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Abstract

Land Cover Effects on Hydrologic Regime within
Mixed Land Use Watersheds of East-Central Ontario
Brandon Robert Lockett
Land cover change has the potential to alter the hydrologic regime from its natural
state. Southern Ontario contains the largest and fastest growing urban population in
Canada as well as the majority of prime (Class I) agricultural land. Expansions in urban
cover at the expense of agricultural land and resultant ‘agricultural intensification’,
including expansion of tile drainage, have unknown effects on watershed hydrology. To
investigate this, several streams with a range of landcovers and physiographic
characteristics were monitored for two years to compare differences of flashiness and
variability of streamflow using several hydrologic metrics. Urban watersheds were
usually the flashiest while agriculture had moderate flashiness and natural watersheds
were the least flashy across all seasons, signifying that landcover effects were consistent
across seasons. Tile drainage increased stream flashiness during wet periods, but
minimized the stream response to an extreme rain event in the summer, perhaps due to
increases in soil moisture storage. A sixty-year flow analysis showed that flashiness and
streamflow increased (p < 0.05) above a development threshold of ~10% of watershed
area. Flashiness was also greater in wetter years suggesting that climate shifts may
enhance stream variability in developed watersheds.
Keywords

Landcover, Landcover Change, Urban, Agriculture, Natural, Streamflow, Precipitation,
Hydrologic Regime, Tile Drainage, Flashiness, Principal Component Analysis,
Hydrologic Metrics, Flow Duration Curve
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1.0: Literature Review

Areas of forests and wetlands have been drastically reduced in southern Ontario
since European settlement in order to create space for urban and agricultural development
(Butt et al., 2005). Approximately 1/3 of the total area in southern Ontario is currently
classified as agriculture, including land devoted to livestock pasture and row crop
production (Weng, 2017). This area is also home to almost 40% of Canada’s population
(Statistics Canada, 2022), the majority of whom (~90%) reside in urban areas (Ahmed,
2019). Notable population increases are projected for the Greater Golden Horseshoe from
~10 million currently (2019) to 14.8 million by 2051 (Ontario Ministry of Transportation,
2022) and continued expansion of urban cover puts pressure on existing agricultural land
and may have consequences for the quantity and quality of water resources.

Approximately half of Canada’s endowment of ‘prime’ agricultural land (Class 1;
defined as having no significant limitations for crop production; Ontario Ministry of
Agriculture Food, and Rural Affairs, 2016) is located within southern Ontario (Hofmann
et al., 2005) due to the coexistence of deep soils, relatively gentle topography and a
warm, temperate climate during the growing season that allows for high crop yield
(Hofmann, 2001). There is increasing concern that further population growth within
urban areas in southern Ontario will consume surrounding agricultural land (Hofmann
2001). Competition for increasingly scarce agricultural land may also drive increases in
the intensity of agriculture (Hofmann, 2001). Agricultural intensification is defined here
as farming techniques that result in a larger yield of output per unit area and includes
increased inorganic fertilizer application, reduced crop variety and installation of tile

drainage (TD). In southern Ontario, crop production has become more intensive since the



1940s as row crops are replacing pastureland used for cattle production (Smith, 2015).
Grain corn and soybeans are the primary row crops grown in eastern Canada and the total
areas of these crops have drastically increased (~500% and ~300% increase, respectively)
since the 1960s (Smith, 2015). Tile drainage is often installed beneath row crop fields
~1m in depth to increase crop yield and extend the growing season by limiting spring
flooding for earlier crop planting (Tan et al., 1999). These shifts in land use and trends
toward increasing urbanization and agricultural intensification may affect water quality
and quantity, although there have been fewer studies of the effects of mixed land use
changes on watershed hydrology compared with water quality (Hoghooghi et al., 2018).
The water balance equation provides a useful framework for examining the
effects of land cover change on watershed hydrology. The water balance relates the
amount of incoming precipitation with the amount of water exiting the system via
evapotranspiration (ET) and runoff, with the difference attributed to storage and residuals

in errors of estimation (RESW) (Equation 1.0).

Equation 1.0

Runoff = Precipitation — Evapotranspiration + A Storage + RESW

Land cover changes that lower the amount of water lost via ET will result in a
larger fraction of incoming precipitation being translated into runoff if storage remains
unchanged. Likewise, any changes in watershed storage will also affect the amount of
runoff generated from precipitation (or snowmelt) inputs. Topography and surficial
deposits also influence the runoff response, as sloped watersheds (e.g., > 5 degrees) tend

to generate more surface runoff leading to rapid changes in flow (Wainwright & Parsons,



2002), and fine-textured soils that are dominated by clay have reduced infiltration and
more rapid runoff responses compared with sandy-textured soils (Groenendyk et al.,
2016). Urbanized watersheds often exhibit a rapid hydrologic response to precipitation
inputs due to large amounts of impervious surfaces that shed water quickly into streams
as surface runoff and limit infiltration and soil moisture storage. Evapotranspiration is
also typically reduced due to generally less vegetation cover in urban areas compared
with pre-development (Taha, 1997). Further reductions of ET are caused by impermeable
urban cover limiting soil moisture storage that can be transpired by plants, but this
process is severely hampered by the relative lack of vegetation in some urban areas
(Booth, 1991). Alternatively, evapotranspiration can be enhanced in urban areas that are
irrigated (i.e. lawn watering; Peters et al., 2011). Evapotranspiration can be further
altered in urban compared with rural areas by the heat island effect, which results in
warmer temperatures that melt and evaporate winter snow, effectively decreasing runoff
(Mazrooei, 2021). Winter snow removal can additionally alter the water balance by
transporting snow across watershed boundaries (Bengtsson & Westerstrém, 1992).
Agriculture may also alter the landscape water balance; however, agriculture
is typically considered to be less impactful compared with urban coverage. In southern
Ontario, the primary shift in agriculture has been toward increased row crop production at
the expense of pastureland and mixed agricultural production (Smith, 2015). Annual row
crops tend to have lower ET losses compared with forests, and conversion of natural land
to row crops is estimated to have reduced ET by 5-15% and increased total runoff by 10-
30% relative to pre-settlement in the Great Lakes basin (Mao & Cherkauer, 2009). In

addition, the replacement of perennial grasses that typify pastureland with annual corn



and soybean has been shown to reduce ET and increase runoff by approximately 10%,
some of which is contributed by subsurface TD (Schilling et al., 2008). Seasonal shifts in
hydrology are also important to note in the Great Lakes context. For example, a
combination of frozen soils and plant dormancy in the winter and spring months reduce
the potential ET and water storage capacity of soils and result in a larger runoff response
to rainfall or snow melt events (Mahmood et al., 2017). The reduction of ET may be
more important for agricultural land cover hydrologic response since natural cover (i.e.
deciduous forests) can still transpire in spring months and limit runoff (Nehemy et al.,
2022; Young-Robertson, 2016). Subsurface TD affects the water balance (shown in
Figure 1.1) by increasing how much water the top layers of soil can hold by lowering the
water table and allowing plants roots to extend deeper into the soil profile (Irwin &
Whitely, 1983). Rain is then absorbed by the drier soil and converted to ET by plants
resulting in less runoff during the growing season (Irwin & Whitely, 1983). However,
several studies have noted the effect of antecedent moisture content on the runoff
response of tile drained fields. For example, high antecedent moisture conditions may
lead to more runoff generation in tiled fields due to greater hydrologic connectivity with
streams, especially when ET is low after crops are harvested (Macrae et al., 2010; King et

al., 2014).
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Figure 1.1. Hydrologic pathways before and after installation of tile drainage. Red arrows
represent increased fluxes, blue arrows represent decreased fluxes. Figure originally from
Gramlich et al. (2018).

Hydrographs are a way to visually assess a stream’s response to precipitation
inputs as well as to compare patterns of streamflow between watersheds that have
variable land cover. Urban watersheds tend to exhibit steeper rising limbs, higher peak
flows and steeper declines in flow following storm peaks as a result of smaller storage
capacities, less infiltration and lower evapotranspiration losses (Konrad & Booth, 2005).
Conversely, more natural streams tend to have hydrographs with slower-rising, smaller
peaks that are associated with greater storage of soil water that is released more slowly to

the stream. These differences between ‘flashy’ and ‘stable’ streams are illustrated in



Figure 1.2, which shows the hydrograph response of a rural watershed undergoing

urbanization.
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Figure 1.2. Runoff response to increases in impervious cover at a rural watershed, from
Espey et al. (1966). ‘I’ represents the proportion of impermeable surface coverage in
the watershed.

Patterns of runoff in a watershed ultimately determine the ‘hydrologic regime’ of
a stream. The hydrologic regime describes patterns of streamflow that are affected by the
proportion of flow occurring as baseflow vs. stormflow, the seasonal distribution of flow,
and storage of water in soils and snow. Natural factors that can influence the hydrologic
regime include topography, climate, soil type, watershed size, and vegetation cover (Poff
etal., 1997; Baker et al., 2004). Five important runoff characteristics that characterize the
hydrologic regime include: i) magnitude (e.g., maximum and minimum flows), ii)

frequency (i.e., how often high or low flow events occur), iii) duration (i.e., how long a
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flow threshold is exceeded), iv) timing (e.g., regular patterns and predictability of flow),
and v) rate of change (i.e., how quickly flow changes) (Poff et al., 1997). Further

explanation of each of these components is provided in Figure 1.3 below.
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Figure 1.3. Graphical examples depicting components of the flow regime. Flow metrics
are described in Table 2.4 of Chapter 2.



These five components describe the hydrologic behavior of a watershed and are
useful metrics for assessing changes in streamflow caused by human alteration of land
cover. Land cover changes that modify hydrologic flow pathways through the landscape
include impervious or paved surfaces from sidewalks, buildings and roads in urban areas,
as well as surface and subsurface drainage pipes in urban areas and agricultural fields
(King et al., 2014). Furthermore, changes in vegetation, including reductions in total
cover within urban areas or shifts from perennial to annual crops in agriculture, can also
influence flow pathways (Connolly et al., 1997). These changes in land cover commonly
lead to increases in runoff that can affect the five components of the flow regime
mentioned above.

The effect of land cover change on the magnitude of streamflow is frequently
considered in the literature because larger flows can potentially cause damaging flood
events and alter stream geomorphology. Urban cover is recognized for enhancing runoff
from rain or snowmelt events and causing higher magnitude streamflow (Rosburg, 2017;
Sheeder et al., 2002). Miller et al. (2014) found that after 33% of a watershed was
urbanized, the magnitude of peak flow events increased by 400% when compared with
pre-development.

The frequency of flow refers to how often streamflow of a particular magnitude
occurs and commonly focuses on extreme flows, especially those that cause flooding.
Moscrip & Montgomery (1997) found that urbanizing watersheds (~15 to 45% of total
area) experienced 10-year flood events more frequently over time such that they became
one-to-four-year flood events. In contrast, the effect of agricultural development on flood

frequency is not as clear, perhaps due to the diversity of agricultural practices within



agricultural watersheds and other factors such as topography and climate (Villarini et al.,
2011).

Duration of flow can be expressed as either the total amount of time between the
start and end of a flow event (see Figure 1.3), or the amount of time that flow exceeds a
particular rate threshold. Flow duration curves (FDC) are a common way to express this
metric and show the percent of time specific discharges are equaled or exceeded during a
given period. Flow duration curves are usually plotted using data collected over a
relatively long period of time (e.g., >10 years) and can be used to illustrate changes to
flow resulting from land modification. For example, land cover changes that increase
runoff tend to result in more variable flow regimes with steeper FDCs whereas flow in
groundwater-fed natural streams is more stable and their FDCs tend to be flatter (Searcy,
1959).

Timing and predictability of flow are important indicators of stream ecological
health (Poff et al., 1997), and may be responsive to both land cover and climate change.
The timing of rapid urbanization over the course of several decades coincided with
increased peak flows at several watersheds in the eastern U.S. (Hopkins et al., 2015). In
addition, climate change is expected to advance the timing of melt events in seasonally
snow-covered regions such that peaks may occur earlier and with higher magnitude in the
winter and early spring from more frequent rain-on-snow events (Contosta et al., 2019).

The rate of change/flashiness is of interest in this study because developed land
cover typically conveys precipitation or snowmelt more rapidly toward streams. Poff et
al. (1997) defined flashiness as simply “the rate of change of flow from one magnitude to

another” (p. 771). Baker et al. (2004) expanded the definition to include “frequency and
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rapidity of short-term changes of streamflow that occur during runoff events” (p. 503).
Hydrologically stable streams, by contrast, are associated with greater baseflow or
groundwater inputs that slowly respond to rain or snowmelt events (Baker et al., 2004).
Flashiness may be an effective composite metric because as a stream becomes
flashier, the other four flow regime components are affected, including the magnitude of
peak flow, the frequency of flooding, the duration of high flows, and changes in the
timing of flow events (Rosburg et al., 2017; Hopkins et al., 2015; Conly & Van der
Kamp, 2001; Baker et al., 2004; Poff et al., 1997). Likewise, the water balance (Equation
1.0) is a useful tool for evaluating how human-altered land covers affect runoff, which
may lead to higher flashiness. The effects of land cover and climatic shifts on stream

flashiness are described further below.

Land Cover Effects on Flashiness
Urban Cover

Compared with other forms of human development, urban land cover is usually
thought to have the greatest impact on hydrologic regime. Impervious surfaces move
water faster due to less frictional resistance, negligible infiltration and smaller soil water
storage, resulting in flashier streamflow (Konrad & Booth, 2005). Additionally,
stormwater pipes move water quickly off the landscape (especially from impervious
surfaces) and increase hydrologic connections between land and streams (Graf, 1977).
These changes to hydrologic pathways affect the amount of streamflow occurring as
baseflow vs. storm flow (Leopold, 1968). For example, urbanization of Long Island, New

York reduced the proportion of streamflow occurring as baseflow from 95% to 20% as a
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result of limited infiltration and water storage (Simmons & Reynolds, 1982).
Additionally, peak flows can be 100 — 300% larger in watersheds with a high proportion
(> 60%) of impermeable surfaces (Valtanen et al., 2014). Conversely, other studies have
shown that low to moderate increases of urban cover can increase baseflow by funneling
water to low lying areas (e.g., retention ponds) where it is slowly released and/or
recharged to groundwater (Brandes et al., 2005). Modern best management practices in
urban environments, including stormwater ponds, can increase storage capacity and
intercept fast moving runoff before it enters streams, thus lowering the rate of flow
change. Pennino et al. (2016) showed that peak runoff was decreased by 44%, runoff
events were 26% less frequent, and flow variability was decreased by 26% by adding
flow detention and retention best management practices near Washington D.C., United

States.

Agriculture

Agriculture encompasses a variety of land uses ranging from pastureland for
livestock to tile-drained row crop fields to vineyards and various horticultural uses.
Overall, agricultural land use has been shown to have a more moderate effect on flow
magnitude compared with urban land cover (Sheeder et al., 2002, Eimers & McDonald,
2015); however, agriculture may alter the hydrologic regime through affecting stream
flashiness. Hollis (1975) determined that undeveloped land is overall less flashy than
urban environments but can still generate large amounts of overland flow when soil is
saturated with water, particularly during spring melt when soils remain frozen. Baker et

al. (2004) found that increases in the proportion of agriculture within Ohio watersheds
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increased stream flashiness, although not as substantially as for urban cover. They also
noted that agricultural land can have complicated and varied effects on hydrology that are
dependent on soil management, riparian zones, crop type and artificial drainage (Baker et
al., 2004).

Tile drainage is a common and potentially impactful hydrologic alteration
associated with agricultural intensification. In Ontario, TD is associated with expansions
of row crop agriculture. The role of TD is to lower the water table which allows plants to
grow deeper roots, remove excess water during spring months for earlier planting and in
the fall months for later harvesting for longer crop maturity, and reduce the risk of
compaction of saturated soils (Irwin & Whiteley, 1983; Plamenac, 1988). A lower water
table further reduces the risk of fields flooding, especially after snowmelt (Seuna &
Kauppi, 1981; Skaggs et al., 1994) and limits the amount of overland flow and
theoretically the flashiness of the watershed (Blann et al., 2009). However, drainage pipes
can also increase hydrologic connectivity and increase subsurface flow between fields
and streams by removing the frictional forces soils have on infiltrating water that would
originally slow runoff rates, similar to urban storm drainage (Skaggs et al., 1994). These
two conflicting effects can lead to inconsistent reports of TD either decreasing or
increasing peak flows, which may in part be due to antecedent soil moisture conditions.
For example, Schilling et al. (2019) found that tile drains did not flow during the summer
months when soil moisture was low and ET was high whereas flow resumed after crops
senesced in October and November, and soil moisture was higher. This suggests that
flashiness may be more seasonal in watersheds dominated by tile drained fields. In

addition, watershed physiographic characteristics such as slope and soil texture can
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influence whether TD promotes higher peak flows (Holden et al., 2006), although TD
tends to create higher peak flows when compared with natural, untouched land (Skaggs et
al., 1994). The intricacies of agricultural land use change demonstrate how impacts to the
hydrologic regime can be highly variable from region to region, establishing the need for
research in small watersheds that considers the influence of local factors such as soil
texture and climate.

Crop type can also affect the runoff response of agricultural lands. In Ontario,
increases in row crop agriculture at the expense of pasture for livestock may alter runoff
generation via changes in ET and flow pathways (Veeman & Gray, 2010). For example,
in the prairies of the U.S., naturalization projects that converted annual crops (corn and
soy) to native prairie grasses reduced peak flows by 37% on average (Hernandez-Stanan
et al., 2013). The authors suggested that the deeper root systems of perennial plants
created more macropores that allowed water to penetrate deeper into the soils, ultimately
reducing event runoff and contributing to storage in soils. Notably, runoff from pasture is
typically higher than from natural land covers due to soil compaction caused by livestock
that promotes surface runoff. One study in Brazil, where deforestation is promoted to
create pastureland, found that a small watershed dominated by pastureland generated 17
times more surface flow volume relative to a comparable forested watershed (Germer et
al., 2010). Similarly, another study in New Zealand found that pasture generated 1.6 to

2.1 times more annual flow than forested catchments (Dons, 1987).
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Climatic Variability
Precipitation

The amount, form, timing and intensity of precipitation also affect the runoff
response of streams, and changes in precipitation regime associated with climate change
may compound the effect of land use changes on catchment hydrology. Saturated
overland runoff is typically produced from high intensity precipitation events that exceed
the infiltration-capacities of soils (Horton, 1933) as well as snowmelt events over frozen
soils. Any increase in the intensity or frequency of large precipitation events may
therefore contribute to increases in stream flashiness. Research has shown that higher
amounts of rainfall at the annual scale enhance stream flashiness (Saharia et al., 2021,
Bezak et al., 2015). Precipitation is expected to become more extreme with climate
change. Zhang et al., (2019) predicted that extreme events will become more common
over the course of the 21% century across Canada. They also noted that the frequency of
extreme events is more uncertain and is harder to detect due to high inter-annual variation
(Zhang et al., 2019). Contrary to this result, Deng et al. (2016) found that the frequency
of both heavy (> 10mm) and very heavy (> 20mm) precipitation days were likely (67-90
% chance) to increase over the next century in southern Ontario. They also predicted that
the number of days with precipitation > 10mm would increase by 4-6 days by 2100 from
a current frequency of 27-29 days/year (Deng et al., 2016). Another study analyzed
flooding frequency caused by climate change in southern Ontario and showed that the
duration and number of peak flows that cause small flood events have increased in

Ontario over the past 80 years using reference watersheds that have not had substantial
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changes to their land cover (Burn & Whitfield, 2016). Thus, any evaluation of flow
response to land cover change must also consider the effects of changes in weather

extremes.

Air Temperature

Warming temperatures from climate change can alter the timing and magnitude of
hydrologic events and influence the seasonality of flashiness, usually associated with
snow melt in southern Ontario. Average air temperatures in southern Ontario are
predicted to increase by ~2.2°C over the next five decades which will increase the
amount of rain vs. snow falling in the winter, reduce snowpack depth and duration and
create smaller and/or earlier spring melt during the winter months (Grillakis et al., 2011).
This change, along with increases in extreme precipitation, can potentially generate larger
peak flows (Jiang et al., 2020). However, a decreasing snowpack in the early winter
months may reduce the total volume of snow melt and result in a more episodic or
protracted winter flow regime. A study of watersheds in the eastern U.S. found that
warmer winters had thinner snowpacks and usually smaller, but more frequent peak flow
events in late March than colder winters, which had deeper snowpacks and larger runoff
peaks caused by snow melt towards the end of May (Ford et al., 2021).

These differing results demonstrate the complex effect of climate change on snow
melt patterns and winter/spring runoff generation. Snow depth affects the extent, depth
and duration of soil freezing in the winter months; a deeper snowpack insulates the
ground from cold air temperatures, reducing the freezing depth, while shallower

snowpacks can allow deeper freezing if air temperatures are cold enough (Zhang, 2005).
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Consequentially, while a shallow snowpack would reduce the total volume of spring
melt, it may paradoxically promote more overland flow as a result of soil frost causing
larger peaks and flashiness earlier in the winter. Warmer air temperatures may also lead
to more frequent freeze-thaw cycles, which could influence runoff flow paths during
winter.

Warming temperatures are also predicted to increase ET. In Canada, most climate
models predict that winter and spring will become wetter from increases of precipitation,
and more specifically rainfall, whereas summer and fall will become drier as a result of
more ET, especially towards the end of the 21% century (Tam et al., 2019). Southern
Ontario is expected to follow this trend although with more moderate wetting and drying
compared with other parts of the country (Tam et al., 2019). Both impacts can alter the
seasonal water balance and flow regimes, and drier summers may result in more frequent
or extreme droughts.

Droughts are defined as a “period of abnormally dry weather sufficiently
prolonged for the lack of precipitation to cause a serious hydrological imbalance” by the
American Meteorological Society (1997, p. 785). Droughts put stress on services that
require water, such as irrigation in agriculture and drinking water in urban areas. Notable
droughts occurred three times in Canada over the 20" century, including the 1930s,
1960s, and late 1990s, when a string of sequential years in each decade received between
10% and 20% less precipitation and warmer-than-average temperatures (Klaassen, 2003).
The author also noted that the 1998-1999 drought may have been exacerbated by
especially high temperatures in this year causing higher ET. The frequency and intensity

(or duration) of dry periods are also expected to increase with climate change, which will
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reduce soil moisture and stream runoff (Cook et al., 2020; Maloney et al., 2014). An
overall reduction in streamflow due to lower precipitation could reduce conditions that
create flashiness such as high soil moisture and frequent rain events.

Drought conditions may also affect runoff flow paths and stream flashiness when
soils are rewet following subsequent rain events. For example, soils may become
hydrophobic during extended dry periods, which may favour overland flow generation
and hasten runoff delivery to streams (Witter et al., 1991). Conversely, soil cracking that
occurs in clay-rich soils that are dried may enhance macropore drainage and allow more
rapid drainage when soils are rewet by subsequent rain events (Nimmo, 2012). Both
conditions could potentially lead to more flashy stream conditions. These complexities of
soil dryness make determining how quickly water will run off following drought

conditions difficult to predict.

Hydrologic Metrics

A variety of metrics can be used to analyze the hydrologic regime of streams and
evaluate their response to land cover and/or climate change. Hydrologic metrics are often
used to evaluate baseflow for ecological protection and assess changes in the frequency
of flood events (Clausen & Biggs, 1997). Variation of flow and flashiness are common
themes when comparing streamflow over time and to other streams. Several metrics can
be used to quantify variation in flow including the coefficient of variation, which
describes some aspects of flashiness, but does not account for the rate of change in flow
during peak flow events. In contrast, metrics such as the Richards-Baker Index (RBI)

quantify flashiness by calculating how quickly flow rises and falls over a period of time
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using continuous flow data (Baker et al., 2004). All of these metrics are commonly used
to investigate changes in flashiness caused by land cover (Booth and Konrad, 2017) or,
less commonly, precipitation variation potentially caused by climate change (Holko et al.,
2011). In addition, the hydrologic regime can be described by assessing changes in flow
components including baseflow and peak flow. Konrad & Booth (2005) compared
several metrics (e.g., coefficient of variation, Tgmean, flow percentiles), that target
different aspects of the flow regime and suggested that some metrics may be more useful
than others for detecting changes in flow patterns caused by urbanization. In contrast,
there have been relatively few hydrologic assessments of changes in agricultural
watersheds, especially those that are undergoing shifts from less intensive pasture to
more-intensive tile-drained row crop systems. Furthermore, there have been few if any
comparisons of agricultural vs. urban development effects on hydrologic response in
mixed land use watersheds such as those that dominate southern Ontario since most

studies focus on one type of land use in a watershed (Gyamfi et al., 2016).

Importance and Objectives

In light of these knowledge gaps, the overarching objective of this study was to
investigate the effects of land cover change on the hydrologic regime in southern Ontario.
Several hydrologic metrics to quantify flow variability and flashiness were used to
identify differences in mixed use watersheds with varying land cover. In addition, metrics
describing flashiness and variation of flow were used to quantify and compare how
different land covers affect flow at different time scales (annual and seasonal) and better

understand how hydrologic conditions, such as snowmelt, may obscure or amplify flow
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response. In the first research chapter, the primary objective was to compare the
hydrologic response of watersheds with different proportions of urban or agricultural land
using several metrics that quantify flashiness and variability of flow. Watersheds were
selected to include a gradient of land cover and range from entirely urban or intensively
agricultural to predominantly natural land cover. The second research chapter aimed to
identify long-term trends in flashiness resulting from precipitation changes and increased
urban cover since the 1960s in quaternary watersheds flowing into Lake Ontario. Results
of this study can provide insight into the hydrologic effects of current land cover regimes

and give information for watershed planners to further protect the natural flow regime.
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2.0: Varying Landcover and Physiography Effects on
Flashiness

2.1 Introduction

The hydrologic regime of streams consists of flow patterns that are influenced by
many factors, including land cover, climate, and other watershed characteristics such as
slope and soil type (Poff et al., 1997). Land cover change is a common and well
researched alteration to watersheds that is known to change the natural flow regime
rapidly, while other factors that influence flow patterns usually change over longer
periods of time, such as climate and soil characteristics. Despite variable hydrologic
responses to forest management (Dan Moore & Wondzell, 2005), many studies in
northern experimental forests have shown that complete removal of natural vegetation
(i.e. clear-cutting) causes increases in annual runoff and peak flow compared with pre-
cutting flows (Whitehead & Robinson, 1993). The resulting increases of runoff and peak
flows are primarily explained by decreases in evapotranspiration (Yang et al., 2017).
These types of studies suggest that similar impacts will occur when natural vegetation is
removed for other land uses such as urban or agricultural development. The hydrologic
regime can be further altered by changes in drainage density associated with urban and
agricultural developments including storm sewers and subsurface tile drainage (TD) that
can increase runoff and move water faster into streams (Ogden et al., 2011; Schilling et
al., 2015). Faster transfer of water contributes to stream ‘flashiness’, which Poff et al.,

(1997) describes as a component of the hydrologic regime.
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Currently, watersheds in southern Ontario exhibit a mosaic of urban, agricultural
and natural cover, and further land cover change is expected to occur over the next few
decades due to large increases in population. More specifically, by 2046, populations in
most urban areas near Lake Ontario are expected to grow by more than 20% (Ontario
Ministry of Finance, 2021). Expansions in urban cover to accommodate growing
populations have historically replaced valuable agricultural land (Hofmann 2001; Ali,
2008). The type of agriculture practiced in Ontario has also changed dramatically over
the past several decades with major increases in row crop production (primarily corn,
soybeans and wheat) at the expense of mixed farming and pastureland (Smith, 2015).
Corn and soy have increased significantly in total area by approximately 4x and 5x,
respectively, since the 1950s (Smith, 2015). Although TD has historically dominated the
relatively flat and fine-textured soils in southwestern and eastern Ontario, there have been
major increases of TD in the east-central region where watersheds are more sloped and
soils are coarser, characteristic of the Oak Ridges Moraine (ORM). Increased focus on
corn-soy production, which is often tile-drained and reliant on inorganic fertilizer (instead
of manure), is a common component of ‘agricultural intensification’. The combination of
agricultural intensification and urban expansion in southern Ontario is expected to alter
hydrologic regimes which may enhance stream flashiness.

While there have been a relatively large number of studies that have described the
various effects of urban cover on hydrology (e.g. Baker et al., 2004; Booth & Konrad,
2017; Eimers & McDonald, 2015; Clausen & Biggs 2000), the influence of agricultural
intensification is less clear. Furthermore, most urban areas in southern Ontario are

surrounded by agricultural landscapes, and intensification within the agricultural
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headwaters could enhance the hydrologic response of downstream urban areas. As such,

it is important to characterize ‘baseline’ hydrologic conditions across a range of common
land covers and within mixed landscapes to identify the hydrologic metrics that are most

responsive to land cover change. To that end, the objective of this study was to evaluate

stream flashiness across a gradient of land cover using a variety of metrics that have been
shown to be sensitive to either urban or agricultural cover. This analysis was done at both
the annual and seasonal scales as snow cover/snow melt and rainfall volumes may

obscure (or amplify) the hydrologic response to land cover change.

This research chapter tested the following hypotheses:

)] The Richards Baker (RBI) and coefficient of variation (CV) metrics are most
sensitive to urban cover and the base flow index (BFI) metric is most sensitive
to natural cover.

i) Flashiness as indicated by RBI and CV is greatest at urban watersheds,
followed by intensive agricultural and then non-intensive agriculture
watersheds, and the hydrologic regime at natural watersheds is the least
flashy.

iii) Flashiness is best observed at the annual time scale, and flashiness is higher in

years with more precipitation due to more frequent runoff responses.
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2.2 Methods

Study Area

Nineteen watersheds were selected for study within the east-central portion of
southern Ontario, broadly defined as the area south of the ORM and Rice Lake, and north
of Lake Ontario, between Newcastle and Cobourg (Figure 2.1). This area was selected
because it contains a mixture of agricultural, natural and urban land uses (see Figure 2.2),
which makes it ideal for investigating the response of streamflow to land cover change.
The ORM region is primarily forested, especially in the Ganaraska Forest Conservation
Area and Northumberland Forest to the west and south of Rice Lake, respectively. Soils
within the headwater region of the ORM are commonly coarse textured with rapid
drainage (Figure 2.3). In contrast, agriculture dominates land use south of the ORM
where soils transition to loams of finer texture with pockets of sand or clay-based soils
closer to Lake Ontario (Figures 2.2 & 1.3; Webber et al., 1946). Agriculture in this region
includes both ‘intensive’ row crop farming (herein defined as fields devoted to corn-
soybean-wheat rotation), as well as livestock and pastureland. Small areas of urban land
are located throughout the study area, although many of the larger urban centres are
located along the lake shore (e.g. Port Hope, Cobourg, Bowmanville). The region has a
humid temperate climate and falls within the Koppen Dfb sub-type that is characteristic
of hot summers and cool winters with precipitation distributed relatively evenly
throughout the year. Annual average precipitation between 1971-2000 at Oshawa was
872 mm (839 mm to 907 mm, CI = 95%) of which 14% fell as snow, and average
monthly temperatures range from 20.2°C to -5.3°C in July and January, respectively

(Environment and Climate Change Canada, 2019).
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A combination of eleven existing Water Survey of Canada (WSC) flow
monitoring sites and eight new flow stations were established to evaluate the influence of
land cover on streamflow characteristics (Figure 2.1). Stations were selected based on
small watershed size and some were targeted due to their relatively homogeneous land
cover. For example, most watersheds are less than 100 km? (Table 2.1) to limit the
influence of size on hydrologic patterns. Accessibility to sites year-round was also a
consideration in site selection, and some sites were rejected due to not having permission
to enter private property or because they were inaccessible due to terrain. In addition,
watersheds that had higher wetland cover and/or poorly defined banks were also avoided,
due to difficulties in estimating discharge from flood-prone areas. Streams also had to be
perennial so that data could be collected year-round for seasonal analysis.

The relatively small size of watersheds allowed specific land uses to be targeted
(i.e. larger watersheds tend to have more mixed land cover). Fourteen of the study
watersheds have a dominant land cover (~60% or greater) of either urban, agricultural
(intensive vs. non-intensive), or natural. Specifically, Gan Nat 1, Gan Nat 2, Gan NW and
Gan Osaca are predominantly natural (forested), and range in size from 9.3 — 72 km2. In
contrast, Gan 1, Gan 2, Cobourg Up, Gage East, Gage West, Brand, and Mystery are
primarily agricultural, with Cobourg Up having a greater area of pasture and the rest
having more row-crop cover (Table 2.1). Of these row-crop dominated watersheds, TD
also varies — the most heavily tile-drained watersheds are Mystery, Brand and Gage West
with 100%, 85%, and 38% of row crop area recorded as tile drained, respectively (Table
1.1). For this thesis, Mystery Creek is considered the most ‘intensively’ agricultural,

followed by Brand Creek. Although most study sites were located between Newcastle
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Figure 2.1. Map of the study area showing the 19 study watersheds and limits of the Oak Ridges Moraine.
Watershed labels match with Table 2.1.

Newcastle
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Watershed land cover and physiography

Contributing watershed areas were estimated using the Ontario Flow Assessment
Tool (OFAT; Ministry of Natural Resources and Forestry, 2020) with pour points located
at the gauging stations. Land cover within each watershed was estimated using the
Agriculture and Agri-food Canada (AAFC) land usage/crop inventory layer for 2018
(Agriculture and Agri-Food Canada, 2018). Land cover data are available in OFAT, but
were not used in this analysis because OFAT groups all types of agriculture into a single
category called “undifferentiated agricultural land” and does not distinguish between
crops and pasture (Ministry of Natural Resources and Forestry, 2020). OFAT has a
higher resolution of 15 m cells which is more accurate compared with the AAFC’s 30 m;
however, the AAFC layer is revised annually while OFAT is currently using 2016 data.
The more recent data were a compensation for loss of accuracy. Both layers were created
similarly, from satellite imagery and LiDAR. The AAFC layer was produced using three
satellite images collected over the course of the growing season to identify crop types and
has a reported > 85% accuracy (AAFC, 2018). Recent (2018) TD area was calculated
using the Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA) layer for
Southern Ontario (OMAFRA, 2018). AAFC defines ‘urban’ land use as the combination
of impermeable surfaces (e.g., roads, buildings) and pervious soils (e.g., lawns, gardens).
These values are reported as “urban” in Table 2.1. For this study, the category ‘Row
Crop’ was estimated as the sum of three specific crop areas including grain corn, soy and
winter wheat, since this is the most common crop rotation in Ontario (Smith 2015);
whereas the area of pasture plus forage was taken directly from AAFC. Other types of

agriculture including orchards, horticulture, and tree nurseries are relatively rare in the
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study area and comprise a small proportion of most watersheds (< 5%) and therefore
were not included in land cover analyses. The sum of ‘Row Crops’ plus ‘Pasture’
therefore represents total agriculture coverage in the watersheds. The sum of agriculture
and urban coverage was also computed and is reported as ‘disturbed’ land cover.
‘Forested’ area includes the sum of coniferous, broad-leafed and mixed forests.
Shrubland and grassland areas were combined into a single ‘grassland’ land use category,
and the sum of ‘forests’, ‘grasslands’ and ‘wetlands’ is reported as ‘natural cover’.
‘Barren land’ is soil that is non-vegetated (e.g., gravel pits or burned areas) and is not
related to agriculture. Because barren land represents a very small area in most
watersheds (< 8%) it was not considered in land cover analyses. Land cover across the
study region is presented in Figure 2.2.

Physiographic characteristics for each of the study watersheds were calculated
using data from a variety of sources. Texture was derived from the Ontario Ministry of
Northern Development, Mines and Forestry surficial geology layer. The texture of
surficial deposits (i.e., soil parent material) was classified into three categories including
‘coarse’, ‘fine’, and ‘variable’ (Table 2.2; see Figure 2.3). These three texture categories
were identified from the primary materials that were part of the depositional environment
(e.g., glaciolacustrine deposits primarily consist of clay and silt particles, which are
classified as ‘fine’ textured). OFAT was used to calculate the mean slope of each
watershed using the Ontario Integrated Hydrology (OIH) digital elevation model layer
and a cell size of 30m x 30m. The percent of each watershed that was located on the
ORM was calculated by summing the areas within the boundaries of the ORM land use

designation layer (L10, 2006).
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Table 2.2. Watershed coverage (%) of land use and physiography. Site numbers with asterisks were
instrumented Trent University. Site numbers shaded purple are considered mixed land use
watersheds, red are urban dominated watersheds, yellow are agriculturally dominated, and green are
dominated by natural land cover.

Parent Material Textures

Site Number Site Name Area (km?) Mean Slope (%) Watershed Area % in ORM
Coarse Fine Variable

Highland West 39 2 0 98 2.3 0

Highland Down 91 5 0 95 2.7 0

Mystery 2.6 0 97 3 2.0 0

Gage Urban 3.1 2 86 12 2.9 0

Brand Creek 5.6 39 56 5 3.1 0

Gage West 5.5 21 38 41 5.7 0

7 Cobourg Up 34 40 18 41 8.7 28
Gage East 21 34 23 43 7.1 17

9* Ganl 17 46 19 35 6.1 9
10 Wilmot Down 81 55 6 39 7.5 39

11* Gan 2 21 53 13 34 5.2 0
12 Cobourg Down 123 58 14 28 7.5 53
13 Gan Sylvan 240 74 8 17 6.1 41
14 Cobourg Balt 41 76 2 23 7.2 81
15 Wilmot Up 27 81 6 13 8.7 80
16 Gan Osaca 73 78 6 15 7.0 64
17 Gan NW 46 89 1 10 6.9 56
18* Gan Natural 2 11 98 1 7.0 100
19* Gan Natural 1 9.3 99 0 1 7.7 100
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Figure 2.2. Land cover within the nineteen study watersheds. Land cover data are from

AAFC 2018.
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Figure 2.3. Parent material texture within the nineteen study watersheds. Surficial geology data
are from Ontario Ministry of Northern Development, Mines and Forestry.
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Flow and Climate Data

Heron Instruments™ vented pressure transducers were deployed to measure water
heights at the eight newly established monitoring stations. Each site was surveyed for
straight channels to install the loggers (often near culverts). Loggers were attached to
concrete slabs which were secured to the stream bed by hammering reinforcing bar
through holes in the slab and into the sediment to keep the loggers at the same depth.
Loggers were surveyed relative to culverts to ensure that the loggers were not shifting on
the stream beds. Vented loggers automatically compensate for changes in atmospheric
pressure and were programmed to record water level every 15 minutes. Loggers were
downloaded weekly to ensure data quality and that loggers were not shifting on the
stream bed. Weekly hydrographs were also used to aid water sampling decisions for an
associated water quality monitoring project (see Liu et al. 2022).

Stage-discharge relationships were established at each site to convert continuous
measurements of stream level into discharge. To do this, stream velocity was measured at
each stream six to eight times between September 2018 and October 2019 using a Marsh-
McBirney Flow-Mate. During each measurement, the width of the stream was measured,
and the channel cross-section was divided into five equal panels. Depth was then
measured along with stream velocity at 60% of stream depth within each panel (Corbett,
1943). Velocity (m/s) was multiplied by each cross-sectional area panel (m?) and all
panels were summed to obtain stream discharge (m?/s). Efforts were made to capture a
large range of stream discharge measurements from very low flow in the late summer to
peak flow during spring melt (Table 2.3), although some peak flows were not safe to

gauge due to deep, fast-moving water. Each stream’s rating curve was used to create a
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continuous record of streamflow. Flows were extrapolated from the rating curves when
water depth of creeks exceeded the deepest gauging depth. Table 2.3 illustrates how
many flow intervals were extrapolated from rating curves over the course of two years.
Each 15-minute flow interval was summed over each day to obtain daily discharge
(m3/day). Runoff (mm/day) was calculated by dividing daily discharge by watershed
area.

Streams were monitored over two complete water years (September 1 — August
31) beginning September 1, 2018 and ending August 31, 2020. Seasons were thus
defined as Fall = September 1 — November 30; Winter = December 1 — February 28;

Spring = March 1 — May 31 and Summer = June 1 — August 31.

Table 2.3. Maximum and minimum stage and gauging depths for streams instrumented
for this study. Flow that exceeded maximum gauging depth was summed and reported as
percentage of total cumulative flow. * = maximum water height was influenced by ice
damming during spring melt.

Watershed Maximum Maximum Minimum Minimum % of Cumulative Flow Extrapolated
Stage (m) Gaging Depth (m) Stage (m)  Gaging Depth (m)  Above Highest Rating Curve Measurement
Gage Urban 1.072 0.569 0.178 0.240 33%
Mystery 0.801 0.518 0.089 0.208 17%
Brand 1.820 0.812 0.180 0.268 48%
Gage West 1.329 0.909 0.039 0.073 8%
Gan 2 1.187 0.642 0.148 0.155 21%
Gan1l 1.767* 0.759 0.154 0.165 31%
Gan Nat 1 0.295 0.240 0.175 0.194 1%
Gan Nat 2 0.463 0.373 0.181 0.198 2%

Precipitation and temperature data were retrieved from Environment Canada’s Oshawa
climate station (station ID 6155875; Environment Canada, 2020) which was the closest
climate station that had a complete record of daily measurements over the period of

study. Daily precipitation data were obtained for September 1, 2018, to August 31, 2020.

34



Thirty-year climate normals were calculated for the years 1971-2000. Climate normals

for 1981-2010 could not be calculated due to incomplete records between 2006 and 2010

at the Oshawa station.

Flashiness Metrics

A variety of different flow metrics were calculated in order to evaluate hydrologic

responsiveness to land cover (Table 2.4). Metrics were selected based on literature

reports of their sensitivity to either urban or agricultural land cover.

Table 2.4. Flow metrics computed for the two water years. References with one star represent
research that used the metric for urban watersheds, two stars represent agricultural watersheds,
and three stars represent multiple land covers. g = flow (m®/s), Q = flow (mm/d), ¢ = standard
deviation, p = mean, WSC = Water Survey of Canada

High
Interval Flashiness References
Flow Metric  Abbreviation Formula of Flow
If Value for Land Cover
Used
Is:
Baker et al.
Richards- 10— qis | (2008)%
Baker RBI s L Asz:aye Large  Ulén etal. (2016)**
Index X1 g Mogollén et al.
(2016)***
Konrad & Booth
Coefficient g Daily (2008)*
o - L E &
of Variation cv u Average e McDoInn;IedrS(2015)*
Percent
Total Runo mm ; Wang &
Yield of %Yield Total Preci tf]tC( ) AI\:/)::%e Large Alimohammadi
Watershed otal Precipitation (mm) (2012) %%
Web-based Hydrograph Analysis Tool Vittorio &
Baseflow BE] (WHAT) Daily Sl Ah'a_b'_ame (2015)
Index Recursive Digital Filter — BFI Max 0.80 Average SCh'E'Z'ggg‘i‘*i"”es
(Default)
Sawicz et al.
DLIJZrlgrivon FDC In(Q33 %) — In(Q66 %) Daily L ?%'ff)i*i
arge
— Average
Curve Slope (0.66 —0.33)
Mean Flow T Time flow exceeded average flow 15 minute Konrad & Booth
Exceedance Qmean Total time 5 minutes Small (2005)
(WSC)
Median . , 15 minute Clausen & Biggs
Elow DUR3, DUR5 Total time flow excee'ded median flow £ minutes Small (1997)***
Exceedance Total time (WSC)
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Flashiness metrics were calculated at the annual and seasonal time scales to examine the
effects of land use during different times of the WY. Daily average flow was used for
most metric calculations except for Tgomean and DUR3 and DURS5, which used data
collected at 15-minute intervals at the newly established Trent flow sites, or 5-minute
flow intervals at the existing WSC sites. These three metrics were not calculated using
daily average flow because they consider the amount of time that flow exceeds the mean
or median flow per season or year. The DUR3 and DURS5 metrics indicate the amount of
time flow exceeded 3-times and 5-times the median flow, respectively. Percent yield at
each watershed was calculated by dividing runoff (mm) by precipitation (mm), measured

at the Oshawa climate station.

Statistical Analyses

Ranked ANOVA tests (Kruskal-Wallis tests, a = 0.05) were used to assess
whether flow metrics differed amongst the land cover categories indicated in Table 2.6.
Ranked values were used due to the non-normal distribution of land cover throughout the
watersheds. Tukey-Kramer post hoc tests were then used to identify if specific land cover
types differed from each other using o = 0.05 and o = 0.10.

Correlation analysis was used to evaluate metric sensitivity to land cover.
Normality was tested using the Shapiro-Wilk test and Spearman correlations (rs) were
used in all cases due to the non-normal distribution of flow and land cover data.
Spearman correlation also allows original data to be used instead of transforming data to
be normalized. Correlation matrices (package ‘Hmisc’) and Shapiro-Wilk (basic stats

package within R) tests were carried out using R 3.4.1 (R Core Team, 2017).
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Principal component analysis (PCA) was performed to investigate metric
association with land cover and associations with watershed physiography. PCA was
conducted using the ‘Factoextra’ package in R 3.4.1 (R Core Team, 2017). Data were
standardized (Z-score) for use in PCA by subtracting the mean value from the observed
value and dividing by the standard deviation of each metric, land cover or physiographic

characteristic.

2.3 Results

Land cover and watershed physiography

The nineteen watersheds examined in this study were selected to capture a broad
gradient of land cover, from predominantly natural coverage (97%) at Gan Natural 1 to
almost entirely urban (93%) at Highland Down (Table 2.1). Total agricultural land cover
also varied widely across sites from 0% at Highland Down to 87% at Mystery Creek, as
did the level of agricultural ‘intensity’ within each watershed. At the two extremes, the
most intensively agricultural Mystery Creek has 85% row crop with 89% of the
watershed tile drained, whereas Cobourg Up has more pasture (37%) and little recorded
tile drainage (6%; Table 2.1).

Several physiographic characteristics were computed for each watershed (Table
2.2) as topography and soil drainage characteristics may also influence stream flashiness.
Some physiographic characteristics were strongly associated with land cover. For
example, most forested watersheds were located on the ORM, and had a greater
proportion of coarse-textured/well-drained soils (rs= 0.95) and steeper slopes (rs= 0.61),

whereas the majority of urban and agriculturally dominated watersheds were located
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south of the ORM and closer to the Lake Ontario shoreline, where slopes are generally
flatter and soils are finer textured (correlation between proportional area of agriculture

and area of fine textured soils rs= 0.81; Figure 2.3).

Hydroclimatic context of the study period

There were substantial differences in precipitation and temperature between the
two years of intensive monitoring. The 2019-2020 water year was significantly drier (724
mm) than the long-term average (844-900 mm, 95% CI), whereas 2018-19 was wet but
cool (863 mm, 7°C average; Table 2.5). Exceptionally dry conditions in 2019-20 were
largely driven by the spring and summer, when total precipitation inputs were
substantially lower than long-term averages (Table 2.5). In contrast, the spring and
summer of 2018-19 were relatively wet, largely due to several days of prolonged
precipitation in April 2019 and one exceptionally large rainfall event in July 2019 (67
mm in 8 hours) that resulted in localized flooding in parts of the Greater Toronto Area
(Lapierre, 2019). In contrast, the winter of 2018-19 was drier (134 mm) than average
(198 mm), and 61% percent of precipitation occurred as rain, likely resulting in many
freeze-thaw events. Despite colder than average temperatures, the fraction of
precipitation falling as rain was relatively high in winter 2018-19 (61%) compared with
the long-term normal (54%; Table 2.5). Total precipitation in winter 2019-20 was
unremarkable; however, relatively warm conditions (-2.9°C; Table 2.5) resulted in more
rain vs. snow. In particular, a large 57 mm rainfall event occurred on January 11, 2020,
which was almost twice the amount of precipitation that normally occurs in the entire

month (32 mm). This event alone accounted for 28% of total winter precipitation
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(Table 2.5). In contrast, fall precipitation and temperature were similar between the two

WYs, although both study seasons were relatively cool compared with the long-term

average (Table 2.5).

Table 2.5. Seasonal and annual precipitation sums (mm) and average temperature for the
two years of study and climate normals from the Oshawa weather station. The 95%
confidence interval is indicated in brackets.

Sep 2018 - Aug 2019 Annual Fall Winter Spring Summer
Precipitation (mm) 863 210 134 276 244
% of Precipitation as Rain 91% 99% 61% 96% 100%
# of Days Precipitation 225mm 6 2 1 2 1
Temperature (°C) 7.0 8.2 -4.7 4.7 19.7
Sep 2019 - Aug 2020
Precipitation (mm) 724 216 202 161 146
% of Precipitation as Rain N/A 91% 60% N/A N/A
# of Days Precipitation 225mm 4 2 1 0 1
Temperature (°C) 8.1 8.4 -29 6.0 21.1
Climate Normals (1971 - 2000)
Precipitation Average (mm)  872(844-900) 235(212-258) 198 (182 -214) 210 (191 - 229) 225 (200 - 250)
% of Precipitation as Rain 86% 97% 54% 91% 100%
# of Days Precipitation 225mm 4.6 13 0.5 0.8 2.0
Temperature Average (°C) 7.8(7.7-8.0) 9.6(9.3-9.9) -4.1(-4.5to0-3.3) 6.1(5.7-6.7) 18.9(18.7-19.4)

Relationship between land cover and streamflow

The effects of land cover on streamflow were analyzed using eight metrics

including two that consider differences in baseflow (BFI and FDC), three that quantify

changes in peak flows (Tgmean, DUR3, DURS) and three that characterize flow variability

or flashiness (RBI, CV, and %Yield).

Ranges in each metric for each of the three major land use categories are shown in

Table 2.6, and illustrate that urban watersheds tend to have the highest RBI (0.81 to

0.90), CV values (1.53 to 2.53), steepest FDC slopes (1.74 to 3.50), lowest Tgmean Values

39



(15% to 17%) and overall less baseflow relative to total streamflow (0.41 to 0.49).
Especially low Tomean Values in urban watersheds indicate that peak flows are short-lived
and high in magnitude. At the other extreme, natural watersheds have the highest Tomean
(22% to 34%) and fractions of baseflow (65% to 78%) and lowest RBI (0.08 to 0.42), CV
(0.18 to 1.09) and flattest FDC slopes (0.22 to 1.13; Table 2.6). Agricultural watersheds
plot somewhere in between, with intensively agricultural basins (i.e., those dominated by
tile-drained row crop area like Brand and Mystery) behaving more like urban watersheds,
with RBI (0.67 to 1.05), CV (1.79 to 3.84), FDC (2.87 to 3.33) and BFI values (0.31 to
0.51) comparable to or even higher than the most urbanized watersheds (Table 2.6). In
contrast, flow at the less-intensively agricultural watersheds (which have a greater
proportion of pasture; e.g. Cobourg Up and Gage East) were more similar to the mixed or
natural watersheds, with RBI, CV and BFI values ranging from 0.43 to 0.61, 1.13 t0 2.02,
and 0.52 to 0.66, respectively (Table 2.6).

With the exception of %yield, the majority of flow metrics considered in this
study showed some degree of sensitivity to land cover. More specifically, Kruskal-Wallis
post-hoc tests indicated that 6 of 8 metrics were significantly different between the urban
and natural groups (o = 0.05). Only CV (significant at o = 0.10) and %Yield (no
significance) were not clearly associated with land cover change. Additionally, the RBI,
CV, FDC, and BFI were significantly different between agriculture and natural
watersheds (o = 0.05). Interestingly, no metrics were significantly different when
comparing urban to agriculture, likely due to the influence of the two most intensively
agricultural watersheds (Brand and Mystery), which had especially high flashiness metric

values (Table 2.6).
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Table 2.6. Ranges (minimum to maximum) of annual flow metric values for each predominant

land cover type within the watersheds.

RBI cvV %Yield FDC BFI Daily Tgmean DUR3 DURS
Urban n=31] 0.81t00.90 1.53t0 2.53 52% to 65% 1.74to0 3.50 0.41to0 0.49 15% to 17% 12% to 19% 7% to 11%
Agriculture n=71] 0.43to 1.05 1.13t03.84 36% to 76% 1.53t03.33 0.31to0 0.66 7% to 29% 5% to 23% 2% to 12%
Intensive Ag n=21] 0.67to 1.05 1.79t0 3.84 36% to 50% 2.87103.33 0.31t0 0.51 7% to 24% 15% to 23% 9% to 12%
Non-Intensive Ag n=51] 0.43t00.61 1.13t0 2.02 47% to 76% 1.53t02.77 0.52t0 0.66 20% to 29% 5% to 15% 2% to 8%
Mixed n=5] 0.17to 0.45 0.50to 1.96 64% to 81% 0.49to 1.67 0.63t00.76 21% to 28% 2% to 12% 0.5% to 6%
Natural n=41] 0.08to0.42 0.18to 1.09 19% to 64% 0.22t0 1.13 0.65t00.78 22% to 34% 0.4% to 9% 0.1% to 3%
Consistent with this, correlations between the area of agriculture or urban development
and most metrics were statistically significant (p < 0.10). Contrary to the hypothesized
response, correlations between disturbed land cover and flow metrics were significant in
all seasons as well as at the annual scale, suggesting that land cover influences flashiness
throughout the year (Table 2.7).
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Figure 2.4. Correlation between the RBI metric (annual time scale) and percent agriculture
at 16 of the 19 study watersheds. Red circles represent urban dominated watersheds that
were removed from the analysis, blue circles indicate mixed landuse watersheds.



Overall, the RBI, BFI, FDC and CV were consistently strongly correlated with
disturbed land cover across all time periods, and the RBI and BFI had a particularly
strong correlation at the annual time scale (rs = 0.92 and 0.90 respectively, Table 2.7).
Other metrics were only weakly correlated with land cover, or correlations were only
significant in some seasons. For example, Tomean Was significantly correlated with
disturbed land area (p < 0.05) in the fall, summer and annual periods but showed weaker
correlations in the winter and spring months (Table 2.7).

The total area of disturbed land (i.e., sum of agriculture plus urban area) within a
watershed was usually more strongly correlated with the various hydrologic metrics
compared with either urban or agricultural cover alone. In fact, % agriculture was
generally poorly correlated with flow metrics compared with urban cover (Table 2.7);
however, correlations between total agricultural area and all flow metrics markedly
improved when the three most urbanized watersheds were removed from the analysis
(Figure 2.4; Table 2.7). This is because urban area in the study watersheds is highly
bimodal as only three watersheds have > 63% urban cover whereas the majority have
< 10% (Table 2.1). In contrast, the area of agricultural land is more widely distributed

(1% - 87%) across the 19 study watersheds (Table 2.1).
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Table 2.7. Statistically significant correlations (Spearman rs) between land cover and

flashiness metrics between 2018 and 2020. Total = full record of observation between

September 2018 and August 2020. Total record/seasonal periods with large bolded rs

values are significantly correlated at p < 0.05, non-bolded rs are p < 0.1 and small font rs
were not statistically significant. The three most urbanized watersheds (#1, 3 and 4) were
removed from correlations between metrics and Total Agriculture, % Row Crop, and %
Pasture. The Table is structured such that metrics describing variation of flow (RBI, CV,
%Yield) are at the top, metrics describing baseflow (BFI, FDC) are in the middle, and
those describing magnitude of peak flow (Tgmean, DUR3, DURS) are at the bottom.

Land Cover RBI (9% Percent Yield of Watershed
Total Fall  Winter Spring Summer | Total Fall  Winter Spring Summer | Total Fall Winter Spring Summer
Urban 0.56 0.55 0.63 0.51 0.55 (0.54 0.45 0.66 0.46 045 | 0.48 o2 o028 039 0.17
Agriculture 0.27 0.09 0.20 0.25 0.16 0.44 o2 0.17 0.31 0.34 001 -0.50 oun1 0.01 -0.49
Agriculture (n-3) ( 0.89 0.73 0.82 0.81 0.79 (0.86 0.77 0.73 0.81 0.83 | 009 -0.48 o1 o00¢ -0.47
% Row Crop 0.90 0.71 0.85 0.83 0.72 (0.87 0.75 0.76 0.87 0.76 007 -0.53 o016 010 -0.51
% Pasture 0.24 006 (.37 o4 0.34 0.32 00s 0.46 o035 0.29 0.35 007 0.54 o4 0.17
Disturbance 0.92 0.84 0.87 0.83 0.86 (0.79 0.84 0.79 0.76 0.84 | 014 -010 017  -003 -0.21
Natural -0.90 -0.81 -0.87 -0.82 -0.84 |-0.79 -0.80 -0.80 -0.75 -0.83 | 016 009 -015 o001 0.16
Land Cover Slope FDC BFI
Total Fall  Winter Spring Summer | Total Fall  Winter Spring Summer
Urban 0% 02 om  ox  0.49 |-0.61 -0.48 -0.54 -0.43 -0.47
Agriculture 0.50 0.43 0.50 0.48 0.27 -0.26 -0.18 -0.21 -0.29 0.06
Agriculture (n-3) ( 0.90 0.81 0.82 0.90 0.79 |-0.86 -0.75 -0.81 -0.78 -0.46
% Row Crop 0.89 0.82 0.87 0.83 0.77 |-0.87 -0.74 -0.87 -0.81 033
% Pasture 0.23 0.21 0.24 0.19 0.35 -0.21 -0.01 -0.30 -0.33 -0.09
Disturbance 0.82 0.77 0.72 0.84 0.81 |-0.90 -0.83 -0.83 -0.79 -0.66
Natural -0.80 -0.73 -0.69 -0.80 -0.79 (0.89 0.80 0.81 0.78 0.66
Land Cover DUR3 DUR5 Tgmean
Total Fall  Winter Spring Summer | Total Fall  Winter Spring Summer | Total Fall  Winter Spring Summer
Urban 0.43 o034 0.13 0.23 0.31 0.55 o35 0.24 0.32 0.45 |-0.70 -0.57 038 -0.58 -0.49
Agriculture 0.38 037 0.59 o4 0.38 0.37 038 0.49 o034 0.15 -0.06 0.07 0.33 0.24 -0.14
Agriculture (n-3)| 0.80 0.86 0.73 0.84 0.85 |0.87 0.89 0.81 0.90 0.83 |-0.55 -040 o006 -010 -0.64
% Row Crop 0.83 0.82 0.79 0.89 0.75 |0.88 0.86 0.89 0.93 0.73 |[-0.60 -4 -002 016 -0.61
% Pasture 0.08 0.14 0.44 0.35 0.32 0.17 0.16 031 0.42 0.32 -0.09 0.08 0.14 -0.38 -0.34
Disturbance 0.82 0.86 0.55 0.79 0.84 |0.87 0.87 0.67 0.86 0.88 |[-0.72 -0.64 o032 -045 -0.76
Natural -0.78 -0.83 -0.53 -0.75 -0.82 |-0.85 -0.84 -0.64 -0.84 -0.86 | 0.71 0.61 o3 0.49 0.75
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RBI Analysis of Annual and Seasonal Variation

Very different precipitation inputs between the two years of study allowed the
relative influence of climate on hydrologic response to be explored. Only the RBI metric
was contrasted between the two years since it was the most consistently sensitive metric
(i.e., at annual and seasonal scales; see Table 2.7) to both intensive agriculture and urban
cover. Interestingly, the three most urbanized catchments had very similar annual RBI
values in the two years despite an ~20% difference in precipitation between 2018-19 and
2019-20. Of the three urban watersheds, Gage Urban varied the most with RBI values of
0.91 and 0.83 in 2018-19 and 2019-20, respectively, whereas RBI was nearly constant at
Highland Creek (Figure 2.5 a). In contrast, agricultural watersheds were more variable
between years, especially Brand Creek, which ranged from 0.80 to 1.20 between the two
water years (Figure 2.5 a, e). Inconsistent record lengths across the 19 streams make it
difficult to statistically compare year-to-year differences, although overall, flashiness
tended to be higher in 2018-19 compared with 2019-20 consistent with greater
precipitation in that year (863 mm vs. 724 mm).

Seasonal RBI values were more variable and were not always higher in seasons
with greater precipitation. The two falls were nearly identical in terms of total
precipitation and temperature (Table 2.5), and similarly fall RBI values were similar
between the two years for most watersheds (Figure 2.5 b). In contrast, differences in
average RBI values between the two years in summer (0.53 vs 0.35), spring (0.64 vs
0.46) and winter (0.60 vs 0.52) were generally larger, likely due to greater inter-annual

differences in precipitation within these seasons (Table 2.5).
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Figure 2.5 a, b, ¢, d, e. RBI values plotted against total area of developed land cover as %
of watershed area. Red points = urban watersheds, yellow = agriculture, purple = mixed,
green = natural. Squares represent 2018-2019 WY, and circles represent 2019-2020 water
year. Numbers on points represent watersheds from Table 2.1.

A Principal Components Analysis (PCA) was used to evaluate the influence of
landscape physiography as well as land cover on stream flashiness using all metrics
(Figure 2.6). Overall, the PCA showed that while land cover is correlated with flashiness,
other physiographic characteristics may play a role. It is also important to note that some
aspects of catchment physiography might ‘offset’ anticipated land cover influence. More
specifically, natural cover was strongly associated with the ORM, but was also associated
with steeper slopes and coarser soils. Coarse-textured, well-drained soils should lower
flashiness in streams by promoting infiltration of precipitation, yet steeper slopes may

enhance flashiness by routing water more rapidly to recipient streams. Conversely, the

more urban and agricultural watersheds located beyond the ORM toward the Lake
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Ontario shoreline generally had flatter topography, which should reduce flashiness.
However, they were also dominated by fine textured soils which would reduce soil
infiltration capacity and thereby enhance flashiness. Despite these opposing patterns, very
clear associations between developed land area and flashiness metrics (see above)
indicate that land cover has a larger effect on flashiness than physiographic
characteristics. Watershed area was also not a major influence on watershed flashiness
and was not strongly associated with any type of land cover or physiography. Examples
of this are Highland Down, which is the third largest watershed (91 km?) but one of the
flashiest (Figure 2.5) and Gan Nat 1, which is the fifth smallest (9.3 km?) but usually the
least flashy (Figure 2.5). Notably, Highland Down and Wilmot Down are similar in
watershed area (91 km? vs 81 km?, respectively), but have very different hydrologic
behaviours as indicated by almost every flow metric (Figure 2.5). Overall, these
observations suggest that land cover has a stronger influence on hydrologic behaviour
compared with watershed physiography or size, and that flashiness is greater during

wetter periods.
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Hydrograph Comparison of Tile Drainage versus other Land Covers

To gain greater insight into land cover controls on stream flashiness, three
watersheds that represent the ‘end members’ of land cover in this region, including
Mystery Creek (87% agriculture; 89% watershed area tile-drained), Gage Urban (64%
urban, 0% TD), and Gan 2 (46% natural; 50% agriculture, 1% TD), were selected for
further analysis at the event-scale. These three watersheds are appropriate comparators
due to their proximity (Figure 2.1) and thus similar weather conditions, plus similar size
(2.6 — 21 km?). The three watersheds were compared between September 2018 and
November 2019, when their records were continuous.

A cursory examination of hourly flow patterns at the three watersheds indicates
that Gage Urban responded consistently to precipitation inputs throughout the year
regardless of season, whereas Mystery and Gan 2 showed a less consistent response
(Figure 2.7). More specifically, Mystery Creek responded modestly or not at all to
precipitation inputs during the summer and early fall (June to October) when conditions
were relatively dry but showed a much larger and more consistent response to
precipitation and snow melt events in the late winter and spring months, when conditions
were generally wetter (Figure 2.7). In contrast, the more natural watershed, Gan 2, had
frequent but small peak events throughout the year, especially during the winter and
spring months. Unlike Mystery Creek, streamflow at Gan 2 was maintained throughout
the summer (Figure 2.7).

These differences in flow response may be attributed to differences in antecedent
soil moisture conditions across the three watersheds, and more specifically the influence

of TD. For example, the almost-completely tiled Mystery Creek watershed responded
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very modestly to rain events during the summer, including a record-breaking storm
(67mm) on July 17, 2019 which caused extensive flooding in the GTA (Figure 2.7). The
relatively modest flow response at Mystery to this extremely large precipitation event in
the summer may be due to enhanced soil moisture storage created by tile drainage. In
contrast, peak flows at Gage Urban and Gan 2 were 3.99 and 0.88 mm/hr, respectively,
following the July 17 event, suggesting much greater translation of precipitation input to
runoff in these watersheds (Table 2.8).

In contrast, numerous rain events in the winter and spring ‘wet period’ resulted in
a much larger response at Mystery compared with the other two watersheds. For
example, a 26 mm rain-on-snow event on March 10, 2019 elicited the highest peak flow
response (3.2 mm/h) recorded at Mystery over the study period, whereas runoff peaks at
Gage Urban and Gan 2 were much smaller (2.4 mm/h and 1.4 mm/h, respectively; Figure
1-7). RBI values at Mystery remained higher (0.152) through the winter than at Gage
Urban (0.138) or Gan 2 (0.088, Table 2.8), indicating that tile drained watersheds can be
flashier than urban systems, depending on antecedent moisture conditions. This is further
supported by larger depths of runoff at Mystery compared with the other two rivers
during ‘wet’ periods, whereas runoff at Mystery during dry periods was generally lower
(Table 2.9).

Overall, this comparison suggests that TD helps to mitigate the runoff response to
large precipitation events by lowering the water table and enhancing soil moisture
storage. In contrast, when soils are wet, as in Feb-March (Figure 2.7), tiles may enhance
flashiness by increasing hydrologic connectivity and delivering precipitation more

rapidly to streams.
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Table 2.8. Hourly RBI analysis of “dry” and “wet” periods.

SEP 1- OCT 31(2018) NOV 1(2018) - JUN 1(2019) JUN 2 - AUG 31 (2019) SEP 1(2018)- AUG 31 (2019)
Watershed % TD RBI % of Annual Runoff RBI % of Annual Runoff RBI % of Annual Runoff Total Runoff (mm)
85.0 0.035 3% 0.083 91% 0.034 6% 494
1.0 0.029 6% 0.072 83% 0.057 10% 543
Gage Urban 0 0.197 6% 0.134 86% 0.294 8% 499

Table 2.9. Hourly RBI analysis of the months that include peak flow examples indicated
in Figure 2.7.

Watershed

SEP 1-Sep 31(2018) February 22 - March 26 (2019) July 1-July 31(2019)

SEP 1(2018)- AUG 31 (2019)

Gage Urban

RBI % of Annual Runoff RBI % of Annual Runoff RBI % of Annual Runoff Total Runoff (mm)
0.047 1.1 0.152 16.7 0.067 2.2 494
0.043 3.2 0.088 18.5 0.110 3.1 543
0.259 3.9 0.138 17.9 0.408 4.3 499

2.4 Discussion

Land cover effects on hydrologic regime

Like previous studies, results of this work suggest that urbanization has a strong
influence on hydrology as the three most urbanized streams (Highland Creek watersheds
and Gage Urban) had the highest peaks flows (Tgmean), the smallest fraction of baseflow
(BFI), and the most variable flow (RBI, CV, FDC) of the 19 study watersheds. However,
unexpectedly, flashiness, baseflow and peak flows at the two most heavily tile-drained
watersheds (Mystery and Brand) were comparable to the urban streams. Flashiness values
measured in this study at the three most urbanized watersheds are similar to values
reported in the literature. For example, Mogollon et al. (2016) reported RBI values of
0.80-1.25 at similarly sized, predominantly urban watersheds (ranging from 40% to 100%
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coverage) using data collected over a 22-year period in North Carolina and Virginia,
United States. Relatively high values of flashiness including larger peak flows and longer
periods of low flow are expected in urban watersheds due to their altered water balance.
While this study did not estimate ET or storage, patterns of runoff in the urban
watersheds suggest that there is little temporary storage as streams respond rapidly to
precipitation inputs. Previous studies have estimated the water balance of urban
watersheds and have shown that reduction of vegetation and construction of impermeable
surfaces together reduce temporary storage resulting in higher flashiness (Lull & Sopper,
1969).

While agricultural watersheds were typically less hydrologically altered compared
with urban streams, they were significantly different from the most natural watersheds.
For example, the average annual RBI at the seven agricultural watersheds was 0.58 +
0.21, which was more than double the average at the four natural watersheds of 0.23 £
0.15, indicating more frequent and larger peak flows. Interestingly, while total
agricultural area was strongly correlated with most flow metrics (after the three urban
watersheds were removed), separation of agriculture into its two constituent categories of
row crop and pasture showed that row crop area (much of which is tile-drained; see Table
2.1) is the primary driver. While agriculture is considered to have a smaller influence on
hydrology compared with urban development, numerous studies have reported
hydrologic differences between agriculture and natural cover. For example, annual row
crops alter the water balance by reducing ET losses compared with naturally vegetated
(perennial) grasslands, resulting in more annual runoff (Schilling et al., 2008). Results

from this study are consistent with Schomberg et al. (2005) who showed that streams
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with greater row crop cover had more variable flow using the coefficient of variation
flow metric. Pasture appeared to have a smaller influence on hydrology compared with
row crops, although the range in pasture cover across the study watersheds was also
smaller (0 to 37% of watershed area compared with 0 to 85% row crop coverage), which
may be too narrow to detect the effects of pasture on the hydrologic regime. Previous
research has similarly shown that pasture has a smaller hydrologic impact compared with
row crops. For example, Udawatta et al. (2002) and Gilley et al. (2000) reported 1% -
52% declines in surface runoff (surface runoff contributes to flashiness) when annual row
crops (corn/soy) were replaced by perennial vegetation commonly found in pasture.

The two most intensively agricultural watersheds (Mystery and Brand) were
flashier than any of the other agricultural or more natural watersheds and in some cases
were even flashier than the urbanized streams. There is no clear consensus in the
literature on the hydrologic impacts of TD and some studies suggest an increase in
flashiness and peak flow, whereas others report the opposite, and differences appear to be
related to soil type, antecedent moisture and topography (Gramlich et al., 2018). We
hypothesized that TD would increase stream flashiness, although other studies have
shown the opposite and have reported that TD can augment baseflow which should
decrease peak flow (Schilling & Helmers, 2008; Schilling et al., 2012) since more water
is being released slowly from soils into drains instead of during flow events.
Contradictions exist even in the same geographical area, as Miller and Lyon (2021)
recently showed that tile-drained corn-soy dominated watersheds in lowa were flashier
and had 21% less base flow volume compared with watersheds with less extensive tile

drainage, in stark contrast to Schilling and Helmers (2008). These contradictions suggest
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that there may be a threshold of TD coverage before hydrologic impacts are detected,
which Miller & Lyon (2021) showed to be ~ > 40% coverage. Our watersheds suggest a
similar threshold response, as Brand (47% TD coverage) and Mystery (87% TD
coverage) are both clearly flashier than other less intensive (less tiled) agricultural
watersheds including Gage West (25% TD; Figure 2.5).

Watersheds with the most natural coverage were the least flashy and forest is the
most abundant natural cover in this region. At the watershed scale, forests remove more
water via ET than annual crops or urban areas and ET losses extend over a longer period
of the year (Liu et al., 2003) resulting in less annual runoff that ultimately reduces peak
flow events and diminishes flashiness. Other processes such as canopy and leaf litter
interception of precipitation likely also contribute to lower runoff generation in forests
compared with agricultural cover, as agricultural soils are often bare during parts of the
year following crop removal. Furthermore, more mature forests promote slower
snowmelt, which reduces runoff peaks as well as daily average streamflow (Winkler et

al., 2005).

Annual and Seasonal Differences in Flashiness

Inter-annual differences in flashiness were observed amongst most watersheds at
the annual scale, and flashiness was generally higher in the first year (2018-2019) when
precipitation was greater (863 mm). Previous studies have reported differences in
flashiness caused by differences in precipitation, suggesting that land cover can amplify
the hydrologic response to weather events (Bezak et al., 2015; Saharia et al., 2021).

The three most urbanized watersheds showed the lowest inter-annual variability,

which contradicted the premise that more annual precipitation results in higher flashiness.
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Urban cover has been shown to consistently produce high peak flow events regardless of
season by impervious surfaces reducing the variability of soil-water interactions (Konrad
& Booth, 2005) which may explain the similar flashiness values between years with
differing amounts of precipitation. Smaller inter-annual differences in certain seasons,
like winter, may be due to the homogenizing effect of snow and frozen soils as discussed
by Eimers & McDonald (2015). Nevertheless, when RBI values were compared by
season, differences between the two water years were clearer and more consistent with

precipitation, especially during the summer.

Effects of Watershed Physiographic Characteristics on Flashiness

Other factors can influence hydrologic regime, including watershed size, soil
texture, slope, and hydrologically significant landforms like the ORM. Principal
Component Analyses showed that several of these landscape factors were correlated with
land cover and hydrology, but the results suggest that land cover is the primary driver.

More specifically, watersheds located on the ORM (7 of 19 had > 50% of their
watershed area within the ORM) had coarse textured, well drained soils and more sloped
topography, while watersheds outside of the ORM, closer to the shore of Lake Ontario,
had finer textured soils and flatter topography (Buttle et al., 2015). The ORM has two
contradicting characteristics that affect the flashiness of streams: steeper sloped
topography that should increase the rate of water delivery to streams, and predominance
of well-drained soils that should instead favor infiltration. These opposing patterns of
physiography and flow regime also occur south of the ORM, where watersheds are flatter

(less surface runoff/flashiness), but also have finer textured soils (more surface
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runoff/flashiness). The fact that physiographic influences are expected to ‘cancel each
other out’ suggests that land cover is the primary driver of hydrologic differences across
watersheds. Watershed area was also taken into consideration as a modifier of flashiness.
However, watershed size did not appear to be important in this case, as watershed area
was not correlated with any of the flow metrics (see Figure 2.7) despite most metrics not
using area adjusted flow values. Baker et al. (2004) found that flashiness was lower in
larger watersheds (> 1000 km?) whereas size was less impactful on flashiness in
watersheds of the size considered in this study. For example, in this study RBI was
similar at Highland Down, which is 30 times larger in size than Gage Urban.
Furthermore, the RBI was calculated at the daily time sale in order to reduce the effect of

basin size on time of travel.

Metrics

One of the objectives of this study was to identify the most sensitive hydrologic
metric(s) to human development, and to determine whether some metrics are better
indicators of urban vs. agricultural expansion. Most flow metrics were correlated with
urban cover, with the RBI, CV, BFI and, to a lesser extent, the Tgomean Showing the
strongest correlations. Poff et al. (2006) showed that the Tomean and a similar metric to the
RBI were statistically correlated with urban cover across watersheds in the U.S.A,
whereas the CV was not significantly correlated with urban cover at any of the watershed
regions considered, contrary to the results of this study. This difference may be attributed
to the location of urban areas further upstream in the larger watersheds considered by

Poff et al. (2006; range 17 — 242 km? mean area = 107 km?) which may lessen the effects
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of impervious cover on flashiness (Roodsari & Chandler, 2017). The %Yield metric
generally did not have strong correlations with urban cover, which is contrary to the idea
that urban watersheds translate a greater fraction of incoming precipitation into runoff.
This coincides with other research that also found that urbanization does not always
produce more runoff relative to precipitation (Rose & Peters, 2001). From this study, it
was easier to determine which metrics performed poorly than to determine the best metric
considering most metrics were correlated with developed land area. Poor performers
include %Yield, which did not show clear distinctions between land covers, and DUR3
and DURS that did not perform as expected, even though they showed significant

correlations with land cover (Table 2.7).

Conclusions

This research chapter evaluated the hydrologic effects of land cover change using
eight different hydrologic metrics in 19 watersheds that encompass a gradient of
agricultural and urban development in east-central Ontario. Watersheds with the greatest
extent of human disturbance (i.e., urban and intensive agriculture) had the most variable
and flashiest flow regimes, whereas watersheds with more natural land cover and/or less
intensive agriculture were less flashy. Most of the eight metrics considered in this study
responded as expected and were sensitive to land cover change at both the annual and
seasonal time scales. The hydrologic effects of agriculture became clearer when the tile-
drained watersheds were examined separately. The two most tile-drained watersheds
were even flashier than the most urbanized watersheds in some seasons, and the effect of

tile drainage was most clearly observed during the late winter and spring months when
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soils are likely saturated with water. In contrast, tile drainage may minimize the
hydrologic response to extreme precipitation events during the summer, when antecedent
moisture conditions are low and soil storage is enhanced by TD. Physiographical
characteristics undoubtedly play an important role in modifying hydrologic response,
particularly for watersheds located on the ORM; however, these results suggest that land
cover ‘trumps’ physiography. A recommendation from this study would be to protect
natural areas within the headwaters of the ORM to prevent flooding in downstream
agricultural fields and urban areas. Likewise, tile drainage within agricultural headwaters
may increase the potential for downstream flooding in urban areas during wet seasons
and reduce runoff in summer months. With increasing popularity of tile drainage in
southern Ontario and changing climate, further research on the hydrologic effects of tile

drainage may be useful to farmers and downstream cities.
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3.0: Long Term Response of Streamflow to Changes in
_andcover

3.1 Introduction

The population of southern Ontario is expected to increase by approximately 30%
between 2017 and 2041 along with urban expansion (Ontario Ministry of Finance, 2018).
As urban centers are built, agricultural lands are the primary targets for development
(Hofmann, 2001). Urbanization can alter the hydrologic regime by increasing the
magnitude of peak flows, and increasing the frequency of flooding (Hollis, 1975; Burges
et al., 1998; Rosburg et al., 2017).

Hydrologic metrics, like those assessed in the first research chapter, can be used
to determine how the hydrologic regime has been altered by land cover change over time.
The Richards Baker Index (RBI) quantifies stream ‘flashiness’ and is commonly used to
evaluate hydrologic response to urbanization (Rosburg et al., 2017; Diem et al., 2018;
Roodsari & Chandler, 2016). The RBI has been found to have low intra-annual
variability compared with other hydrologic metrics and is therefore preferable for long-
term analyses (Baker et al., 2004). The RBI can be useful for evaluating changes in
flashiness at the decadal time scale, although the majority of previous analyses of long-
term flow response have computed the RBI metric using annual time series and have not
indicated which season(s) are driving flashiness response (Booth & Konrad, 2017).

Another metric frequently used in longer-term analyses of flow response as well
as precipitation change is the Flow Duration Curve (FDC) (Rosburg et al., 2017; Brown
et al., 2005). Flow percentiles in FDCs can be contrasted at the inter-annual or decadal
scale to evaluate flow response to land cover change. Typically, land cover changes from
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natural to agriculture or from natural to urban have a larger impact on high percentiles
(i.e., peak flows), whereas the response of lower percentiles (i.e., baseflows) can vary,
and both increases and decreases in low flows have been reported (Rosburg et al., 2017).

While comparative studies often report that land cover has a larger impact on
hydrologic regime than variations in precipitation (Schoonover et al., 2006; Cuo et al.,
2011), long-term shifts in precipitation changes are important to consider in longer term
analyses of hydrologic regime. Precipitation has generally increased in southern Canada
due to climate change with one study reporting a 5 to 35% increase of annual
precipitation between 1900 and 1998 (Zhang et al., 2000). Furthermore, statistically
significant increases in precipitation have been reported in southern Ontario beginning
between the 1960s and early 1970s that resulted in more streamflow between 1954 and
2008 (Nalley et al., 2012). Another more recent study found significant increases of flow
in the winter months because of increasing amounts of winter rainfall between 1968 and
2017 in southern Ontario (Azarkhish et al., 2021).

Building on results of the first chapter of this thesis, the objective of this chapter
was to use historical data to evaluate the effect of shifts in land cover change on
watershed hydrologic regime across a range of streams in southern Ontario. Two
hydrologic metrics, the RBI and FDC, were used to characterize the hydrologic response
to changes in land cover and precipitation. Results of Section 2.0 indicated that both the
RBI and FDC were sensitive to urban land cover, although the FDC was more sensitive
to agricultural intensification; thus, these two metrics were selected for long-term
analyses. Specific hypotheses tested in this research chapter include: i) urban expansion

has increased stream flashiness (i.e., higher RBI values) leading to higher flow
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magnitudes, and ii) land cover change over time has a greater impact on the hydrologic

regime than changes in the timing and amount of precipitation.

3.2 Methods

Study Area

Ten long-term (43-71 years) Water Survey of Canada (WSC) watersheds were
selected to encompass a gradient of land cover from predominantly urban (e.g. Highland
Creek, 91%) to substantial amounts of natural (e.g., Gan NW, 61%) and agricultural
cover (e.g., Bowmanville Creek, 63%). The ten study watersheds are located in east-
central Ontario, between Scarborough and Cobourg (Figure 2.1), range in size from 46 to
255 km? (Table 2.1) and drain into Lake Ontario. The physiography and climate of the
region is similar to that described in Section 2.2 and is characterized by relatively flat
slopes near Lake Ontario and more undulating topography in the headwaters,
characteristic of the Oak Ridges Moraine. Surficial geology closer to the lake shore is
mixed, and is composed of both silt-textured material with pockets of clay as well as
areas of well-drained sand deposits, although these deposits are more widespread in the
watersheds east of Oshawa (Ontario Ministry of Northern Development, Forestry and

Mines, 2010).

Land Cover
Watershed areas were calculated using OFAT, identical to Section 2.2, whereas
land cover change was calculated using several spatial layers that together record land

cover in the region over a period of 50 years (1966 — 2016). The Canadian Land

63



Inventory (CLI; Agriculture and Agri-food Canada, 2013) layer and the Canadian Land
Usage Monitoring Program (CLUMP; Natural Resources Canada, 1999) layers are the
oldest available digitized land cover layers, and both were created through manual
digitization of air photos from 1966. The CLI layer was used to reconstruct 1966 land
cover because the CLUMP layer only covered Highland Creek and Rouge River, whereas
the CLI covered all watersheds. Resolution is identical between the CLUMP and CLI.
The CLUMP layer only considers dense urban areas near Toronto, and as such only the
Rouge and Highland Creek watersheds were included in the 1971-1986 land cover
analysis. The Southern Ontario Land Resource Information System (SOLRIS) was used
to estimate land cover in 2000 (version 1), 2010 (version 2) and 2016 (version 3).
SOLRIS has a much higher resolution compared with CLI and CLUMP using 30m x 30m
cells collected by satellite and LiDAR. There were also differences in classification
method amongst the three land cover sources that needed to be addressed prior to
analysis. More specifically, the SOLRIS classification system includes 30 categories of
land cover including four types of wetlands and four types of forest. For the purpose of
this study, these ‘natural’ land covers were summed (Table 3.2). In contrast, SOLRIS
(versions 1-3) describes agricultural cover very simply as ‘crops’ or
‘idle/undifferentiated’ land. The CLUMP and CLI used either pastureland or
horticulture/crops as the categories for ‘agriculture’. Urban cover is very simply
described in the CLI/CLUMP layers as land with buildings and/or lawns/parks, which
differs from the SOLRIS layers that separate urban into either permeable or impermeable
surfaces. To remain consistent across all layers, the impermeable and permeable

categories in the SOLRIS layers were summed as one category to be in line with the
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CLI/CLUMP category. Another noteworthy difference is that SOLRIS includes major

roads within urban coverage whereas the CLI/CLUMP likely did not have high enough

resolution to include roads (see Figure 3.1).

Table 3.1. Study watershed areas.

Watershed Area (km?)
Highland Creek 90.5
Rouge River 187.0
Lynde Creek 100.2
Duffins Creek 255.6
Bowmanville Creek 80.0
Shelter Valley Creek 63.4
Wilmot Creek 80.9
Gan Osaca 72.3
Gan Sylvan 239.7
Gan NW 46.0
N
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Figure 3.1. Urban land use change (% coverage) in watersheds selected for long term hydrologic

analysis.
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Table 3.2. Land cover attributes that were classed into urban, agriculture and natural
coverage from the CLI/CLUMP layers, SOLRIS 1.0 and SOLRIS 2.0/3.0.

Landuse Class

CLI/CLUMP (1966 — 1986)

SOLRIS 1.0 (2000)

SOLRIS 2.0/3.0 (2010 — 2016)

Urban

Built Up Areas
Mines, Quarries
Outdoor Recreation

Transportation
Built Up Area - Pervious
Built Up Area - Impervious

Transportation
Built-Up Area - Pervious
Built-Up Area - Impervious

Agriculture

Horticulture
Orchards and Vineyards
Cropland
Improved Pasture and Range Land
Unimproved Pasture and Range Land

Idle Land
Tree Plantations
Undifferentiated

Tree Plantations
Tilled
Undifferentiated

Natural

Productive Woodland
Non-productive Woodland
Swamp
Marsh
Bog

Sand Dunes
Open Tallgrass Prairie
Tallgrass Woodland
Forest
Coniferous Forest
Mixed Forest
Deciduous Forest
Hedge Rows
Swamp
Fen
Bog
Marsh
Open Water
Shallow Water

Forest
Coniferous Forest
Mixed Forest
Deciduous Forest
Treed Swamp
Thicket Swamp
Fen
Bog
Marsh
Hedge Rows
Open Water

Flow and Precipitation Analysis

Daily flow records (m®/sec) were obtained from the Water Survey of Canada

(wateroffice.ec.gc.ca) for each of the selected watersheds. Record length ranged from 43

years (Gan Sylvan) to 71 years (Duffins Creek). Because both urban and agricultural land

cover have changed over time, two metrics were used to identify changes to the

hydrologic regime. First, the Richards-Baker Index (RBI) was used to evaluate

differences in flashiness amongst watersheds and changes over time based on results

from the first research chapter. The RBI was calculated for every complete (or nearly

complete) year of record as well as seasonally (fall: Sept-Nov; winter: Dec-Feb; spring:
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Mar-May; summer Jun-Aug). Annual flow records were not always complete, and some
years had many weeks of missing flow data. Also, older records often included one value
of flow that was repeated for several days or sometimes weeks during winter months
when there was likely ice on the streams. To avoid potential inaccuracies, years with
more than 30 days of missing data or having 30 or more days of repeated daily averages
were excluded from the analysis. Furthermore, if a season had 14 or more days with the
same issue, then that season was not included in further analyses.

The second metric used was the flow duration curve (FDC), which evaluates
decadal shifts in flow. Flow duration curves separate the entire flow record into
percentiles and results from the first research chapter indicated that FDCs were especially
sensitive to agricultural change. Daily streamflows were normalized by watershed area
and split into decades using the earliest flows available (starting in the 1960s) and ending
in 2018. FDCs were calculated using the entire record at each watershed. Years with > 30
days of missing data were excluded from the analysis to avoid inaccurately weighting
flow due to missing data.

To create the longest record possible at Duffins Creek, two flow records (1945 —
1989 and 1989 — 2018) had to be combined together. These two records exist because of
a minor change in the location of the WSC gauging station. The old site was moved 500
m downstream, adding approximately 2 km? of new watershed coverage to the original
watershed area of 257 km?. There was no distinguishable difference in the combined
hydrograph.

Daily precipitation data were gathered from three weather stations: Markham

(station ID 6154987), Oshawa (station ID 6155875), and North York (station ID
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615S001; Environment Canada, 2020) and were obtained from Environment and Climate
Change Canada (https://climate.weather.gc.ca/). Due to incomplete records at each
individual station, observations from the three stations were combined together to form a
complete record. Markham’s records were used from 1960-1979, Oshawa between 1970-
1999, and North York between 2000-2019. These climate stations were selected because
they were close to the center of the study area near Lake Ontario and were relatively
close in proximity to one another. A fourth station (Pearson Airport, station ID 6158733)
with complete records between 1960 and 2019 was used to visually check whether
combining multiple records biased the trend analysis, assuming that any ‘real’ directional
trends in precipitation observed in the combined record should also be observed at
Pearson. Years with complete daily precipitation records were summed to calculate
annual and seasonal totals (mm). A variety of different precipitation metrics were
calculated for each decade of record (Table 3.3) and were selected because they are
considered good indicators of weather conditions that result in flashy streamflow (Nastos

& Zerafos, 2009).
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Table 3.3. Descriptions of precipitation metrics.

Precipitation Metrics Description
Sum Precip Total sum of precipitation

<2mm Sum of daily precipitation less than 2mm

210mm Sum of daily precipitation equal to or greater than 10mm

>20mm Sum of daily precipitation equal to or greater than 20mm

230mm Sum of daily precipitation equal to or greater than 30mm
Wet Counts of daily precipitation 2 1Imm three days consecutively
Dry Counts of daily precipitation < Imm seven days consecutively

Statistical Analyses

The Mann-Kendall test was used to determine temporal trends in RBI values and
precipitation using the packages ‘trend’ and ‘mk.test’ in the statistical program R (R Core
Team, 2017; Pohlert & Kendall, 2016). All complete years and seasons were used in
trend tests and p-values < 0.05 were considered statistically significant, except for Table
3.7 that additionally used p-values < 0.10. Spearman correlations were used to evaluate
correlations between precipitation metrics (units in mm/year and mm/season) and RBI

values after first testing for normality (Shapiro-Wilk tests).
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3.3 Results

Land cover

Across the ten study watersheds, urban cover changed the most over time, and
increases in urban cover were primarily at the expense of agricultural land (Table 3.4).
Urban increases were particularly large at Highland, Rouge and Lynde, whereas others
showed relatively small changes over time (Gan 4, Gan Sylvan and Shelter Valley; Table
3.4). For example, Highland Creek was 53% agriculture in 1966, and this was almost
entirely replaced by urban cover by 2016, when only 6% of the watershed area remained
as agriculture (see Figure 3.1). The Rouge River had similar urban expansion rates as
Highland but had little urban cover in the 1960s and the greatest increase in urban cover
occurred between 1986 and 2000 (Table 3.4). By contrast, Shelter Valley and the
Ganaraska watersheds (Gan Sylvan, Gan NW, and Gan Osaca) had very little urban
growth and instead showed slight increases in natural cover since the 1960s. Urban
increases were slightly higher at other watersheds, ranging from 4-13% between 1966

and 2016 (Table 3.4).
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Table 3.4. Land cover (as % of watershed area) at the 10 study watersheds over time.

Watersheds are ordered from largest to smallest percentage change within the three major
land cover classifications.

Land Cover

Agriculture

Landcover Layer CLl CLUMP  CLUMP  CLUMP  CLUMP SOLRIS1.0 SOLRIS2.0 SOLRIS 3.0 %A 1966~ 2016
Year 1966 1971 1976 1981 1986 2000 2010 2016
Highland Down 42 69 73 77 83 91 91 91 +49
Rouge 8 13 16 15 22 45 51 51 " +43
Lynde Down 5 13 18 18 [ +14
Duffins 4 8 10 10 [ +6
Bowmanville 1 6 7 7 " +5
Shelter Valley 0 4 4 4 " +4
Wilmot Down 3 6 7 7 [ +4
Gan Osaca 0 3 3 3 " +3
Gan Sylvan 1 3 3 3 i +3
Gan NW 0 2 2 2 [ +2
Highland Down 53 27 23 19 13 6 7 6 -47
Rouge 82 76 74 73 65 41 36 35 -46
Lynde Down 80 65 61 60 -19
Gan Osaca 58 41 42 42 -17
Wilmot Down 77 64 63 63 -14
Bowmanville 76 63 63 63 -13
Duffins 76 64 63 63 -12
Gan Sylvan 60 48 49 49 -11
Shelter Valley 69 55 58 58 -11
Gan NW 46 37 37 37 -9
Wilmot Down 20 28 27 27 +7
Bowmanville 23 30 30 30 [ +7
Gan NW 54 61 61 61 [ +7
Duffins 19 25 26 % [ +7
Shelter Valley 30 37 37 37 i +7
Lynde Down 15 21 21 a1 [ +6
Rouge 9 9 9 13 12 14 13 13 " +4
Gan Osaca a1 46 45 s +4
Gan Sylvan 39 39 39 39 0
Highland Down 5 2 2 4 4 4 4 4 -1

Precipitation

Total annual precipitation increased significantly between 1960 and 2019 in the

combined record (p = 0.03) whereas no trend was detected at Pearson airport (p = 0.33;

Figure 3.2 a), suggesting the blending of three climate station records may have

influenced the result. The fraction of snowfall at Pearson airport ranged from 4 - 24%

across all years and declined significantly over the period of record (p < 0.05) such that

19% fell as snow in the 1960s, compared with only 12% in the 2010s. The seasonal
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distribution of precipitation changed slightly in the combined record, with summer being
the only season to increase significantly (p < 0.05) according to the Mann-Kendall trend
test. Fall precipitation increased by 24% between the 1960s and 2010s, although the trend
was not significant, whereas winter precipitation was relatively stable over the period of
study (Figure 3.2 b, c). Spring was the only season when precipitation was lower in the
2010’s compared with the 1960s, although differences were not significant. Overall, these
results suggest relatively modest directional changes in precipitation, but large inter-

annual variability.
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Figure 3.2 a, b, ¢, d, e. Total annual and seasonal precipitation between 1960 and 2019.
Coloured lines indicate different climate stations.
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Land cover-Flow Relationships

While there was substantial inter-annual variability, significant increases in
flashiness were identified at the three watersheds that urbanized the most between 1966
and 2016, including Highland Creek, Rouge River and Lynde Creek. Over the period of
record, average RBI doubled from 0.45 to 0.90 over 50 years at Highland and increased
from 0.37 to 0.49 at Rouge River. In contrast, annual RBI values were generally more
stable at Gan NW, Shelter Valley, and Wilmot Down (~0.25 to 0.27), where urban
increases were only 1% to 4% of watershed area since 1966. It should be noted that only
these six watersheds are plotted in Figure 3.3 because the other four watersheds had
either gaps in flow data or similar RBI values and because these six encompass the end
members of land use change (urbanizing vs. rural). Interestingly, flashiness at the Rouge
River did not increase as much as at Highland Creek, despite their similar rates of
urbanization and presumably similar precipitation inputs. Instead, the Rouge River had a
similar RBI value (0.49) in the 2010s as Lynde Creek (0.44), a much less urbanized
watershed (Figure 3.3 a). RBI values were fairly consistent across the more rural
watersheds over the 50 years of record, although there was substantial inter-annual
variability (e.g., range 0.14-0.47 at Wilmot Down; Figure 3.3 a).

Seasonal RBI patterns were also evaluated. Like the annual scale, significant
increases in RBI occurred in the fall, spring, and summer seasons at the three most
urbanized watersheds. These increases were greatest during the 1970s and 1980s and
patterns became distinct from the more rural watersheds during these decades (Figure
3.3). Notably, RBI values in the 1960s ‘pre-urbanization’ period were more similar in

1966 (0.24 to 0.50) across most watersheds, at both the annual and seasonal scales
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compared with 2018 (0.25 to 0.88; Figure 2.5). There was no clear distinction between
the urbanizing and stable watersheds during the winter season (apart from Highland) over

the period of record.
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Figure 3.3 a, b, ¢, d, e. Annual and seasonal RBI values at urbanized and rural
watersheds between 1966 and 2018. Highland, Rouge and Lynde are
considered urbanized, and Shelter Valley, Gan NW and Wilmot Down are
considered rural. Values to right of graph in panel ‘a’ are percentages of urban
cover relative to watershed area beginning in 1966 until 2016.
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Changes in RBI over time were evaluated using the Mann-Kendall trend test
(Table 2.6). The two most urbanized watersheds (Highland Creek and Rouge River)
showed significant increases in flashiness (p values usually < 0.001) at the annual scale
and across all seasons. Lynde Creek, where urban cover increased by 13% over the
period of record, had statistically significant increases in flashiness at the annual scale
and during the winter and summer seasons, but not in the fall or spring. RBI values at the
other mostly rural watersheds were largely stable. In fact, Gan NW had statistically
significant decreasing flashiness values in the annual, fall and spring periods.
Interestingly, flashiness at Gan Sylvan increased in the summer months despite relatively
stable land cover, although its shorter flow record (starting in 1977) may influence this
result. A closer look at the summer RBI values at four of the stable watersheds (Gan
Osaca, Wilmot Creek, Bowmanville Creek, and Shelter Valley) during the most recent 10
years indicates slight increases in flashiness in the summer months which may be caused

by increases in precipitation (Figure 3.3 a, €).

Table 3.5. Statistical increases or decreases of the RBI according to the Mann Kendall
Test. Percentage of urban increase is between 1966 and 2016.

Watersheds  # of Complete Yearly Flow Records % Increase of Urban Cover  Annual Fall Winter  Spring Summer
Highland Down 54 (1957 - 2018) 49 <0.001 <0.001 <0.001 <0.001 <0.001
Rouge 56 (1960 - 2018) 43 <0.001  <0.001 0.038 0.035 <0.001
Lynde Down 55 (1962 - 2018) 13 0.048 0.109 0.032 0.385 <0.001
Duffins 49 (1964 - 2018) 6 0.314 0.078 0.105 0.831 0.040
Bowmanville 38 (1967 - 2018) 5 0.152 0.451 0.814 0.052 0.702
Wilmot Down 48 (1966 - 2018) 4 0.360 0.587 1.000 0.333 0.384
Shelter Valley 53 (1966 - 2018) 4 0.076 0.738 0.521 0.078 0.194
Gan Osaca 48 (1959 - 2016) 3 0.124 0.369 0.511 0.450 0.843
Gan NW 55 (1962 - 2016) 3 0.931 0.496
Gan Sylvan 42 (1977 - 2018) 2 0.558 0.762 0.897 0.095 0.006
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Correlations between Annual Precipitation Metrics and RBI Values

Correlation analysis was used to evaluate associations between flashiness and
precipitation vs. land cover change (Figure 3.4). There was evidence from the first
research chapter that years with higher total or seasonal precipitation were flashier
(Figure 2.5) and so increases in precipitation over time might be expected to likewise
increase RBI values. Between 1970 and 1998, there was no statistically significant trend
of increasing or decreasing total annual precipitation according to the Oshawa climate
record (p value = 0.41 using Mann-Kendall test; Figure 3.4). Evaluating changes in
flashiness over this period of stable precipitation can be used to isolate the effects of land
cover on flashiness. To that end, Shelter Valley, one of the most rural watersheds, and
Highland Creek, the most urbanized watershed, were compared (Figure 3.4, Table 3.7).
Shelter Valley had consistent RBI values and had no increasing or decreasing trend using
the Mann-Kendall test, usually ranging from 0.19 to 0.44 between 1970 and 1998 (Figure
3.4). In contrast, Highland Creek had an average RBI of 0.61 between 1970 — 1979 which
increased significantly to an average of 0.93 between 1990 — 1998 using the Mann-
Kendall test (p value < 0.001).

Correlations were further used to identify if extremes in precipitation (using the
precipitation metrics from Table 3.5) affected interannual variability in the RBI values at
Shelter Valley and Highland Creek (Table 3.7). It was expected there would be fewer or
weaker correlations between Highland Creek flow and precipitation because urbanization
has a stronger influence on flow, whereas Shelter Valley’s flow patterns were expected to

be more correlated with precipitation due to its relatively stable land cover.
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Precipitation (mm)

As predicted, RBI values at Shelter Valley had overall more seasonal correlations
with precipitation metrics compared with Highland Creek, signaling that land cover was
the primary driver of increased stream flashiness at the latter (Table 3.6). The total
amount of rainfall was especially important for explaining interannual variations in
flashiness at Shelter Valley, and correlations were especially strong in the fall (r = 0.63;
Table 3.6). Conversely, the number of days when daily precipitation was less than 2mm
was negatively correlated with flashiness in spring at Shelter Valley. Similar correlations
were not observed at Highland Creek despite presumably similar precipitation patterns

between the two watersheds.
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Decadal Shifts in Precipitation and Flow

Over the past 60 years, total annual precipitation appeared to increase slightly, but
differences between decades were usually not statistically significant. The exception was
fall precipitation, which was significantly higher in the 1980s compared with the 1960s (p
< 0.05). In contrast, there were significant increases in the frequency of extreme
precipitation events over the period of record. Specifically, there were significant
increases in the number of events > 30 mm between the 1970s and 2010s, which occurred
on average 1.7 times per year in the 1970s, compared with an average of 4.6 times per
year in the 2010s (Table 3.7). The total sum of precipitation >30mm also increased
significantly (p < 0.05) between the 1970s and 2010s. Increases in extreme events
occurred primarily in the summer months, which drove increases in extremes at the
annual scale. The only season with significant declines in extreme precipitation was the
winter, which had significantly less total precipitation >30mm in the 1990s and 2000s

than the 1960s (Table 3.7).
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Table 3.7. Precipitation metrics by decade. Tukey Post Hoc tests were used to determine
significant differences. Bolded values represent differences between decades that are significant at
p < 0.05 and underlined values represent p < 0.10.

Counts of Days Sum of Daily Precipitation
Decade (Annual)
<2mm  210mm 220mm 230mm | Annual Avg <2mm 210mm 220mm 230mm
1960s 285 23.9 8.2 2.7 766 45.4 451 234 104
1970s 272 29.6 7.5 1.7 864 47.9 521 214 75.9
1980s 279 29.1 7.4 3.2 889 55.5 534 236 133
1990s 283 27.6 8.3 2.6 843 56.0 510 238 101
2000s 279 28.7 10.0 3.2 901 56.9 552 292 128
2010s 281 29.5 9.5 4.6 908 55.1 588 307 190
Decade (Fall) <2mm  210mm 220mm 230mm | Annual Avg <2mm 210mm  220mm  >30mm
1960s 73.3 5.5 23 0.6 184 11.7 106 59.6 20.0
1970s 70.5 7.1 2.2 0.5 210 13.4 125 58.6 17.8
1980s 66.5 9.6 2.3 11 271 13.6 180 80.7 51.5
1990s 70.3 7.1 2.3 1.1 225 15.9 140 73.0 45.7
2000s 69.7 7.2 2.6 0.7 221 13.4 134 69.8 235
2010s 69.8 7.7 2.4 0.9 226 13.4 144 69.9 33.2
Decade (winter) ] <2mm  210mm 220mm 2=30mm | Annual Avyg <2mm 210mm 220mm >30mm
1960s 69.6 5.9 2.0 0.9 197 14.5 108 56.7 29.1
1970s 62.7 6.3 1.3 0.3 211 12.6 104 35.5 11.4
1980s 69.8 6.0 1.5 0.4 192 15.3 101 41.1 14.0
1990s 69.0 6.0 1.3 0.2 194 16.0 101 34.9 6.9
2000s 68.9 5.8 1.3 0.2 193 19.5 96 35.1 6.7
2010s 70.3 5.1 1.1 0.2 173 16.8 85 28.3 7.4
Decade (spring) | <2mm  210mm 220mm 230mm | Annual Avg <2mm 210mm 220mm  2>30mm
1960s 72.2 6.0 1.6 0.4 188 11.2 103 44.8 16.0
1970s 67.2 8.1 1.8 0.3 218 10.6 137 46.2 11.1
1980s 71.1 6.7 1.0 0.4 198 15.5 108 28.6 14.2
1990s 71.5 7.2 1.5 0.4 203 12.8 120 40.3 14.2
2000s 68.9 7.1 23 0.8 230 12.7 137 70.1 33.3
2010s 70.9 7.6 1.9 0.9 222 12.5 141 61.1 35.5
Decade (summer)] <2mm  210mm 220mm 230mm | Annual Avg <2mm 210mm 220mm  >=30mm
1960s 69.1 7.0 2.6 0.9 201 8.0 141 80.1 38.6
1970s 71.8 7.8 2.1 0.6 221 10.5 149 70.6 35.7
1980s 71.6 6.9 2.7 13 231 11.4 149 88.3 53.6
1990s 72.1 7.4 3.2 0.9 223 11.1 151 89.5 34.0
2000s 71.5 8.4 3.6 1.5 254 11.7 181 113 64.9
2010s 71.2 9.1 4.0 2.6 287 11.3 219 148 116
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Flow duration curves were constructed to evaluate shifts in other aspects of the
hydrologic regime including baseflow and high flows. All watersheds showed increases
in flow across nearly all flow percentiles since the 1960s, apart from some extreme flows
in the 95-99™ percentiles. These increases of flow must be explained by precipitation,
since landcover changes were variable over time. More specifically, the 1960s had the
lowest average precipitation (average of 766 mm/year) and the lowest overall magnitude
of flow in the FDCs, whereas the 2010s had the greatest precipitation (average of 908
mm/year) and some of the highest flows (Figure 3.5). Nevertheless, the magnitude of
increase differed between the urbanizing and rural watersheds. Figure 3.6 shows how the
magnitudes of flow have changed for each percentile between the 1960s and the 2010s
for the previously mentioned rural vs. urbanizing watersheds. These two decades show
the largest differences in average annual precipitation amongst the decades studied.
Highland Creek was the only watershed where the 80™ flow percentiles (i.e., highest
flows) increased more than the lower flow percentiles. These high flow percentiles
doubled since the 1960s. The other urbanizing watersheds (Rouge and Lynde) exhibited
larger increases in low flow compared with higher flow percentiles, although percentiles
greater than the 80th also increased by 20% to 100% (Figure 3.6). The more rural
watersheds (Gan NW, Shelter Valley, Wilmot Creek) underwent very modest increases
across all flow percentiles between the 1960s and 2010s which are most likely associated
with changes in precipitation, although agricultural change cannot be strictly ruled out.
The higher flow percentiles either increased slightly (maximum of 22% at Wilmot Creek)
or even declined (ranging from -3% to -29% at Gan NW). Furthermore, the average flow
at Shelter Valley increased by 20% between the 1960s and 2010s, which coincides with a
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19% increase in precipitation over the same time period. Increases in the frequency and
sum of intense daily precipitation (e.g., >20mm; see Table 3.7) did not appear to increase

the higher flow percentiles as much as expected.
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Figure 3.5. Flow-duration curves for rural and urbanizing watersheds. Flow is area-normalized, converted
from daily average m3/s to daily runoff as mm/d. Urbanizing watersheds are on left side, rural on the right.
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88



3.4 Discussion

Urbanization and expansion of impervious cover within watersheds impact the
hydrologic regime by increasing the amount and velocity of runoff resulting in higher
peak flows and increased flashiness (Rosburg et al., 2017; Usinowicz et al., 2017). The
ten study watersheds were selected to encompass a broad range in urban cover (2 to 91%
in 2010) as well as urban growth over time (2 to 49% change between 1960 and 2010)
and increases in urban cover were especially large at Highland Creek (49%) and the
Rouge River (43%). Precipitation also changed over the period of record, with higher
total annual and fall precipitation and increases in extreme precipitation during the
summer months, especially during the latter two decades. Urban cover expansion
appeared to be primarily responsible for increasing RBI over time at Highland, Rouge
and Lynde, although increases in summer extreme precipitation during the most recent
two decades may have contributed as well (Table 3.7). The effect of precipitation was
more apparent when comparing the FDCs between the urbanizing watersheds and more
rural watersheds. Precipitation was significantly lower in the 1960s whereas the 2010s
had the highest average precipitation and usually the highest flows. All the study
watersheds received similar precipitation, which suggests that land cover was the primary

driver of changes in RBI and FDC over time.

Annual Changes of RBI
Flashiness at the study watersheds was affected by two main factors: land cover
and precipitation changes over time. Other factors that can affect the hydrologic regime

such as water extraction for drinking water, dams (Baker et al., 2004) and treated
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wastewater inputs were considered during site selection and were mostly avoided across
the study streams. Total precipitation and rainfall were important factors for determining
stream flashiness within a given year or season, but increases in RBI over time could not
be explained by precipitation alone. This agrees with Saharia et al. (2017), who reported
only slight increases in flashiness with more annual precipitation across a few hundred
watersheds in the United States ranging in size between ~8 km? and 10 000 km?. Total
annual precipitation and RBI were significantly correlated between 1970 and 1998 at
Shelter Valley in the fall, spring, and summer, while total rainfall was significantly
correlated with RBI in all seasons (Table 3.7). This indicates that rainfall may be more
important for explaining interannual variation in seasonal RBI values than total
precipitation. However, despite significant increases in summer rainfall (p < 0.05) and
annual precipitation over 60 years in the combined precipitation record, there was no
trend in RBI at Shelter Valley. To contrast, the gap-free record at Pearson airport showed
no increases of precipitation at either the annual or summer time scales (p > 0.05) which
further indicates that precipitation is likely not drastically affecting RBI patterns. Since
precipitation did not significantly affect flashiness at the rural watersheds, land cover
must be more influential for changing RBI trends. This result agrees with Rosburg et al.
(2017) who found that precipitation-normalized RBI values increased at four urbanizing
watersheds in Seattle, Washington (ranging between 12 — 31 km?), while three of four
rural watersheds showed no change in RBI values.

Much of the expansion of urban area in southern Ontario has been at the expense
of surrounding agricultural land (Hoffman, 2001), and as a result, the area of agriculture

decreased at Highland, Rouge and Lynde Creek while total agricultural area at the other
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watersheds remained relatively stable (Table 3.4). During and after the 1960s, RBI values
increased at Highland Creek, Rouge River, and Lynde, but the amount of increase varied
by watershed (Figure 3.3, Table 3.6). The hydrologic regime at Highland Creek appeared
to be the most severely impacted, while Lynde Creek and Rouge River showed more
modest effects of urbanization (see Figures 3.3 and 3.6). Diem et al. (2018) reported that
RBI values increased by ~0.25 after ~1/3 of watershed area was developed at urbanizing
watersheds in Atlanta, Georgia. Similarly, the RBI at Highland Creek increased by 0.21
after ~30% of watershed area was developed between 1966 and 1976. In contrast, RBI
values at the Rouge River did not change as drastically, despite an approximate 40%
increase in urban cover, perhaps due to better runoff management practices implemented
beginning in the early 1990s (Toronto Region Conservation Authority, 2007). Likewise,
stormwater ponds and more distributed runoff controls in urban developments post 1990
(Bradford & Gharabaghi, 2004) may have mitigated the hydrologic response of Lynde
Creek to more recent urban development.

While storm water management may have helped avoid increases in stream
flashiness at the more recently urbanized Rouge River and Lynde Creek, both watersheds
still showed statistically significant increases in RBI over time. In this study, RBI values
increased significantly at both the annual and seasonal scales above a threshold of total
urban cover of ~ 13% (Table 3.6). This threshold agrees with Booth and Jackson (1997),
who found that the hydrologic regime was altered above an impervious surface threshold
of ~10%. While urban cover in this study was calculated as the sum of impervious plus
pervious cover due to limitations of older map layers, more recent estimates using new

land cover layers (i.e., SOLRIS 1.0, 2.0 and 3.0; Table 3.4) suggest that impervious cover
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represents approximately 2/3 of total urban cover. This suggests that a threshold of
impervious surface cover of ~10% is associated with increased flashiness, which agrees
with Booth & Jackson’s (1997) threshold for hydrologic alteration from land cover.
Statistically significant decreases in stream flashiness over time were only
observed at Gan NW (a headwater tributary of the Ganaraska River) at the annual, fall
and springtime scales, despite overall increases in flow at this river (see FDC in Figure
3.6). Afforestation initiatives may explain declining RBI at this river as previous studies
have reported decreases in peak flows and lower runoff ratios in response to forest cover
expansion (Buttle, 1994). Furthermore, slower snow melt in the forested headwaters
during spring and increased baseflow contribution (Buttle et al., 2015) likely contributed

to decreasing RBI values after forest growth.

Decadal Changes of FDC

The effects of land cover change on the watershed hydrologic regime are
commonly evaluated using FDCs, as these can be calculated over different time periods
to identify before-and-after effects of land development (Rosburg et al., 2017; Lane et al.,
2005, Philip et al., 2022). All watersheds exhibited higher flow magnitudes in decades
that had more precipitation; however, increases were always greater at the more urban
compared with the rural watersheds (Figure 3.6).

Urbanization typically increases the rate of runoff delivery to streams, leading to
higher high flows and a lower proportion of baseflow. However, the latter is not always
the case, and some studies have reported inconsistent baseflow responses depending on

topography, climate, and best management practices (Hopkins et al., 2015; Walsh et al.,
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2005). In this study, only Highland Creek demonstrated the hypothesized FDC response
to urbanization, whereby high flow percentiles increased more than baseflow percentiles
between the 1960s and 2010s, although baseflow did not decline (Figure 3.5, 3.6).
Interestingly, the other urbanizing watersheds, Rouge and Lynde, had larger increases in
baseflow than peak flows. While not typical of urbanizing watersheds, Rosburg et al.
(2017) also found large increases in baseflow at an urban watershed where the base flow
percentiles (Q10-Q20) increased by an average of ~90% while peak flow percentiles
(Q80 — Q100) increased by ~80%. To compare, base flow percentiles at Lynde Creek
increased by 110% whereas peak flows only increased by 35% (Figure 3.6). Rosburg et
al. (2017) further elaborates that the increase in baseflow was likely from a groundwater
well system leaching into the urban stream they studied and other urban streams are
subject to leaking storm sewers and water distribution.

The rural watersheds’ FDCs showed smaller increases in flow across all
percentiles compared with the urbanizing streams between the 1960s and the 2010s. High
flow percentiles (Q > 90) increased by a maximum of 11% at Wilmot Creek and
decreased at Gan NW by 29% between the 1960s and 2010s (Figure 3.6). Declines in
high flow magnitudes at Gan NW are consistent with decreases in RBI, since flashiness is
associated with peak flow events (Roodsari & Chandler, 2017; Baker et al., 2004).
Similar increases in low flow between the “newer” urbanizing watersheds (Rouge and
Lynde) and rural watersheds may indicate that urban water retention practices are
effective by catching rapid surface runoff in retention ponds and releasing slowly into

streams.
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The rural watersheds (e.g., Wilmot, Shelter Valley) examined in this study
underwent relatively small changes to their hydrologic regime compared with the
urbanizing basins (e.g., Highland Creek and Rouge River), as evidenced by their
relatively low and stable RBI values and increases in lower flow percentiles. Despite
relatively modest shifts at the rural watersheds, some aspects of their flow regime
changed, especially at Wilmot Creek (Figure 3.6) which lost 14% of agricultural land that
was mostly replaced by natural cover (Table 3.4). Higher runoff values in Wilmot
Creek’s FDC may be the result of agricultural intensification that could not be quantified
using available spatial data layers (i.e., SOLRIS; CLUMP). Many of the WSC sites were
established in the 1960s when there was a rapid increase of corn and soy production that
primarily replaced pasturelands in Ontario (Smith, 2015). These shifts could have
increased the amount of runoff generated in agricultural watersheds (Dons, 1987)
although this could not be evaluated in this study. Likewise, the effect of expansions in
tile drainage over time could not be evaluated in this chapter due to poor historical
records of tile installation (Eimers et al., 2020). Overall, results of this thesis suggest that
there is substantial scope for further agricultural intensification, especially as urban cover

expands, and so tile drainage may become more influential in the future.
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4.0: Conclusions

Of the metrics considered in this study, the RBI and FDC were the most sensitive
and useful for detecting the hydrologic effects of land cover change, particularly at the
urbanizing watersheds. The RBI trend analysis showed clear differences between urban
and rural watersheds and the FDC indicated that high flows were especially sensitive to
urban expansion at the ‘old urban’ Highland Creek, whereas storm water management
practices at Rouge and Lynde may have muted their peak flow response to more recent
urban increases. Urban watersheds are clearly more flashy than rural watersheds;
however, results of the first research chapter indicated that heavily tile-drained
watersheds are as flashy or even flashier than urban systems, suggesting a threshold in
response (> ~40% of watershed tiled). The first research chapter also indicated that years
with greater precipitation were ‘flashier’ and likewise results of this chapter confirmed
that differences in precipitation contribute to inter-annual variation in streamflow.
Nevertheless, clear increases in flashiness over time at the urbanizing watersheds cannot
be solely explained by increases in precipitation and are most likely associated with
expansions of impervious cover and stormwater drainage.

Recommendations to avoid significant hydrologic regime change based on the
results of this thesis would be to maintain higher levels of natural cover to reduce or
offset the effects of urban development on flashiness and runoff. Modern water retention
practices, namely retention ponds, appear to be reducing flashiness as demonstrated by
relatively small increases of RBI at the Rouge River despite almost half of the watershed
becoming urbanized in the past 50 years. Land use planners should be aware that

agricultural land is primarily being replaced by urban cover, which puts pressure on
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remaining agriculture land to increase productivity. Techniques to increase agricultural
productivity (i.e., ‘agricultural intensification”) including expansions in tile drainage may
alter the hydrologic regime, and urban water managers should be aware that shifts in
upstream agricultural areas may have substantial impacts on downstream flow regime. In
particular, flood events may become more common during wet periods of the year, as tile
drainage effectively transfers water from fields to streams, whereas flood risk during dry

periods may be lower.

96



References

Agriculture and Agrifood Canada (2013). 1SO 19131 Canada Land Inventory (CLI).
Retrieved from https://open.canada.ca/data/dataset/0c113e2c-e20e-4b64-be6f-
496b1be834ee

Agriculture and Agrifood Canada (2018). Annual Crop Inventory 2018. Retrieved from
https://open.canada.ca/data/en/dataset/ba2645d5-4458-414d-b196-6303ac06c1c9

Ahmed, W. (2019). Measuring Ontario's Urban-Rural Divide. Munk School of Global
Affairs & Public Policy, University of Toronto.

Ali, A. K. (2008). Greenbelts to contain urban growth in Ontario, Canada: Promises and
prospects. Planning, Practice & Research, 23(4), 533-548.

American Meteorological Society, (1997). Meteorological drought - Policy statement.
Bulletin of American Meteorological Society, 78, 847-849.

Azarkhish, A., Rudra, R., Daggupati, P., Dhiman, J., Dickinson, T., & Goel, P. (2021).
Investigation of Long-Term Climate and Streamflow Patterns in Ontario. American
Journal of Climate Change, 10(4), 467-489.

Baker, D. B., Richards, R. P., Loftus, T. T., & Kramer, J. W. (2004). A new flashiness
index: Characteristics and applications to midwestern rivers and streams. Journal of the
American Water Resources Association, 40(2), 503-522.

Bengtsson, L., & Westerstrom, G. (1992). Urban snowmelt and runoff in northern
Sweden. Hydrological Sciences Journal, 37(3), 263-275.

Bezak, N., Horvat, A., & Sraj, M. (2015). Analysis of flood events in Slovenian
streams. Journal of Hydrology and Hydromechanics, 63(2), 134.

Blann, K. L., Anderson, J. L., Sands, G. R., & Vondracek, B. (2009). Effects of
agricultural drainage on aquatic ecosystems: a review. Critical Reviews in Environmental
Science and Technology, 39(11), 909-1001.

Booth, D. B. (1991). Urbanization and the natural drainage system - impacts, solutions,
and prognoses. The Northwest Environmental Journal, 7(1), 93-118

Booth, D. B., & Jackson, C. R. (1997). Urbanization of aquatic systems: degradation
thresholds, stormwater detection, and the limits of mitigation. Journal of the American
Water Resources Association, 33(5), 1077-1090.

97


https://open.canada.ca/data/dataset/0c113e2c-e20e-4b64-be6f-496b1be834ee
https://open.canada.ca/data/dataset/0c113e2c-e20e-4b64-be6f-496b1be834ee
https://open.canada.ca/data/en/dataset/ba2645d5-4458-414d-b196-6303ac06c1c9

Booth, D. B., & Konrad, C. P. (2017). Hydrologic metrics for status-and-trends
monitoring in urban and urbanizing watersheds. Hydrological Processes, 31(25), 4507-
4519.

Bradford, A., & Gharabaghi, B. (2004). Evolution of Ontario's stormwater management
planning and design guidance. Water Quality Research Journal, 39(4), 343-355.

Brandes, D., Cavallo, G. J., & Nilson, M. L. (2005). Base flow trends in urbanizing
watersheds of the Delaware river basin. Journal of the American Water Resources
Association, 41(6), 1377-1391.

Brown, A. E., Zhang, L., McMahon, T. A., Western, A. W., & Vertessy, R. A. (2005). A
review of paired catchment studies for determining changes in water yield resulting from
alterations in vegetation. Journal of Hydrology, 310(1-4), 28-61.

Burges, S. J., Wigmosta, M. S., & Meena, J. M. (1998). Hydrological effects of land-use
change in a zero-order catchment. Journal of Hydrologic Engineering, 3(2), 86-97.

Burn, D. H., & Whitfield, P. H. (2016). Changes in floods and flood regimes in
Canada. Canadian Water Resources Journal, 41(1-2), 139-150.

Butt, S., Ramprasad, P., & Fenech, A. (2005). Changes in the landscape of southern
Ontario Canada since 1750. Integrated Mapping Assessment, 83-92.

Buttle, J. M. (1994). Hydrological response to reforestation in the Ganaraska River basin,
southern Ontario. Canadian Geographer, 38(3), 240-253.

Buttle, J. M., Greenwood, W. J., & Gerber, R. E. (2015). Spatiotemporal patterns of
baseflow metrics for basins draining the Oak Ridges Moraine, southern Ontario,
Canada. Canadian Water Resources Journal, 40(1), 3-22.

Clausen, B., & Biggs, B. (1997). Relationships between benthic biota and hydrological
indices in New Zealand streams. Freshwater biology, 38(2), 327-342.

Conly, F. M., & Van der Kamp, G. (2001). Monitoring the hydrology of Canadian prairie
wetlands to detect the effects of climate change and land use changes. Environmental
Monitoring and Assessment, 67(1), 195-215.

Contosta, A. R., Casson, N. J., Garlick, S., Nelson, S. J., Ayres, M. P., Burakowski, E.
A., Campbell, J., Creed, I., Eimers, C., Evans, C., Fernandez, I., Fuss, C., Huntington, T.,
Patel, K., Sanders-DeMott, R.,Son, K., Templer, P., & Thornbrugh, C. (2019). Northern
forest winters have lost cold, snowy conditions that are important for ecosystems and
human communities. Ecological Applications, 29(7).

98



Cook, L. M., McGinnis, S., & Samaras, C. (2020). The effect of modeling choices on
updating intensity-duration-frequency curves and stormwater infrastructure designs for
climate change. Climatic Change, 159(2), 289-308.

Corbett, D. M. (1943). Stream-gaging procedure: a manual describing methods and
practices of the geological survey . US Department of the Interior.

Cuo, L., Beyene, T. K., Voisin, N., Su, F., Lettenmaier, D. P., Alberti, M., & Richey, J.
E. (2011). Effects of mid-twenty-first century climate and land cover change on the
hydrology of the Puget Sound basin, Washington. Hydrological Processes, 25(11), 1729-
1753.

Deng, Z., Qiu, X,, Liu, J., Madras, N., Wang, X., & Zhu, H. (2016). Trend in frequency
of extreme precipitation events over Ontario from ensembles of multiple GCMs. Climate
Dynamics, 46(9), 2909-2921.

Diem, J. E., Hill, T. C., & Milligan, R. A. (2018). Diverse multi-decadal changes in
streamflow within a rapidly urbanizing region. Journal of Hydrology, 556, 61-71.

Dons, A. (1987). Hydrology and sediment regime of a pasture, native forest, and pine
forest catchment in the central North Island, New Zealand. New Zealand Journal of
Forestry Science, 17, 161-178.

Eimers, M. C., & McDonald, E. C. (2015). Hydrologic changes resulting from urban
cover in seasonally snow-covered catchments. Hydrological Processes, 29(6), 1280-
1288.

Eimers, M. C,, Liu, F., & Bontje, J. (2020). Land use, land cover, and climate change in
southern Ontario: implications for nutrient delivery to the lower Great
Lakes. Contaminants of the Great Lakes, 235-249.

Environment Canada (2010). Canadian Climate Normals 1981 — 2010 Station Data.
Retrieved from https://climate.weather.gc.ca/climate normals/index e.html

Environment Canada (2019). 1971 — 2000 Climate Normals and Averages. Retrieved
from https://climate.weather.gc.ca/climate_normals/index_e.html

Environment Canada, (2020). Oshawa Historical Weather Station. Retrieved from:
https://climate.weather.gc.ca/historical _data/search_historic_data_stations_e.html?search
Type=stnName&timeframe=1&txtStationName=oshawa&searchMethod=contains&optL
imit=yearRange&StartYear=1840&EndYear=2021& Year=2021&Month=2&Day=16&se
IRowPerPage=25

Environment Canada (2020) Oshawa Weather Station: Station ID 6155875. Retrieved
from https://climate.weather.gc.ca/historical data/search historic data e.html

99


https://climate.weather.gc.ca/climate_normals/index_e.html
https://climate.weather.gc.ca/climate_normals/index_e.html
https://climate.weather.gc.ca/historical_data/search_historic_data_stations_e.html?searchType=stnName&timeframe=1&txtStationName=oshawa&searchMethod=contains&optLimit=yearRange&StartYear=1840&EndYear=2021&Year=2021&Month=2&Day=16&selRowPerPage=25
https://climate.weather.gc.ca/historical_data/search_historic_data_stations_e.html?searchType=stnName&timeframe=1&txtStationName=oshawa&searchMethod=contains&optLimit=yearRange&StartYear=1840&EndYear=2021&Year=2021&Month=2&Day=16&selRowPerPage=25
https://climate.weather.gc.ca/historical_data/search_historic_data_stations_e.html?searchType=stnName&timeframe=1&txtStationName=oshawa&searchMethod=contains&optLimit=yearRange&StartYear=1840&EndYear=2021&Year=2021&Month=2&Day=16&selRowPerPage=25
https://climate.weather.gc.ca/historical_data/search_historic_data_stations_e.html?searchType=stnName&timeframe=1&txtStationName=oshawa&searchMethod=contains&optLimit=yearRange&StartYear=1840&EndYear=2021&Year=2021&Month=2&Day=16&selRowPerPage=25
https://climate.weather.gc.ca/historical_data/search_historic_data_e.html

Ferguson, B. K., & Suckling, P. W. (1990). Changing rainfall-runoff relationships in the
urbanizing Peachtree creek watershed, Atlanta, Georgia. Journal of the American Water
Resources Association, 26(2), 313-322.

Ford, C. M., Kendall, A. D., & Hyndman, D. W. (2021). Snowpacks decrease and
streamflows shift across the eastern US as winters warm. Science of The Total
Environment, 793, 148483.

Germer, S., Neill, C., Krusche, A. V., & Elsenbeer, H. (2010). Influence of land-use
change on near-surface hydrological processes: undisturbed forest to pasture. Journal of
Hydrology, 380(3-4), 473-480.

Gilley, J. E., Eghball, B., Kramer, L. A., & Moorman, T. B. (2000). Narrow grass hedge
effects on runoff and soil loss. Journal of Soil and Water Conservation, 55(2), 190-196.

Graf, W. L. (1977). Network characteristics in suburbanizing streams. Water Resources
Research, 13(2), 459-463.

Gramlich, A,, Stoll, S., Stamm, C., Walter, T., & Prasuhn, V. (2018). Effects of artificial
land drainage on hydrology, nutrient and pesticide fluxes from agricultural fields—a
review. Agriculture, Ecosystems & Environment, 266, 84-99.

Grillakis, M. G., Koutroulis, A. G., & Tsanis, I. K. (2011). Climate change impact on the
hydrology of Spencer Creek watershed in Southern Ontario, Canada. Journal of
Hydrology, 409(1-2), 1-19.

Groenendyk, D. G., Ferré, T. P, Thorp, K. R., & Rice, A. K. (2015). Hydrologic-process-
based soil texture classifications for improved visualization of landscape function. PloS
One, 10(6), e0131299.

Gyamfi, C., Ndambuki, J. M., & Salim, R. W. (2016). Hydrological responses to land
use/cover changes in the Olifants Basin, South Africa. Water, 8(12), 588.

Hernandez-Santana, V., Zhou, X., Helmers, M. J., Asbjornsen, H., Kolka, R., & Tomer,
M. (2013). Native prairie filter strips reduce runoff from hillslopes under annual row-crop
systems in lowa, USA. Journal of Hydrology, 477, 94-103.

Hofmann, N. (2001). Urban consumption of agricultural land. Statistics Canada,
Agriculture Division.

Hofmann, N., Filoso, G., & Schofield, M. (2005). The loss of dependable agricultural
land in Canada. Rural Small Town Canada Analysis Bulletin 6(1).

Hoghooghi, N., Golden, H. E., Bledsoe, B. P., Barnhart, B. L., Brookes, A. F., Djang, K.
S., Halama, J.J., McKane, R.B, Nietch, C.T., Pettus, P. P. (2018). Cumulative effects of

100



low impact development on watershed hydrology in a mixed land-cover
system. Water, 10(8), 991.

Holden, J., Chapman, P. J., Lane, S. N., & Brookes, C. (2006). Impacts of artificial
drainage of peatlands on runoff production and water quality. Developments in Earth
Surface Processes, 9, 501-528.

Hollis, G. E. (1975). The effect of urbanization on floods of different recurrence
interval. Water Resources Research, 11(3), 431-435.

Holko, L., Parajka, J., Kostka, Z., Skoda, P., & Bloschl, G. (2011). Flashiness of
mountain streams in Slovakia and Austria. Journal of Hydrology, 405(3-4), 392-401.

Hopkins, K. G., Morse, N. B., Bain, D. J., Bettez, N. D., Grimm, N. B., Morsg, J. L.,
Palta, M.M., Shuster, W.D., Bratt, A.R., & Suchy, A. K. (2015). Assessment of regional
variation in streamflow responses to urbanization and the persistence of

physiography. Environmental Science & Technology, 49(5), 2724-2732.

Horton, R. E. (1933). The role of infiltration in the hydrologic cycle. Eos, Transactions
American Geophysical Union, 14(1), 446-460.

Irwin, R. W., & Whiteley, H. R. (1983). Effects of land drainage on
streamflow. Canadian Water Resources Journal, 8(2), 88-103.

Jiang, Q., Qi, Z., Tang, F., Xue, L., & Bukovsky, M. (2020). Modeling climate change
impact on streamflow as affected by snowmelt in Nicolet River Watershed,
Quebec. Computers and Electronics in Agriculture, 178, 105756.

King, K. W., Fausey, N. R., & Williams, M. R. (2014). Effect of subsurface drainage on
streamflow in an agricultural headwater watershed. Journal of Hydrology, 519, 438-445.

Klaassen, J. M. (2002). 8.13 A climatological assessment of major 20th century drought
in southern Ontario, Canada. Meteorological Service of Canada, Environment Canada,
Downsview, Ontario.

Konrad, C. P., & Booth, D. B. (2005). Hydrologic changes in urban streams and their
ecological significance. American Fisheries Society Symposium, 47(157), 17.

Lane, P. N., Best, A. E., Hickel, K., & Zhang, L. (2005). The response of flow duration
curves to afforestation. Journal of Hydrology, 310(1-4), 253-265.

Lapierre, M., (2019). Heavy Rains Brings Flash Floods to Toronto. The Globe and Mail.
Retrieved from https://www.theglobeandmail.com/canada/toronto/article-heavy-rains-
bring-flash-floods-to-toronto-area/

101


https://www.theglobeandmail.com/canada/toronto/article-heavy-rains-bring-flash-floods-to-toronto-area/
https://www.theglobeandmail.com/canada/toronto/article-heavy-rains-bring-flash-floods-to-toronto-area/

Leopold, L. B. (1968). Hydrology for urban land planning: A guidebook on the
hydrologic effects of urban land use. US Geological Survey, 554.

LI1O (Land Information Ontario) (2006). ORM land use designation. Retrieved from
http://geo.scholarsportal.info/#r/details/ uri@=2774178080& add:true nozoom:true

Liu, J., Chen, J. M., & Cihlar, J. (2003). Mapping evapotranspiration based on remote
sensing: an application to Canada's landmass. Water Resources Research, 39(7).

Liu, F. S., Lockett, B. R., Sorichetti, R. J., Watmough, S. A., & Eimers, M. C. (2022).
Agricultural intensification leads to higher nitrate levels in Lake Ontario
tributaries. Science of The Total Environment, 830, 154534.

Lull, H. W., & Sopper, W. E. (1969). Hydrologic effects from urbanization of forested
watersheds in the Northeast. US Northeastern Forest Experiment Station, 146.

Macrae, M. L., English, M. C., Schiff, S. L., & Stone, M. (2010). Influence of antecedent
hydrologic conditions on patterns of hydrochemical export from a first-order agricultural
watershed in southern Ontario, Canada. Journal of Hydrology, 389(1-2), 101-110.

Mahmood, T. H., Pomeroy, J. W., Wheater, H. S., & Baulch, H. M. (2017). Hydrological
responses to climatic variability in a cold agricultural region. Hydrological
Processes, 31(4), 854-870.

Maloney, E. D., Camargo, S. J., Chang, E., Colle, B., Fu, R., Geil, K. L., Hu, Q., Jiang,
X., Johnson, N., Karnauskas, K.B., Kinter, J., Kirtman, B., Kumar, S., Langenbrunner,
B., Lombarda, K., Long, L.N., Mariotti, A., Meyerson, J.E., Mo, K.C., Neelin, J.D., Pan,
Z., Seagar, R., Serra, Y., Seth, A., Sheffield, J., Stroeve, J., Thibeault, J., Xie, S., Wang,
C., Wyman, B., & Zhao, M. (2014). North American climate in CMIP5 experiments: Part
I11: Assessment of twenty-first-century projections. Journal of Climate, 27(6), 2230-
2270.

Mao, D., & Cherkauer, K. A. (2009). Impacts of land-use change on hydrologic
responses in the Great Lakes region. Journal of Hydrology, 374(1-2), 71-82.

Mazrooeli, A., Reitz, M., Wang, D., & Sankarasubramanian, A. (2021). Urbanization
impacts on evapotranspiration across various spatio-temporal scales. Earth's Future, 9(8),
e2021EF002045.

Miller, J. D., Kim, H., Kjeldsen, T. R., Packman, J., Grebby, S., & Dearden, R. (2014).
Assessing the impact of urbanization on storm runoff in a peri-urban catchment using
historical change in impervious cover. Journal of Hydrology, 515, 59-70.

Miller, S. A., & Lyon, S. W. (2021). Tile drainage causes flashy streamflow response in
Ohio watersheds. Hydrological Processes, 35(8), e14326.

102


http://geo.scholarsportal.info/#r/details/_uri@=2774178080&_add:true_nozoom:true

Ministry of Natural Resources (2002). SOLRIS: Southern Ontario Land Resource
Information System. Retrieved from: https://gechub.lio.gov.on.ca/datasets/southern-
ontario-land-resource-information-system-2000-2002-v1-1

Ministry of Natural Resources and Forestry (2020). Ontario Flow Assessment Tool.
version 1920.1 Retrieved from https://www.ontario.ca/page/watershed-flow-assessment-
tool#section-5’

Mogollon, B., Frimpong, E. A., Hoegh, A. B., & Angermeier, P. L. (2016). Recent
changes in stream flashiness and flooding, and effects of flood management in North
Carolina and Virginia. Journal of the American Water Resources Association, 52(3), 561-
S77.

Dan Moore, R., & Wondzell, S. M. (2005). Physical hydrology and the effects of forest
harvesting in the Pacific Northwest: a review. Journal of the American Water Resources
Association, 41(4), 763-784.

Moscrip, A. L., & Montgomery, D. R. (1997). Urbanization, flood frequency, and salmon
abundance in Puget lowland streams. Journal of the American Water Resources
Association, 33(6), 1289-1297.

Nalley, D., Adamowski, J., & Khalil, B. (2012). Using discrete wavelet transforms to
analyze trends in streamflow and precipitation in Quebec and Ontario (1954—
2008). Journal of Hydrology, 475, 204-228.

Nastos, P. T., & Zerefos, C. S. (2009). Spatial and temporal variability of consecutive dry
and wet days in Greece. Atmospheric Research, 94(4), 616-628.

Natural Resources Canada (1999). Canada Land Use Monitoring Program. Retrieved
from https://mdl.library.utoronto.ca/collections/geospatial-data/canada-land-use-
monitoring-program-clump

Nehemy, M. F., Maillet, J., Perron, N., Pappas, C., Sonnentag, O., Baltzer, J. L., Laroque,
C., & McDonnell, J. J. (2022). Snowmelt Water Use at Transpiration Onset: Phenology,
Isotope Tracing, and Tree Water Transit Time. Water Resources Research, 58(9),
e2022WR032344.

Nimmo, J. R. (2012). Preferential flow occurs in unsaturated conditions. Hydrological
Processes, 26(5), 786-789.

Ogden, F. L., Raj Pradhan, N., Downer, C. W., & Zahner, J. A. (2011). Relative
importance of impervious area, drainage density, width function, and subsurface storm
drainage on flood runoff from an urbanized catchment. Water resources research, 47(12).

103


https://geohub.lio.gov.on.ca/datasets/southern-ontario-land-resource-information-system-2000-2002-v1-1
https://geohub.lio.gov.on.ca/datasets/southern-ontario-land-resource-information-system-2000-2002-v1-1
https://www.ontario.ca/page/watershed-flow-assessment-tool#section-5
https://www.ontario.ca/page/watershed-flow-assessment-tool#section-5
https://mdl.library.utoronto.ca/collections/geospatial-data/canada-land-use-monitoring-program-clump
https://mdl.library.utoronto.ca/collections/geospatial-data/canada-land-use-monitoring-program-clump

OMAFRA (2018). Tile drainage area. Retrieved from
http://geo.scholarsportal.info/#r/details/ uri@=1136007554& add:true nozoom:true

Ontario Ministry of Agriculture, Food and Rural Affairs (2016). Classifying prime and
marginal agricultural soils and landscapes: guidelines for application of the Canada land
inventory in Ontario. Retrieved from
http://www.omafra.gov.on.ca/english/landuse/classify.htm

Ontario Ministry of Finance. (2018). Ontario population projections update, 2017-2041.
Queen’s Printer for Ontario.

Ontario Ministry of Finance (2021). Ontario population projections. Queens Printer for
Ontario, Toronto.

OMNDMF (Ontario Ministry of Northern Development, Mines and Forestry) (2010).

Surficial geology of southern Ontario 2010. Retrieved from

http://geo.scholarsportal.info/#r/details/ uri@=213781795$0OGDE_SGU_2010 POLY&
add:true_nozoom:true

Ontario Ministry of Transporation (2022). Connecting the GGH: a transportation plan for
the Greater Golden Horseshoe. Retrieved from https://www.ontario.ca/page/connecting-
ggh-transportation-plan-greater-golden-horseshoeftreturn

Pennino, M. J., McDonald, R. I., & Jaffe, P. R. (2016). Watershed-scale impacts of
stormwater green infrastructure on hydrology, nutrient fluxes, and combined sewer
overflows in the mid-Atlantic region. Science of the Total Environment, 565, 1044-1053.

Peters, E. B., Hiller, R. V., & McFadden, J. P. (2011). Seasonal contributions of
vegetation types to suburban evapotranspiration. Journal of Geophysical Research:
Biogeosciences, 116(G1).

Philip, E., Rudra, R. P., Goel, P. K., & Ahmed, S. I. (2022). Investigation of the long-
term trends in the streamflow due to climate change and urbanization for a Great Lakes
watershed. Atmosphere, 13(2), 225.

Plamenac, N. (1988). Effects of subsurface drainage on heavy hydromorphic soil in the
Nelindvor area, Yugoslavia. Agricultural Water Management, 14(1-4), 19-27.

Poff, N. L., Allan, J. D., Bain, M. B., Karr, J. R., Prestegaard, K. L., Richter, B. D.,
Sparks, R.E., & Stromberg, J. C. (1997). The natural flow regime. BioScience, 47(11),
769-784.

Poff, N. L., Bledsoe, B. P., & Cuhaciyan, C. O. (2006). Hydrologic variation with land
use across the contiguous United States: geomorphic and ecological consequences for
stream ecosystems. Geomorphology, 79(3-4), 264-285.

104


http://geo.scholarsportal.info/#r/details/_uri@=1136007554&_add:true_nozoom:true
http://www.omafra.gov.on.ca/english/landuse/classify.htm
http://geo.scholarsportal.info/#r/details/_uri@=213781795$OGDE_SGU_2010_POLY&_add:true_nozoom:true
http://geo.scholarsportal.info/#r/details/_uri@=213781795$OGDE_SGU_2010_POLY&_add:true_nozoom:true
https://www.ontario.ca/page/connecting-ggh-transportation-plan-greater-golden-horseshoe#return
https://www.ontario.ca/page/connecting-ggh-transportation-plan-greater-golden-horseshoe#return

Pohlert, T., & Kendall, S. (2016). Package ‘trend’. Non-parametric trend tests and
change-point detection. Retrieved from
https://cran.rproject.org/web/packages/trend/trend.pdf

R Core Team (2017). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria.

Roodsari, B. K., & Chandler, D. G. (2017). Distribution of surface imperviousness in
small urban catchments predicts runoff peak flows and stream flashiness. Hydrological
Processes, 31(17), 2990-3002.

Rosburg, T. T., Nelson, P. A., & Bledsoe, B. P. (2017). Effects of urbanization on flow
duration and stream flashiness: a case study of Puget Sound streams, western
Washington, USA. Journal of the American Water Resources Association, 53(2), 493-
507.

Rose, S., & Peters, N. E. (2001). Effects of urbanization on streamflow in the Atlanta
area (Georgia, USA): a comparative hydrological approach. Hydrological
Processes, 15(8), 1441-1457.

Saharia, M., Kirstetter, P. E., Vergara, H., Gourley, J. J., Hong, Y., & Giroud, M. (2017).
Mapping flash flood severity in the United States. Journal of Hydrometeorology, 18(2),
397-411.

Sawicz, K., Wagener, T., Sivapalan, M., Troch, P. A., & Carrillo, G. (2011). Catchment
classification: empirical analysis of hydrologic similarity based on catchment function in
the eastern USA. Hydrology and Earth System Sciences, 15(9), 2895-2911.

Schilling, K. E., & Helmers, M. (2008). Effects of subsurface drainage tiles on
streamflow in lowa agricultural watersheds: exploratory hydrograph
analysis. Hydrological Processes: An International Journal, 22(23), 4497-4506.

Schilling, K. E., Jha, M. K., Zhang, Y. K., Gassman, P. W., & Wolter, C. F. (2008).
Impact of land use and land cover change on the water balance of a large agricultural
watershed: historical effects and future directions. Water Resources Research, 44(7).

Schilling, K. E., Jindal, P., Basu, N. B., & Helmers, M. J. (2012). Impact of artificial
subsurface drainage on groundwater travel times and baseflow discharge in an
agricultural watershed, lowa (USA). Hydrological Processes, 26(20), 3092-3100.

Schilling, K. E., Wolter, C. F., Isenhart, T. M., & Schultz, R. C. (2015). Tile drainage
density reduces groundwater travel times and compromises riparian buffer
effectiveness. Journal of Environmental Quality, 44(6), 1754-1763.

105


https://cran.rproject.org/web/packages/trend/trend.pdf

Schilling, K. E., & Jones, C. S. (2019). Hydrograph separation of subsurface tile
discharge. Environmental Monitoring and Assessment, 191(4), 1-10.

Schomberg, J. D., Host, G., Johnson, L. B., & Richards, C. (2005). Evaluating the
influence of landform, surficial geology, and land use on streams using hydrologic
simulation modeling. Aquatic Sciences, 67(4), 528-540.

Schoonover, J. E., Lockaby, B. G., & Helms, B. S. (2006). Impacts of land cover on
stream hydrology in the west Georgia piedmont, USA. Journal of Environmental
Quality, 35(6), 2123-2131.

Searcy, J. K. (1959). Flow-duration curves (No. 1542). US Government Printing Office.

Seuna, P., & Kauppi, L. (1981). Influence of sub-drainage on water quantity and quality
in a cultivated area in Finland. Finland - National Board of Waters.

Sheeder, S. A., Ross, J. D., & Carlson, T. N. (2002). Dual urban and rural hydrograph
signals in three small watersheds. Journal of the American Water Resources
Association, 38(4), 1027-1040.

Simmons, D. L., & Reynolds, R. J. (1982). Effects of urbanization on baseflow of
selected south-shore streams, Long Island, New York. Journal of the American Water
Resources Association, 18(5), 797-805.

Skaggs, R. W., Breve, M. A., & Gilliam, J. W. (1994). Hydrologic and water quality
impacts of agricultural drainage. Critical Reviews in Environmental Science and
Technology, 24(1), 1-32.

Smith, P. G. (2015). Long-term temporal trends in agri-environment and agricultural land
use in Ontario, Canada: transformation, transition and significance. Journal of
Geography and Geology, 7(2), 32.

Statistics Canada. (2022). Census Profile. 2021 Census of Population. Statistics Canada
Catalogue no. 98-316-X2021001.

Taha, H. (1997). Urban climates and heat islands: albedo, evapotranspiration, and
anthropogenic heat. Energy and Buildings, 25(2), 99-103.

Tam, B. Y., Szeto, K., Bonsal, B., Flato, G., Cannon, A. J., & Rong, R. (2019). CMIP5
drought projections in Canada based on the Standardized Precipitation
Evapotranspiration Index. Canadian Water Resources Journal 44(1), 90-107.

Tan, C. S., Drury, C. F., Gaynor, J. D., & Ng, H. Y. F. (1999). Effect of controlled
drainage and subirrigation on subsurface tile drainage nitrate loss and crop yield at the
farm scale. Canadian Water Resources Journal, 24(3), 177-186.

106



Toronto Region Conservation Authority (2007). Rouge River State of Watershed Report -
Chapter 5: Surface Water Quantity. Retrieved from
https://trca.ca/conservation/watershed-management/rouge-river/resources/

Udawatta, R. P., Krstansky, J. J., Henderson, G. S., & Garrett, H. E. (2002). Agroforestry
practices, runoff, and nutrient loss: a paired watershed comparison. Journal of
Environmental Quality, 31(4), 1214-1225.

Ulén, B., Stenberg, M., & Wesstrom, 1. (2016). Use of a flashiness index to predict
phosphorus losses from subsurface drains on a Swedish farm with clay soils. Journal of
Hydrology, 533, 581-590.

Usinowicz, J., Qiu, J., & Kamarainen, A. (2017). Flashiness and flooding of two lakes in
the Upper Midwest during a century of urbanization and climate change. Ecosystems,
20(3), 601-615.

Valtanen, M., Sillanpaa, N., & Setéld, H. (2014). The effects of urbanization on runoff
pollutant concentrations, loadings and their seasonal patterns under cold climate. Water,
Air, & Soil Pollution, 225(6), 1-16.

Veeman, T. S., & Gray, R. (2010). The shifting patterns of agricultural production and
productivity in Canada. The Midwest Agribusiness Trade Research and Information
Center, lowa State University, 123-148.

Villarini, G., Smith, J. A., Baeck, M. L., & Krajewski, W. F. (2011). Examining flood
frequency distributions in the Midwest US. Journal of the American Water Resources
Association, 47(3), 447-463.

Di Vittorio, D., & Ahiablame, L. (2015). Spatial translation and scaling up of low impact
development designs in an urban watershed. Journal of Water Management Modeling.

Wainwright, J., & Parsons, A. J. (2002). The effect of temporal variations in rainfall on
scale dependency in runoff coefficients. Water Resources Research, 38(12), 7-1.

Wang, D., & Alimohammadi, N. (2012). Responses of annual runoff, evaporation, and
storage change to climate variability at the watershed scale. Water Resources
Research, 48(5).

Webber, L. R., Morwick, F. F., & Richards, N. R. (1946). Soil survey of Durham
county (No. 9). Guelph, Ont. Experimental Farms Service Dominion Department of
Agriculture and the Ontario Agricultural College.

Weng, L. (2017). Southern Ontario region at a glance. Ontario Ministry of Agriculture,
Food and Rural Affairs. Retrieved from
http://www.omafra.gov.on.ca/english/stats/county/southern ontario.htm

107


https://trca.ca/conservation/watershed-management/rouge-river/resources/
http://www.omafra.gov.on.ca/english/stats/county/southern_ontario.htm

Walsh, C. J., Roy, A. H., Feminella, J. W., Cottingham, P. D., Groffman, P. M., &
Morgan, R. P. (2005). The urban stream syndrome: current knowledge and the search for
a cure. Journal of the North American Benthological Society, 24(3), 706-723.

Whitehead, P. G., & Robinson, M. (1993). Experimental basin studies—an international
and historical perspective of forest impacts. Journal of Hydrology, 145(3-4), 217-230.

Winkler, R. D., Spittlehouse, D. L., & Golding, D. L. (2005). Measured differences in
snow accumulation and melt among clearcut, juvenile, and mature forests in southern
British Columbia. Hydrological Processes: An International Journal, 19(1), 51-62.

Witter, J. V., Jungerius, P. D., & Ten Harkel, M. J. (1991). Modelling water erosion and
the impact of water repellency. Catena, 18(2), 115-124.

Yang, Y., Anderson, M. C., Gao, F., Hain, C. R., Semmens, K. A., Kustas, W. P.,
Noormets, A., Wynne R.H., Thomas V.A., & Sun, G. (2017). Daily Landsat-scale
evapotranspiration estimation over a forested landscape in North Carolina, USA, using
multi-satellite data fusion. Hydrology and Earth System Sciences, 21(2), 1017-1037.

Young-Robertson, J. M., Bolton, W. R., Bhatt, U. S., Cristébal, J., & Thoman, R. (2016).
Deciduous trees are a large and overlooked sink for snowmelt water in the boreal
forest. Scientific reports, 6(1), 1-10.

Zhang, T. (2005). Influence of the seasonal snow cover on the ground thermal regime:
An overview. Reviews of Geophysics, 43(4).

Zhang, X., Vincent, L. A., Hogg, W. D., & Niitsoo, A. (2000). Temperature and
precipitation trends in Canada during the 20th century. Atmosphere-Ocean, 38(3), 395-
429.

Zhang, X., Flato, G., Kirchmeier-Young, M., Vincent, L., Wan, H., Wang, X., Rong, R.,
Fyfe, J., Li, G., & Kharin, V. V. (2019). Changes in temperature and precipitation across
Canada. Canada’s Changing Climate Report, 112-193.

108



Appendix

1.4

1.2

0.8

0.6

0.4

Discharge (m3/s)

0.2

] y =4.3359x3 - 1.1473x? + 0.0314x
R?=0.9999

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Stage (m)

Figure Al.

Rating curve for Gage Urban.

0.6

0.5

0.4

0.3

0.2

Discharge (m3/s)

0.1

0.0

y = 6.0805x*0677
. R?=0.9656

0 0.1 0.2 0.3 0.4 0.5 0.6

Stage (m)

Figure A2.

Rating curve for Mystery Creek.

109




2.0
1.8

y =0.8267x2 + 0.0865x
R?=0.9937

1.4
1.2
1.0 A
0.8 -
0.6 -

Discharge (m3/s)

0.4 -

0-0 - T T T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

Stage (m)

Figure A3. Rating curve for Gage West.

3 _
y = 2.034x3 - 0.6809x? + 0.0632x
25 - R?=0.9991

—
)
S~ 2 -
(49]
€
~ 15 -
)
Bo
S
© 1-
£
(8]
2 o5
(a)]

0 T T T T 1

0 0.2 0.4 0.6 0.8 1 12
Stage (m)

Figure A3. Rating curve for Brand Creek.

110




6 R?=0.9955

Discharge (m3/s)

y =7.5897x% - 1.0831x + 0.0523

0.4 0.5 0.6

Stage (m)

0.7

0.8

0.9

Figure A4. Rating curve for Gan 2.

y =3.5052x2 - 0.4531x
R?=0.9939

Discharge (m3/s)

Stage (m)

14

Figure A5. Rating curve for Gan 1.

111




0.25 -

y = 477.98x>->86
4 R2=0.8503

o

[ o

;n N
1

Discharge (m3/s)

0.05 A

O T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3

Stage (m)

Figure A6. Rating curve for Gan Nat 1.

35 4

Discharge (m3/s)

o
w
1

0 T T T T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Stage (m)

Figure A7. Rating Curve for Gan Nat 2. Slopes were manually calculated due to Excel
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