to traditional urban river management:

1. Manage the flow regime (e.g., SWM, LID)
2. Manage the transport capacity of the channel (i.e., restoration)
3. Manage the sediment regime (e.g., sediment augmentation)

Examples of conventional activities include centralized SWM and channel hardening such as
gabion baskets, armourstone, and complete concrete channelization (Papangelakis et al., 2022%). SWM
and restoration are very prevalent in urban areas and are often driven by policy and/or the need to
protect infrastructure. A process that has primarily been used downstream of dams (e.g., Sumi et al.,
2017) but remains experimental for urban applications is sediment augmentation. Sediment
augmentation involves the artificial supply of sediment to a channel with the intent to offset the effects
of sediment deficits such as decreased riverbank stability and local scour (Mértl & De Cesare, 2021).

Conventional SWM practices that focus on peak discharge control are the most popular strategy
due to familiarity and upfront cost. This type of SWM relies on runoff retention ponds and results in
lowered peak discharges but often prolonged duration of erosive discharges, which in turn negatively
affect receiving stream networks (Bledsoe & Watson, 2001; Bledsoe, 2002; Nehrke & Roesner, 2004;
Rohrer & Roesner, 2006; Hawley et al., 2013; Papangelakis et al., 2019). The consequences can be seen
in the larger cross-sectional dimensions in areas where these practices are implemented when compared
to forested areas as channel geometry is typically not a management priority (Hawley et al., 2013). An
example of this effect was captured by Papangelakis et al. (2022°), who measured stream flows in
neighbouring urban watersheds with (i.e., Morningside Creek) and without (i.e., Wilket Creek)
traditional SWM ponds. The channel with SWM had a smaller peak flow than the urban channel with no
SWM but the flows capable of transporting sediment (i.e., “erosive” flows) lasted significantly longer
(Figure 1).
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Figure 1. Stormflow characteristics for three study sites (Papangelakis et al., 2022P)

As urban populations continue to grow at a rate of 1.5 times by 2045 (The World Bank, 2023),
the observed degradation of waterways remains a pressing issue. Stream restoration has become a multi-
billion-dollar effort globally (Palmer et al., 2007), which has led to the need for the development of

5
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more effective solutions. Current methods range from local hardening to complete channel
reconstruction, most based around pool-riffle designs. Pool-riffle sequences are considered the
foundation for rivers due to their influence on channel morphology (Thompson, 1986; Kleinhans & van
den Berg, 2011) and are typically identified visually from aerial imagery or 1D plots of thalweg
elevations (Richards, 1976; O'Neill & Abrahams, 1984; Lisle & Hilton, 1992). Designs based on pool-
riffle sequences are popular due to their perceived benefits for channel stability (Obach, 2011) and
habitat availability (Wade et al., 2002). However, not all initiatives that have implemented pool-riffle
bedforms have been successful as some have become eroded or filled in with sediment, resulting in
increased flooding and failed channel stabilization (Walker et al., 2004). The use of traditional SWM and
restoration methods remain an issue as the lack of consideration for channel adjustments and the
dynamic nature of geomorphic processes (including sediment transport), has led to high failure rates,
and a need for more financial investment and continuously updated management plans (Papangelakis et
al., 2022%). This responsibility tends to be allocated to municipalities or local watershed management
authorities (e.g., conservation authorities) who typically do not have the budget to adequately respond to
all areas of concern.

The past decade has seen a shift towards acknowledging the need for unique hybrid approaches
to urban development and restoration that accommodate urban constraints while focusing on re-
establishing fluvial and sedimentary processes that mimic the natural evolutionary progression of the
channel (Padovan, 2016; Wohl et al., 2015). Adaptive management is an approach that has become of
interest for urban systems in recent years that treats policies and management practices as experiments
from which to learn (Levine, 2004) and often involves non-traditional methods. More holistic
approaches to urban watershed management such as the implementation of LID (Mackenzie et al.,
2022%; Fletcher et al., 2015) have been of interest. However, for these approaches to be successful, it is
necessary to derive tools that identify areas within watersheds most at risk for channel degradation to
help facilitate effective watershed management efforts. Regime requirements as defined by Mackenzie et
al. (2022?) refer to ““...a dynamically stable state of existence for a watercourse, for which the rate of
energy expenditure approaches a minimum, and the rate of sediment transport into and out of the regime
reach is approximately equal over time.” Early identification of the potential for a stream to exhibit a
shift away from “in regime” conditions has become essential for the management of urban watersheds.

Several approaches have been developed to identify areas at risk of current and future channel
erosion and morphological adjustments to guide more accurate analyses of conservation methods for
infrastructure and critical habitats (Howett, 2017). Given the fundamental control of geology and climate
on geomorphic processes, approaches to identify sensitive areas are necessarily regionally specific
(Table 1). In Southern Ontario, the meander belt concept by Parish Geomorphic (2004) tends to be the
most cited. The goal of river corridor management should be to promote ecological resilience which is
““...the ability to absorb disturbance without exhibiting permanent detrimental effects” (Padovan, 2016)
and can be achieved through establishing stable geomorphic planforms that account for all factors (i.e.,
flow, sediment, surrounding land use, stormwater systems, long-term area needs, etc.).
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Table 1. Summary of concepts of river corridor management (Howett, 2017)

Concept Region of Application Source
River corridor \ermont (Kline & Dolan, 2008)
Channel migration zone Washington (Rapp & Abbe, 2003)
Avrea of fluvial freedom Spain (Ollero, 2010)
Erodible corridor concept (n/a) (Piegay H., Darby, Mosselman, & Surian, 2005)
Freedom space Quebec (Biron, et al., 2014)
Streamway Oregon & Washington (Palmer, 1976)
Stream corridor U.S.A. (FISRWG, 1998)
Inner river zone California (Department of Water Resources (state of
California), 1998)
Riparian corridor United Kingdom (Thorne, Masterman, & Darby, 1992)
Meander belt Ontario (Parish Geomorphic, 2004)

To best predict which watershed segments are most in need of management interventions, it is
often beneficial to reference the basics. The natural evolution of a channel was described by Schumm et
al. (1984) through a model outlining the several stages of such a progression as stream networks react to
disturbances, particularly those related to urbanization such as channelization and dredging. This model
(Figure 2) displays five stages in which the channel begins in equilibrium followed by cycles of
incision, widening, and aggradation, before coming full circle back to a state of quasi-equilibrium
(Hawley et al., 2013). Quasi-equilibrium as defined by Annable (2012) is ““a river reach which maintains
flow and sediment transport continuity and geotechnical stability over a significant period of time during
which there is no net intermediate to long-term aggradation or degradation of the channel form.” In
other words, it is considered “in-regime”. The phase in this model of particular interest to this study is
phase four because as the channel adjusts towards a new equilibrium in response to the increased erosive
conditions, the channel’s susceptibility to erosion intrinsically decreases due to a reduction in slope,
increased widening, and therefore reduced specific stream power (Hawley et al., 2013). This process is
self-limiting as the increased erosive forces lead to the observed channel adjustments until the river
reaches a new condition that accommodates this new flow.
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Figure 2. Channel Evolution Model (CEM) (Maestas et al., 2018)

Despite attempts to identify patterns in urban river change, there are several complicating factors
that have precluded the development of a universal model of urban river adjustment. Though urban
transformation of rivers can be partially predicted through physical attributes related to fluvial
geomorphology, they are also path dependent. Thus, anthropogenic interventions also play into the
predictability of a watershed as they will make some adjustment pathways unavailable (Ashmore et al.,
2023), even if it seems feasible at the time of the assessment. For example, the presence of bedrock,
vegetation, and urban constraints such as infrastructure will impede the progression of channel evolution
in the expected CEM path and may open different pathways of adjustment (Booth & Fischenich, 2015).
Additionally, most detailed reach-scale assessments used today rely on repeated measurements of
channel dimensions and identification of erosion indicators to monitor channel geomorphology along a
reach of 100-300 m (Papangelakis et al., 2022%) which may misrepresent key information about a
channel’s adjustment process as results are subjective based on individual observations (Gazendam et
al., 2016) and site-specific conditions (Padovan, 2016).

An increasingly common method for assessing geomorphic sensitivity and predicting
morphologic adjustments at the watershed scale is to utilize stream power (i.e., energy expenditure of
flow per unit downstream length):

Q= pgSQ (Equation 1)

where p = density of water (~ 1000 kg/m®), g = acceleration due to gravity (9.8 m/s?), S = channel
slope, and Q = discharge (m®/s). Due to its dependence on channel slope and discharge, stream power is
sensitive to changes in hydrology (i.e., urbanization and SWM interventions) and channel straightening
(Papangelakis et al., 2022%). Specific stream power, equal to the total stream power divided by the
channel width, is a measure of energy expenditure per unit area (W/m?), which can be used as a
predictor of sediment entrainment thresholds (Bagnold, 1966; Ferguson, 2005). Due to its link with
sediment entrainment, specific stream power is a powerful metric that has been used to estimate
sediment transport rates (e.g., Parker et al.,, 2011), discriminate between channels of different
morphology (e.g., Candel et al., 2021; Phillips & Desloges, 2015), and predict areas of aggradation and
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degradation (e.g., Yochum et al., 2017). The significance of this metric cannot be understated as it has
been used to identify areas of susceptibility to morphology change and instability, especially in urban
systems (Bizzi & Lerner, 2015; Mackenzie et al., 2022?).

Several studies have applied a stream power-based approach to assess the potential for channel
morphologic adjustments in urban watersheds such as Vocal Ferencevic & Ashmore (2011). Mackenzie
et al. (2022%) developed the Group Method of Data Handling (GMDH) model to predict specific stream
power with the aim of determining whether a channel is in or out of regime based on a comparison with
observed values. The authors found that changes in specific stream power are “a reliable early detection
metric for the occurrence of the urban stream syndrome.” In addition, Ashmore et al. (2023) supports the
commonly cited value of 300 W/m? as the threshold specific stream power for substantial erosion and
widening onset as well as observed channel pattern change stemming from high-magnitude flooding
events. They also note that changes in channel width are correlated with total stream power rather than
discharge for given bed material particle sizes (Ashmore et al., 2023).

Building upon years of foundation surrounding stream power, the Stream Power Index for
Networks (SPIN) tool was created by Ghunowa et al. (2021). SPIN is a GIS-based toolbox that utilizes a
watershed DEM and either land-use information or existing hydraulic models to calculate a variety of
variables including total stream power, specific stream power, and their changes though historical,
current, and future land-use conditions. Where existing hydrologic data does not exist, SPIN relies on
empirical relations between drainage area, channel width, percent imperviousness, and discharge
(typically the two-year return) to calculate stream power metrics (Ghunowa et al., 2021). Research
conducted by Papangelakis et al. (2022%) tested the effectiveness and reliability of the SPIN tool on the
Etobicoke Creek watershed in Toronto, Ontario and confirmed that the calculated metrics matched
measured values, including channel slope and threshold substrate size. Furthermore, they determined
that both total and specific stream power displayed an increase when comparing pre-urban to urban
land-use conditions. Overall, they found that SPIN offers a quick alternative for visualizing trends in
stream power indices at the watershed scale which has very applicable benefits for watershed managers
and city planners during the initial analysis stage. More specifically, it can aid in identifying areas
requiring intervention based on where the increase in stream power is predicted to exceed thresholds.

2.3 The Greater Toronto Area (GTA)

The Greater Toronto Area (GTA) is Canada’s most populus urban area, with a population of ~6.5
million residents as of 2022 (City of Toronto, n.d.?). Since its founding in 1934 (Careless, 2022), the
GTA has experienced continuous rapid growth, with an increase in population of ~10% from 1931 to
1941 alone, and a 300% increase from 1941 to 2021 (Statistics Canada, 2009; Statistics Canada, 2023).
In response to growing infrastructure needs and severe flooding caused by Hurricane Hazel in 1954, the
Toronto and Region Conservation Authority (TRCA) was established in 1957 (Ashmore, 2018). The
TRCA is responsible for the management of the region’s nine watersheds: Carruthers Creek, Don River,
Duffins Creek, Etobicoke Creek, Highland Creek, Humber River, Mimico Creek, Petticoat Creek, and
Rouge River (TRCA, n.d.?). The establishment of the TRCA was necessary to facilitate the growing
infrastructure needs that came with an increasing population.
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A study by Aquafor Beech Limited (2006) found that even at 30% watershed impervious cover,
peak flows associated with 1, 2, and 100-year storms in the GTA become more frequent by 10.6, 3.3,
and 1.5-fold, respectively. To put that into perspective, that would equate to an annual storm peak
occurring more than 10 times per year. Similarly, Papangelakis et al. (2019) found that urban
watersheds in the GTA had more sediment mobilizing events than rural watersheds, with 81 events
recorded in an urban watershed and only 18 recorded in a neighbouring rural watershed over the same 3-
year study period. The effects of urban land use on event-scale hydrologic characteristics in the GTA
(e.g., increase in flood frequency, magnitude, and flashiness) have also been noted by Trudeau &
Richardson (2016). As urbanization has continued to intensify, the human consequences of altered
watershed hydrology have become evident as the rate of displacement has risen (19,000 Canadians in
2018) due to climate change related events exacerbated by inadequately managed urbanization (Library
of Parliament, 2020).

Much of the GTA (65-70%) was constructed prior to when the implementation of SWM was
mandated and areas where traditional SWM was implemented still experience flooding and erosion due
to a lack of adequate research at the time (STEP, n.d.). Traditional strategies included peak-shaving
SWM ponds and significant channel realignment (Ashmore, 2018; MTO, 1997) to facilitate housing
needs. Consequently, many older developments lack any SWM at all and for many others that do have
SWM in place, it is not adequate as it only supports a fraction of the watershed. A study by the TRCA
(2021) concluded that only a small fraction of land in the GTA has adequate SWM for both flood
management and erosion control. A prominent example of failed urban watershed management
strategies was the significant rain event which occurred on July 8, 2013, that broke the rainfall record set
60 years prior. Due to the severity of the storm, there was widespread flooding on major highways and
the city’s transit system was significantly disrupted (Tillekeratne, 2024). More instances such as these
are now occurring as outdated infrastructure continues to fail at an increasing pace due to climate change
and intensifying urbanization.

Studies conducted in the GTA have documented anthropogenic-induced channel alterations such
as widening, incision, and instability (e.g., Padovan, 2016; Bevan et al., 2018; Mackenzie et al., 2022?;
Mackenzie et al., 2022°). In response to such research and the ineffectiveness of traditional watershed
management approaches in the GTA, the TRCA has adopted new tactics that aim to restore the
geomorphic and ecological processes of channels via “natural channel design” (NCD). NCD is defined
as “restoring streams to mimic the natural form, flow and movement of streams unaffected by human
influence” (TRCA, 2021). These projects typically rely on designing channel dimensions and building
geomorphic units such as pools and riffles using reference reaches with the goal of replicating channel
conditions and re-establishing ecological processes (Padovan, 2016). However, these methods are still
not very well defined due to a lack of adequate monitoring and a focus on short-term (e.g., 5-10 year)
outcomes, as is common when the requirement for justification to government bodies exists. Therefore,
an understanding of how effective different strategies are is still lacking which has led to many project
failures and high maintenance costs. Thus, efforts would best be spent on the initial stages of projects to
predict which areas are most at risk of failure and/or highest priority for restoration and monitoring.

As the effects of poor management methods and the reality of climate change continue, it is more
important than ever to develop effective tools for identifying and monitoring sensitive river reaches.
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This can be achieved through analysis of the previous methods and their points of failure, as well as
modelling the trajectory of the watersheds utilizing verified scientific research methods.

2.4 Geomorphic Assessment Methods
2.4.1 Historical Analysis

Historical analyses of river morphology are a critical component of river characterization and
form the basis of understanding for how a system has changed over time (Padovan, 2016). Most
commonly, the use of historical data such as topographic maps, flow records, aerial photographs, and
floodplain stratigraphy. Historical analyses provide context for how a system may look and function
today and is especially important in rapidly changing environments such as urban watersheds.
Furthermore, historical analyses can be used to predict the future behaviour of a river system
(Papangelakis et al., 2023), which, as climate change continues to alter what are considered “normal”
conditions (Papangelakis et al., 2022), is becoming more and more essential.

Two important morphological characteristics that are most often measured from historical and
current aerial imagery are sinuosity and thread (e.g., single vs. braided) which describe the pattern of a
channel (Wilzbach & Cummins, 2018). Calculating the sinuosity index for a channel consists of
measuring channel length along the thalweg (i.e., drawing a line through the deepest points of successive
cross-sections for the length of the channel chosen) and dividing by the valley length (i.e., a straight line
drawn beside the river for the same length of channel as the valley length was measured for). To be
considered meandering, channels must have a sinuosity index value exceeding 1.5 (Wilzbach &
Cummins, 2018). Unfortunately, locating the true thalweg from aerial imagery alone is often difficult,
and as such, the centreline of the channel is sometimes used in lieu to achieve greater accuracy (e.g.,
Clerici & Perego, 2016). Furthermore, as the process for delineating sinuosity is subjective based on
individual linework techniques, the margin for error should be a consideration (Limaye et al., 2021). To
attempt to improve consistency, computer programs such as the QGIS plugin “RiverMetrics” have been
introduced in recent years which calculate sinuosity with minimal human input (De Rosa et al., 2017).

2.4.2 Field Analysis

Though desktop-based historical analyses of channel pattern provide a basis for understanding
watershed trajectories, they do not provide a complete picture. As such, they are often supplemented by
data collected in-field regarding channel dimensions, substrate characteristics, morphology, and flow
regime. Methods for data collection include Wolman pebble counts, cross-section surveys (e.g., total
station, GPS), photographs, drone imagery, and flow measurements (Papangelakis et al., 2023). In-field
data provides information that, when analyzed against historical data, can provide a fuller picture of the
current geomorphic condition of a watershed. For instance, an indicator of stream channel condition can
be indicative of different influences depending on local geomorphic context and history of the watershed
(Montgomery & MacDonald, 2002; Hazbavi, 2018).

Though predictions can be made to establish general hypotheses and guidance for channel
assessment and monitoring across varying locations, the implications of the variability of each
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watershed, even within the same region (e.g., province), are too great to rely on pre-prescribed
guidelines alone (Papangelakis et al., 2023). The formulation of diagnostic criteria and protocols
tailored to specific geographic areas is essential for the most effective planning (Montgomery &
MacDonald, 2002; Conservation Ontario, 2010). For example, utilizing a single parameter such as a 2-
year storm flow for all of Southern Ontario could lead to over-mitigation in some areas and under-
mitigation in others (Papangelakis et al., 2023). Additionally, bank erosion is a natural process with
some benefits such as promoting riparian vegetation succession and creating dynamic habitats for
aquatic animals, and thus, erosion rates must be placed in context of historical values (Florsheim et al.,
2008). For example, eroding banks might be typical for channels in arid to semi-arid areas but an
indicator of severe disturbance in meadows so the same management efforts would not be applicable to
both environments (Montgomery & MacDonald, 2002). The effects of sediment regime changes are
further complicated by effects stemming from the degree/time persistence of anthropogenic influences
such as urbanization. For example, a pulse of fine sediment into a steep portion of the uppermost
channel from a construction zone may be rapidly transported downstream but persist in the low-gradient
portion of the channel which can have implications for aquatic ecosystems and their inhabitants
(Montgomery & MacDonald, 2002).

Over 100 different river assessment frameworks have been developed since the 1970s with a
large diversity of geographic focus and approaches, including the Natural Character index (Fuller et al.,
2021), The River Styles Framework (Fryirs et al., 2019), and Process-Based Restoration (Beechie et al.,
2010). Popular baseline inventory assessments which consider a variety of geomorphic parameters
include Rapid Geomorphic Assessments (RGAs) and Rapid Stream Assessments (RSAs). These
assessments are beneficial as they do not require a large time commitment to complete and provide a
relatively accurate snapshot of the dominant channel processes at the time (Padovan, 2016).
Furthermore, when monitoring the same locations over consecutive years, the observed changes can
provide insight into the reasons for such channel adjustment and aid in predicting future alterations.
However, they also have limitations such as subjectivity due to the qualitative nature of the assessments
(Habberfield et al., 2014; Lisle et al., 2015).

Montgomery & MacDonald (2002) provide a basic conceptual framework for channel
assessment and monitoring which has become the basis for most subsequent research regarding
watershed condition. In their paper, they determined three principles:

1. Stream channel condition reflects the capability of the channel to accommodate, or resist change
due to inputs of sediment, water, organic matter, or alterations of the riparian vegetation

2. Different channel types vary in their sensitivity and response to changes in inputs or local
controls

3. Catchment and local scale differences in channel processes, historical disturbance, topography,
lithology, structural controls, and geomorphic history result in a variety of channel types
throughout a watershed (p. 1)

Utilizing these three principles, channel assessment and monitoring procedures must consider the
following parameters:

a) Differences in sensitivity and response due to channel type
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b) Spatial and temporal variability in the input parameters in different portions of a watershed
c) The effects of other controls at both reach and watershed scales (p. 2)

To put these ideas into practice, Montgomery & MacDonald (2002) proposed a diagnostic
approach which incorporates at minimum the following phases (Figure 3):

Phase 1: Define the system of interest and the controlling variables

Phase 2: Use qualitative and quantitative observations to characterize the current state of the
system

Phase 3: Evaluate the controlling variables and current symptoms to infer both relative condition
and the causal mechanisms producing this condition (p. 2-3)

With relation to stream channel assessments, phase 1 includes steps such as an evaluation of the
location within the channel network (e.g., upper reach vs. lower reach), channel type (i.e., braided,
meandering, straight), associated controlling influences (e.g., dams), temporal variability in inputs, and
historical conditions (Montgomery & MacDonald, 2002). Once these parameters have been established,
phase 2 utilizes field observations to evaluate indicators of channel condition which, if the indicators are
proven consistent, can lead to a confident diagnosis. However, as with most diagnoses, they are
complicated by the interactions among causal factors and conflicting or ambiguous indicators. The most
effective remedy for such a situation involves a combination of judgement and additional
observations/data (Montgomery & MacDonald, 2002).

Define system of interest and
location in the channel network

v

Determipe channel types,
controlling influences, and
temporal variability in inputs

v

Collect field observations

v

P Assess relative magnitude of
Historical data |—g»| "t s over time 9

v

Diagnose channel condition
and response potential

Figure 3. Suggested steps in the channel diagnostic procedure (Montgomery & MacDonald, 2002)

Several primary geomorphic field indicators discussed by Montgomery & MacDonald (2002) are
common among most river assessment frameworks due to their importance in characterizing
geomorphic processes (Papangelakis et al.,, 2023). These indicators include slope, confinement,
entrenchment, riparian vegetation, overbank deposits, channel pattern, bank conditions, gravel bars, pool
characteristics, and bed material (Table 2). While both valley bottom and active channel characteristics
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are important for developing a full understanding of a channel, most investigations that attempt to infer
relationships among sediment supply and transport capacity typically focus on slope, confinement,
channel pattern, bank conditions, and bed material (Papangelakis et al., 2023). The commonality of
these geomorphic indicators in river assessment procedures likely stems from their economical
effectiveness in describing channel conditions as much of the research being conducted is by
government on limited resources (e.g., conservation authorities in Southern Ontario).

Table 2. Role of the primary field indicators in diagnosing channel condition
(Montgomery & MacDonald, 2002)

Field Indicators | Role
Valley Bottom Characteristics
Slope Primary control on channel type and style of energy dissipation.
Confinement Primary control on possible planform channel patterns.
Entrenchment Indicates longer-term balance between runoff and sediment loads, and likely

range of responses to high flows.

Riparian Vegetation | Primary control on channel characteristics.

Overbank Deposits Indicates type and magnitude of recent deposits.

Active Channel Characteristics

Channel Pattern Braided channels imply high sediment loads, non-cohesive banks, or steep
slopes. Large amounts of LWD can also generate anastomosing channel form
in lower-gradient channels.

Bank Conditions Location and extent of eroding bank relative to stream type can indicate level
of recent disturbance.
Gravel Bars Number, locations, extent, and condition related to sediment supply.

Pool Characteristics | Distribution and amount of fine sediment deposition can indicate role of flow
obstructions and whether sediment loads are high for a given channel type.
Bed Material Size and distribution of surface and subsurface bed material can indicate
relative balance between recent discharge and sediment supply.

Slope is considered a key parameter for interpreting channel condition because of its control on
stream power and the expected channel types (Montgomery & MacDonald, 2002), which is especially
important in urban channels as they tend to change rapidly compared to rural channels (Papangelakis et
al., 2022?). This can be seen in research conducted by Vocal Ferencevic & Ashmore (2011) as they noted
an increase in channel slope due to anthropogenic interventions such as channelization or artificial
straightening led to an increase in stream power.

Confinement is characterized by “the ratio of the valley bottom width to the bankfull channel
width” (Montgomery & MacDonald, 2002). This ratio is important when considering controls on
channel response because it determines the space available to the channel for lateral adjustments and the
resulting changes in sinuosity and/or planform. Confinement may also influence how easily sediment is
delivered to the stream, thereby affecting the sediment supply. On the other hand, it is important to note
channels that are confined by valley walls as they do not experience this type of freedom and therefore
are limited in their disturbance response potential. For example, many urban channels in Southern
Ontario that are positioned within deep glacial valleys are more likely to respond to avulsions when they
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can no longer adjust laterally (Bevan et al., 2018). Together, valley bottom slope and confinement can be
used to predict probable channel form and overall response potential for various disturbances
(Montgomery & MacDonald, 2002).

Channel pattern (e.g., meandering, straight) is closely associated with the volume and sizing of
available sediment supply in conjunction with transport capacity. This means that one would be able to
infer a change in these factors from observing a change in channel type or sinuosity using resources such
as aerial imagery (Montgomery & MacDonald, 2002). For example, Highland Creek in Toronto has a
history of flow regime transformation, including channel straightening and steepening which has led to
significant increases in specific and total stream power (Vocal Ferencevic & Ashmore, 2011; Ashmore et
al., 2023).

Bank conditions refer to characteristics of the bank that influence the channel morphology, such
as the bank height and angle, dominant material, presence of vegetation, and indications of erosion.
Channel dimensions such as the bankfull width, bankfull depth, and the width-to-depth ratio act as a
complimentary response variable when characterizing a channel (Montgomery & MacDonald, 2002)
with bankfull stage considered to represent the dominant discharge associated with channel-forming
events (Wolman & Leopold, 1957). This means that both the channel dimensions and bank conditions
are linked in that an exhibit in one, is indicative of a response in the other. For instance, eroding outer
meander bend banks are typical in pool-riffle channels (Montgomery & MacDonald, 2002) and a
corresponding width-to-depth ratio would present as being deeper in such areas and perhaps wider to
accommodate the discharge energy. This type of information is indicative of what stage of the CEM the
channel is in, which can inform decisions for its management as it places the channel in the timeline of
adjustment and can predict its future behaviour.

Bed material is most often characterized by the D5, which is the median grain size on the
channel bed (Montgomery & MacDonald, 2002) and is one of the most important factors to consider
when completing a channel characterization as it is an indicator of several factors such as discharge,
sediment supply, and obstruction roughness (including channel walls). An increase in shear stress
coupled with a reduction in sediment supply will coarsen the bed surface, while a decrease in flow
amplitude in tandem with an increase in fine sediment supply will lead to a finer bed surface
(Montgomery & MacDonald, 2002). The size of available sediment in the channel is important because
sediment transport is the process that mediates morphologic adjustments which most assessments fail to
consider adequately (Papangelakis et al., 2023).

2.4.3 Statistical Analysis

Statistical analyses have provided a basis for predicting changes in river systems in response to
anthropogenic stressors for decades. Research from Wood-Smith & Buffington (1996) consisted of a
discriminant function analysis which indicated a three-variable model is the most successful (~90%
success rate) in distinguishing between channel reaches that were disturbed by logging and those that
were undisturbed. These variables included: a) total number of pools per reach, b) mean pool depth to
mean bankfull depth, and c) the ratio between the critical shear stress needed to mobilize the Ds, and the
bankfull shear stress. The proposed application of these functions to other sites was to facilitate
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identification of those in need of restoration and most at risk of being degraded. Similarly, Chen & Wei
(2008) conducted a Pearson correlation analysis, where they found that relative width (ratio of the b-axis
diameter of the largest substrate particle found in the reach (D) to bankfull width), relative roughness
(ratio of D to bankfull depth), pool frequency, and per piece large woody debris volume are sensitive to
percent equivalent clear-cut area (ECA) but independent of influence from non-logging activity.

Hawley et al. (2013) also conducted a study in which they attempted to isolate the effects of
disturbance on a watershed, though their focus was on the effects of urbanization in-lieu of forest
logging. To attempt to isolate the effects of disturbance, as was consistent with precedents in prior
literature at the time, they utilized total impervious area as a surrogate for urbanization and conducted a
Pearson correlation analysis. They found that in stream channels where sediment/siltation was listed as
the prominent cause for water quality decline, stream bank instability was the dominant source of fine
sediment even at low levels of imperviousness. These findings were able to support their hypothesis that
the excess energy of the urban flow regime caused excess bed material transport and led to a series of
complex responses in channels. Commonly, stream degradation effects begin to manifest when
impervious cover exceeds 10% (Mackenzie et al., 2022°) as it increases stormwater runoff, the rate of
which has been found by Jang et al. (2021) to be an effective indicator of land development impact on
stream water quality.

The dimensionless shear stress, also known as the Shields parameter (z*), has been shown to be
an influential factor when determining the level of channel stability as it has a significant impact on
depth and slope prediction accuracy (Afzalimehr et al., 2009) as a criterion for incipient motion of
sediment (Cao et al., 2006). Further, it has been found that width and D5, would most often be the first
to adjust in response to a change in discharge. The Dg, itself is quite important, serving as both an
indicator of substrate erosion resistance and a simple quantification of flow resistance (Mackenzie et al.,
20229).

Despite the growing literature employing statistical methods to understand trends in channel
adjustments in response to disturbances, there remains a need to identify parameters that best indicate
channel reaches at most risk for geomorphic adjustments in response to urbanization. In other words,
whether there are parameters that best distinguish between urban and non-urban reaches analogous to
the results by Wood-Smith & Buffington (1996) and Chen & Wei (2008) in response to logging
disturbances remains an open question. This question formed the basis for the research questions and
statistical analysis performed in this thesis, as is explained in more detail in CHAPTER 3.
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CHAPTER 3: Methodology
3.1 Study Sites

Four watersheds in the GTA were chosen for this study: Mimico Creek, Etobicoke Creek,
Highland Creek, and Duffins Creek. These watersheds were chosen for their similar climate, vegetation,
and underlying geology conditions as well as their range of urbanization, with Duffins Creek having the
lowest fraction of impervious area and Mimico Creek displaying the most (TRCA, 2018?; TRCA, 2018%
(Table 3). Five sites were chosen within each watershed for a total of twenty study sites (Figure 4).
Larger scale maps of each watershed are shown in APPENDIX A.
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Figure 4. Study area map displaying the twenty study sites (red circles) and Mimico Creek (pink),
Etobicoke Creek (yellow), Highland Creek (green), and Duffins Creek (purple) watershed boundaries.
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Table 3. Summary of watershed characteristics

Watershed Total Area Land Use (2018) Imperviousness
Urban = 90%
Mimico Creek! 23 ~7,370 ha Rural = 0% 63%

Natural Cover = 10%
Urban = 67%
Etobicoke Creek # 3 ~22,405 ha Rural = 19% 33%
Natural Cover = 14%
Urban = 89%
Highland Creek® >3 ~10,583 ha Rural = 0% 57%
Natural Cover = 11%
Urban = 18%
Duffins Creek® ¢ 73 ~28,216 ha Rural = 71% 5%
Natural Cover = 42%
(Tam, 2023), >(TRCA, 2018Y), *Derived from the SPIN tool, (TRCA, 2018"),
5(TRCA, 2018°), 5(TRCA, 2018%), /(TRCA, n.d.?)

3.1.1 Mimico Creek Watershed

The Mimico Creek watershed (~74 km?) (Tam, 2023) is heavily urbanized, with the highest
proportion of urban area (90%) and the lowest proportion of natural cover (10%) in the TRCA
jurisdiction (TRCA, 2018%). Of that natural cover, approximately 2% is forest cover, with less than 1%
being interior forest cover, and 19% is streamside cover as of the 2018 Watershed Report Card (TRCA,
2018Y). Streamside cover has seen an increase of nearly 5% since the previous Watershed Report Card in
2013 (TRCA, 20139, which can be attributed to the various restoration initiatives that have taken place
such as the “DePave” project. This project converted an under-utilized paved surface to a recreational
space for residents of a nearby housing co-op that includes a garden and seating area (TRCA, 20189).
Another notable project was the streambank stabilization measures undertaken within Malton Greenway,
which aimed to protect the sanitary sewer running parallel to the East Branch of Mimico Creek and
consisted primarily of the planting of a variety of native vegetative species to stabilize the stream bank
(TRCA, 20189).

In addition to the high proportion of urban area, the Mimico Creek watershed also has limited
and outdated stormwater management systems (TRCA, 2018%). Historically, many kilometers of stream
have been straightened to accommodate an increase in urbanization activities, including being lined with
concrete in some areas to facilitate rapid stormwater drainage. Unfortunately, many of these projects are
now failing due to age and more frequent intense storm events that exceed their design capacity (TRCA,
2018%). The failure of river management projects has resulted in increased flooding risk by preventing
floodplain access and permeability of stormflow (e.g., through concrete lined channels), increased
erosion rates, and failed works contributing excess sediment to the stream (e.g., broken gabion baskets)
(Papangelakis et al., 2022?).
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3.1.2 Etobicoke Creek Watershed

The Etobicoke Creek watershed is a large and heavily urbanized area (~224 km?) (Tam, 2023)
with a ratio of ~60% urban area to only ~12% natural cover as of 2021 (TRCA, 2021). The dominant
surficial geology within the watershed is Halton Till. The dominant sediment materials in the upper
sections of the channel are relatively fine (e.g., sand/clay) while the lower portions are dominated by
coarser sediment such as gravel. The primary source of sediment in the lower sections is direct erosion
of the bed and banks (Papangelakis et al., 2022%). The watershed is home to the Brampton Esker, a long,
winding ridge of sand and gravel deposited by glacial meltwaters and the only esker in the TRCA’s
jurisdiction. Its sediments hold and purify water as it percolates, making it an important groundwater
resource (TRCA, 2021). Unfortunately, even with this capacity for water retention, among larger
watersheds in the TRCA jurisdiction, Etobicoke Creek displays the highest annual runoff, second only to
the Don River, with 402 mm/year. This is indicative of an increase of 28% compared to baseline (2002-
2010) measurements of 314 mm/year and has led to the designation of six Flood Vulnerable Clusters
(FVC) in the watershed with a total area of 508 hectares (TRCA, 2021). An FVC is “an area within the
flood plain where there is a higher concentration of roads and structures at risk of flooding” (TRCA,
n.d.%).

More detail of the spatial patterns of urban development can be observed by evaluating the
imperviousness of each of the eight Etobicoke Creek subwatersheds. With the exception of the
Headwaters, all subwatersheds display impervious cover >50% as of 2019 (Table 4). The highest
percentage is linked to the Little Etobicoke Creek subwatershed with a nearly 70% imperviousness
cover, while the Headwaters show the least with just above 14%. The proportion of natural cover is
consequently low across the entire watershed, with the Tributary 4 subwatershed displaying around only
7% as of 2019. Though these values are low, the overall watershed natural cover percentage is similar to
other heavily urbanized watersheds at just under 12% (TRCA, 2021). The low natural cover can be
attributed to this watershed containing a large amount of industrial and commercial land uses such as
hosting the majority of the Lester B. Pearson International Airport.

Table 4. Percent impervious cover for Etobicoke Creek (TRCA, 2021)

2002 | 2012 | 2019

WEIETEIED 429 | 456 | 47.9
Headwaters 100 | 119 | 14.2
Spring Creek 46.6 | 50.3 | 54.1
West Branch 57.2 60.0 | 61.2
Tributary 3 57.1 | 65.1 | 66.8
Tributary 4 484 | 504 | 51.4
Main Branch 575 | 59.5 61.9
Little Etobicoke 64.5 66.8 68.7
Lower Etobicoke 65.0 | 64.9 | 65.7

The Etobicoke Creek watershed has limited and outdated SWM systems in place, resulting in
issues related to flooding, erosion, water quality, and poor habitat quality (TRCA, 2018). Only about
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36% of the urbanized area had some form of SWM as of 2021, including 77 stormwater retention ponds.
Of that 36%, only about 19% of the area had been determined to have adequate SWM capabilities to
reduce peak flood flows, improve water quality, and mitigate erosion (TRCA, 2021). The inadequacy of
SWM in the watershed is demonstrated by the results from the TRCA analysis which confirmed that
flow tends to correspond directly to measured changes in the watershed’s total imperviousness.
Specifically, baseflows displayed an increase of 15% from historical conditions (i.e., 1960-1990) which
is theorized to be caused by groundwater being intercepted by underground infrastructure (TRCA, 2021).
However, average total flow increased by 44% between 1970 and 2010, with an additional 28% increase
in average streamflow specifically between monitoring periods (i.e., 2002-2010 and 2010-2020)
(Papangelakis et al., 2022%). Due to inadequate SWM, most of the watershed can be categorized as
having the potential for and/or currently exhibiting moderate to high erosion sensitivity (TRCA, 2021).

Recent research has confirmed that the channels in the Etobicoke Creek watershed have
responded to the hydrologic changes caused by urbanization. A study conducted by Papangelakis et al.
(2022%) found that the channels in the Etobicoke Creek watershed have coarsened from modelled pre-
urban conditions to match the increased urban stream power conditions, the results of which were found
to be consistent with the range expected in Southern Ontario based on previous studies of both urban
and rural conditions. In addition to coarsening, the channels in the Etobicoke Creek watershed have also
been observed to have enlarged by nearly 40% compared to pre-urban conditions (Papangelakis et al.,
2022?).

The Etobicoke Creek watershed has a long history of urban development and management.
Historically, the outlet of Etobicoke Creek into Lake Ontario was a wetland. The first engineered
alteration was completed in 1929 to reinforce the sandbar across the outlet to allow for a road extension.
Hurricane Hazel in 1954 was a large catalyst for water management in the watershed and in the years
that followed, provincial and municipal governments purchased the land that was impacted, along with
164 properties in the floodplain, and converted them into the Marie Curtis Park. By 1959, the original
creek mouth was unrecognizable (TRCA, 2021). In the following years, urban development in the
watershed occurred rapidly, especially during the 1980s and 1990s, resulting in urban land use
increasing from only 21% in 1978 to 53% by 1998. Today, the urban landscape is comprised of a
mixture of industrial, commercial, residential, and park area (Table 5). By 2002, Etobicoke Creek was
identified as one the most degraded watersheds within the TRCA jurisdiction, and unfortunately not
much improvement has been made since (Papangelakis et al., 2022%). The number of erosion control
structures within the watershed highlights the persistent erosion problems faced along Etobicoke Creek;
as of 2019, the watershed contains (TRCA, 2021):

e 3,550 inventoried erosion control structures (2009-2017)

e 675 infrastructure hazard monitoring sites (within the Region of Peel)
e 138 TRCA-owned or managed erosion control structures; and

e 29 erosion hazard sites on private or public property
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Table 5. Overview of land use change in Etobicoke Creek (TRCA, 2021)

2002 2012 % change from 2019 % change
(area %) | (area %) 2002-2012 (area %) | from 2012 to
(+or-) 2019 (+ or -)
Urban 53.4% 56.4% 5.6% 59.5% 5.4%
Rural* 32.5% 30.9% -5.0% 28.2% -8.5%
Natural 14.1% 12.7% -9.6% 12.3% -3.4%
Impervious Cover 42.9% 45.6% 6.3% 47.9% 4.9%

*Rural includes land use such as agriculture, golf courses, open space, hydro corridors, etc.

In response to flooding and erosion problems, several river restoration efforts have been
implemented in the Etobicoke Creek watershed. In total, 111 restoration projects were completed in the
watershed between 2002 and 2019 (Papangelakis et al., 2022%). A study by the TRCA found that
wetland habitat improved, and streamside cover increased by nearly 4% between 2013 and 2018 (TRCA,
2018%). This improvement is directly attributed to restoration efforts such as the removal and re-
naturalization of a 400 m stretch of channel which had been previously straightened and lined with
concrete. The channel was reconnected to the floodplain and riparian habitat was substantially increased
through the implementation of riffles, pools, and riparian vegetation. This project also created wetland
habitat and provided flood relief to areas downstream of the site (TRCA, 2018°). Despite these recent
improvements, the watershed continues to experience challenges related to river adjustment.

3.1.3 Highland Creek Watershed

The Highland Creek watershed covers ~106 km? (Tam, 2023). The surficial geology of the
watershed is dominated by glacial sediments originating from the Laurentide Ice Sheet which includes a
mixture of till, sands, gravels, clay, and lacustrine silt (Ashmore et al., 2023). The terrain is very low
relief, with the channels in narrow valleys being incised locally into glacial sediments. As such, bed
material is primarily gravel-cobble with some sand and fine gravel, with particle sizes for D, ranging
from 35-65 mm typically, fining downstream towards the outlet at Lake Ontario (Ashmore et al., 2023).

Like most watersheds in the TRCA jurisdiction, the Highland Creek watershed has undergone a
significant land cover change from agricultural to completely urban (>85% excluding valley lands)
between the 1950s and 2000s and displays a high imperviousness value of 57% (Table 3). Of the
observed 11% natural cover remaining in the watershed, most is forest (6%) with the remaining 5%
attributed to meadow (Padovan, 2016). In response to the high proportion of impervious surfaces, flood
peaks have increased by up to 5-fold in some areas, with total annual flow for the creek nearly doubling
between the 1960s and 1990s alone, increasing from 20 million m® to 40 million m?, respectively. The
ratio of annual maximum instantaneous versus annual maximum mean daily discharge has also
increased from <2 to 5-10 once full urbanization was achieved (Ashmore et al., 2023). The progressive
reduction in sinuosity and increase in imperviousness has played a significant role in the observed flood
and discharge values. Local channel slopes have increased by as much as 15% in some places since the
1960s and the total channel length was reduced from 104 km to just 74 km, resulting in increased stream
power and consequent potential for erosion and flooding (Ashmore et al., 2023; Vocal Ferencevic &
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Ashmore, 2011). The complete transformation of the flow regime in tandem with channel straightening
and steepening has resulted in stream power values increasing by an order of up to ten times. In response
to these changes, the channel has undergone significant channel widening by factors of up to five in
some areas, which has led to anthropogenic interventions such as channelization and hardening in an
attempt to mitigate erosion and protect local infrastructure (Ashmore et al., 2023). Due to the complexity
of its response to urbanization and long history of management, the Highland Creek watershed has been
the subject of many studies that have described and analyzed the factors contributing to its significantly
degraded state and active erosion along both its bed and banks (e.g., Vocal Ferencevic & Ashmore, 2011;
Ashmore, 2015; Mackenzie et al., 2022°; Ashmore et al., 2023).

The beginning of watershed management efforts can be traced back to the Hurricane Hazel flood
in 1954 which, as in the case of Etobicoke Creek, resulted in significant anthropogenic alterations to the
affected areas. Several reaches of the Highland Creek were engineered and narrowed after the flood
(Ashmore et al., 2023). In the headwater tributaries, complete hardening can be seen, while the main
branches experience about 50% hardening. These factors make determining the effects of urbanization
on channel width quite difficult (Ashmore et al., 2023). The TRCA in coordination with the City of
Toronto, aim to develop the Highland Greening Strategy, which would prioritize projects with goals that
aim to restore the watershed, resulting in a higher level of climate change preparedness for residents
(TRCA, 2018%). Such projects have included the “Highland Creek Rehabilitation Project - Markham
Branch” which aimed to restore 1.5 km of channelized stream into a natural watercourse by applying
natural channel design techniques (City of Toronto, n.d.?). The project was completed in 1998 and
included the implementation of fascines, brush layering, and live crib walls to promote slope stability. In
addition, floodplain wetlands were created to treat stormwater and provide habitat (City of Toronto,
n.d.?).

3.1.4 Duffins Creek Watershed

The Duffins Creek watershed is ~282 km? (Tam, 2023) and has a higher fraction of rural land use
(71%) (TRCA, n.d.?) compared to the other watersheds studied. With 42% natural cover as of 2018, it
boasts the highest proportion of natural cover in the TRCA jurisdiction (TRCA, 2018%). The watershed
has also seen an increase of nearly 3% in forest cover since the last Watershed Report Card in 2013
(TRCA, 2013?), resulting in it also holding the title for the watershed with the highest proportion of
forest cover in the TRCA jurisdiction (TRCA, 2018?). The watershed encompasses a portion of the Oak
Ridges Moraine (ORM) (Simic et al., 2014), an ~80 km? area of stratified meltwater deposits (Sharpe &
Russell, 2023). The watershed’s geologic setting therefore consists of a series of alternating till and lake
(silt and clay) and river (sand or gravel) deposits overlying bedrock, ranging in thickness from 0 to 200
m (Simic et al., 2014).

The increase in forest cover can be partially attributed to restoration projects such as the 2008
Lake Ontario Atlantic Salmon Restoration Program undertaken by the provincial government that
involved streamside plantings, stream-bank stabilization, and construction of cattle crossings and fish
by-pass channels (Government of Ontario, 2008). In addition, due to the level of naturalization in the
watershed, aquatic habitat is a high priority and as such, the TRCA is a partner in the Bring Back the
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Salmon program. This program aims to re-establish the native Atlantic Salmon population in the creek
through fish stocking and habitat restoration (such as increasing canopy cover) (TRCA, 2018?).

Although the Duffins Creek watershed is the least urban of the watersheds studied, it is facing
continual development pressures. The most notable current development is through the Seaton Lands
project, which aims to convert 7,000 acres of undeveloped land into areas for residential, commercial,
and institutional uses (3,064 acres) as well as employment (815 acres) (City of Pickering, n.d.). Though
the remaining 3,121 acres of land are to be preserved as open space lands (City of Pickering, n.d.), that is
still less than half of the total watershed area, reinforcing the trend of urbanization in the GTA and
emphasizing the importance of early and continuous monitoring of its effects.

3.2 Methodology

Background information pertaining to the methodology for this study was collected through a
literature review as discussed in CHAPTER 2. Chosen methods were scaled according to available
resources (i.e., scheduling constraints and data availability). Four categories of geomorphic parameters
were collected: 1) watershed characteristics (percent imperviousness, drainage area), 2) flow
characteristics (discharge, specific stream power), 3) reach scale parameters (slope, sinuosity,
entrenchment ratio, bankfull width (W, (), bankfull depth (h,f), particle size), and 4) geomorphic ratios
(width to depth (W,;/hyf), relative roughness (Dso/hyf), shear stress (z.so/7,f)). Utilizing the
calculated parameters, two analyses were conducted: 1) historical change in sinuosity, and 2) statistical
analysis of the relationships between the watershed characteristics, flow characteristics, reach scale
parameters, and geomorphic ratios. Each component of the methodology is outlined in their own
subsections below.

3.2.1 Watershed Characteristics

To explore relationships between the measured watershed characteristics and the reach-scale
parameters, the following were calculated for each field site: percent imperviousness, drainage area,
discharge, slope, and specific stream power. These parameters were calculated using the Stream Power
Index for Networks (SPIN) version 2.0 toolbox for ArcGIS developed by Ghunowa et al. (2021)
(available open source at https://github.com/macvicab/SPIN). Layers required by the SPIN tool to
perform its functions were created in ArcGIS pro from the DEM and imperviousness layers outlined in
Table 6. The watershed-specific clippings of each of these layers were input into SPIN. The first step of
the SPIN tool is to use the DEM to delineate the channel network that is then split into 30-40 m
segments. SPIN then calculates the weighted total percent imperviousness, drainage area, discharge,
slope, channel width, and total stream power for each channel segment and stores them as attributes. A
detailed description of how the tool operates is presented in Ghunowa et al. (2021).
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Table 6. Input layers for the SPIN tool analysis

Layer Description Source

Shapefile of the 2017 land-use polygon layer for the TRCA jurisdiction with | TRCA
an assigned total impervious value for each polygon from 0 (least
impervious) to 100 (most impervious)

Shapefile of watershed boundaries TRCA

Hydrologically enforced Digital Elevation Model (DEM) layer for Ontario Government of Ontario

The SPIN tool calculates the 2-year urban flood discharge (Q,,) at each stream segment using
the following empirical equation:

Qau = aA”I° (Equation 2)

where A is the drainage area (m?), I is the weighted total percent imperviousness for the area draining to
the given segment calculated from the TRCA land-use layer (Table 6), and a, b, and c are empirical
coefficients. The values of a = 0.248 and b = 0.910 were used based on data from 210 watersheds in
Southern Ontario by Phillips & Desloges (2014). The coefficient ¢ = 0.3 was calculated by Bledsoe &
Watson (2001). Since the SPIN tool calculates these parameters for each 30-40 m channel segment, the
segments corresponding to each study site were located and the applicable parameters extracted from the
resulting SPIN layer. The specific stream power at each site was calculated by dividing the SPIN
calculated total stream power value by the measured bankfull width (W,). This was done as it was
determined to be more accurate than the SPIN calculation for specific stream power that utilizes a rural
(non-urban) reference value for channel width. The average value for each parameter across each site
was calculated and is referred to as the “site average”. The average for all segments within each
watershed was calculated as well and is referred to as the “watershed average”.

3.2.2 Reach Scale Parameters
3.2.2.1 Sinuosity Analysis

The sinuosity analysis consisted of the collection of current and historical aerial imagery
provided by the City of Toronto Archives (TA), the City of Toronto Geospatial Competency Centre
(TGCC), The City of Brampton (CB), and The Regional Municipality of Durham (RMD). The aerial
imagery for 2021 was used to represent current conditions as it was the most recent imagery that was
available for all sites. The historical imagery varied between 1973, 1977, and 1978 for each site
depending on availability and clarity of the imagery for optimum comparison (Table 7). The images
were used to calculate sinuosity (channel length divided by valley length) in ArcGIS Pro 3.0 for the
current (2021) and historical (1973-1978) conditions. The channel length was determined by tracing the
centreline of the river over a 500 m reach (250 m upstream and 250 m downstream of the study site
where possible), which is consistent with the standard reach length (200 m to 2 km) from the Parish
Geomorphic (2004) outline for meander belt width delineation in Southern Ontario. The chosen valley
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length was also 500 m for ease of comparison. The sinuosity calculations for both years for each site
were combined to yield a change value (+/-) for comparison.

Table 7. Aerial imagery specifications summary

Recent Imagery (2021) Historical Imagery (1973/1977/1978)
Site Requwed_ Source Requwed_ Source Year of Data
Georeferencing? Georeferencing?

Mimico

MCAI No TGCC No TGCC 1978
RAVP No TGCC No TGCC 1978
MATC No TGCC No TGCC 1978
EVAP-A No TGCC No TGCC 1978
EVAP-B No TGCC No TGCC 1978
Etobicoke

ECT-A No TGCC No TGCC 1978
GET-6 No CB Yes TA 1973
CENP No CB Yes TA 1973
ECAB No CB Yes TA 1973
GET-2 No TGCC No TGCC 1978
Highland

BDR-B No TGCC No TGCC 1978
BDR-A No TGCC No TGCC 1978
BENP No TGCC No TGCC 1978
MSPT No TGCC No TGCC 1978
CDBP No TGCC No TGCC 1978
Duffins

SHT-A No RMD Yes TA 1977
SHT-B No RMD Yes TA 1977
SHT-E No RMD Yes TA 1973
SHT-D No RMD Yes TA 1973
RIVT No RMD Yes TA 1973

3.2.2.2 Field Analysis

The field analysis involved the establishment of monitoring sites for which various methods
were employed to capture data to characterize the dimensions and substrate. Initially, ten potential sites
per watershed were identified via aerial imagery obtained from Google Maps. The criteria for the chosen
sites were: 1) had no significant anthropogenic reinforcement along the established cross section where
possible (e.g., bank armourstone), and 2) were accessible through public trails/lands. Following ground-
truthing, many identified sites were found to be inaccessible (e.g., due to construction) or not
appropriate (e.g., unsafe flow conditions). Thus, a total five per sites per watershed were identified for a
total of twenty study sites.
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Cross-sectional surveys and substrate particle size data were collected between September and
October 2023. One representative cross-section was surveyed at each site using a Benchmark
Hemisphere 631 GPS with Real-Time Kinematic (RTK) and positioning engine. Representative cross-
sections were chosen where riffle characteristics were dominant as they are considered stable/static at
low flows and thus representative of bankfull conditions. Due to local in-channel effects such as
obstructions and bank erosion, the top of bank at each cross-section was established visually as the
breakpoint along the bank beyond which the bank slope remained relatively constant. Using the cross-
section surveys, bankfull width (W) and bankfull depth (h; ) were measured.

To characterize the substrate particle size distribution at each site, a modified 100-particle
Wolman pebble count was conducted along the established cross section for each site. Though this
method involves multiple transects and a non-discriminate picking method, the method was modified for
this research in the following ways:

a) Only one transect was surveyed, the same one where the cross-section data was collected
with the GPS unit.

b) Pebble particles were hand selected to ensure that the full range of particle sizing was
captured.

c) Asize value of 0.1 cm was assigned to pebble particles measuring <0.5 cm

These changes were implemented based on the effectiveness displayed through personal industry
experience of this method and an attempt to offer an alternative for practical field and research use.
Though the traditional method was developed to be non-discriminate, knowledge gained through
industry experience highlighted the potential opportunity for misrepresentation of the accurate quantity
of certain particle sizes. However, the industry standard of measuring particles along the b-axis was still
adhered to. In addition to these data collection methods, site photos were taken at each site facing
upstream, downstream, the left bank (facing upstream), the right bank (facing upstream), and the bed
(see APPENDIX B).

3.2.3 Geomorphic Ratios

Using previous literature, three geomorphic ratios for quantifying morphologic adjustments were
chosen: the width to depth ratio, the relative roughness, and the shear stress ratio (Table 8). Wood-Smith
& Buffington (1996) used the active channel width (W,,) (i.e., where a sharp change from unvegetated
to vegetated banks occurs in the channel) for their calculations whereas this research utilized the
bankfull channel width (W) (i.e., channel width at bankfull discharge) (USACE, 2013) for ease of

comparability with previous literature on urbanizing watersheds.

Table 8. Ratio equations and contributing parameters

Ratios Equation
Width to depth ratio Wyr/hpg
Relative roughness Dso/hyg
Shear stress ratio Teso/ oy
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The ratio of the critical shear stress (z.so) to the bankfull shear stress (z,f) is of particular

interest as it is a measure of the shear stress theoretically required to mobilize the observed D, scaled
by the total boundary shear stress at bankfull discharge (Wood-Smith & Buffington, 1996). This ratio is
interpreted as a measure of bed surface mobility where a fixed discharge transport threshold is not
assumed.

The 7,7 was calculated as:

Tpr = pgShbf (Equation 3)
and the 7.5, was calculated as:

Teso = Te(ps — p)gDso (Equation 4)

where p,= the density of quartz (2650 kg/m®) and t; = the dimensionless critical shear stress of
gravel. As per Wood-Smith & Buffington (1996) a t. value of 0.05 was employed in this research. In
addition to these three ratios, the entrenchment ratio was calculated by multiplying the bankfull depth
(hpy) by two and dividing that value by the bankfull width (W), () value.

3.2.4 Statistical Analysis

To investigate relationships between watershed characteristics and reach scale parameters,
statistical analyses were performed. The aim of this component was to determine which parameters were
most strongly correlated to one another and if these relationships were consistent between watersheds.
Underlying assumptions were made for certain relationships based on previous literature.

The statistical analysis involved three parts. The first part involved separating the study sites into
“rural” and “urban” based on their percent imperviousness. As previously outlined in CHAPTER 2,
Aquafor Beech Limited (2006) found that even at 30% imperviousness cover significant changes began
to occur. Based on this, 30% imperviousness was the threshold to divide reaches into “urban” and
“rural” for this analysis. Boxplots were plotted and t-tests were employed to compare the distribution of
values between the two groups of sites for the specific stream power, Dso, bankfull width (W),
bankfull depth (h,f), slope, the entrenchment ratio, and the three geomorphic ratios (W, s/ hyf, Dso/hp,
Teso/Tpy)- As Well, a control on drainage area was applied for specific stream power, Ds,, bankfull
width (W), and bankfull depth (h; ) with corresponding t-tests conducted and boxplots produced. The
interpretation of the t-tests was as follows:

If the p-value <0.05, then they are statistically different at 95% confidence
If the p-value <0.1, then they are statistically different at 90% confidence
If the p-value >0.1, then they are not statistically different

The second part of the statistical analysis was a Pearson correlation coefficient analysis that
investigated the correlation between the calculated channel and watershed parameters of percent
imperviousness, drainage area, specific stream power, the entrenchment ratio, and the three geomorphic
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ratios. Table 10 below provides the thresholds for such categorizations as well as a legend of colours to
correspond to each degree of correlation that was used for the interpretation of the results.

Table 9. Pearson correlation coefficient strength indication chart (Ratnasari et al., 2016)

Correlation Coefficient Value (r)

Direction and Strength of Correlation

Corresponding Colour

-1 Perfectly negative
-0.8 Strongly negative
-0.5 Moderately negative
-0.2 Weakly negative

0 No association
0.2 Weakly positive
0.5 Moderately positive
0.8 Strongly positive

1 Perfectly positive

Finally, the third statistical analysis component was a stepwise regression that attempted to
determine the combination of watershed parameters (percent imperviousness, drainage area, and specific
stream power) that best predicts the channel parameters (width to depth ratio, entrenchment ratio,
relative roughness, and the shear stress ratio). The regression was completed through a specialized R
code that provided the following test statistics: F-statistic, R?, and p-value. The stepwise regression was
performed in three directions: forward selection, backward elimination, and bidirectional elimination, to
ensure the highest confidence in the results. A description of each is provided below (Hayes, 2022):

1. Forward Selection: begins with no variables in the model, tests each variable as it is added to
the model, then keeps those that are deemed most statistically significant.

2. Backward Elimination: starts with a set of independent variables, deleting one at a time, then
testing to see if the removed variable is statistically significant.

3. Bidirectional Elimination: a combination of the first two methods that test which variables
should be included or excluded.
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CHAPTER 4: Results and Discussion

4.1 Results

Table 10 below summarizes the results of the linework, fieldwork, and calculated SPIN-
parameters, while detailed results are presented in Appendices C — G.

Table 10. Summary of site characteristics

Mimico Creek Watershed Site

Parameters MCAI RAVP MATC | EVAP-A | EVAP-B
Watershed Characteristics
Drainage area (km?) 59.52 51.46 31.19 52.15 52.08
Imperviousness (%) 61 63 64 63 63
Flow Characteristics
Discharge (m®/s) 10.22 8.95 5.68 9.06 9.05
Specific stream power (W/m?) 109.69 28.62 77.55 1.70 20.65
Reach Scale Parameters
Sinuosity (1970s) 1.065 1.499 1.451 2.128 1.014
Sinuosity (2021) 1.038 1.530 1.419 2.169 1.004
Do (Mm) 28 25 25 38 40
Bankfull width (m) 15.85 14.73 10.18 13.12 21.61
Bankfull depth (m) 1.55 1.98 1.21 1.08 1.75
Slope 0.07216 0.04433 0.04142 0.02846 0.04225
Entrenchment ratio 0.20 0.27 0.24 0.16 0.16
Geomorphic Ratios
Bankfull width to depth ratio
(be/hbf) 10.21 7.44 8.43 12.18 12.34
Relative roughness (Dso/hy¢) 0.018 0.013 0.021 0.035 0.023
Shear stress ratio (tcs0/Tpr) 0.02 0.02 0.04 0.10 0.04
Etobicoke Creek Watershed Site

Parameters ECT-A GET-6 CENP | ECAB | GET-2
Watershed Characteristics
Drainage area (km?) 164.74 67.98 67.92 65.62 4.73
Imperviousness (%) 41 18 18 17 44
Flow Characteristics
Discharge (m®/s) 25.81 11.53 11.52 11.17 1.02
Specific stream power (W/m?) 205.01 91.92 114.32 12.36 43.14
Reach Scale Parameters
Sinuosity (1970s) 1.321 1.611 1.086 1.010 1.854
Sinuosity (2021) 1.328 1.594 1.100 1.016 1.859
D<, (mm) 51 35 45 38 64
Bankfull width (m) 25.27 15.60 14.60 12.66 8.79
Bankfull depth (m) 2.54 1.46 1.54 1.01 1.96
Slope 0.06263 0.02491 0.04154 0.00357 0.00855
Entrenchment ratio 0.20 0.19 0.21 0.16 0.45
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Geomorphic Ratios

Bankfull width to depth ratio
(Whr/hor) 9.95 10.69 9.46 12.50 4.48
Relative roughness (Dsq/hyr) 0.020 0.024 0.029 0.038 0.033
Shear stress ratio (tcso/Tpr) 0.03 0.10 0.06 3.14 0.32
Highland Creek Watershed Site

Parameters BDR-B | BDR-A | BENP | MSPT | CDBP
Watershed Characteristics
Drainage area (km?) 20.60 20.25 23.50 84.26 39.62
Imperviousness (%) 55 56 54 57 56
Flow Characteristics
Discharge (m®/s) 3.89 3.83 4.39 14.02 7.06
Specific stream power (W/m?) 20.68 92,51 44.12 1.22 48.55
Reach Scale Parameters
Sinuosity (1970s) 1.688 1.313 1.036 1.245 1.516
Sinuosity (2021) 1.672 1.353 1.080 1.191 1.396
Do (Mm) 26 70 25 41 55
Bankfull width (m) 13.04 11.83 12.91 26.94 14.26
Bankfull depth (m) 2.23 1.11 1.93 3.84 1.26
Slope 0.02763 0.01825 0.01576 0.01876 0.06525
Entrenchment ratio 0.34 0.19 0.30 0.29 0.18
Geomorphic Ratios
Bankfull width to depth ratio
Wy /b)) 5.85 10.65 6.69 7.01 11.29
Relative roughness (Dso/hy¢) 0.012 0.063 0.013 0.011 0.044
Shear stress ratio (tcso/Tpr) 0.03 0.28 0.07 0.05 0.06

Duffins Creek Watershed Site

Parameters SHT-A | SHT-B | SHT-E | SHT-D | RIVT
Watershed Characteristics
Drainage area (km?) 112.91 113.81 129.13 127.86 130.46
Imperviousness (%) 5.1 5.1 4.7 4.7 4.8
Flow Characteristics
Discharge (m®/s) 18.30 18.43 20.68 20.49 20.87
Specific stream power (W/m?) 173.30 134.09 241.82 204.00 110.63
Reach Scale Parameters
Sinuosity (1970s) 1.560 1.156 1.362 1.287 1.102
Sinuosity (2021) 1.689 1.123 1.547 1.585 1.298
Deo (Mmm) 67 50 24 62 67
Bankfull width (m) 12.96 20.48 11.29 11.91 11.51
Bankfull depth (m) 0.43 3.48 1.87 2.18 0.89
Slope 0.01292 0.00706 0.00284 0.00567 0.00717
Entrenchment ratio 0.07 0.34 0.33 0.37 0.16
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Geomorphic Ratios
Bankfull width to depth ratio

29.99 5.89 6.04 5.46 12.89
(be/hbf)
Relative roughness (Dsq/hyr) 0.155 0.014 0.013 0.028 0.075
Shear stress ratio (tcso/Tpr) 0.99 0.17 0.37 0.41 0.86

4.1.1 Watershed Characteristics
4.1.1.1 Drainage Area

The results from the study sites captured a range of drainage areas (Table 10). On average, the
sites in the Duffins Creek watershed displayed the highest drainage areas, ranging from 112.91 km? for
SHT-A to 130.46 km? for RIVT. Conversely, the average drainage area for the sites in the Highland
Creek watershed was the lowest, ranging from only 20.60 km? for BDR-B to 84.26 km? for MSPT. This
is reflective of their positions within the watershed with BDR-B being the second most upstream while
MSPT is the furthest downstream. Furthermore, when compared against the other watersheds, as
Highland Creek has the second highest imperviousness of the four, this result is also to be expected.

4.1.1.2 Imperviousness

The calculated imperviousness values for all study sites ranged from 4.7% to 64%, confirming
that a range of urbanization was captured (Table 10). The sites show that on a watershed level, Mimico
Creek has the highest percent impervious cover, while Etobicoke Creek has the lowest. These values are
relatively consistent with the site average imperviousness for the Mimico, Etobicoke, and Highland
Creek watersheds, with only a <20% difference (Table 11). Duffins Creek however, experienced a very
large discrepancy between the site average imperviousness and the watershed average of an order of
1.67. Most sites for the Duffins Creek watershed were surveyed in the upper parts of the watershed due
to several logistical constraints (see CHAPTER 4.2.2 for details on site selection), which has likely
resulted in this discrepancy as they were not truly representative of the variation within the watershed.
The location of the Duffins Creek sites also led to a small range of imperviousness values (4.71% to
5.07%) (Table 10) which, with a site-to-site standard deviation of only 0.002, represents the least
variability between site values.

Table 11. Summary of imperviousness results

Watershed Site Average Site Standard | Watershed Average | Site Average vs. Watershed
Imperviousness (%) Deviation Imperviousness (%) Average Difference

Mimico 63 0.011 63 0%

Etobicoke 27 0.136 33 20%

Highland 56 0.011 57 1.8%

Duffins 4.9 0.002 54 167%
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4.1.2 Flow Characteristics
4.1.2.1 Discharge

The chosen study sites captured a range of 2-year discharges (Table 10). The Duffins Creek
watershed sites exhibited the lowest variance, with values ranging between 18.30 m¥/s (site SHT-A) and
20.87 m¥/s (site RIVT), and an average standard deviation of 2-year discharge values of 8.7. The
Etobicoke Creek watershed displayed the largest standard deviation between sites of 57.4, with a
discharge for ECT-A of 25.81 m®s and only 1.02 m3/s for GET-2. These results confirm that the
Etobicoke Creek sites most closely follow the pattern of imperviousness.

4.1.2.2 Specific Stream Power

A range of specific stream power conditions were captured which is reflective of the range of
discharge and imperviousness values (Table 10). Though each watershed displayed a large range of
specific stream power values, the Etobicoke Creek watershed showed the highest standard deviation
between sites, with individual values ranging from 2205.01 W/m? for ECT-A to 43.14 W/m? for GET-2.
Conversely, the Highland Creek watershed displayed the lowest standard deviation of 34.3, with site
values ranging from 92.51 W/m? for BDR-A to 1.22 W/m? for MSPT. As expected, the rivers with
higher percent imperviousness also tend to display a higher specific stream power (for the same drainage
area); a result the confirms the effect of urbanization on the flow regime.

Comparison of the specific stream power values between the sites categorized as “rural” (<30%
imperviousness) and “urban” (>30% imperviousness) reveals that “rural” streams display both a higher
mean and larger range in excess of 225 W/m?, whereas the range for “urban” streams levels out between
100-150 W/m? (Figure 5-A). This significant difference is further underscored by its t-test p-value of
0.02352, rendering this parameter statistically different enough for inclusion at 95% confidence.

Unfortunately, directly comparing specific stream power values between the study sites is
complicated by the control of site location on discharge; sites with larger drainage area have higher
discharge values, and therefore higher specific stream power, which may obscure the effect of
urbanization. To remove the effect of drainage area, specific stream power was divided by drainage area
for each site and the boxplot of values plotted in Figure 5-B. The range of values for the “urban” sites is
now displayed as being larger than that for the “rural” sites, confirming that specific stream power is
higher in urban areas compared to rural areas when a control on drainage area is applied. Despite this
finding however, the t-test p-value of 0.3453 revealed there is not a significant statistical difference.
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Figure 5. Boxplots of (A) specific stream power, (B) specific stream power/drainage area

4.1.3 Reach Scale Parameters
4.1.3.1 Sinuosity

A summary of the average calculated sinuosity index for each watershed is shown in Table 12
and the sinuosity index of each study site is tabulated in APPENDIX D. The average sinuosity across all
sites increased from historical values (1973/1977/1978) of 1.365 to 1.400 in 2021 for all watersheds
despite 40% of individual sites decreasing in sinuosity. Between the two comparison years, Etobicoke
Creek saw the smallest change in average sinuosity of 0.010, whereas Duffins Creek saw the largest
change of 0.168. The linework analysis (APPENDIX C) visually supports these results as most thalweg
paths look nearly identical, with those in Duffins Creek watershed displaying the largest difference of up
to 0.298 for site SHT-D. By contrast, the sites in Etobicoke Creek watershed displayed the smallest
changes, the lowest being 0.005 for site GET-2. These findings are further verified by the standard
deviations for both the 1970s aerial imagery and 2021 imagery being very comparable, with the largest
difference displayed in the Duffins Creek watershed of 0.051.

The patterns of sinuosity change in the study watersheds are congruent with earlier descriptions
of most of the channels not experiencing much change between the comparison years. These minimal
changes can likely be attributed to the major channel alterations (e.g., straightening) having taken place
prior to the initial study year (1973/1977/1978). For instance, the shortening and elimination of any
natural bend and bar development in the Etobicoke, Mimico, and Highland watersheds was mostly
completed by the early 1970s, which is why the degree of sinuosity adjustment since then has been
minimal. By comparison, the Duffins Creek watershed began urbanizing later and is still undergoing that
process and is showing greater adjustments in sinuosity. These results support previous literature that
sinuosity adjusts relatively quickly to urbanization.
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Table 12. Summary of sinuosity index results

Average Site Standard Average Site Standard Average
Watershed Sinuosity Deviation Sinuosity Deviation Change in
(1970s) (1970s) (2021) (2021) Sinuosity
Mimico 1.431 0.447 1.432 0.472 0.026
Etobicoke 1.376 0.355 1.379 0.350 0.010
Highland 1.360 0.251 1.338 0.225 -0.055
Duffins 1.293 0.181 1.448 0.232 0.168
Overall Average 1.365 1.400 0.065

Meandering is a fundamental characteristic of stable channels as by increasing the distance that
water travels, the risk for bed and bank erosion is limited through the reduction in slope, lending to the
easing of water velocity (Minnesota DNR, 2006). The results from the GTA study sites indicates that
according to Table 13 below, all four watersheds are considered “sinuous” overall, but none reach
“meandering” state. Unfortunately, reaching such a state is no longer an option for most of the sites
studied as they are confined by urban infrastructure such as residential neighbourhoods.

Table 13. Sinuosity ratio categorization (Kusratmoko et al., 2019)

Sinuosity Ratio | Channel Type
<1.1 Straight
1.1-15 Sinuous
>1.5 Meandering

4.1.3.2 Grain Size

The Duffins Creek watershed displays the largest average D<o (54 mm) (Table 14). As discussed
in CHAPTER 1, urban streams tend to be coarser as urbanization-promoted sediment starvation (i.e., a
decrease in sediment supply) combined with an increase in discharge and stream power leads to all the
finer material washing out, leaving behind a coarser bed. However, despite this trend, the sediment
observed in the Duffins Creek sites were on average larger than that in the more urbanized watersheds.
This is likely due to the location of the study sites for Duffins Creek being located further upstream than
those in the other watersheds, which is where coarser sediment is expected to be found, therefore
skewing the comparison between watersheds with respect to average particle size.

Table 14. Summary of Ds, results

Watershed

Parameter Mimico Etobicoke Highland Duffins

Average Dso (mm) 31 47 43 54

Based on the size classes laid out by Wilzbach & Cummins (2018) (Table 15), the average Dc,
for all watersheds falls within the category of “Large Pebble” except for the sites within the Mimico
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Creek watershed which are finer and fall within the “Small Pebble” category. However, the range for
each site defies these general characterizations. For instance, Mimico Creek sites ranged from 13.86 mm
(EVAP-A) to 36.35 mm (EVAP-B), placing them between “Coarse Gravel” and “Large Pebble”. The
Etobicoke Creek sites ranged from 26.69 mm (ECAB) to 53.56 mm (GET-2), placing them between
“Small Pebble” and “Large Pebble”. The Highland Creek sites followed the same suite as Etobicoke
Creek, with Ds, particle sizes for sites ranging from 23.82 mm (BDR-B) to 52.78 mm (BDR-A), as well
as the Duffins Creek sites with a range of 31.88 mm (SHT-E) to 60.11 mm (RIVT). This additional
context speaks to the complexity of characterizing sites based on average values only as the level of
variation within one reach alone can be high.

Table 15. Particle size categories based on the Wentworth grain size scale
(Wilzbach & Cummins, 2018)

Size Category | Particle Diameter (range in mm)
Boulder >256
Cobble

Large 128-256

Small 64-128
Pebble

Large 32-64

Small 16-32
Gravel

Coarse 8-16

Medium 4-8

Fine 2-4
Sand

Very Coarse 1-2

Coarse 0.5-1

Medium 0.25-0.5

Fine 0.125-0.25

\ery Fine 0.063-0.125
Silt <0.063

The difference between “rural” and “urban” sites with regards to the Ds, is reflected in the
plotted boxplots (Figure 6-A). Not much difference is indicated, with both “urban” and “rural” ranges
beginning around 20 mm and ending around 70 mm. The most distinct difference is in their mean
values, with that for “rural” between 45-50 mm and ~40 mm for “urban”. Despite this, however, the t-
test p-value for the relationship is not statistically different enough for inclusion at 0.2994. These
findings are opposite to what previous literature suggests, as studies such as Finkenbine et al. (2000) and
Papangelakis et al. (2019) report an increased coarseness in sediment in urbanized systems.

As position within the drainage area is key to the Ds, results, a control was implemented to
remove this data influence by dividing the D¢, by the drainage area for the site as seen in Figure 6-B.
The results from this are more consistent with previous literature as the range and average particle size
of the D5, for the “urban” sites is larger than that of the “rural” sites. Despite these results however, the
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t-test p-value of 0.1717 revealed there is not a significant statistical difference. This may be due to the
fact that rivers in Southern Ontario have highly variable sediment source material size even within the
same watershed (Phillips & Desloges, 2015)
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Figure 6. Boxplots of (A) Ds,, (B) Dsy/drainage area
4.1.3.3 Bankfull Dimensions

Despite having the largest drainage areas, the Duffins Creek watershed sites have the smallest
average cross section width for both top of bank and bottom of bank (Table 16). By comparison, the
average top of bank cross section width for Mimico, Etobicoke, and Highland Creek watersheds are all
similar falling between 15.10 m and 15.80 m. As well, all four watersheds display only an 8 to 10%
difference in bottom of bank width with Duffins Creek showing the smallest (8.47 m) and Highland
Creek with the largest (11.22 m).

Table 16. Summary of average cross section width

Watershed

Parameter Mimico Etobicoke Highland Duffins

Average cross
section width (m) — 10.32 9.50 11.22 8.47
bottom of bank

Average cross
section width (m) — 15.10 15.39 15.80 13.63
top of bank

The difference between “rural” and “urban” sites with regards to the bankfull width are shown in
the boxplots in Figure 7-A. Though the lower ranges are the same, around 1.0 m, the upper range for the
“rural” sites ends lower, around 1.6 m, while that for “urban” sites extends to >2.0 m. Despite this,
however, their mean values are comparable, with that for “rural” sites ~1.2 m and for “urban” sites ~1.4
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m. These minimal differences are reflected in their accompanying t-test p-value of 0.3703, indicating
such a difference is not significant enough for inclusion.

The comparison of bankfull widths does not account for the complicating effect of sites being
located in different points within the watershed. To investigate whether the differences noted are due to
degree of urbanization or the position along the channel, the bankfull width was divided by the site
drainage area (Figure 7-B). Previous literature supports that the bankfull width increases downstream as
well as with urbanization due to the excess stream power. With the control on drainage area, the findings
in Figure 7-B are more consistent with such findings and with a t-test p-value of 0.02174, there is a
significant difference at 95% confidence.
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Figure 7. Boxplots of (A) bankfull width (W), (B) bankfull width (W}, ;)/drainage area

The boxplots of the site bankfull depths (Figure 8-A) reveal that “rural” sites have a larger range
(from 0.5 m to ~3.5 m) compared to the “urban” sites (from 1.0 m to ~2.5 m). However, the mean of the
two groups is similar at 1.5-2.0 m. These differences are reflected in their t-test p-value of 0.5238,
rendering the comparison not statistically different enough for inclusion.

As with bankfull width, bankfull depth is also influenced by degree of urbanization and position
along the channel. To account for this, bankfull depth was also divided by drainage area as shown in
Figure 8-B. Previous literature supports the idea that bankfull depth increases with position along the
channel but also with degree of urbanization, which is consistent with the normalized values of the
studied site (Figure 8-B); the “urban” sites’ average and range are both larger than that for the “rural”
sites. This difference is further underscored by its t-test p-value of 0.08893 which is statistically different
at 90% confidence. These results therefore confirm the expected increase in channel dimensions with
urbanization that is seen in previous literature.
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Figure 8. Boxplots of (A) bankfull depth (h;f), (B) bankfull depth (h,¢)/drainage area

4.1.3.4 Slope

The results for the slope calculations derived from the SPIN tool are displayed in Table 17 below.
What is evident is the watershed average slope is quite lower than its site average counterpart for
Mimico, Etobicoke, and Highland Creek watersheds, but unsurprisingly, higher for Duffins Creek
watershed. For instance, the Etobicoke Creek watershed site values ranged from 0.06263 for ECT-A to
0.00357 for ECAB, the largest site to site difference with a standard deviation of 0.024, and a site
average versus watershed average difference by a factor of 1.3. Conversely, for the Duffins Creek
watershed, slope values ranged from 0.01292 for SHT-A to 0.00284 for SHT-E, the lowest site to site
difference with a standard deviation of only 0.004 as well as the smallest site average to watershed
average difference of only 45%. Again, as with previous parameters discussed, this is likely due to its
percentage of urbanization compared to the other watersheds, so consistency would be more probable
between the two averages.

Table 17. Summary of slope results

Watershed Site Average | Site St_an_dard Watershed Site Average Vs. Watershed
Slope Deviation Average Slope Average Difference

Mimico 0.0457 0.016 0.0065 150%

Etobicoke 0.0282 0.024 0.0057 133%

Highland 0.0291 0.021 0.0092 104%

Duffins 0.0071 0.004 0.0112 45%

As seen in Figure 9 below, the “rural” sites display both a lower mean and smaller range with
values up to ~0.025. Comparatively, “urban” sites have a higher average and larger range, reaching
values as high as 0.07. This significant difference is further underscored by a t-test p-value of 0.00629,
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deeming this parameter applicable, as there was found to be a statistical difference between “urban” and
“rural” sites at 95% confidence. This trend of urban rivers displaying a steeper slope is consistent with
previous literature describing it as an adjustment to higher stream power values. As well, anthropogenic
influences such as urbanization result in the establishment of linear infrastructure (e.g., roads, sewers,
etc.) that often leads to channels being artificially straightened to accommodate this.

M~
o
o

Slope

T T
rural urban

Figure 9. Slope boxplot
4.1.3.5 Entrenchment

The average entrenchment ratio amongst the sites for each watershed is presented in Table 18.
Findings indicate that entrenchment values for all four watersheds are similar, which reflects the sites
being chosen specifically to represent areas of the most minimal anthropogenic influence. On average,
the Highland Creek watershed sites have experienced the most entrenchment, and while the Duffins
Creek watershed sites were the least urbanized, they also had the least amount of erosion control.
Furthermore, the Duffins Creek watershed sites experienced the largest site to site difference with a
standard deviation of 0.132, while the values for the other four watersheds were more consistent, which
could also be a contributing factor.

Table 18. Summary of entrenchment ratio results

Watershed Site Average Entrenchment | Site Standard Deviation
Mimico 0.21 0.049
Etobicoke 0.24 0.118
Highland 0.26 0.071
Duffins 0.25 0.132
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The difference between “rural” and “urban” streams with regards to entrenchment is reflected in
their range of values (Figure 10). In contrast to the other geomorphic parameters investigated, the
entrenchment ratios showed differences in both the upper and lower ranges of the two groups of sites,
whereas the others had similar lower range cut offs. Specifically, the “rural” sites had a lower range of
nearly 0.0, while “urban” sites had no values <0.15. As well, the upper range for the “rural” sites was
<0.4, while several “urban” sites exceeded 0.4. Influences of urbanization such as property development
along the stream banks tend to limit the entrenchment ratios of channels (due to the reduction in
available flood plain width) (Sen et al., 2008). However, this effect leads to increased water depth, shear
stress applied to the bed and toe bank, and runoff (Sen et al., 2008). These factors lead to increased
instances and degrees of entrenchment, which can be seen in the high lower bound of values for the
“urban” sites. Despite the observed differences in the range of values, the mean for each site type was
very comparable, as reflected in the t-test p-value of 0.6714. The comparison of “urban” and “rural”
sites indicates that entrenchment was not statistically different with enough confidence to be suitable for
practical application.
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Figure 10. Entrenchment ratio boxplot

4.1.4 Geomorphic Ratios

As discussed in CHAPTER 3.2.1, the ratios for bankfull width (W) to bankfull depth (h;),
D5 to bankfull depth (h,f), and critical shear stress (7.50) to bankfull shear stress (7, ;) were calculated
for each watershed. A summary of the results for the ratios are presented in Table 19.
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Table 19. Summary of site average geomorphic ratio results

Watershed Bankfull width (W, )/ Dsy/Bankfull depth Critical shear stress (t.50)/
Bankfull depth (hy ) (hpy) Bankfull shear stress (t)

Mimico 10.12 0.022 0.05

Etobicoke 9.42 0.029 0.73

Highland 8.30 0.028 0.10

Duffins 12.05 0.057 0.56

The difference between “rural” and “urban” sites with regards to the W, z/h, ratio is reflected
in their boxplots, particularly in the lower bound of values (Figure 11). The lowest values measured in
the “rural” sites is ~5, whereas that of the “urban” sites is <5. Interestingly, however, the upper extent of
values was nearly the same at ~13, save for one outlier among the “rural” sites that had an exceptionally
high value of ~30. This similarity extends to the means of both stream types, as they are nearly the same
as well. This minimal difference in the two is further reinforced by the t-test p-value of 0.3764.
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Figure 11. Width to depth (W), /hy¢) ratio boxplot

As seen in the boxplots of values (Figure 12), the difference between “rural” and “urban” sites
with regards to the roughness ratio (Dso/hy ) is reflected in their range discrepancies. Specifically, the
“rural” sites have a larger range reaching values of up to 0.075, whereas the “urban” sites only reach
values of up to around 0.05. Despite previous literature that notes an increase in roughness of urban
streams through channelization and infrastructure such as road embankments (e.g., Hung et al., 2018),
the roughness ratios of the sites measured in this thesis do not follow these trends. This is reflective of
the comparative mean between the site types and the subsequent t-test p-value of 0.2424 not indicating a
statistically significant difference.
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Figure 12. Roughness (Dsq/hy ) ratio boxplot

The “rural” and “urban” sites also show differences with regards to the distribution of shear
stress (T.s0/Tpy) ratios, which is reflected in the boxplots in Figure 13. The “rural” sites display both a
higher mean and larger range, with values up to 1.0, whereas the upper end of the range for the “urban”
sites ends well below 0.5. This result was to be expected as previous literature supports that the potential
for sediment transport increases with increasing urbanization/imperviousness (Rohrer et al., 2004). This
is because a lower 7.50/7, ratio indicates that the bankfull width is close to the critical shear stress to
mobilize sediment, especially in urban streams where bankfull occurs multiple times per year (Padovan,
2016). Interestingly, the t-test did not capture this significant difference, which further underscores the
importance of a multi-component analysis of watersheds. However, the p-value it derived of 0.104 was
right on the cut off threshold for 90% confidence and, as indicated previously, would likely be better
understood with a larger sample size and further testing.
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Figure 13. Shear stress (t.s50/7y5) ratio boxplot

4.1.5 Statistical Analysis
4.1.5.1 Correlation Analysis

A Pearson correlation coefficient analysis was conducted to explore the relationship between the
watershed parameters that were calculated by SPIN (i.e., percent imperviousness, drainage area,
discharge, specific stream power) and the reach parameters (i.e., slope, entrenchment, and the three
geomorphic ratios). The goal of the analysis was to determine which parameters are most strongly
correlated in Southern Ontario watersheds with various levels of disturbance.

The strongest correlations amongst values measured in all four watersheds are the entrenchment
to Wyr/hpr and Dso/hyr to Wyr/hpy (Table 20). Of these, only entrenchment and W, ¢/hy have a
strong negative correlation, which indicates that with decreasing entrenchment there is an increasing
Wy s/ hyg for the channel, a result that was to be expected. The Dsq/hyr 10 Wy,r/hyf ratio value is
strongly positively correlated, indicating the opposite, that as one factor increases so does the other. This
result has not been as commonly verified in previous literature but given the reliability of both ratio
values of h,f, their positive correlation is mathematically expected. The same can be said for the
moderately negative correlation between Dsq/h,r and entrenchment. Finally, specific stream power is

moderately positively correlated to drainage area, which was anticipated since a larger drainage area
would yield higher discharges.
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Table 20. Mimico Creek, Etobicoke Creek, Highland Creek, and Duffins Creek Pearson correlation
coefficient comparison results

Imp DA SP W/D E Rough | tau Ratio
Imp 1.00
DA -0.67| 1.00
SR -066| 0.74| 1.00
W/D -022| 021| 013] 1.00
E -0.01| -0.15| 0.05 1.00
Rough -036| 019 023 0.89| -0.58 1.00
tau Ratio -043| 0.14| -0.06| 0.34| -0.28 0.34 1.00

Imp = % Imperviousness, DA = Drainage Area, SP = Specific Stream Power,
WID = Wy /hy ¢, E = Entrenchment, Rough = Dg/hy, ¢, tau Ratio = .50 /7yf

The correlation analysis performed on each watershed separately revealed different results for
each watershed. The strongest correlations amongst the sites in the Mimico Creek watershed are
drainage area to percent imperviousness, entrenchment to Wy ¢/hy,¢, and t.so/7pr 10 Dso/hpr (Table
21). Of these, the drainage area to percent imperviousness and entrenchment to W, ¢/h,,; correlations
are strongly negative, indicating that as one parameter decreases, the other increases. Such findings were
expected. Other findings that were anticipated were the negative association between specific stream
power and percent imperviousness and specific stream power and drainage area. The values of 7.0 /7y
and Dsq/hy, s have a strongly positive correlation, indicating that as one parameter increases so does the
other. This finding is relatively new within literature, which provides the opportunity to enhance channel
assessments by practitioners through replicating the methodology in this thesis to yield such parameters.

Table 21. Mimico Creek watershed Pearson correlation coefficient results

Imp DA SP W/D E Rough | tau Ratio
Imp 1.00
DA EOEE  1.00
SP -0.48 | -0.08| 1.00
W/D -0.19| 040] -0.38] 1.00
E 022] -038| 0.32 [EIOON 1.00
Rough 048] 0.01| -049| 076 077 1.00
tau Ratio | 0.32| -0.05| -0.65| 0.62| -062| 0.6 1.00

Imp = % Imperviousness, DA = Drainage Area, SP = Specific Stream Power,
W/D = Wy¢/hy ¢, E = Entrenchment, Rough = Dso/hy ¢, tau Ratio = 7.5 /Tp¢

From Table 22 below it can be inferred that the strongest correlations amongst the sites in the
Etobicoke Creek watershed are between specific stream power and drainage area, entrenchment and
Wyr/hyg, and Dso/hy ¢ and specific stream power. Of these, specific stream power and drainage area

are strongly positively correlated, while the entrenchment and W,¢/hyr and Dso/hy, are strongly
negatively correlated.
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Table 22. Etobicoke Creek watershed Pearson correlation coefficient results

Imp DA SP W/D E Rough | tau Ratio
Imp 1.00
DA 0.09| 1.00
SR 033 083 1.00
W/D -0./3| 052| 0.06| 1.00
E 0.70 | -0.63 | -0.26 1.00
Rough -0.28 | -0.70 -0.03| 0.21 1.00
tau Ratio | -040| -0.15] -0.66| 0.51]| -0.31 0.76 1.00

Imp = % Imperviousness, DA = Drainage Area, SP = Specific Stream Power,
W/D = Wy ¢/hy ¢, E = Entrenchment, Rough = Dgq/hy, ¢, tau Ratio = .50/ 7yf

From Table 23 below it can be inferred that the strongest correlations amongst the sites in the
Highland Creek watershed are entrenchment and W,;/h,f, Dso/hys and specific stream power,
Dso/hys and Wyr/hpr, Dso/hyyr and entrenchment, 7.50/7,¢ and specific stream power, and t.so/7p¢
and Dso/hpr. Of these, Dso/hyr and specific stream power, Dso/hyr and Wyr/hye, Teso/Tpy and
specific stream power, and 7.5o/7,r and Dso/h,f are all strongly positively correlated. Both,
entrenchment and W, ¢ /h,r and Ds,/hy, s and entrenchment are strongly negatively correlated.

Table 23. Highland Creek watershed Pearson correlation coefficient results

Imp DA SP W/D E Rough | tau Ratio
Imp 1.00
DA 0.74 1.00
SP -0.16 | 065 | 1.00
W/D 039| -011| 0.70| 1.00
E -0.40 | 0.07 | -0.71
Rough 0.28| -035] 0.89 1.00
tau Ratio 0.15| -0.37 [ 0.87 0.82 1.00

Imp = % Imperviousness, DA = Drainage Area, SP = Specific Stream Power,
WID = Wy /hy ¢, E = Entrenchment, Rough = Dgq/hy, ¢, tau Ratio = .50 /7y

From Table 24 below it can be inferred that the strongest correlations amongst the sites in the
Duffins Creek watershed are drainage area and percent imperviousness, entrenchment and Wy¢/hy ,
Dso/hypys and Wyr/hpr, Dso/hpy and entrenchment, 750/t and Wyre/hye, Teso/Tpe and
entrenchment, and 7,50/, and Dso/hy, . OF these, Dgo/hy,r and Wy /by, g, Teso/Thr and Wy e /hy,f, and
Teso/ Ty and Dso/hy g are strongly positively correlated. Conversely, the relationships of drainage area
and percent imperviousness, entrenchment and Wy, ¢/hy, ¢, Dso/hy s and entrenchment, and t.s50/7, and
entrenchment are all strongly negatively correlated.
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Table 24. Duffins Creek watershed Pearson correlation coefficient results

Imp DA SP W/D E Rough | tau Ratio
Imp 1.00
DA ! 1.00
SR -048 | 0.25| 1.00
W/D 052 -051 019 1.00
E -041| 030| 041 1.00
Rough 045 | -042| -0.26 | 0.99 1.00
tau Ratio 0.11] -0.03| -0.28 | 0.85 0.91 1.00

Imp = % Imperviousness, DA = Drainage Area, SP = Specific Stream Power,
W/D = Wy ¢/hy ¢, E = Entrenchment, Rough = Dgq/hy, ¢, tau Ratio = .50/ 7yf

From analyses of Table 20 through Table 24, it is noted that the correlation between
entrenchment and W, /h,; is the only one that is strongly correlated throughout all watersheds. This
correlation was to be expected as previous literature (e.g., Rosgen, 2001) supports this. Another
parameter that was consistently negatively correlated from weakly to strongly was 7.50/7,f tO
entrenchment. This is a reasonable conclusion because as Bowman (2019) advises, “channelized flows
attain greater flow depth and higher shear stress enabling more efficient sediment transport” and thus, an
increase in entrenchment would be seen.

Though there was no parameter that was strongly positively correlated throughout all
watersheds, the correlations between t.s0/7,r and Wyr/hpr and 750/t and Dgo/hy,r were
consistently positive, ranging from weakly to strongly. The positive correlation between 7.50/7,¢ and
Wy r/hyf is to be anticipated as Phillips (2015) found the same relationship. Furthermore, Wang et al.
(2023) confirms through review of previous research that a positive relationship exists between shear
stress and roughness, supporting this study’s findings of the same. Overall, the result that the Duftins
Creek watershed had the highest number of strongly correlated parameters is reflective of the
geomorphic relationships expected in watersheds without human influence where rivers are able to
adjust to their environment.

Furthermore, the correlation between 7,50/, and drainage area is the weakest correlated, as the
values for all tables were <0.20, with the value for Highland Creek being only exception of -0.37 (i.e.,
weakly negative). As well, the correlation of t.5,/7, ¢ and stream power is also weak, with only Mimico
Creek and Highland Creek tables displaying values of -0.38 and 0.70, respectively, while the others were
classified as “no association”. This lack of correlation is an important result as it suggests that these
parameters cannot be expected to have a significant relationship when measured for geomorphic
assessments by future researchers and practitioners. For instance, the ratio of 7.5/7, indicates how
prone sediment in a channel is to being transported (i.e., how close 7,f is to inciting sediment
movement) so with a higher drainage area (and consequently higher discharge) more particles would be
expected to be in transit. However, the result that there is no correlation between 7.5,/7, and drainage

area advises the opposite: drainage area is not a reliable predictor of sediment mobility potential. What
these results indicate is that there is no universal characterization that can be made for a watershed in
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Southern Ontario based on one factor (e.g., percent imperviousness), which underscores the importance
of a multi-factor analysis with regards to classification and management decisions.

4.1.5.2 Regression Analysis

The results from the stepwise regression analysis indicate that percent imperviousness, drainage
area, nor specific stream power were able to reliably predict the W, /hy, ¢ or entrenchment ratios as both
tests returned a null hypothesis. However, percent imperviousness was able to predict Ds,/h,f Using the
following equation (Equation 5):

Dso (Equation 5)

— = —0.05I + 0.05
hbf

[R2 = 0.1334, F = 2.772, p = 0.1132]

Unfortunately, this prediction yields a low R? and thus, is too weak to be useful for any practical
purpose. Additionally, percent imperviousness and specific stream power together were able to predict
Tcs0/Tpy Using the following equation (Equation 6):

. .
50 _ _2.41] — 0.006w + 1.79 (Equation 6)

be
[R?=0.3972, F = 5.6, p = 0.01354]

Though this prediction is also weak, it could be considered applicable as a first order estimate of
what to expect when carrying out geomorphic assessments in urban watersheds. However, it is not
strong enough of a relationship to be utilized for management or design purposes. Unfortunately, the
lack of clear relationships between watershed and reach parameters in GTA streams and the lack of a set
of useful predictor variables presents a challenge for watershed monitoring and management.

4.2 Discussion
4.2.1 Geomorphic Condition of GTA Rivers

Results from this work can be used to provide a snapshot of the current conditions in the study
watersheds, as well as deduce trends in their responses to urbanization and their position within the
channel evolution trajectory. Despite the constraints outlined in CHAPTER 4.2.3.1, trends in the
measured parameters from previous literature were able to be compared and, in some cases, verified. For
example, these results reveal that the study rivers are adjusting rapidly as differences in dimensions
between “urban” and “rural” sites confirm channel enlargement is occurring when the data is normalized
for drainage area. As well, sinuosity has shown to adjust rapidly, and increased stream power and
coarsening has been observed.

The results from the t-tests between sites of <30% imperviousness (“rural”) and >30%
imperviousness (“urban”) revealed that when a control is placed on drainage area, specific stream power
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is higher, the is Dy, larger, bankfull width is wider, and bankfull depth is deeper in “urban” areas. As
well, slope was found to be steeper in “urban” streams with a statistical difference at 95% confidence.
Unfortunately, the other parameters of W, ¢/hy, ¢, entrenchment, and Ds,/hy, ratios were not statistically
different with enough confidence to consistently distinguish between “urban” and “rural” sites. The
comparison for the 7.50/7, 5 ratio was found to be on the cut off for applicability and it is believed that
with a larger sample size and/or more testing, a definitive level of applicability would be able to be
determined.

Duffins Creek watershed boasts the largest Wy /h,,; ratio and Ds, to h,f ratio along with the
second largest shear stress ratio. This signifies that the sites in the Duffins Creek watershed are not
constrained in their enlargement within the floodplain and are shallow and wide, indicating they are in
stage 3 of the CEM (see Figure 14). They also display higher average specific stream power values
despite having the highest W, ;/h, ratio because they have a high average discharge of 19.75 md/s
compared to the other watersheds that reach a maximum of 12.21 m®s. It is noted from such
comparisons that the stream power order is following the discharge order, which can be seen in the sites
for the Highland Creek watershed displaying the smallest specific stream power, discharge, and
Wy s/ hy ratio. This is to be expected as a lower specific stream power means the stream has less energy
to erode.

Example Width/Depth ratios for cross-sections of various

Level | stream types
WID = Bankfull surface width/Mean bankfull depth

Figure 14. Examples of how different width (W, ;) to depth (h,) ratios present (U.S. EPA, n.d.)

Research from Phillips & Desloges (2014) indicates that based on stream power classifications,
both Mimico Creek and Highland Creek watershed sites can be classified as M-type (20-50 W/m?),
corresponding to “gravel-dominated floodplains with mixed alluvial grain-size distributions”. The
Etobicoke Creek watershed sites can be classified as B-type (50-100 W/m?), characterized by “cobble-
bed channels with bimodal alluvial grain-size distributions”. Finally, based on the results from
Papangelakis et al. (2022%), the Duffins Creek watershed sites can be characterized as H-type, as their
specific stream power exceeds 100 W/m2. Phillips & Desloges (2015) further delineated bed substrate
size ranges for each stream classification type corresponding to values from Wilzbach & Cummins
(2018) (Table 15). Such classifications are cobble (~64-128 mm) for B-type, silt-clay (<0.063 mm) for
C-type, sand-gravel (~0.25-8 mm) for M-type, and sand (0.063-2 mm) for S-type. When compared with

48



M.Sc. Thesis — S. Grohn; McMaster University — Earth, Environment & Society

the Dy, for the watersheds studied in this thesis, it is noted that the measured sediment for Mimico and
Highland Creek is larger than the range identified by Phillips & Desloges (2015) of ~68-80% for
Mimico Creek sites and ~77-89% for Highland Creek when compared to the upper limit of 16 mm.
Since the Phillips & Desloges (2015) framework was designed for rural streams and the Mimico Creek
and Highland Creek watersheds are both very urbanized, this result indicates that these streams are
coarsening in response; a conclusion that is in line with previous literature on the effects of urbanization
on substrate characteristics. The opposite trend is observed for Etobicoke Creek however, with the
largest site D5, (i.e., for GET-2) only reaching the bottom limit of the range of 64 mm. As the category
of H-type was developed separately by Papangelakis et al. (2022%) with no sediment size range, there is
no comparison that can be made at this time for the Duffins Creek watershed sediment.

According to the Rosgen river classification key (Figure 15) using values calculated previously,
the Mimico, Etobicoke, and Highland Creek sites most closely fit the “G” stream type (though slope
values for Mimico Creek are consistent with stream type “A”) and Duffins Creek sites are type “F”.
However, streams sometimes do not fit entirely into one category as they are constantly adjusting and
even transitioning to other stream types. The type of analysis conducted for these watersheds was level
I1, which recognizes a continuum of river morphology that applies to cases such as that in Mimico Creek
where values outside the typical range are present but do not warrant their own stream type (Rosgen,
1994). This is due to the understanding that general patterns of a stream don’t change with a minor value
change such as that for slope in the case of Mimico Creek. Furthermore, the Rosgen river classification
key is intended for “natural” rivers which none of the rivers studied can be classified as. Though the
Duffins Creek watershed sites studied are predominantly “natural”, it is still worth considering the
watershed overall is not.

Review of the classification based on specific stream power described in CHAPTER 4.1 in
addition to the particle size analysis can provide further context for the Rosgen classification. Though
the particle size analysis did not yield the same results as the specific stream power classification of
“gravel-bed dominated” or “cobble-bed dominated”, it is likely these classifications are more accurate as
the particle size analysis completed was based only on a 100-particle modified Wolman pebble count,
whereas the specific stream power method was much more robust.

Based on previous literature from Ashmore et al. (2023), the classification of “G” for the
Highland Creek watershed is consistent for certain branches. For instance, in Ashmore et al. (2023), the
authors noted a maximum slope of 0.0079 (Main Branch) to 0.016 (East Branch), which would be
consistent with the “G” classification at the lower end but “C” on the larger end of the classification
ranges. However, for Etobicoke Creek, values from Cyples & Wojda (2020) of 3.9 for entrenchment and
7.8 for the width/depth ratio, indicate a classification of “E”. Mimico Creek’s width/depth ratio ranges
from ~4.4 to 7, indicating it could be classified as an “A”, “G”, or “E” type stream according to Talpur
& Bishop (2022). Finally, the classification of “F” for Duffins Creek follows a similar trend to that for
Highland Creek in that some areas, an “F” classification may be appropriate but in others it may not as
the width/depth ratio alone as per previous literature from the City of Pickering (2008) displays a range
of ~7 to ~19. These conflicting results further underscore the complexity of watershed assessment and
the need for frequent monitoring, particularly in urban watersheds where anthropogenic activities
influence channel dimensions and substrate.
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The Key to the Rosgen Classification of Natural Rivers
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Figure 15. Rosgen river classification key (NRCS, 2007)

4.2.2 Management Implications

Results of the statistical analyses have some important implications for urban river management.
The Pearson correlation coefficient test found a strongly negative correlation between entrenchment and
the W, /hy, ratio and a consistently positive (though varying in strength) correlation between the
Teso/Tpy ratio and both the Wy,r/hyr and Dsq/hyp ratios, all findings of which were consistent with
previous literature. Additionally, the parameters which seemingly do not yield the expected correlation
have important management implications. For instance, the lack of correlation between 7.5,/7, and
drainage area advises that these parameters are not anticipated to display a significant relationship. Since
the ratio of 7.50/7,, indicates how prone sediment in a channel is to being transported (i.e., how close
Tpy IS to inciting sediment movement) more particles would be expected to be in transit with a higher
drainage area (and subsequently higher discharge). The relationship of 7.50/7,f to drainage area
displaying a low association, however, advises the opposite: drainage area is not a reliable predictor of
sediment mobility potential. Finally, the stepwise regression revealed that though weak, percent
imperviousness and specific stream power were able to predict the 7.50/7, 7 ratio. Overall, it is believed
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that such statistical parameters could be considered applicable as a first order estimate of further tests
but unfortunately are not strong enough correlations to be utilized for design purposes. Taken together,
the lack of consistently significant correlations between the watershed and reach parameters suggests
that there is no universal geomorphic response to urbanization in the studied watersheds.

Though some parameters can be utilized across different watersheds as consistent indicators of
geomorphic adjustment (specific stream power, Ds,, normalized bankfull width and bankfull depth, and
slope) others can not (W, /hy ¢, entrenchment, and Ds,/h,,; ratios). However, there does not appear to
be a reliable set of indicator variables to predict geomorphic adjustments in the studied urban streams.
This finding is in contrast to the case of watershed logging disturbances by Wood-Smith & Buffington
(1996), who found strong relationships between the parameters measured. In their study, the streams
were located in areas without restrictions to geomorphic adjustments that are common in urban areas
(e.g. infrastructure restraints or erosion control). The results from the GTA highlight the complexity of
urban river responses and the role of human activities in restricting and altering the natural geomorphic
response of rivers (Ashmore, 2015), as well as the need for watershed-specific approaches to monitoring
and management.

Echoing Hawley et al. (2013), this study demonstrates the importance of improving our
understanding of the magnitude and rate of channel response in relation to the altered flow regime
associated with urbanization. This understanding is crucial for stormwater management and stream
restoration to inform the discovery of more suitable, cost-effective approaches which protect local
infrastructure while also complying with anticipated water quality regulations. With regards to urban
stormwater management, Hawley et al. (2013) found that such systems can effectively mitigate
urbanization implications on streamflow and sediment regimes if they prioritize storage, infiltration, and
evapotranspiration. As well, if implemented in tandem with streambed and bank stabilization measures
designed to control large storm event peak flows, such an approach would prove to be the most
beneficial.

As Padovan (2016) found, hybrid approaches to stream restoration tend to be used in urban
settings as they consider environmental constraints that traditional methods do not leading to the
integration of both naturalized and “harder” engineering elements. As outlined in Schiff et al. (2007),
such approaches use a semi-natural form design technique in conjunction with a partially constrained
planform to limit channel migration, resulting in the elimination of channel evolution. Houshmand et al.
(2014) demonstrated a reduction in maintenance costs and improvement of stream condition in systems
by redirecting coarse-grained sediments currently being collected in stormwater control measures such
as basins and wetlands back into the stream. Sediment replenishment downstream of dams has been
trialed with promising results (Zeug et al., 2013) but Ock et al. (2013) found it important that the method
of replenishment be tailored to the post-disturbance flow regime, especially in highly modified post-
urban regimes.

To develop more innovative urban river management methods, improvements need to be made to
how geomorphic monitoring is conducted. Current short-term monitoring practices rarely capture the
full extend of the adjustment process as such changes could take decades to reveal themselves (Padovan,
2016; Papangelakis et al., 2023). Proposed improvements include standardizing the way in which
studies on sediment yields are conducted as Hawley et al. (2013) found it would improve our
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understanding of a “common” response of sediment yields to urbanization. Some examples they
provided included the addition of details regarding land cover, land use, and background factors such as
slope, rainfall, and natural vegetation cover. As well, Booth & Jackson (1997) demonstrated that
establishing a critical discharge for bed material mobility has the potential to lead to practical means of
stormwater management in gravel/cobble streams. Such practical outputs include standard discharge
duration ranges which exceed the critical discharge.

Furthermore, to enhance the current monitoring methods, implementation of GIS-based
technologies such as the SPIN tool used in this study could provide beneficial initial assessments to aid
in determining sensitive areas of the watershed to inform where best to allocate monitoring resources. As
the toolbox requires minimal data inputs and required inputs such as DEMs and land-use maps are often
readily available, it offers the opportunity for additional context particularly in data-scarce scenarios
(Papangelakis et al., 2022%). Furthermore, it offers the capability of calculating erosion risk indices on a
watershed level for past, present, and future land-use scenarios, so on the other end of the research it
also could prove useful (Papangelakis et al., 2022%). Another useful method would be that outlined in
Bertalan et al. (2019) which utilizes aerial imagery, topographical maps, and orthophotographs to
classify reaches of a watershed into four degrees of modification (natural, slightly modified, modified,
and intensely modified). As well, utilization of Google Earth Engine (GEE) as it offers open access to
official Landsat imagery and a toolbox of options specifically designed for fluvial geomorphology such
as those for analyzing wetted river channel planform, morphodynamics, and suspended sediment
concentrations (Boothroyd et al., 2020).

4.2 .3 Limitations and Future Research Recommendations
4.2.3.1 Limitations

The most significant limitation of this study was the urban conditions for which the study sites
resided. Circumstances such as altered accessibility (e.g., emergent construction) and seasonal time
constraints (e.g., unsafe water velocity) led to only five sites being surveyed per watershed. As only
twenty sites were surveyed for all four watersheds and a limited selection of geomorphic parameters and
ratios were analyzed, inferences of the overall watershed condition are limited and may not be truly
reflective. Additionally, a complicating factor in the comparison of sites was that although the sites
chosen themselves were free of anthropogenic structures (e.g., retaining features, bridges), in many
cases such structures were located directly upstream and downstream of the sites, which may influence
geomorphic responses of the studied sites. Further research is strongly recommended for confirmation as
additional data points would allow for more robust results of the statistical analyses.

Another limitation was the availability of historical aerial imagery. Since the City of Toronto
Geospatial Competency Centre did not have consistent historical aerial imagery of all the study sites,
some site analyses had to be supplemented with individual aerial imagery photographs obtained through
the City of Toronto Archives. Additionally, since the City of Toronto Geospatial Centre did not have
consistent recent (i.e., within the last 5 years) aerial imagery, the 2021 aerial imagery for the affected
sites had to be obtained through the City of Brampton and the Regional Municipality of Durham. This
introduced some inconsistencies in the methodology of the linework as imagery quality varied.
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With regards to the statistical analysis portion of the analysis, the use of a stepwise regression
and correlation analysis were limiting in their capabilities compared to more advanced analyses. As well,
the parameters for the classification of “rural” and “urban” sites could have had unintended influence on
the results. Finally, should future researchers be interested in employing a higher resolution DEM such
as that from LiDAR surveys in the SPIN tool to capture local changes to the bed slope, this may pose an
issue as this tool uses the same slope values for all scenarios. This was not a limitation for this thesis
however, as Papangelakis et al. (2022%) found that “even a relatively coarse DEM was sufficient for
calculating stream power indices at the watershed scale.”

4.2.3.2 Future Research Recommendations

There are many opportunities to expand the scope of this work. For a more rigorous approach,
additional statistical tests could be conducted to tease out more subtle relationships between parameters.
As well, a more comprehensive in-field component could be considered that includes additional
geomorphic parameters that are commonly measured in urban watersheds. For example, additional
parameters included in Rapid Geomorphic Assessments (RGAs) and/or Rapid Stream Assessment
Techniques (RSATs) can provide supplementary information regarding channel stability, in-stream
habitat, water quality, and riparian conditions. Such assessments would also provide insights into
stresses and adjustments of the watercourse at that time with regards to both sediment transport and flow
regime (Padovan, 2016). Furthermore, as was done in Papangelakis et al. (2022%), the results from the
SPIN tool could be overlayed onto a provincial geology map to better understand the control of the
underlying geology on urban river responses.

As far as expanding the scope, though flow discharge has been extensively researched for
Southern Ontario, adding a component where that is also measured and analyzed against the more
sediment-focused parameters would add additional context for the watershed conditions. As well,
echoing the suggestion of Padovan (2016), analyzing other restoration performance variables such as
individual riffle/cascade transport and unit-scale aggradation and degradation rates may prove beneficial
in furthering our understanding of restoration performance. Furthermore, looking at fractional transport
rates may also be an interesting component to consider, as they are “the product of spatial grain
entrainment, displacement length, and displacement frequency” (Wilcock & McArdell, 1997). Therefore,
they could add additional context to the sediment transport aspect of each watershed characterization.

Additionally, developing regional curves for the areas in this thesis would be a valuable research
addition as, according to Chandler & Amirault (2018), they have the potential to indicate appropriate
bankfull dimensions for impaired watercourses with unreliable bankfull features. This would have
particular application for stream designers and design reviewers in reviewing drainage area against
width, depth, and cross-sectional area. With respect to the portion of the statistical analysis conducted in
R Studio, additional parameters could be added such as Ds, and measured width and depth as previous
literature supports a theory of coarseness (e.g., Papangelakis et al., 2022%) which the addition of these
parameters could assist in describing for the intended study sites.

Finally, this research framework could be scaled up to be utilized on a provincial basis instead of
such a localized context to provide an even wider range of applicability for its results.
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CHAPTER 5: Conclusions

Due to resource constraints, the effects of urbanization on the specifics of adjustment pathways
and timelines of change of river systems for all urbanizing watersheds are not well understood as
appropriate field parameters for representing such changes require years of consistent data for an
accurate comparison. Most of the previous literature related to fluvial geomorphology in urban
watersheds has focused on individual river systems (e.g., Ashmore et al., 2023), which left the question
of whether results were universal among watersheds with varying degrees of urbanization and in
different stages in their evolutionary trajectory an open problem. Due to their heterogeneous land use,
consistent and predictable responses are difficult to identify, complicating the establishment of
representative sites. The prediction of the effects of urbanization on river systems therefore remains
challenging, a difficulty this study aimed to remedy through the expansion of approaches conducted by
Wood-Smith & Buffington (1996) for watersheds impacted by logging.

The aim of this research was to better understand the trajectories of fluvial responses to
urbanization in the GTA, and to assess whether universal parameters that could act as indicators of
fluvial disturbance across watersheds could be identified. To achieve this, three objectives were set:

1. Provide a baseline historical geomorphic analysis of urbanizing watersheds in the GTA

2. Present a current geomorphic condition snapshot of watersheds to assess fluvial responses to
urbanization in the GTA

3. ldentify the most sensitive geomorphic indicators of urbanization that can be used as
predictive tools to guide watershed monitoring and management priorities

The objectives were met through a literature review, aerial imagery analysis, field analysis, and
statistical analysis, culminating in an outline of the management implications of the results.

Results were able to confirm channel enlargement, coarsening, and steepening is occurring in the
study watersheds, as there was a statistically reliable difference between “urban” and “rural” sites.
Through the ~50-year comparative aerial imagery analysis, sinuosity was found to have increased from
the initial comparison year (1973, 1977, or 1978) to 2021, directly contradicting the pre-study prediction
based on previous literature such as Chin (2006). Of course, significant alterations have been made to
the waterways in lieu of complete removal such as artificial hardening. This is evident in photographs
obtained through the field analysis conducted in 2023 as well as the aftereffects of such activities such as
relatively large bankfull width and shallow depth measurements.

The results from the t-tests between sites of <30% imperviousness (“rural”) and >30%
imperviousness (“urban”) revealed that when a control is placed on drainage area, specific stream power
is higher, the is Dy, larger, bankfull width is wider, and bankfull depth is deeper in “urban” areas. As
well, slope was found to be steeper in “urban” streams, displaying a p-value of 0.00629, supporting a
statistical difference between “urban” and “rural” streams at 95% confidence. Unfortunately, the other
parameters of W,/h,¢, entrenchment, and Dso/h,f ratios were not statistically different with enough
confidence to be applicable. The comparison for the 7.50/7,; ratio was found to be on the cut off for
applicability and it is believed that with a larger sample size and/or more testing, a definitive level of
applicability would be able to be determined.
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The results from this work advise that some parameters can be utilized across different
watersheds as consistent indicators of geomorphic adjustment (specific stream power, Ds,, normalized
bankfull width and bankfull depth, and slope) while others can not (W,r/hyr, entrenchment, and
Dso/hyg ratios). Unfortunately, the attempt to identify robust watershed and flow parameters that can
predict these geomorphic responses did produce any statistically reliable relationships across the studied
watersheds. The lack of consistent correlations and a reliable relationship between the watershed and
reach parameters suggests that there is no universal geomorphic response to urbanization in the studied
watersheds.

The overarching goal of this research was that it may be utilized for education and decision-
making purposes on a municipal and provincial level with respect to watershed management and
development. This research has demonstrated that each watershed responds to urbanization differently,
which makes comparing between them utilizing the same metrics challenging. Though the tools and
methods used in this study prove the potential for such applications to refine future monitoring and
management efforts, it is strongly recommended that a comprehensive assessment still be conducted
comprising of historically significant measures as rivers do not fit into a standard set of parameters for
classification. With future research and documented practical applications, the applied methods such as
the SPIN tool and the refined Pearson correlation analysis and stepwise regression in this study will
further prove their suitability for broad applications.
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APPENDIX A: Site Maps
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APPENDIX B: Site Photos

Mimico Creek (B1-B25)
Etobicoke Creek (B26-B50)
Highland Creek (B51-B75)
Duffins Creek (B76-B100)
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Figure B4. MCAI, Right Bank Figure B5. MCAI, Bed
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Figure B6. RAVP, Upstream Figure B7. RAVP, Downstream Figure B8. RAVP, Left Bank

Figure B9. RAVP, Right Bank Figure B10. RAVP, Bed
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Figure B14. MATC, Right Bank Figure B15. MATC, Bed
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Figure B16. EVAP-A, Upstream

Figure B19. EVAP-A, Right Bank Figure B20. EVAP-A, Bed
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Figure B24. EVAP-B, Right Bank Figure B25. EVAP-B, Bed
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Figure B27. ECT-A, Downstream Figure B28. ECT-A, Left Bank

Figure B29. ECT-A, Right Bank Figure B30. ECT-A, Bed
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Figure B34. GET-6, Right Bank Figure B35. GET-6, Bed
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Figure B36. CENP, Upstream Figure B37. CENP, Downstream Figure B38. CENP, Left Bank

Figure B39. CENP, Right Bank Figure B40. CENP, Bed
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Figure B42. ECAB, Downstream Figure B43. ECAB, Left Bank

Figure B44. ECAB, Right Bank Figure B45. ECAB, Bed
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Figure B46. GET-2, Upstream Figure B47. GET-2, Downstream

Figure B49. GET-2, Right Bank Figure B50. GET-2, Bed
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Figure B54. BDR-B, Right Bank Figure B55. BDR-B, Bed
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Figure B56. BDR-A, Upstream

Figure B59. BDR-A, Right Bank Figure B60. BDR-A, Bed
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Figure B61. BENP, Upstream

Figure B64. BENP, Right Bank Figure B65. BENP, Bed
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Figure B66. MSPT, Upstream Figure B68. MSPT, Left Bank

Figure B69. MSPT, Right Bank Figure B70. MSPT, Bed
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Figure B71. CDBP, Upstream Figure B72. CDBP, Downstream Figure B73. CDBP, Left Bank

Figure B74. CDBP, Right Bank Figure B75. CDBP, Bed
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Figure B79. SHT-A, Right Bank Figure B80. SHT-A, Bed
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Figure B81. SHT-B, Upstream Figure B83. SHT-B, Left Bank

Figure B84. SHT-B, Right Bank Figure B85. SHT-B, Bed
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Figure B86. SHT-E, Upstream Figure B87. SHT-E, Downstream Figure B88. SHT-E, Left Bank

Figure B89. SHT-E, Right Bank Figure B90. SHT-E, Bed
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Figure B92. SHT-D, Downstream Figure B93. SHT-D, Left Bank

Figure B94. SHT-D, Right Bank Figure B95. SHT-D, Bed
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Figure B96. RIVT, Upstream Figure B97. RIVT, Downstream Figure B98. RIVT, Left Bank

Figure B99. RIVT, Right Bank Figure B100. RIVT, Bed
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APPENDIX C: Aerial Imagery Linework

Mimico Creek (C1-C10)
Etobicoke Creek (C11-C20)
Highland Creek (C21-C30)

Duffins Creek (C31-C40)
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Figure C2. MCAI 2021 Thalweg Linework
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Figure C4. RAVP 2021 Thalweg Linework
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Figure C6. MATC 2021 Thalweg Linework



M.Sc. Thesis — S. Grohn; McMaster University — Earth, Environment & Society

02 Kilomelersl “%

S B\

Figure C8. EVAP-A 2021 Thalweg Linework
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Figure C10. EVAP-B 2021 Thalweg Linework
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Figure C12. ECT-A 2021 Thalweg Linework
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Figure C14. GET-6 2021 Thalweg Linework
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Figure C16. CENP 2021 Thalweg Linework
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Figure C18. ECAB 2021 Thalweg Linework
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Figure C20. GET-2 2021 Thalweg Linework
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Figure C22. BDR-B 2021 Thalweg Linework
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Figure C24. BDR-A 2021 Thalweg Linework
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Figure C26. BENP 2021 Thalweg Linework
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Figure C28. MSPT 2021 Thalweg Linework
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Figure C29. CDBP 1978 Thalweg Linework

Figure C30. CDBP 2021 Thalweg Linework
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0.2 Kilometersj

Figure C32. SHT-A 2021 Thalweg Linework
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Figure C33. SHT-B 1977 Thalweg Linework
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Figure C34. SHT-B 2021 Thalweg Linework
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0.2 Kilometers|

Figure C35. SHT-E 1973 Thalweg Linework

0.2 Kilometers

Figure C36. SHT-E 2021 Thalweg Linework
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0.2 Kilometers|

Figure C37. SHT-D 1973 Thalweg Linework
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Figure C38. SHT-D 2021 Thalweg Linework
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0.2 Kilometers|

Figure C39. RIVT 1973 Thalweg Linework

0.2 Kilometers|

Figure C40. RIVT 2021 Thalweg Linework
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APPENDIX D: Sinuosity Index Results
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Site Valley Length Channel Sinuosity Channel Sinuosity Change
(m) Length (m) (1970s) Length (m) (2021)

Mimico

MCAI 500 532.91 1.065 519.13 1.038 0.027
RAVP 500 749.79 1.499 765.29 1.530 0.031
MATC 500 725.98 1.451 709.87 1.419 0.032
EVAP-A 500 1064.32 2.128 1084.94 2.169 0.031
EVAP-B 500 507.34 1.014 502.05 1.004 0.010
Etobicoke

ECT-A 500 660.68 1.321 664.37 1.328 0.007
GET-6 500 805.74 1.611 797.26 1.594 0.017
CENP 500 543.01 1.086 550.09 1.100 0.014
ECAB 500 505.07 1.010 508.04 1.016 0.006
GET-2 500 927.21 1.854 929.97 1.859 0.005
Highland

BDR-B 500 844.31 1.688 836.14 1.672 0.016
BDR-A 500 656.64 1.313 676.72 1.353 0.040
BENP 500 518.02 1.036 540.32 1.080 0.044
MSPT 500 622.67 1.245 595.52 1.191 0.054
CDBP 500 758.1 1.516 698.17 1.396 0.120
Duffins

SHT-A 500 780.14 1.560 844.84 1.689 0.129
SHT-B 500 578.07 1.156 561.88 1.123 0.033
SHT-E 500 681.01 1.362 773.74 1.547 0.185
SHT-D 500 643.63 1.287 792.83 1.585 0.298
RIVT 500 5514 1.102 649.44 1.298 0.196
Average 682.802 1.365 700.031 1.400 0.065
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APPENDIX E: Cross-Sectional Profile Graphs

Mimico Creek (E1-E5)
Etobicoke Creek (E6-E10)
Highland Creek (E11-E15)

Duffins Creek (E16-E20)
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Figure E1. MCAI Cross-Section Profile
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Figure E3. MATC Cross-Section Profile
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Figure E4. EVAP-A Cross-Section Profile
1
05
g \ 5 10 15 /A
. 1 TN s
15 \ A f‘—‘—/
VW"
-2
Width (m)

Figure E5. EVAP-B Cross-Section Profile
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Figure E6. ECT-A Cross-Section Profile
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Figure E9. ECAB Cross-Section Profile
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Figure E12. BDR-A Cross-Section Profile
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Figure E15. CDBP Cross-Section Profile
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APPENDIX F: Sediment Distribution Graphs

Mimico Creek (F1-F10)
Etobicoke Creek (F11-F20)
Highland Creek (F21-F30)

Duffins Creek (F31-F40)
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Figure F2. MCAI Cumulative Sediment Curve 2023
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RAVP - Pebble Count Dispersal Histogram 2023
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Figure F3. RAVP Pebble Count Dispersal Histogram 2023
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Figure F4. RAVP Cumulative Sediment Curve 2023
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MATC - Pebble Count Dispersal Histogram 2023
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Figure F5. MATC Pebble Count Dispersal Histogram 2023
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Figure F6. MATC Cumulative Sediment Curve 2023
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EVAP-A - Pebble Count Dispersal Histogram 2023
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Figure F7. EVAP-A Pebble Count Dispersal Histogram 2023

EVAP-A - Cumulative Sediment Curve
2023

100
90 |
80 |
70
60 |
50 |
40 |
30 +
20
10

0¥
1 10 100 1000

Particle Size (mm)

Cumulative Weight Percent

Figure F8. EVAP-A Cumulative Sediment Curve 2023
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EVAP-B - Pebble Count Dispersal Histogram 2023
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Figure F9. EVAP-B Pebble Count Dispersal Histogram 2023
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Figure F10. EVAP-B Cumulative Sediment Curve 2023
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ECT-A - Pebble Count Dispersal Histogram 2023
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Figure F11. ECT-A Pebble Count Dispersal Histogram 2023
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Figure F12. ECT-A Cumulative Sediment Curve 2023
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GET-6 - Pebble Count Dispersal Histogram 2023

oun

R T T N ~ S N B o A )
F I F TP P07 N O F P P S
SO

Paricle Size (mm)

Figure F13. GET-6 Pebble Count Dispersal Histogram 2023
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Figure F14. GET-6 Cumulative Sediment Curve 2023
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CENP - Pebble Count Dispersal Histogram 2023
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Figure F15. CENP Pebble Count Dispersal Histogram 2023
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Figure F16. CENP Cumulative Sediment Curve 2023
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ECAB - Pebble Count Dispersal Histogram 2023
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Figure F17. ECAB Pebble Count Dispersal Histogram 2023
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Figure F18. ECAB Cumulative Sediment Curve 2023
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GET-2 - Pebble Count Dispersal Histogram 2023
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Figure F19. GET-2 Pebble Count Dispersal Histogram 2023
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Figure F20. GET-2 Cumulative Sediment Curve 2023
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BDR-B - Pebble Count Dispersal Histogram 2023
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Figure F21. BDR-B Pebble Count Dispersal Histogram 2023

BDR-B - Cumulative Sediment Curve
2023

100 -
90 |
80
70
60 |
50 |
40
30 +
20
10

(I
1 10 100 1000
Particle Size (mm)

Cumulative Weight Percent

Figure F22. BDR-B Cumulative Sediment Curve 2023
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BDR-A - Pebble Count Dispersal Histogram 2023
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Figure F23. BDR-A Pebble Count Dispersal Histogram 2023
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Figure F24. BDR-A Cumulative Sediment Curve 2023
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BENP - Pebble Count Dispersal Histogram 2023
25
20
15
2
(8]
10
5
0 T T T ‘
4 > » o N NS~ B % D o & D o O
F &SP P PN P D0 A P X
TOOT 97 Q7 o7 N C Q N ) (b'bi rﬁ) QDQJ’
QQ'I' Q()bn Qg‘b’ Q,\Ga 6‘3 QQ;b t\'], N N
Q- Q Q. Q. Q Q
Paricle Size (mm)

Figure F25. BENP Pebble Count Dispersal Histogram 2023
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Figure F26. BENP Cumulative Sediment Curve 2023
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MSPT - Pebble Count Dispersal Histogram 2023
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Figure F27. MSPT Pebble Count Dispersal Histogram 2023
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Figure F28. MSPT Cumulative Sediment Curve 2023

15



M.Sc. Thesis — S. Grohn; McMaster University — Earth, Environment & Society

CDBP - Pebble Count Dispersal Histogram 2023
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Figure F29. CDBP Pebble Count Dispersal Histogram 2023
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Figure F30. CDBP Cumulative Sediment Curve 2023
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SHT-A - Pebble Count Dispersal Histogram 2023
35

30

25

20

Count

15

10

0 : — .
SIS @?’ PP 8 o NP P ’\Q’ ’bq’ oF P P gV
oF o7 o7 o S oo ¥ ¥ S
& F S & & RN N
S QQ & o

Paricle Size (mm)

Figure F31. SHT-A Pebble Count Dispersal Histogram 2023
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Figure F32. SHT-A Cumulative Sediment Curve 2023
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SHT-B - Pebble Count Dispersal Histogram 2023
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Figure F33. SHT-B Pebble Count Dispersal Histogram 2023
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Figure F34. SHT-B Cumulative Sediment Curve 2023
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SHT-E - Pebble Count Dispersal Histogram 2023

0 ‘ T T ‘ r

> © N N ()
&SP Qg?’ B P P Y P RS rgb & 0
S

[N
oF o7 o7 oF W\ o7 o ¥ rb"'vfb'c:r
Lom QQ @‘H S @o@ "'f’j ¥ N P
Q) oY VoY ©
Paricle Size (mm)

Figure F35. SHT-E Pebble Count Dispersal Histogram 2023
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Figure F36. SHT-E Cumulative Sediment Curve 2023
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SHT-D - Pebble Count Dispersal Histogram 2023
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Figure F37. SHT-D Pebble Count Dispersal Histogram 2023
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Figure F38. SHT-D Cumulative Sediment Curve 2023
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RIVT - Pebble Count Dispersal Histogram 2023
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Figure F39. RIVT Pebble Count Dispersal Histogram 2023
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Figure F40. RIVT Cumulative Sediment Curve 2023
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APPENDIX G: Pearson Correlation Results
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tau ratio + Imp

weakly negative

weakly positive

Combination All Watersheds Mimico Etobicoke Highland Duffins
DA + Imp no association mode'r'?ltely -
positive
SP + Imp weakly negative | weakly positive | no association | weakly negative
SP + DA mode_rz_itely no association weakly positive
positive
W/D + Imp weakly negative | no association weakly positive mode_rz':\tely
positive
W/D + DA weakly positive | weakly positive mode_r'fltely no association
positive
WI/D + SP no association | weakly negative | no association m;g;:?\tzly no association
E+Imp no association | weakly positive msgseirt?\t,zly weakly negative | weakly negative
E + DA no association | weakly negative no association | weakly positive
E+SP no association | weakly positive | weakly negative weakly positive
E + W/D
Rough + Imp weakly negative | no association | weakly negative | weakly positive | weakly positive
Rough + DA no association no association weakly negative | weakly negative
Rough + SP weakly positive | weakly negative weakly negative
moderately .
Rough + W/D .. no association
positive
Rough + E weakly positive

weakly negative

no association

no association

tau ratio + DA

no association

no association

tau ratio + SP

no association

tau ratio + W/D

weakly positive

moderately
positive

tau ratio + E

weakly negative

tau ratio + Rough

weakly positive

no association

moderately
positive

weakly negative

moderately
positive

weakly negative

moderately
positive

no association

weakly negative




