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Abstract

High-severity wildfires can increase sediment mobility and erosion rates in burned landscapes
which increase the delivery of fine sediment to receiving streams. The downstream propagation
of these pyrogenic materials can have significant implications for ecosystem and human health
implications. The identification of areas prone to differing levels of sediment erosion is
necessary for watershed managers to prioritize critical areas that may require best management
practices to reduce sediment transfer from hillslopes to receiving streams. Knowledge of
sediment erodibility and runoff rates at the site scale and incorporation of these data in watershed
scale sediment erosion models such as the Revised Universal Soil Loss Equation (RUSLE) is
critical for landscape managers to mitigate the effects of soil erosion. The objectives of this study
are to 1) quantify runoff and sediment erosion rates for dominant soil textures using a rainfall
simulator at the plot scale to provide estimates of sediment erodibility and yield, 2) model post-
wildfire erosion at the watershed-scale to identify critical areas of sediment erosion and 3)
identify priority management zones in Waterton Lakes National Park and recommend
management options for the implementation of best management practices. Runoff and sediment
erosion rates of various soil textures were measured using a rainfall simulator using an I
rainfall intensity. The rainfall simulation data were used in RUSLE to determine watershed-scale
sediment yields and to identify priority management areas. In the present study, a low rainfall
intensity (33 mm hr?) produced runoff and sediment erosion over a range of soil textures
following a wildfire. Finer soil textures produced higher runoff rates and sediment yields
compared to coarse soil textures on burned soils. RUSLE provided first-order sediment erosion
estimates following wildfire and has the potential to identify areas of varying erosion rates at the
watershed-scale, in a GIS environment, for use by land managers that may want to reduce

sediment from potentially entering nearby streams.
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Chapter 1 : Introduction

1.1 Problem Statement

Climate change-associated increases in extreme rainfall events lead to vegetation growth followed
by longer, hotter periods and droughts which soil and vegetation moisture content is reduced,
leading to more fuel for wildfires, which are expected to grow in frequency in severity over the
next decade (Flannigan et al., 2013; Westerling et al., 2006). Wildfire threats to water supplies
have been recognized within Canada and globally (Robinne et al., 2016; 2019; Nunes et al., 2018).
Wildfires can lead to increases in the amount of precipitation that reaches the land surface,
resulting in increased runoff of solids and associated contaminants (Williams et al., 2019; Moody
and Martin, 2001). These impacts have even been observed at large basin scales in systems with
already deteriorated source water quality (Emmerton et al., 2020). Wildfires can increase water
temperature (Wagner et al., 2014) and alter water chemistry changes. For example, higher
concentrations of suspended sediment (Silins et al., 2009; Kunze and Stednick, 2006), metals
(Abraham et al., 2017), nutrients (Silins et al., 2014; Kunze and Stednick, 2006), and other
contaminants (Crouch et al., 2006; Kalabokidis, 2000) have been observed in receiving waters
flowing across wildfire impacted landscapes. Post-wildfire releases of bioavailable phosphorus
from sediments to the water column can be long-lasting, contributing to the proliferation of
bacteria and algae for decades or longer (Emelko et al., 2016; Stone et al., 2014; Watt et al., 2021).
These effects can often be observed over considerable downstream distance; for example, it was
recently shown that anthropogenic and climate-exacerbated landscape disturbances converge to
alter phosphorus bioavailability in an oligotrophic river (Watt et al., 2021). These nutrient releases
also fuel increases in abundance and diversity of macroinvertebrates (Martens et al., 2019) and the
development of riverbed biofilms that result in more variable water quality (Stone et al., 2011).
Collectively, these shifts in source water quality can result in costly challenges for drinking water
treatment (Price et al., 2017; Emelko and Sham, 2014; Emelko et al., 2011) and emphasize the
need for techno-ecological approaches to mitigate some of these threats at the source (Blackburn
et al., 2021; Kirisits et al., 2019).

Increased knowledge of sediment erosion processes on burned landscapes is especially critical for
mitigating wildfire threats to water quality and treatability (Robichaud et al., 2016b; Krishnappan
et al., 2009). After a wildfire, sediment mobility and erosion rates increase due to the loss of
vegetation (Karamesouti et al., 2016) which can increase the transport of fine sediment from
hillslopes to streams and the probability of hazards occurring, such as mass wasting and floods
(Hosseini et al., 2018; Shakesby and Doerr, 2006). Mass wasting can further alter streams flow
and reduce water availability downstream. Accordingly, the identification of major areas of
sediment source delivery from the landscape to receiving waters is critical to selecting and



deploying best management practices (BMPs) for risk mitigation (Robichaud, 2005; Collins et al.,
2020; Krishnappan et al., 2009).

Sediment erosion and runoff models are used to simulate sediment yield, identify potential areas
of risk for sediment transfer to streams, and determine the probability that sediment erosion will
occur under a range of hydro-meteorological conditions. Hosseini et al. (2018) highlighted the
need to quantify sediment loss and risk to aquatic environments. Due to the lack of field data on
post-wildfire soil characteristics, it is difficult to accurately estimate sediment erosion from models
as most sediment erosion models were not specifically designed for this purpose (Fernandez and
Vega, 2016). Rainfall simulators deployed at the plot scale can be used to generate soil erodibility
data required for sediment erosion models. This type of analysis can be used to measure the time-
to-start of runoff and the runoff rate from a set storm intensity and this approach has been
previously applied to post-wildfire environments (Covert and Jordan, 2009; Pierson et al., 2001;
Benavides-Solorio and MacDonald, 2001). Data generated from rainfall simulation experiments
are then used as model parameters to estimate sediment erosion.

The Revised Universal Soil Loss Equation (RUSLE) model, initially developed for agricultural
applications, has been used as a tool to estimate post-wildfire sediment erosion, and identify areas
that with varying levels of risk to sediment erosion in burnt watersheds (Renard et al., 1991; Moody
et al., 2013). Sediment erosion models coupled with Geographic Information Systems (GIS) have
been used to create maps of sediment erosion potential at spatial scales ranging from the plot- to
the watershed scales (Wu et al., 2013). Combining GIS with soil erosion models is an effective
way to analyze data within the GIS platform to visualize model outputs (Grunwald and Qi, 2006).
RUSLE is commonly used within a GIS framework because it is easy to implement and has fewer
data requirements than other more complex and data-rich soil erosion models (Wu et al., 2013).

Several studies have attempted to estimate post-wildfire sediment erosion, but a critical challenge
is to accurately predict the amount of soil loss (Fernandez and Vega, 2016; Vieira et al., 2018;
Robichaud et al., 2016; Esteves et al., 2012; Karamesouti et al., 2016; Meusburger et al., 2010;
Vieira et al., 2014). Although several previous post wildfire erosion modelling studies have been
conducted in the United States and Europe, few studies have investigated post-wildfire soil erosion
in glaciated, forested source water regions located on the eastern slopes of the Canadian Rocky
Mountains. This area is a critical forested source water region that supplies ~80% of drinking water
supplies for Alberta’s settled central and southern regions (Silins et al., 2009). Despite the critical
importance of this region for water supply and the potential risk of post-wildfire sediment to
degrade surface water quality, no studies to date have been conducted to quantify and model post-
wildfire sediment production on the eastern slopes of the Rocky Mountains in southern Alberta.



1.2 Literature Review

1.2.1 Climate Change and Wildfire

Climate change has both positive and negative impacts on global forests (Allen et al., 2010). The
positive effects include increased water use efficiency and longer growing season. However, the
negative effects include increased stress and mortality from climate-driven changes of forest
insects and pathogens, droughts and higher temperatures causing forest mortality and wildfires
(Allen et al., 2010). Consequently, more frequently droughts caused by warmer temperatures have
increased wildfire activity (Westerling et al., 2006; Flannigan et al., 2009; Allen et al., 2010).
Notably, in western North America, fire prone areas are strongly associated with drought and
warmer temperatures which often increase frequency and intensity of wildfire (Westerling et al.,
2006). Changes in fire frequency and intensity is largely due to previous fire suppression activity,
which contributes to increased fuel loads (Allen et al., 2010). Larger fuel loads combined with
drought can create favorable conditions that promote large scale high-intensity fires (Flannigan et
al., 2009).

Over the last few decades fires typically burned larger areas which have been disturbed more
frequently at greater burn severities and this has created a concern for post-wildfire human safety,
regional economies, global climate, and ecosystem services (Flannigan et al., 2009; Larson-Nash
et al., 2018). Furthermore, post-wildfire responses, which include typically hydro-geomorphic
processes, carbon storage, ecosystem disturbances, and water quality concerns, can affect a much
larger area than just the burned basins (Moody et al., 2013); particularly areas that are downstream
of the burned area (Robichaud et al., 2016; Larson-Nash et al., 2018). The impact on hydrological
ecosystem services is concerning in mountainous regions. This is especially true on the eastern
slopes of the Rocky Mountains which are critical water source water regions (Hauer et al., 2016;
Silins et al., 2009).

Hydrological processes on burned landscapes change significantly following a wildfire. Post-
wildfire soils are typically water repellant and have decreased infiltrations rates that can
significantly increase runoff rates compared to pre-burn conditions (Silins et al., 2009). Changes
in the post-wildfire rainfall-runoff response can create floods and debris flows from short and
frequent rainfall events, rather than longer and infrequent storm events (Moody et al., 2013). These
authors report that peak stream discharge and sediment fluxes correlate with maximum rainfall
intensities that are 30-minutes or less in duration (Spigel and Robichaud, 2007). The increased
sediment flux is due to lower sediment thresholds and larger erosion rates that increase sediment
production in the burned area (Silins et al., 2009).



1.2.2 Sediment Erosion

Quantifying post-wildfire sediment erosion prediction is complicated because factors such as
sediment availability, soil erodibility and sediment supply vary considerably in landscapes where
topography, vegetation moisture conditions and fire intensity are highly variable (Moody et al.,
2013). Soil porosity, composition, structure infiltration capacity and particle aggregation are key
parameters that control soil erodibility (Varela at el., 2010). Soil erodibility is a function of soil
texture, organic matter, soil structure, and permeability and can be calculated either from
erodibility nomographs or physically based equations based on empirical data sets (Renard et al.,
1991; Varela et al., 2010). The particle size distribution does not change in low severity fires.
However, if temperatures are greater than 400°C particles can fuse together creating larger
fractions of silt and sand. Additionally, the particle size distribution can have increased sand and
silt fractions when clay particles are eroded during rainfall generated runoff (Varela et al., 2010).

Sediment availability is increased following a wildfire because the fire consumes the canopy, duff
and litter layers thus exposing large areas to erosive forces. Furthermore, when soil aggregates are
altered from the soil heating during the fire, aggregate stability can be reduced thus making
sediment more susceptible to transport (Shakesby and Doerr, 2006; Hosseini et al., 2018). This
change in aggregate stability further alters the soil structure which can reduce infiltration capacity
and increase soil hydrophobicity (Moody et al., 2013). Following wildfire, the reduction in the
infiltration capacity and increase in soil hydrophobicity are related to the consumption of organic
matter, which plays a critical role in controlling aggregate stability and soil properties (Varela et
al., 2010; Mataix-Solera et al., 2011).

Post-wildfire rainfall-runoff typically increases erosion rates in watersheds (Pierson et al., 2001).
The runoff rates can be several orders of magnitude higher than the pre-wildfire conditions (Wilson
et al., 2018), and lead to higher concentrations of suspended sediment and nutrients concentrations
propagated downstream which are subsequently stored in the lower reaches of the stream network
(Hosseini et al., 2018; Feikema et al., 2011). Additionally, the combustion of vegetation and
organic matter, the interactions of fire with the soil surface, and the deposition of ash and charcoal
associated metals are released and redeposited on the soil surface (Abraham et al., 2017).

1.2.3 Methods to Evaluate Post-Wildfire Sediment Erosion

Soil erosion related to landscape disturbances, such as forest harvesting, agriculture, and
urbanization has been widely studied and processes controlling erosion are generally well
understood (Pulley and Collins, 2019; Santikari and Murdoch, 2019; Anne Naeth and Chanasyk,
1996; Hancock et al., 2020). However, there is a need to quantify key processes for post-wildfire
prediction of rainfall-runoff erosion because of the highly variable changes in soil characteristics
(Shakesby and Doerr, 2006). It is often difficult to obtain accurate sediment yields or identify areas
at-risk to erosion using traditional methods, thus modifying current or developing new methods
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would be beneficial for post-wildfire erosion predictions and assessments (Moody et al., 2013).
Furthermore, most methods used to measure sediment erosion and rainfall-runoff estimation are
developed for unburned basins, thus creating a need to evaluate erosion processes in burned basins
(Moody et al., 2013). Additionally, in burned basins spatial variability in the extent of burn severity
can result in heterogeneous behavior in soil water repellency and ash depth in a patch like manner
(Shakesby and Doerr, 2006).

Previous studies of post-wildfire sediment erosion have used a variety of measurement techniques
including infiltrometers (Moody and Ebel, 2014), sediment fences (Fernandez and Vega, 2016),
and rainfall simulators (Covert and Jordan, 2009; Pierson et al., 2001; Benavides-Solorio and
MacDonald, 2001). Moody and Ebel (2014) used infiltrometers to determine the active depth,
magnitude and time-to-start of runoff at the plot scale from naturally occurring rainfall events.
Sediment fences have been used to measure sediment erosion on hillslopes following rainfall
events (Fernandez and Vega, 2016). Rainfall simulators are also used to determine runoff and
sediment erosion rates for a given rainfall intensity. The advantage of rainfall simulators is that
they can be strategically placed to evaluate the effects of factors such as slope, soil type, burn
severity, and the forest floor type on sediment erosion rates (Covert and Jordan, 2009). Rainfall
simulators have been deployed at the plot scale to validate the rainfall erosivity and soil erodibility
in conjunction with soil properties in agricultural land cover (Meyer and Harmon, 1979; Matula,
2009; Hansel et al., 2016; Boulange et al., 2019) and a recent increase in burned landscapes
(Benavides-Solorio and MacDonald, 2001; Pierson et al., 2001; Covert and Jordan, 2009;
Robichaud et al., 2016a; Larsen-Nash et al., 2018). However, they have not been used to directly
measure post-wildfire effects on runoff and sediment erosion on the eastern slopes of the Rocky
Mountains, particularly in snowmelt dominated critical source water regions that typically produce
abundant supplies of high-quality water (Spencer et al., 2019).

Rainfall simulators are generally categorized into two basic designs based on nozzle type. The first
type of nozzle is a drip tube and the second is a pressure valve nozzle (Boulange et al., 2019;
Covert and Jordan, 2009). Rainfall intensity can be adjusted with rainfall simulators using
pressurized nozzles, valves, varying nozzle sizes and different pumps (Boulange et al., 2019).
Rainfall simulators must accurately reflect natural rainfall characteristics such as intensity, drop
size, and velocity of the raindrops (Boulange et al., 2019). The drop size and velocity are
determined using photography and videos with a gridded backdrop (Covert and Jordan, 2009). To
obtain a rainfall intensity the simulator needs to be calibrated prior to the rainfall erosion
experiment by covering the plot to keep it dry and collecting the rainfall running from the cover
for a given interval (Covert and Jordan, 2009). This calibration process is repeated until the desired
rainfall intensity is achieved.

The primary cause of post-wildfire erosion is from high-intensity, short-duration storm events
because of the capacity of these storms to detach and transport surface particles (Spigel and
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Robichaud, 2007). An intensity-duration-frequency (IDF) curve can be used to determine return
period of storm events using empirical or theoretical approaches (Koutsoyiannis et al., 1998).
Rainfall data is used with IDF approaches to estimate rainfall intensity, rainfall duration, and
frequency of storm events (Requena et al., 2019), which can then be used in rainfall simulation to
analyze runoff rates and sediment erosion on experimental plots. Accordingly, rainfall simulators
deployed in post-wildfire environments must be calibrated according to storm events that occur to
create runoff conditions that promote erosion (Covert and Jordan, 2009).

1.2.4 Sediment Export and Runoff Models

Various sediment erosion models have been used to predict soil erosion rates or soil loss following
a wildfire. These models include the Water Erosion Prediction Project (WEPP), the Morgan-
Morgan-Finney (MMF) model, Pan-European Soil Erosion Risk Assessment (PESERA), and the
(Revised) Universal Soil Loss Equation (R)USLE. WEPP is a physical-based model that predicts
soil loss and runoff at large-scales (Fernandez and Vega, 2018). PESERA is a physical-based
model used to estimate long-term erosion rates at large spatial scales based on physical processes
controlling sheet and rill erosion (Kirkby et al., 2009; Fernandez and Vega, 2016). The MMF
model is a simplified erosion model that was designed to simulate annual runoff and erosion rates
(Hosseini et al., 2018). Similar, to the MMF model, USLE and its revised version, RUSLE, are
empirical-based models that estimate annual sediment yields at various scales (Renard et al.,
1991).

The RUSLE model includes five factors that influence the annual loss of sediment. The R-factor
represents the rainfall energy and precipitation volume. The K-factor accounts for soil parameters
that govern erosion potential. Soil parameters reflected in the K-factor include particle-size,
percent organic matter, soil structure, and permeability (Alewell et al., 2019). The LS-factor is a
measure of impact of runoff energy for a given slope length. The C-factor describes the vegetation
cover and management practices. The P-factor is described as the human intervention practice
based on our understanding of soil erosion (Alewell et al., 2019). The utility of the widely used
RUSLE model is that it is easy to implement into a Geographic Information System (GIS)
framework and compared to more mechanistic models it has relatively modest. Notably, it is
widely used as a management tool to identify critical areas of concern of sediment erosion that
require the implementation for best management practices (BMPs; Moody et al., 2013; Wu et al.,
2013).

Geographic Information Systems are useful tools for performing geographic database

management, geovisualization analysis and scientific and mathematical analysis between multiple

datasets. Thus, making GIS capable of providing a reliable decision support system to evaluate

areas of concern of sediment erosion from spatial analysis techniques at various scales (Dragic¢evié¢

et al., 2015). Furthermore, GIS can output the data visually through maps or in the form of tables

and graphs (Grunwald and Qi, 2006). For post-wildfire modelling GIS can be used for burn
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severity mapping (Lanorte et al., 2019; Fox et al., 2016) and effectively evaluate sediment erosion
at various spatial scales (Terranova et al., 2009; Meusburger et al., 2010; Mitasova et al., 2013).
Mapping sediment erosion with RUSLE provides an opportunity to integrate spatial layers for the
five factors listed above and identify critical annual soil loss areas. It also provides first estimation
in post-wildfire sediment erosion (Moody et al., 2013; Lim et al., 2005). Moreover, the
visualization of areas experiencing sediment erosion can help planners and managers identify
critical areas (i.e., hydrologically connected hillslopes and receiving streams) for the deployment
of best management practices to mitigate the erosion potential.

1.3 Research Objectives

The primary goal of this research is to determine the effect of the Kenow wildfire on erodibility
and sediment yields in Waterton Lakes National Park located in SW Alberta, Canada. The specific
objectives of the study are to:

1) Quantify post-wildfire runoff and sediment erosion for dominant soil textures using
rainfall simulations at the plot scale to provide estimates of sediment erodibility and yield.

2) Model post-wildfire erosion at the watershed scale to identify critical areas of sediment
erosion.

3) Identify priority management zones in Waterton Lakes National Park and propose
management options for the implementation of best management practices.



Chapter 2 : Methods

2.1 Experimental Design

Rainfall simulators were deployed at the plot scale for a range of soil textures to quantify post-
wildfire sediment production in two watersheds located in Waterton Lakes National Park (WLNP).
Results of the plot erosion study were used as input data to the Revised Universal Soil Loss
Equation model to simulate erosion at the watershed scale. Maps of erosion potential (high,
medium, and low) were produced to identify critical zones that may present a risk to surface water
quality.

2.2 Study Area

2.2.1 Study Area Description

Waterton Lakes National Park is located on the eastern slopes of the Rocky Mountains in SW
Alberta (Figure 2.1). The geology of the Park consists primarily of Proterozoic sedimentary
materials that were forced over the younger Mesozoic rocks which make up the foothills of the
Park (Coen & Holland, 1976). Currently, there are no glaciers in the WLNP, but previous glacial
activity has altered the landscape. Surficial parent materials in the study area consist of thick
deposits of glacial-fluvial derived sands and gravels (Coen & Holland, 1976). Alpine glaciers
shaped much of the mountain-scape within WLNP which created U-shaped valleys and cirques
while continental glaciers shaped the foothills in the lower areas leaving significant depositional
features such as eskers and kames (WPIS,2019; Coen & Holland, 1976). Glacial deposits comprise
most of the surficial materials in WLNP which include variable mixtures of sands, silts, clays, and
gravels (Figure 2.2; WPIS, 2019).

Cameron Creek and Blakiston Creek drain two of the larger watersheds in WLNP that were
severely burned during the Kenow wildfire (Figure 2.1). Cameron Creek flows within a heavily
incised V-shaped valley, while Blakiston Creek flows across a U-shaped valley created from
retreating glaciers. The lower section of Blakiston Creek has a broad floodplain separating the
steeper hillslopes from the stream. Therefore, the connectivity between hillslopes and Blakiston
Creek is relatively low, whereas the valley walls of Cameron Creek are more tightly connected
hydrologically and thus represent a more direct pathway from the hillslopes to the stream.

Pacific Maritime weather systems that strongly influence the climate of Waterton Lakes National
Park are less frequent and mixed with influential Arctic Continental air masses. The average annual
precipitation is 1072 mm, the majority of which falls as snow (Parks Canada, 2018b). Using
meteorological data from three weather stations for the period 2008 to 2017, Silins (unpublished)
conducted an intensity-duration-frequency (IDF) analysis and determined storm events in WLNP.
The intensity for 2- and 100-year storm events are 15.5 mm hr! and 93.8 mm hr, respectively.
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Each of the watersheds under investigation has a weather station, located at Waterton Lakes Red
Rock (Blakiston Creek) and Akamina Pass (Cameron Creek), while the third is situated at the
Park’s entrance.

The Pacific Maritime and Arctic Continental systems create a unique environment in WLNP where
diverse vegetation types can flourish (Parks Canada, 2018c). Forty-five vegetation types have been
identified in the Park and 16 are significant because they are rare or threatened. Additionally, the
Park is also home to a unique plant known as the Waterton moonwort (Botrychium x wateronese),
only found in Waterton Park (WLNPRG, 2020). The tree species typically found in the Park are
Engelmann spruce (picea engelmannii), Douglas fir (pseudotsuga menziesii), Whitebark pine
(pinus albicaulis), and Lodgepole pine (pinus contorta; USGS, 2007).

In 2017, the Kenow Mountain wildfire severely burned a nearly contiguous area of 19,303 Ha in
WLNP (Figure 2.3; Parks Canada, 2018a). Cameron Creek and Blakiston Creek experienced an
extreme severity burn throughout their drainage network, exposing extensive patches of soils and
post-wildfire pyrogenic materials in near-stream riparian areas. The present study was conducted
22 months after the Kenow wildfire, during which some vegetation regrowth occurred.

2.3 Study Site Selection and Plot Characteristics

Six sites were selected in both Blakiston Creek and Cameron Creek watersheds and three
additional reference (unburned) sites were selected in the Yarrow Creek watershed. In total 36
rainfall erosion experiments (each site sampled in triplicate) were conducted for the burned basins
and a total of 6 rainfall erosion experiments were conducted for the reference basin. A previous
study of soils in Waterton Lakes National Park identified seven main soil texture classes (Parks
Canada, unpublished). In the present study, four soil texture classes were evaluated because they
predominate the soil textural composition in areas adjacent to streams in Blakiston and Cameron
watersheds (Figure 2.4). These four soil textures were clay loam, loam, sandy loam, and sand. Soil
samples were collected at each study site and the soil texture of these materials were determined
in the laboratory using sieves (ASTM, 2017). The mean slope of all the plots was 20.34% and
ranged from 7.87 to 36.59% (Table 2.1). The mean slope for the dominant soil textures was 22.31%
for clay loam, 17.88 for loam, 21.00% for sandy loam, 19.66 for sand, and 26.75 for reference,
respectively.

Study sites located in Cameron and Blakiston Creeks were severely burned during the Kenow
wildfire, but vegetation growth was observed 10 months after the wildfire (Figure 2.5). Vegetation
at study sites in Cameron Creek watershed consisted of fireweed (Chamerion angustifolium) and
mixed grasses (Figure 2.5b). However, fireweed regrowth was predominant in the forested area
adjacent to Blakiston Creek while grasses and some flowers were more common in the meadow
area. Differential vegetation regrowth was observed throughout the study area (Figure 2.5d).
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Notably, at least one plot at each site had some live vegetation cover, including fireweeds, grasses,
and moss. For the reference basin experiments, vegetation ground cover was removed from one
plot at each site while the other plot was not disturbed.

2.4 Rainfall Simulator Description

2.4.1 Rainfall Simulator Design and Assembly

The portable rainfall simulator described by Covert and Jordan (2009) was used in this research.
The rainfall simulator consists of three support legs connected to a rectangular wooden platform.
A (Y inch HH-14WSQ) spray nozzle was attached to the centre of the platform and a plumb bob
was used to centre the rainfall simulator over each experimental plot. The simulator was positioned
at a height of 3 m over the plot to achieve a consistent terminal velocity for the simulated rainfall
(Figure 2.6). A ball valve was attached to the hose to adjust the pressure of the water flowing to
the nozzle and therefore regulate the rainfall intensity. A 4-stroke Honda Wx10 water pump was
used to pump water to the rainfall simulator from an 80 L container.

2.4.2 Rainfall Simulations

Simulated rainfall intensities used in the study are presented in Table 2.1. Initially, the target
intensity was 24.1 mm hr! (2-3-year storm event based on the IDF analysis) because of the
equipment and practical limitations in the study. However, after conducting the rainfall
experiments at two sites, this target intensity was adjusted to 32.8 mm hr (130) because a stronger
rainfall intensity was required to consistently achieve runoff production. The adjusted rainfall
intensity is comparable to a 10-year storm event (l10) for Cameron Creek and a 3-year storm event
(13) for Blakiston Creek. Despite efforts to maintain constant rainfall intensities for each plot, there
were technical issues at sites 6a and 7. They include increases in pump speed and changes in
pressure from the ball valve attached to the rainfall simulation hose. These technical issues were
addressed with recalibration of the rainfall simulator system to the target I3 of the study.

The rainfall simulator tripod was placed upright after a suitable area for the plot was identified. A
windscreen was then fixed between two legs against the dominant wind direction and stretched to
minimize any excess water from creating abnormal raindrop splash erosion. The legs were
extended, and the simulator was levelled above the plot at a constant height. The plot frame was
installed, and the plumb bob was centred above the frame. Three representative surface samples
and one soil profile sample were gathered within 1 m of the plot. These samples were doubled
bagged and stored at room temperature for subsequent particle size analysis.

The plot frame was recessed approximately 5 cm into the ground to prevent any inflow or outflow
of water from the plot during the simulation (Figure 2.7). Surrounding surface material was placed
on the sides of the frame to create a natural soil seal. To prevent excess water from entering the
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sampling bottles a tarpaulin was placed over the spout. To ensure the plot remained dry a tarpaulin
covered the plot while the pump was started, and an even distribution of rainfall was falling on the
plot. Once the target intensity was achieved the tarpaulin was removed. Each rainfall simulation
lasted for 20 minutes and if no runoff was produced the simulation continued for an additional 20
minutes. Most simulations were completed after 40 minutes. After each simulation the equipment
was removed, and the site was returned to a pre-disturbance state as much as possible.

2.5 Laboratory Analysis

2.5.1 Runoff and Sediment Analysis

Runoff was collected in 250 mL plastic bottles during each rainfall simulation. The time of runoff
initiation was recorded when the first drop of water entered the bottle. Samples were collected at
two- or five-minute intervals from the start-of-runoff, depending on the runoff rate during the
experiment. Two intervals (2,5 min) were chosen to ensure that there would be enough runoff in
the sampling bottle for laboratory analysis. Runoff rates were determined by calculating the
volume (mm hrt) of water in each sample and dividing it by the time for each sample collection.

The total suspended solids concentrations from the runoff samples were calculated using the
ASTM D3977 Standard Test Method for Determining Sediment Concentrations in Water Samples
(ASTM, 2006). Runoff samples were passed through glass microfiber filters (Whatman® glass
microfiber filters, Grade GF/A, diameter 55 mm) using a vacuum pump. The samples were then
oven dried at 100 C for one hour then weighed to determine the mass of sediment in the runoff
samples. Sediment concentrations were a product of sediment mass (g) per unit volume (L) of
runoff. The sediment yields (g m™ hrt) at the plot scale were calculated as the product of sediment
concentration (g L) and runoff rate (L hrt) divided by the plot area (0.7784 m?).

The soil samples from each study plot were collected in plastic bags and shipped to the University
of Waterloo. Particle size distribution was determined by mass using a mechanical sieve shaker
set to half phi intervals from 63 microns to 4 mm for the sand fraction (ASTM, 2017). Soil moisture
content were determined gravimetrically using standards methods (ASTM, 2019).

2.6 GIS Modelling Analysis

RUSLE can be implemented into a GIS framework over various spatial scale because it is an
empirical model that does not require a large data set (Wu et al., 2013). RUSLE was used in this
study to estimate soil loss in the Blakiston and Cameron watersheds. GIS in this study was used to
prescreen the watershed for possible study site locations. The goal was to identify locations where
high hillslope connectivity to the river represented high priority management areas for the
implementation of erosion best management practices to mitigate sediment production and
transport to rivers. By assessing sediment erodibility and yields in high priority management zones
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visual representations of potential risk zones are provided for identifying locations for the
implementation of best management practices to reduce contaminants from entering the river
system and propagating downstream.

2.6.1 GIS Environment

A combination of ArcGIS 10.7.1 (ESRI, 2020) and Python 2.7 were used in this study. These tools
permit RUSLE to be processed in a GIS framework through ArcGIS's ArcToolbox system and
python scripts. Additionally, these two approaches enhance the reproducibility of RUSLE for
future studies as they provide other users with accessibility to the methodology of the GIS analysis
portion. The data used in the GIS analysis is based on data from field and laboratory experiments,
as well as data from secondary sources (Appendix A, Table A.1). A 1 m resolution DEM was
provided by Parks Canada, 3 m resolution vegetation cover was provided by Planet Team (2020),
and a burn scar derived from 30 m resolution Landsat-8 imagery (USGS, 2019) was used as
supplementary data for data input.

2.6.2 Revised Universal Soil Loss Equation

RUSLE uses raster layers for its factors to create a soil loss surface based on the drainage basins
within the Blakiston and Cameron watersheds. The parameters for RUSLE were based on field
data collected from the rainfall simulations as well as satellite imagery (Appendix A, Table A.1).
RUSLE was implemented into the GIS environment by creating a surface layer for each parameter
of the RUSLE equation in ArcGIS 10.7.1 and sediment erosion was estimated using Python 2.7.

However, RUSLE does not explicitly model infiltration, overland flow, particle detachment, or
sediment transport, but rather, it represents these processes through its factors (Larsen and
MacDonald, 2007). These factors are soil loss (A; t ha® yr?), rainfall-runoff erosivity (R; MJ mm
hat hr), soil erodibility (K; t hr MJ* mm™), slope length and steepness (LS; dimensionless),
cover-management (C; dimensionless), and conservation practice (P; dimensionless; Renard et al.,
1991). The units presented for the rainfall simulation portion of this study have been modified for
a single 1 hr storm event at the plot scale rather than annual soil loss estimation. However, for the
modelling portion of the study the units follow those outlined by Renard et al. (1991) and uses the
equation:

A=R xK*xLS+C*P (2.1)

The R-factor for single storm events was calculated using the Silins’ (unpublished) IDF analysis
in conjunction with the rainfall volume produced for the given lzo. The rainfall erosivity was
calculated as described by Alewell et al. (2019) using the equation:
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R = (0.29(1— 0.72e(=09550)) x 1, ) I3, (2.2)

Where, I3 is the rainfall intensity (mm hrt) of a 30-min storm event, and vr is the rainfall
volume (mm) during the storm event.

The R-factor for the mean annual erosivity was calculated using daily rainfall data from 2005 to
2018 for the months of April to October. Following the equation suggested by Hui et al. (2010):

R = 0.264F15 (2.3)

Where, F is the Fournier Index, which has been modified to estimate R for areas that do
not have detailed climate data (Hui et al., 2010). The Fournier Index follows the equation (Hui et
al., 2010):

7.2

F= Zr—i (2.4)
e P
i=

Where, r; is the monthly precipitation and P is the annual precipitation.

Using equations 2.3 and 2.4 an erosivity factor of 337.53 MJ mm hr* ha! was calculated and used
to estimate annual soil loss at the watershed scale.

The K-factor was determined by rearranging RUSLE to solve for K based on the values determined
from the other factors at the plot scale, and follows the equation:

_ A
(R*LS*C)

(2.5)

The K-factor at the watershed scale was determined using a soil texture map provided by Parks
Canada and assigning the mean erodibility values from the field data to the provided soil textures.
The accuracy of the map was assessed by comparing soil particle size data from the previous study.

The LS-factor at the plot scale used the field measurements of the slope length and degrees. Slope
length was obtained by measuring the angle and length of the slope at the plot frame. The angle
was converted into a slope percentage so that it can be used in the equation below. The LS-factor
was calculated using the equation described by Stone and Hillborn (2012):

LS = (0.065 + 0.0456(s) + 0.006541(s)2) * (—)"N (2.6)

221
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Where, s is the slope percent, | is the slope length (m), NN is a variable that varies based
on the slope gradient (Alewell et al., 2019). In this study NN set to 0.5 as suggested by Stone and
Hillborn (2012) with slope percent greater than 5%.

The LS-factor at the watershed scale was derived from a 3 m resolution DEM by performing

surface analysis. These techniques include obtaining a flow direction, flow accumulation, and a
slope surface from the equation proposed by Mitasova et al. (2001):

LS = <Power ((—FlOWACC - res) , 0.4)) * <Power <(Sin((swpeDeg i 0'01745))) , 1.4) *
221 0.09

1.4) (2.7)

Where, Power is the power function found in ArcToolbox, FlowAcc is the flow
accumulation layer, res is the resolution of the raster, Sin is the sin function found in ArcToolbox,
and SlopeDeg is the slope layer in degrees.

The post-wildfire C-factor values were obtained using the Soil-Adjusted Vegetation Index for both
the plot- and watershed scale. The reference sites used a C-factor of 0.002 suggested by Breiby
(2006) for forested land covers. SAVI has less variation than the NDVI under low vegetation
conditions (Kuo et al., 2016), thus it was more appropriate to use for this study. It was obtained
using the equation:

(NIR-Red)(1+L) (2.8)

SAVI =
(NIR+Red+L)

Where, L is an adjustment length and was assumed to be 0.1, NIR is the near-infrared band,
and Red is the red band.

C= —axSAVI +1 (2.9)
Where, a is equal to 1.18 (Kuo et al., 2016).

The P-factor was set to a constant of one because there are no fire erosion mitigation practices
currently in place within the Park.

2.6.3 RUSLE implementation into GIS

The implementation of RUSLE into the GIS-framework followed the methods outlined by

Mitasova et al. (2001; 2013) but RUSLE was incorporated using python scripts for spatial analysis.

Python scripts provided a more flexible and streamlined data analysis process. RUSLE required
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three scripts to integrate into the GIS-framework fully. The first calculated the LS-factor, while
the second computed soil loss, and the final script calculated erosion and deposition derived from
slope aspect and RUSLE. The number of extreme outliers, because of the mountainous terrain
topography variability, was reduced by constraining the slope data.

The LS-factor was constrained to slopes less than 30 degrees (60 percent slopes) to keep within
range of the values suggested by Renard et al. (1994) and reduce extreme values that would
contribute to excessive soil loss. The LS-factor was determined using equation 2.7 from section
2.6.2. Additionally, any values of the LS-factor that were still extreme were constrained to values
less than 300 to eliminate unusually high outliers of soil loss further. The five factors' spatial layers
of RUSLE computed soil loss were quantified using equation 2.1 from 2.5.1.

After determining soil loss for the two basins, sediment flow direction, based on equations
proposed by Mitasova et al. (2013), was calculated by determining the x and y directions of soil
loss for a given slope and aspect then multiplying the cosine of the sediment flow aspect by the
tangent of the sediment flow slope for both the x and y directions, thus identifying the severity of
erosion and deposition at the watershed scale.

2.7 Statistical Analysis

A one-way analysis of variance (ANOVA) was performed to test differences in means of runoff
rate, sediment yield, and erodibility. Assumptions of normality and variance of each dataset were
evaluated. Post-hoc comparisons between means of soil textures were conducted using Tukey HSD
tests. Statistical significance of the data was assessed at a p-value of 0.05. All statistical analyses
were performed in R version 3.6.3 (R Core Team, 2019).
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2.8 Tables and Figures

Table 2.1a: Rainfall intensities and rainfall erosivity of plots at sites 1 to 7.

Site la 1b Ic | 2a 20 2| 3 3b 3| 44 4b 4 | 54 5b B 6a 6b 6e 7a 7 7c
Soil Texture Chy Chy Chy|Cly Chy Chy ) Chy Chy Chy Loam Loam Loam| Loam Loam Loam| Loam  Loam  Loam Sandy - Sandy - Sandy
Loam Loam Loam | Loam Loam Loam|Loam Loam Loam Loam  Loam  Loam
Rainfall
Erosivity (MJ | 89.47 89.47 8947|1111 1111 11118886 88.86 88.86 |89.47 8947 8947|8947 8947 8947| 26824 8386 83.86 | 83.86 83.86  83.86
mmbr’ yr)
Rainfall
Intensity (mm | 328 328 328|361 361 361|327 327 327(328 328 328|328 328 328 54 32.7 32.7 32.7 327 3.7
hr?)
VoIFJ rizf?r:l]m) 10.93 1093 1093(12.03 12.03 12.03(10.90 1090 10.90(10.93 10.93 10.93(10.93 1093 1093| 1800 1090 1090 | 1090 1090  10.90
Slope Percent | 2327 2144 27.73{17.09 26,61 17.27 (2235 2345 2162|1441 1853 2661|2401 1210 1477| 2309 1890 1370 | 2586 2623  19.08
Table 2.2b: Rainfall intensities and rainfall erosivity of plots at sites 8 to 15.
Site 8a 8b 8c % 9% 9 | 10a 10b 10c | 11a 11b 1lc | 12a 12b 12 13a 13h 14a 14h 15a 15h
Soil Texture Sandy. Sandy Sandy| Sandy Sandy Sandy Sand Sand Sand | Sand Sand Sand | Sand Sand Sand |Reference Reference|Reference Reference|Reference Reference
Loam Loam Loam| Loam Loam Loam
Rainfall
Erosivity (MJ | 88.86 88.86 88.86 | 88.86 88.86 88.86|43.61 4361 43.61[89.47 89.47 89.47|4361 4361 4361| 89.47 8947 | 8947 8947 | 8947 8947
mmhr* yr)
Rainfall
Intensity (mm | 327 327 327 | 327 327 327|241 241 241|328 328 328|241 241 241| 328 328 328 328 328 328
)
VoIF: ;:f?rim) 10.90 1090 10901090 1090 1090 800 8.00 8.00 [10.93 1093 1093|800 800 800 | 1093 1093 | 1093 1093 | 1093 1093
Slope Percent | 20.35 1530 21.62 [ 17.09 23.82 1962 | 7.87 875 892 [21.99 32.88 3659 |19.62 1944 2107 | 2773 3463 | 3000 2272 | 1139  34.04
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Figure 2.1 Location of Waterton Lakes National Park in Alberta with study area catchments.
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Figure 2.2: Surficial geology in WLNP.
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Figure 2.3: WLNP vegetation cover and burn scar extent.
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Figure 2.4: Rainfall simulation locations in the study catchments.
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Figure 2.5: Impacted forest from the wildfire (A). Emerging vegetation (B). Sparce vegetation (C).

Mix of sparce and emerging vegetation (D).
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Figure 2.6: Rainfall simulator setup and design with windscreen at Site 10a.
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Figure 2.7: Rainfall simulation plot frame and sample collection setup with emerging vegetation
at Site 5b.
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Chapter 3 : Results

The results of the rainfall simulation and erosion modelling are presented in this Chapter. The first
section introduces the data summarized from the rainfall simulations in conjunction with the
laboratory analysis while the second section presents the data from the GIS analysis.

3.1 Field and Laboratory Experiments

3.1.1 Runoff Rates

Runoff rates measured during rainfall erosion experiments are presented for each soil texture in
Table 3.1. Variation in runoff rates within and between the soil textures are illustrated in Figure
3.1. Runoff rates were significantly different for each soil texture (ANOVA, p = 0.001) and these
were based on significant differences between clay loam and reference (adjusted p = 0.007), clay
loam and loam (adjusted p = 0.041), as well as clay loam and sand (adjusted p = 0.001) after
performing the Tukey HSD tests (Figure 3.1).

Runoff rates for clay loam soils were relatively similar for each site (Figure 3.2). Clay loam sites
had a mean runoff rate of 4.16 mm hr. The mean runoff rate for site 1, 2, and 3 was 2.99 mm hr’
14,99 mm hr, and 4.49 mm hr, respectively. The runoff characteristics from all sites on the clay
loam plots varied over time. In one case the rising limb and peak of the hydrograph increased
rapidly then slowly receded compared to the other two replicates as shown in Figure 3.2. For
example, runoff rates from site 1a were comparatively lower than site 3a.

The runoff pattern from loam soils varied among sites and had a mean runoff rate of 1.25 mm hr’
! (Figure 3.3). Site 4 had the lowest runoff rate for loam with a mean runoff rate of 0.02 mm hr.,
Site 5 had the highest mean runoff rate of 2.55 mm hr. The mean runoff rate for site 6 was 1.14
mm hr. Due to a mechanical error in the rainfall simulator controls, the rainfall intensity for the
experiment at site 6a was higher by a factor of 1.6. Accordingly, data from this experiment were
excluded from the statistical analysis to evaluate the effect of soil texture on runoff rates where
rainfall intensity was controlled.

Sandy loam soils had a mean runoff rate of 2.00 mm hr? and the data for this soil texture are
presented in Figure 3.4. The mean runoff rate at site 7 was 2.45 mm hr. Site 8 had the lowest
runoff rates among the sandy loam sites, with a mean of 0.45 mm hr* while site 9 had a mean
runoff rate of 3.10 mm hr. Compared to the two other plots site 7a had a much greater runoff rate.
Site 8 was the only sandy loam sites where experiments were run longer than 20 minutes. All three
plots at site 9 were different with 9a having a steady increase in runoff rate while, 9b had a lower
and steadier runoff rate. At site 9c runoff peaked early in the simulation then steadily declined
before plateauing towards the end of the experiment.
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The runoff rates from sand soils were the lowest among soil texture categories in the burned basins,
with a mean runoff rate of 0.13 mm hr! (Figure 3.5). The mean runoff rate for site 10 was 0.19
mm hr. Site 11 had low runoff rates with a mean runoff rate of 0.003 mm hr?. The pattern of
runoff rates for site 12 plots varied quite a bit from each other, and the mean was 0.19 mm hr™.,
For all sites with sand texture runoff experiments were extended to 40-minute simulations with
only a few plots remaining in the desired 20-minute length.

Runoff rates at the reference sites were low, averaging 0.27 mm hr! (Figure 3.6). For the exposed
plots (vegetation removed), the runoff rate was 0.47 mm hrand the undisturbed was 0.11 mm hr-
1. The mean runoff rate for site 13 was 0.27 mm hrt. Site 14 had a mean runoff rate was 0.47 mm
hr. The mean runoff rate for site 15 was 0.06 mm hr! while, site 15 was different from both sites
13 and 14. At these sites 15 the experiments were conducted for 40-minutes, and the disturbed plot
(15a) did not produce any runoff.

3.1.2 Sediment Yield

Sediment yield determined from laboratory analysis is presented in Table 3.1. Variation in
sediment yields within and between soil textures are illustrated in Figure 3.7. While there was no
significant difference in sediment yield (p = 0.065), the data show that there was a significant
difference in sediment yield between clay loam and sand (adjusted p = 0.045) using the Tukey
HSD test (Figure 3.7).

Clay loam had a mean sediment yield of 28.77 g m?hr* and was the highest among the soil texture
categories (Figure 3.8). The mean sediment yield at sites 1, 2, and 3 was 14.16 g m2hr?, 55.70 g
m2hrt and 16.44 g m?2 hr?, respectively. The sediment yield patterns were different from the
runoff rate patterns as there was much more variability between the plots within the sites. For
example, sediment yields from site 1a were comparatively lower than site 1c. However, site 3 had
little variability amongst the plots and had much lower sediment yields to the runoff rates,
comparatively to the clay loam sites.

The sediment yields for loam varied considerably across sites and the mean was 7.35 g m2 hr!
(Figure 3.9). Site 4 had low sediment yields with a mean of 0.13 g m2hr*. Site 4b did not produce
any sediment yield from the two 20-minute experiments. Site 5 had a mean sediment yield of 16.55
g m2hrt. The mean sediment yield for site 6 was 4.40 g m?2hr?. The sediment yield patterns of
the loam sites follow a similar pattern of their respective runoff rates. Again, due to a mechanical
error in the rainfall simulator controls, the rainfall intensity for the experiment at site 6a was higher
by a factor of 1.6. Accordingly, data from this experiment were excluded from the statistical
analysis to evaluate the effect of soil texture on sediment yield where rainfall intensity was
controlled.
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Sediment yields for sandy loam had a mean sediment yield of 6.89 g m2hr'and the data for this
soil texture are presented in Figure 3.10. The mean sediment yield for site 7 was 9.22 g m2hr.
Site 8 had a mean sediment yield of 1.78 g m2hr. The mean sediment yield for site 9 was 9.68 g
m2hr?. The patterns of the sediment yield followed the runoff rates, comparable to what occurred
for the loam sites. Most plots with the sandy loam soil texture had low sediment yields, except for
sites 7a and 9c. These two plots are comparable to the lower sediment yields of clay loam plots.

The sediment yields for sand were the lowest with a mean of 0.38 g m2hr! (Figure 3.11). The
mean sediment yield for site 10 was 0.58 g m2hr. The mean sediment yield at site 11 was also
low at 0.34 g m2hr. Site 12 had the lowest mean sediment yield of 0.22 g m2hr. Like the
patterns of the sediment yield for loam, the sandy loam sites followed runoff rates.

Surprisingly, the sediment yields for the disturbed reference sites were quite high compared to
most of the burnt soil textures (Figure 3.12), with a mean sediment yield of 14.42 g m2hr?. The
undisturbed mean sediment yield was 1.86 g m2hr. The two plots at site 13 had vastly different
sediment yields, with 13a having its ground cover removed. Site 13a had quite a high total sediment
yield 41.36 g m2hr?, and 13b had a much lower total sediment yield 5.42 g m2hr. Site 14a had
its ground cover untouched, which resulted in a negligible total sediment yield. Whereas 14b had
the ground cover removed, it was able to produce a total sediment yield of 1.90 g m2hr. The
mean sediment yield for site 14 was 0.95 g m hr'. Sediment yield did not occur at 15a, even with
the removal of the ground cover. However, 15b produced a total sediment yield of 0.16 g m2hr?,
while still having an untouched ground cover. The mean sediment yield at site 15 was 0.08 g m
hrt,

3.1.3 Erodibility

The erodibility estimates were obtained from a rearrangement of RUSLE at the plot scale for each
of the dominant soil textures and reference sites. These results are presented in Table 3.1 and the
variations of erodibility are illustrated in Figure 3.13. There is a significant difference in erodibility
(p = 0.018). The data show that there were significant differences in erodibility between the
reference and dominant soil classes of WLNP using the Tukey HSD test (Figure 3.13). The p-
adjusted for reference and clay loam was 0.04, for reference and loam was 0.038, for reference
and sandy loam was 0.025, and for reference and sand was 0.022.

Erodibility of clay loam sites for Waterton Lakes National Park had a mean erodibility of 0.24 g
hr MJ* mm™. The mean erodibility at site 1 was 0.13 g hr MJ" mm*. The mean erodibility for site

2 was 0.47 g hr MJ*t mm™. Site 3 had a mean erodibility of 0.12 g hr MJ™t mm™,

The erodibility of loam was the second highest with a mean of 0.14 g hr MJ™* mm™. Site 4 had low
erodibility with mean of 0.0012 g hr MJ™* mm™. Site 4b did not have any sediment production
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because there was no erodibility for the plot. Site 5 had an erodibility of 0.36 g hr MJ™* mm™. The
mean erodibility rate for site 6 was 0.03 g hr MJ* mm™,

The mean erodibility for sandy loam was 0.06 g hr MJ™* mm™. The mean erodibility for site 7 was
0.05 g hr MJ* mm™. The mean erodibility for site 8 being 0.009 g hr MJ"* mm™. The mean
erodibility for site 9 was 0.05 g hr MJ* mm™,

Sand soils had a mean erodibility of 0.01 g hr MJ** mm™ making it the lowest erodibility of the
soil textures analysed in this study. The mean erodibility for site 10 was 0.03 g hr MJ™* mm™. The
mean erodibility at site 11 was also low at 0.0008 g hr MJ* mm™. Site 12 had a mean erodibility
of 0.002 g hr MJ™* mm™,

The mean erodibility for the uncovered reference plots was 5.30 g hr MJ** mm™, which was the
highest for all rainfall simulation sites, and the mean erodibility for the undisturbed reference plots
was 0.73 g hr MJ*t mm™. With the removal of the ground cover at 13a the erodibility was quite
high at 12.17 g hr MJ™* mm-1. Site 13b had a much lower erodibility with 2.14 g hr MJ** mm™,
Site 14a had an erodibility of 0.002 of g hr MJ"* mm* with an untouched ground cover. The mean
erodibility for site 14 was 1.86 g hr MJ* mm™. Whereas 14b produced an erodibility of 3.72 g hr
MJT mm? with the removal of the ground cover. As mentioned, there was no erodibility at 15a,
even with the removal of the ground cover. At 15b the erodibility was 0.05 g hr MJ* mm?, with
an untouched ground cover. The mean erodibility at site 15 was 0.03 g hr MJ* mm™,

3.2 Modelling

3.2.1 Modelling Sediment Erosion using RUSLE

Estimates of annual sediment yield at the plot scale for each of the dominant soil textures and
reference sites are presented in Table 3.2 and the variations of RUSLE are illustrated in Figure
3.14. There is a significant difference in erodibility (p = 0.046). The data show that there was a
significant difference in erodibility between clay loam and sand (adjusted p = 0.03) using the
Tukey HSD test (Figure 3.14). Table 3.3 shows the mean values of the RUSLE factors for each
site, excluding the R- and P- factors because they were constant values.

Annual sediment yield ranged from 0.00 to 3.89 t ha* yr. The mean sediment yield for clay loam
is 0.95 t ha! yr!. Loam had a mean annual sediment yield of 0.29 t ha yr!. The mean annual
sediment yield for sandy loam was 0.26 t ha yr! and for sand was 0.03 t ha* yrt. For the reference
sites the mean annual sediment yield was 0.25 t ha* yr. The most notable mean values for the
burnt sites were site 6 with a mean annual sediment yield of 1.999 t ha® yr. For the RUSLE
modelling site 6a was included in the analysis because the rainfall erosivity factor was made
constant across all plots. Although, the erodibility was still derived from its original rainfall
intensity producing a higher sediment yield. Conversely to this site, site 4 had a mean annual
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sediment yield of 0.005 t ha® yr?. Interestingly, sites 6 and 4 both were classified as having a loam
soil texture. The notable mean values for the reference sites were site 13 with a sediment yield of
0.652 t ha' yr'! and site 15 with a sediment yield of 0.004 t ha* yr.

The results for erodibility ranged from 0.00 to 0.01 t hr MJ"* mm for the burnt sites with a mean
of 0.001 t hr MJ* mm™. The erodibility for the reference sites ranged from 0.00 to 0.12 t hr MJ!
mm* with a mean of 0.0302 t hr MJ* mm™. The mean erodibility of clay loam from RUSLE is
0.0024 t hr MJ™* mm™*. For loam the mean erodibility was 0.0014 t hr MJ™* mm*. Sandy loam had
a mean erodibility of 0.0005 t hr MJ™* mm™. The mean erodibility of sand was 0.0001 t hr MJ™*
mm?,

The results for the LS-factor ranged from 1.68 to 20.86 across all sites at the plot scale. Site 1 had
a mean of 9.95. The mean for site 2 was 7.56. The LS-factor mean at site 3 was 8.77. Site 4 had a
mean LS-factor of 7.22. The mean for site 5 was 5.62. For site 6 the mean was 4.72. The mean for
site 7 was 9.63. Site 8 had a LS-factor mean of 6.36. The mean for site 9 was 7.88. The LS-factor
mean for site 10 was 1.74. For site 11 the mean was 14.58. The mean LS-factor at site 12 was 7.37.
The mean for site 13 was 15.76. The mean for site 14 was 11.36. Finally, the mean for site 15 was
10.61.

While the C-factor was derived from Remote Sensing and GIS analysis it was used for the plot
scale estimations as well. The results for the C-factor ranged from 0.10 to 0.49 across all sites. Site
1 had a mean of 0.17. The mean for site 2 was 0.18. The mean for site 3 was 0.17. The mean C-
factor for site 4 was 0.18. Site 5 had a mean of 0.15. For site 6 the mean C-factor was 0.44 The
mean for site 7 was 0.21. The C-factor mean for site 8 was 0.29. Site 9 had a mean of 0.16. The
mean for site 10 was 0.32. For site 11 the mean was 0.23. Finally, site 12 had a mean C-factor
value of 0.37.

3.2.2 GIS Analysis

The RUSLE factors that were upscaled for use with GIS were the K- and LS-factors. The R- and
P-factor had constant values of 337.53 and 1, respectively. The C-factor values were already
established for the watershed scale since they were derived from satellite imagery that covered the
study area and downscaled for the plot scale analysis of RUSLE.

The K-factor had only three values present at the watershed scale as result of little data availability
for soil texture of the Park at this scale. Figure 3.15 shows that the distribution of the three values,
which were 0, 0.0007, and 0.0019 t hr MJ"* mm™, throughout Blakiston Creek and Cameron Creek
watersheds. The higher erodible material is for the most part on the steeper slopes, with some of it
being on gentler slopes. Most of the erodible material is along the two main tributaries. The less
erodible material is generally on the shallower slopes where material has a higher erodibility
threshold. Additionally, some of the channels feeding into Blakiston and Cameron Creek are on
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steep, bare rock slopes that generally does not have immediate erodible material around them until
they approach the channels they are feeding.

The LS-factor ranged from 0 to 6018.56 with a mean of 3.82 and a standard deviation of 22.00
(Figure 3.16). Steep slopes caused visually unnatural flow paths with high LS values, even with
the removal of extremely steep slopes. However, there are visually natural looking flow paths with
high LS values that lead to channels. Blakiston Creek has lower LS-factor values close to and on
the floodplain portion of the valley. The small channel incisions of the channels flowing into
Blakiston have higher LS values on their valley walls compared to the floodplain values. Cameron
Creek has mid to low LS-factor values within proximity of the river. The lower values tend to be
on the western side of Cameron Creek on the west side of the road, and surrounding Cameron
Lake. Additionally, there were some LS-values from the surface water of the lakes, as the DEM
captured the parts of the lakes, but those values were low

The C-factor ranged from 0 to 1 with a mean of 0.36 and a standard deviation of 0.23 (Figure
3.17). Lower values of C represent areas with more vegetation, conversely higher values represent
areas with less vegetation. The lower values of C were mostly at the lower reaches of the two
valleys, particularly in the meadow areas of Blakiston Creek and near the stream banks of Cameron
Creek. The lowest values were areas that had minimal or no impact from the Kenow Fire. The
highest values were generally areas that consisted of bare rock near the mountain peaks. The higher
values were on steep slopes and areas that had little vegetation regrowth following the fire.

The sediment erosion and deposition map (Figure 3.18) shows the severity of areas where soil is
more erodible or areas of deposition. Negative values represent erosion where positive values
represent deposition. Based on the data available and the methods used values fell in the range of
-160.60 to 153.39 t ha yr. The mean value is -0.99 t ha® yr? indicating more erosion than
deposition and the standard deviation is 1.49. The south-facing slopes of the two valleys
experienced greater erosion rates compared to any other direction. Conversely, the north-facing
slopes had more deposition than any other direction.
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3.3 Tables and Figures

Table 3.1: Summary of rainfall simulation experiments. Site 6a was removed from loam for this analysis
because it was out of the controlled rainfall intensity.

Soil Texture
Reference (natural) (E?sﬁrri)r:ije) Clay Loam Loam* Sandy Loam Sand
Mean Std.dev. N |Mean Std.dev. N [Mean Std.dev. N [Mean Std.dev. N [Mean Std.dev. N [Mean Std.dev. N
Runoff Rate
1 011 000 3|042 041 3416 277 9125 188 8200 275 9013 016 9
(mmhr™)
Sediment Yield
(gm'zhr'l) 186 308 31442 2335 32876 39.17 9|735 1187 8690 954 9039 051 9
Erodibility (g
1 4.]1073 122 3|530 623 3(024 033 9014 030 8006 009 9001 003 9
hr MJ™ mm™)
Slope (%) 3287 250 32060 835 32232 360 9|1788 517 812099 376 9|19.49 1026 9
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Table 3.2: Estimations of RUSLE parameters at the plot scale. Site 6a was removed from loam for this
analysis because it was out of the controlled rainfall intensity.

Reference Soil Texture
Vegetation Without VVegetation Clay Loam Loam* Sandy Loam Sand
Mean Std.dev. N| Mean Std.dev. N| Mean Std.dev. N| Mean Std.dev. N| Mean Std.dev. N[ Mean Std.dev. N
-1
Ale)aCtor(tha 0094 0156 3|0415 0543 3|0950 1.188 9|0.278 0447 8|0261 0364 9|0025 0037 9
yr
R-Factor
4 .133753 0.00 3|33753 0.00 3|337.53 0.00 9(337.53 0.00 8|337.53 0.00 9|337.53 0.00 9
(MImmhr= yr)
K-Factor (t hr
M mm'l) 0.0073 0.0121 3|0.0530 0.0624 3|0.0024 0.0033 9|0.0014 0.0029 8]0.0005 0.0009 9(0.0001 0.0003 9
LS-Factor 1369 492 3|1341 915 3|876 236 9|59 297 8|79 224 9790 691 9
C-factor 0.002 0.000 3(0.002 0.000 3| 017 0.04 9|023 013 8| 022 006 9031 009 9
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Table 3.3: Mean RUSLE factor values for each experiment site at the plot scale. The R- and P-factors
were excluded because they were set as constants for each site.

. . Annual Soil Loss | Soil Erodibility
Site [ Soil Texture | n 1 1 1. | LS-Factor | C-Factor
(tha™ yr?) (thr MJ™ mm™)
1 | ClayLoam | 3 0.533 0.00127 9.95 0.17
2 | ClayLoam | 3 1.693 0.00466 7.56 0.18
3 | ClayLoam | 3 0.625 0.00118 8.77 0.17
4 Loam 3 0.005 0.00001 7.22 0.18
5 Loam 3 0.625 0.00362 5.62 0.15
6 Loam 3 1.999 0.00156 6.03 0.45
7 [Sandy Loam| 3 0.351 0.00055 9.63 0.21
8 [Sandy Loam| 3 0.067 0.00009 6.36 0.29
9 [Sandy Loam| 3 0.365 0.00100 7.88 0.16
10 Sand 3 0.046 0.00032 1.74 0.32
11 Sand 3 0.013 0.00001 14.58 0.23
12 Sand 3 0.015 0.00002 7.37 0.37
13 | Reference | 2 0.652 0.07155 15.76 0.002
14 | Reference 2 0.108 0.01862 11.36 0.002
15 | Reference | 2 0.004 0.00030 10.61 0.002
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Anova, F(4,36) = 5.58, p = 0.001
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Figure 3.1: Runoff rate (mm hr?') as a function of soil texture with ANOVA and pairwise
comparison results. *Site 6a was removed from loam for this analysis because it was out of the

controlled rainfall intensity.
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Figure 3.2: Runoff rates for clay loam sites (mm hr?).
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Figure 3.3: Runoff rates for loam sites (mm hr?). Site 6a was removed for this analysis because it
was out of the controlled rainfall intensity.
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Figure 3.4: Runoff rates for sandy loam sites (mm hr?).
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Figure 3.6: Runoff rates for reference sites (mm hr?).
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Anova, F(4,36) = 2.44, p = 0.065
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Figure 3.7: Sediment yield (g m 2 hr!) as a function of soil texture with ANOVA and pairwise
comparison results. *Site 6a was removed from loam for this analysis because it was out of the
controlled rainfall intensity.
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Figure 3.8: Sediment yield for clay loam sites (g m 2 hrt).
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Figure 3.9: Sediment yield for loam sites (g m 2 hrt). Site 6a was removed for this analysis because

it was out of the controlled rainfall intensity.
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Figure 3.10: Sediment yield for sandy loam sites (g m 2 hr?).
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Figure 3.12: Sediment yield for reference sites (g m 2 hr?).
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Anova, F(4,36) = 3.44, p = 0.018
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Figure 3.13: Erodibility (g hr MJ"* mm™) as a function of soil texture with ANOVA and pairwise
comparison results. *Site 6a was removed from loam for this analysis because it was out of the
controlled rainfall intensity.
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Figure 3.14: Sediment yield (t ha* yr) as a function of soil texture with ANOVA and pairwise
comparison results. *Site 6a was removed from loam for this analysis because it was out of the
controlled rainfall intensity.

39



Soil Texture
€ clay loam
¢ loam

K Factor

tha MJ? mm *
] o

[ 0.0007
I 00019

0 | 2 4 ) 7
1:95.000 I

Kilometers

Figure 3.15: K-factor distribution for Blakiston Creek and Cameron Creek watersheds.
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Figure 3.16: LS-factor values for Blakiston Creek and Cameron Creek watersheds.
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Figure 3.17: Distribution of C-factor values for Blakiston Creek and Cameron Creek watersheds.
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Chapter 4 : Discussion

4.1 Introduction

Post-wildfire sediment erosion has been studied in a wide range of hydro-climatic and
physiographic regions globally, including Colorado (Benavides-Solorio and MacDonald, 2001;
Larsen and MacDonald, 2007), Nevada (Pierson et al., 2001), Utah (Robichaud et al., 2019),
Montana (Woods and Balfour, 2010; Robichaud et al., 2016a; Spigel and Robichaud, 2007), the
Mediterranean (Lanorte et al., 2019; Fernandez et al., 2010; Fernandez and Vega, 2016;
Fernandez and Vega, 2018; Karamesoulti et al., 2016; Hosseini et al., 2003), and Australia (Blake
et al., 2020; Sheridan et al., 2007; Feikema et al., 2011). In contrast, very few post-wildfire
erosion studies have been conducted in critical forested source water regions of Canada
(Robichaud et al., 2013).

The present study is the first to quantify and model post-wildfire hillslope erosion in Waterton
Lakes National Park in southwestern Alberta. A rainfall simulator was deployed at the plot scale
for a range of soil textures was used in two watersheds (Cameron, Blakiston) to measure soil
erosivity, runoff rates, and sediment yield. Data from the field erosion experiments were used as
input parameters to a sediment transport model (RUSLE) to produce soil erosion maps for
watershed planning and water quality management. Results of the previous chapter are discussed
in the following sections (4.2) factors impacting runoff rates, (4.3) factors impacting sediment
erosion and (4.4) modelling sediment erosion in Waterton Lakes National Park.

4.2 Factors impacting runoff rates in post-wildfire Waterton Lakes National Park (WLNP)

Surface runoff rates in WLNP varied across soil textures on post-wildfire soils during low-intensity
rainfall events. These results support the concept that runoff rates increase following a wildfire
(Benavides-Solorio and MacDonald, 2001; Spigel and Robichaud, 2007; Woods and Balfour,
2010; Larsen and MacDonald, 2007; Shakesby and Doerr, 2006). However, runoff rates in the
present study are lower than previous research by a factor of 10.41. Possible reasons for the
observed reduction in runoff rates include lower rainfall intensities, recovery of infiltration
capacities, variations in microtopography, changes in ground cover, and spatial variation in soil
texture. General trends from hillslope runoff studies show that factors controlling runoff include
rainfall intensity (Benavides-Solorio and MacDonald, 2001; Spigel and Robichaud, 2007),
infiltration (Larsen and MacDonald, 2007; Woods and Balfour, 2010), microtopography
(Puntenney-Desmond et al., 2020; Lui et al., 2019; Jourgholami and Labelle, 2020), ground cover
(Hartanto et al., 2002; Zhou et al., 2018; Puntenney-Desmond et al., 2020; Shakesby and Doerr,
2006), and particle size (Woods and Balfour, 2010; Jourgholami and Labelle, 2020), these factors
on runoff will be discussed in the following subsections.
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4.2.1 Implications of rainfall intensity and infiltration on runoff generation

Soil erosion studies using high-intensity rainfall simulations have been conducted on post-wildfire
soils (Benavides-Solorio and MacDonald, 2001; Woods and Balfour, 2010; Robichaud et al.,
2016a), harvested soils (Puntenney-Desmond et al., 2020), heavily trafficked soils (Jourgholami
and Labelle, 2020; Zemke, 2016) and undisturbed soils (Zhou et al., 2018; Benavides-Solorio and
MacDonald, 2001; Puntenney-Desmond et al., 2020). In contrast to the use of high-intensity
rainfall simulations, the current study found that simulated low-intensity high-frequency storm
events were capable of producing runoff on most experimental plots in a severely burned post-
wildfire environment 22 months following a wildfire and on undisturbed soils. Although rainfall
intensities in the present study were lower than in previous research, comparable runoff rates were
observed in previous studies. One explanation is that the lower rainfall intensities were insufficient
to saturate soils and therefore reach infiltration capacity. However, at site 6a, which had the highest
rainfall intensity, post-wildfire soils were mobilized and transported more easily. Thus, site 6a
shows that higher rainfall intensities reach infiltration capacities quicker, and runoff rates are more
notable than at simulations with lower rainfall intensities. Notably, because of a mechanical error
in the rainfall simulator controls, the data from site 6a were excluded from the statistical analysis.
Furthermore, this result should be taken with caution as this is only one example of high-intensity
rainfall in the present study.

Post-wildfire infiltration rates are affected by the ash and subsurface hydrophobic layer after
wildfire (Larsen and MacDonald, 2007; Woods and Balfour, 2010). The ash layer saturates from
the bottom up and creates unique conditions producing infiltration excess overland flow in shallow
depth ash. Furthermore, after ash layer saturation, runoff rates are dependent on rainfall intensity
and the infiltration capacity of the underlying soil (Woods and Balfour, 2010). In the present study,
some plots were not saturated, and infiltration capacities were not exceeded. This soil moisture
condition observation is evident for sites 4 and 11 (Figure 4.1). Early ponding was observed in the
rainfall simulation experiments but was followed by rapid infiltration and reduced runoff
generation.

Another possible explanation for the runoff rates observed in the present study is a hydrophobic
layer influencing the infiltration rates of the underlying soils by decreasing surface roughness and
reducing the amount of water infiltrating the soils near or at the soil surface (Larsen and
MacDonald, 2007). However, a natural water repellency layer can form from resins, waxes, and
aromatic oils created by live vegetation, typically on hot, dry days on undisturbed soil surfaces
(Puntenney-Desmond et al., 2020). Thus, runoff production on undisturbed soils with natural water
repellency layer can be similar or more notable than disturbances in the same study area. In the
present study, infiltration rates may have moderately recovered to pre-burn conditions on some
plots. An explanation for this potential recovery is seen between plots at a site when comparing
the runoff initiation. For instance, early runoff generation at site 3, plots 3b and 3c (Figure 3.2)
occurred, whereas it took longer to generate runoff at site 3a. This finding supports previous
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research investigating the decay of the hydrophobic layer and recovery of infiltration rates (Woods
and Balfour, 2010; Larsen and MacDonald, 2007). However, infiltration capacity and ash layer
presence must be interpreted cautiously because other factors could affect differences in runoff
rates measured in these plots.

4.2.2 The influence of microtopography on runoff rates

Microtopography can influence runoff rates via the presence of micro-depressions that store water
and changes in flow-path length changes (Puntenney-Desmond et al., 2020; Lui et al., 2019;
Jourgholami and Labelle, 2020). In the present study, the microtopography of experimental plots
influenced the runoff rates. The most noticeable factor from the microtopography was the micro-
depressions that created a ponding effect and reduced the runoff volume (Figure 4.2). These
findings were similar to those described by Puntenney-Desmond et al. (2020), where ponding was
observed on some plots caused by depression from harvest activity. The topographic depressions
in the current study were likely naturally occurring from previous erosion events before developing
a vegetation layer and tree roots near the soil surface. Additionally, micro-depressions were
typically located at the back corners or in the middle of plots, with few at the spout of the plot
frame. The location of the depressions is a possible explanation for the reduction in runoff rates
because ponding limited water availability from entering sample bottles.

In addition to micro-depressions, potential changes to runoff rates include changes in flow-path
length. Shorter flow-path lengths require more water to generate runoff (Lui et al., 2018).
However, the runoff results from some plots suggest some flow-path lengths were short enough to
reduce runoff rates, particularly plots with dynamic microtopography. For example, Figure 4.2a
shows ponding from an experiment with no flow path for the water to move downslope.
Furthermore, a flow path could not form because the water volume throughout the experiment was
not enough to escape the micro-depression. Notably, the infiltration rates on that plot were
exceptionally fast, with the ponded water infiltrating seconds after the experiment was over (Figure
4.2b). Similar cases, to a lesser degree, were observed on other plots as well.

4.2.3 The importance of ground cover on runoff rates

Ground cover type plays a critical role in regulating runoff rates (Hartanto et al., 2002; Zhou et al.,
2018; Puntenney-Desmond et al., 2020; Shakesby and Doerr, 2006). In this study, ground cover
affected the runoff rates because of vegetation recovery, litter dams from debris and, soil
hydrophobicity. Hydrophobic soils can reduce surface roughness and increase runoff rates (Larsen
and MacDonald, 2007).

The relationship between vegetation recovery and runoff rates may partly be explained by leaf
interception from the newly grown vegetation reducing the volume of water hitting the soil surface,
resulting in decreased water availability (Hartanto et al., 2002). However, the present study could
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not demonstrate that live vegetation played a critical role in runoff rates. It may be that there was
not enough vegetation cover on plots to show any sign of runoff decreases compared to non-
vegetated plots with similar soil textures. For example, site 5b had approximately 25% vegetation
cover (Figure 2.7) but had the maximum runoff rate at site 5 (Figure 3.2). In contrast to this
example, site 4a had approximately 35% leafy vegetation cover (Figure 4.3) but had the minimum
runoff rate at site 4 (Figure 3.2). Although this was an observation, there is potential bias from the
observers, and other factors could have increased the runoff rates on the vegetated plots.

Litter dams from debris can trap water in depressions and alter the lengths and directions of flow
paths by making the path shorter or longer (Shakesby and Doerr et al., 2006; Zhou et al., 2018;
Jourgholami and Labelle, 2020). In the present study, interaction between litter and runoff during
rainfall simulations was observed. Remaining post-fire vegetation created litter dams that
restricted runoff. For example, at site 2b, there was an exposed root that ran horizontally across
the plot near the spout of the frame. This plot had the lowest runoff rates at the three site 2 plots.
When comparing other factors between the plots, there are minimal differences in plot
characteristics.

4.2.4 The effect of dominant particle size on runoff rates

Few studies have specifically examined the role of soil texture on runoff rates in a post-wildfire
environment (Woods and Balfour, 2010). In the present study, soil texture was a key factor
influencing runoff rates and demonstrated that as particle size increases, runoff rates decreased due
to increased infiltration capacity. These results are consistent with those obtained by Jourgholami
and Labelle (2020), although their study focused on machine-trafficked soils.

One unanticipated outcome of the present study was that the loam soil texture had lower runoff
rates than the sandy loam sites. This discrepancy could result from excluding an experiment that
did not use the study’s controlled rainfall intensity, resulting in fewer plots in the statistical analysis
runoff rates as a function of soil texture. In addition to this result, two out of three sites (4 and 6)
were influenced by a thick ash layer that did not saturate thoroughly throughout the experiments
at site 4 and micro-depressions at site 6, considerably reducing runoff volume leaving the plots.
Thus, runoff rates for loam might not reflect the actual runoff rates experienced in situ under
normal conditions. Therefore, cautious interpretation of the results for runoff rates as a function of
loam is required.

Reference runoff rates were much lower than the post-wildfire rates, particularly when compared

against the fine-textured soils. Additionally, the reference sites are more in line with sand-textured

soils in the burned basin. Furthermore, comparing the natural and disturbed runoff rates of the

reference plots shows that ground cover plays an essential role in the volume of runoff generated.

The disturbed plots were within a few meters of the natural plots at the same sites, and rainfall

simulations were done on the same day for the two plots at each site in the reference basin. Another
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possible reason why runoff rates seem low for the reference basin is that one plot (site 15a) did not
have any runoff production. The lack of runoff for that plot can be attributed to it having a low
slope combined with micro-depressions and litter dams from tree roots, even with the removal of
ground cover. However, this observation must be interpreted with caution because the time
constraints of the study did not allow for the analysis of dominant particle size analysis for the
reference basin.

4.3 Factors impacting sediment erosion in post-wildfire Waterton Lakes National Park

Sediment erosion in WLNP varied between soil textures during low-intensity rainfall simulations.
These results further support the idea that sediment erosion increases following a wildfire
(Benavides-Solorio and MacDonald, 2001; Spigel and Robichaud, 2007; Larsen and MacDonald,
2007; Shakesby and Doerr, 2006). Although, the current study experienced lower sediment yields
compared to previous studies. The lower sediment yields can be explained by low rainfall
erosivity, ground cover differences, and dominant particle size variations. There is a considerable
amount of literature on sediment erosion in hillslope environments that have shown that factors
such as rainfall erosivity (Benavides-Solorio and MacDonald, 2005; Larsen and MacDonald,
2007) and ground cover (Hartanto et al., 2002; Zhou et al., 2018; Puntenney-Desmond et al., 2020;
Shakesby and Doerr, 2006) affect sediment erosion. In this section, each of these factors that affect
erosion will be discussed in the context of the present study and compared with previous research
findings.

4.3.1 The importance of rainfall erosivity on post-wildfire soils

Rainfall erosivity influences sediment erosion in a post-wildfire environment (Larsen and
MacDonald, 2007; Benavides-Solorio and MacDonald, 2005). Additionally, Larsen and
MacDonald (2007) have noted that values of 5 - 20 MJ mm ha* h'* were the minimum rainfall
erosivity on recently burned soils to generate soil erosion. This study found that rainfall erosivity
as low as 43.61 MJ mm ha* hr! can achieve sediment production on soils 22 months following a
severe wildfire. A possibility is that the Kenow Wildfire's burn severity was destructive enough to
slow the soil recovery rate in the study area, resulting in erodible soils in the two burned basins
under low-intensity rainfall conditions.

In addition to the soil erosivity, there were some differences in sediment yields between sites with
the same soil texture. These variations in sediment yields can be explained by the impact of rainfall
erosivity when looking at the slight differences in rainfall intensity, thus causing differences in the
particle detachment and transport from raindrop splash energy during the rainfall simulations. For
example, the clay loam sites had differing rainfall erosivity values. Table 2.1a shows that sites 1
and 3 were similar, with site 2 being much higher. These differences resulted in site 2 having
higher sediment yields than the other two sites, even with all three sites having a large percentage
of bare soil exposed. However, the impact rainfall erosivity has on sediment erosion in this study
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needs to be taken with caution because other factors also affect sediment erosion, such as ground
cover (Benavides-Solorio and MacDonald, 2005) and soil texture.

4.3.2 The influence of ground cover on sediment erosion

Ground cover plays a critical role in sediment production in forested environments because surface
roughness, litter and vegetation cover, and soil exposure are the first-order controls governing
sediment production (Puntenney-Desmond et al., 2020; Hartanto et al., 2002; Zhou et al., 2018;
Shakesby and Doerr, 2006). The present study found that litter cover and soil exposure had the
most influence on sediment production for the rainfall simulation experiments. This influence can
be seen when comparing the disturbed and undisturbed plots, where the sediment production on
disturbed plots was nearly an order of magnitude greater in most instances, except for the sand-
textured soils.

Stem vegetation (15 to 45 cm tall) had little impact on reducing sediment erosion in the post-
wildfire experiments. This outcome is contrary to previous studies that suggested that vegetation
cover reduces sediment production by protecting against soil particle detachment (Hartanto et al.,
2002; Zhou et al., 2018; Puntenney-Desmond et al., 2020; Shakesby and Doerr, 2006). It may be
that the vegetation did not provide adequate raindrop interception for the plot surfaces resulting in
the exposed soils still being susceptible to the erosive force of the simulated rain. However, sites
8b and 8c had a moss layer present which seemed to reduce the volume of sediment produced
during those experiments (Figure 4.4). The impact of moss cover on sediment production may be
explained by looking at the natural plots in the reference basin, which had a litter layer covering
the soil surface and having a minute amount of soil loss for those experiments. This litter layer
reduced the sediment yields of the natural plots by a factor of 7.75 compared to the sediment yields
of the disturbed reference plots.

A note of caution is due here since most plots in the post-wildfire basins primarily consisted of
exposed soils with little stem vegetation cover and even less leaf cover. Thus, it is difficult to
determine the actual effect of vegetation cover following the Kenow wildfire. However, it is
promising that the present study showed that litter cover and soil exposure played a role in
determining sediment production.

4.3.3 The effect of dominant particle size on sediment erosion

Very little was found in the literature regarding the effect dominant soil particle size has on
sediment erosion for post-wildfire environments. Although, there have been studies on the effect
of soil texture on sediment erosion on agricultural (Wischmeier and Smith, 1978) and machine
trafficked soils (Jourgholami and Labelle, 2020). The current study determined that particle size
is an essential factor for post-wildfire sediment erosion (Figure 3.7). The present findings on soil
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texture and sediment erosion indicate that as the soil particle size increases, the volume of sediment
eroded decreases, with clay loam having the highest and sand having the lowest soil erosion rates.

The influence of soil texture on sediment erosion is consistent with that of Jourgholami and Labelle
(2020), who showed that clay textured soils have higher erosion rates than loam textured soils on
disturbed soils. However, Wischmeier and Smith (1978) found that clay textured soils were less
erodible than course-textured soils on agricultural plots because the clay soils had greater soil
aggregate stability. The reason for the differences for clay textured soil erosion between the studies
could be that the soil aggregate stability decreased following a disturbance that increased the soils'
detachment rates (Shakesby and Doerr, 2006; Hosseini et al., 2018). Interestingly, loam textured
soils produced more sediment than the sandy loams, even though loam sites had lower runoff rates
than the sandy loam (Table 3.1). This finding can be attributed to the loam sites having a higher
erodibility causing greater sediment concentrations in the runoff samples than the sandy loam sites.

Similar to the reference runoff rates, the natural reference sediment yields were lower than the
disturbed yields, except for the sand textured soils (Table 3.1). A possible reason for the natural
reference sites being higher than the sand sites is that site 13b had some soil exposed near the spout
of the plot frame (Figure 4.5). This exposed soil increased sediment leaving the plot, resulting in
a higher sediment yield than the other natural plots. In addition to the exposed soil at site 13b, site
13 had higher erodibility than any other site conducted in this study (Table 3.3), increasing the
mean sediment yields for the reference sites. Furthermore, the reference sites were more erodible
than the soil textures in the burned basin (Figure 3.13). Unfortunately, comparing the reference
sites to the post-wildfire sites is somewhat limited because time constraints did not allow for soil
texture analysis of the reference sites. Thus, making it challenging to compare soil textures of non-
burned soils to burned soils for the present study. However, these findings may help us understand
the impact of soil texture on sediment erosion in post-wildfire environments, particularly in critical
source water regions at risk of the transport of post-wildfire contaminants.

4.4 Modelling sediment erosion in post-wildfire Waterton Lakes National Park

Sediment erosion in WLNP was modelled using the Revised Universal Soil Loss Equation
(RUSLE) at the plot-scale for each site and watershed-scale for Blakiston Creek and Cameron
Creek basins. Comparison of the present findings is in line with those of previous studies (Table
4.1). However, the current study’s results are on the lower end of soil erosion than previous post-
wildfire studies. These lower sediment yields found in the current study may be explained by the
soil erodibility and cover management factors from RUSLE. While most sediment erosion
modelling has been conducted on agricultural landscapes (Hancock et al., 2020; Renard et al.,
1997; Wischmeier and Smith, 1978; Renard et al., 1991; Renard et al., 1994), there has been an
increase in sediment erosion modelling in post-wildfire environments in recent years (Larsen and
MacDonald, 2007; Blake et al., 2020; Fernandez et al., 2010; Fernandez and Vega, 2016;
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Ferndndez and Vega, 2018), with a minor focus on the use of GIS to model sediment erosion
(Lanorte et al., 2019).

The emerging literature on modelling sediment erosion in post-wildfire have attempted to adjust
the K- and C-factor to account for the surface changes following a wildfire (Larsen and
MacDonald, 2007; Lanorte et al., 2019; Ferndndez et al., 2010; Ferndndez and Vega, 2016;
Fernandez and Vega, 2018). However, the current study did not adjust the K-factor because it was
determined using a different methodology from the other studies that adjusted the soil erodibility
factor (Fernandez et al., 2010; Ferndndez and Vega, 2016; Ferndndez and Vega, 2018).
Furthermore, the C-factor was not altered because it was calculated using Remote Sensing
techniques following the Kenow Wildfire, similar to Lanorte et al. (2019). The following
subsections discuss the application of RUSLE and its factors, the application of RUSLE in a GIS
framework, and the implications for best management practices in Waterton Lakes National Park.

4.4.1 Application of RUSLE to model erosion processes in Waterton Lakes National Park

The present study standardized the annual rainfall erosivity across all sites to reduce variability
from rainfall data on sediment yield prediction. The R-factor in the current study was much lower
than most previous post-wildfire RUSLE studies (Table 4.2) except for the Larsen and MacDonald
(2007) study. These differences in rainfall erosivity between the current study and Larsen and
MacDonald (2007) compared to other studies can be explained by the other studies being in areas
with high amounts of precipitation throughout a year. The Larsen and MacDonald (2007) study
area was more similar to the present study area than the other studies and measured rainfall data
between June and October for each year of the study with a mean rainfall erosivity of 286 MJ mm
ha-1 hr-1. This study used historical rainfall data between April and October over 13 years to
calculate a mean rainfall erosivity of 337.53 MJ mm ha-1 hr-1. A note of caution is due here with
the current study’s R-factor because some precipitation data may be snowfall precipitation for
April and May. Thus, there may be some inaccuracy in the rainfall erosivity estimations for the
present study.

Due to an inadequate amount of field data, the present study determined the K-factor by
rearranging the RUSLE model to calculate soil erodibility using the field sediment yield data
instead of the one suggested by Renard et al. (1991). However, the soil erodibility values were still
within the range of previous studies that obtained their erodibility values through field
measurements (Table 4.3), even though they were on the lower end. A possible reason the current
study’s soil erodibility is lower than previous studies could be that the K-factor was not adjusted
to account for soil burn severity (Fernandez et al., 2010; Fernandez and Vega, 2016; Fernandez
and Vega, 2018). Instead, the rearranged version of RUSLE used in the present study calculated
the post-wildfire erodibility, so there was no need to incorporate a soil burn severity into the
modelling for predicting annual sediment yields.
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There is a paucity of studies in the literature on the impact of slope length and steepness factor
(LS-factor) on sediment erosion following wildfire (Blake et al., 2020). However, previous studies
have documented their LS-values for their research, and the current study falls within a similar
range (Table 4.4). The LS-factor was moderately similar across most sites in the current study,
except for two sand sites (sites 10 and 11; Table 3.3). Moreover, site 10 had the lowest LS-values
but the highest sediment yield for sand and, conversely, site 11 had the highest LS-factor and the
lowest sediment yield for sand. A possible explanation for the differing sediment yields at sites 10
and 11 is that site 11 was in the meadow area of Blakiston Creek, which had more infiltration
compared to other areas of the study, as discussed in section 4.2.1. Furthermore, in looking at the
LS-values throughout the study, LS-factor has minimal impact on the amount of sediment yield
estimated in the present study (Table 3.2).

The cover-management factor (C-factor) is a critical variable from RUSLE to estimate post-
wildfire sediment yields (Fernandez et al., 2010) because the C-factor describes the vegetation
cover and management of an area (Benavides-Solorio and MacDonald, 2005; Renard et al., 1991).
Larsen and MacDonald (2007) hypothesized that C-factor values should be at or close to a value
of 1 following high-severity wildfire. However, field studies could only calculate values lower
than this hypothesized value because of a lack of detailed forest soil data following a wildfire
(Larsen and MacDonald, 2007; Fernandez et al., 2010; Fernandez and Vega, 2016; Fernandez and
Vega, 2018). The current study supports the C-factor values calculated in the previous field studies
(Table 4.5) using Remote Sensing methods to estimate C-values. Furthermore, the C-factor values
were highest for the sand textured sites and the lowest for the clay loam textured sites. Thus, there
was more vegetation present on the finer-textured sites. It is difficult to explain why the fine-
textured sites had higher vegetation than coarse-textured sites, but it may be related to the finer-
textured sites tending to be in sediment deposition areas (Figure 4.6), resulting in minor soil
disturbance for vegetation to grow. However, slope length and steepness did not seem to impact
the amount of cover present at each site (Table 3.3).

Sediment yields in the present study were lower at the plot scale than previous studies that used
RUSLE to model post-wildfire sediment erosion (Table 4.1). The data used for the R-factor, K-
factor, LS-factor, and C-factor can explain the lower sediment yields observed. The rainfall
erosivity values in the present study for RUSLE were substantial enough to generate sediment
transport on most experimental plots. Although the K-factor was calculated using a rearrangement
of the RUSLE equation, the initial erodibility data used was per stimulated storm event for each
soil texture. It was then scaled to an annual erodibility for each soil texture to estimate the annual
sediment yields for each plot. While the LS-factor was not an imperative factor in the amount of
sediment produced in the present study, it was still necessary to estimate sediment yield (Table
3.2). The C-factor in the current study is estimated only for the rainfall simulation experiments and
does not fully capture changes in C-values throughout the year and future values as vegetation
increases in the study area. Overall, mean annual rainfall erosivity, current erodibility values and
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cover-management values, and slope length and steepness provided the estimations of annual
sediment yield in Waterton Lakes National Park 22 months following the wildfire.

4.4.2 Application of GIS to model erosion and deposition at the watershed scale

Geographic Information Systems can be a valuable tool to analyze spatial data or simulate
processes, such as areas at varying degrees of risk to sediment erosion (Terranova et al., 2009;
Meusburger et al., 2010; Mitasova et al., 2013; Dragicevi¢ et al., 2015). GIS was used to model
and identify sediment erosion and deposition areas throughout Blakiston Creek and Cameron
Creek watersheds in the present study. The most compelling finding from the GIS analysis was
that the Park mainly experienced low erosion rates with some low deposition rates (Figure 3.17).
This result may be explained because large portions of the two watersheds had little vegetation
cover following the wildfire. Another possible explanation of these results is that the watershed-
scale RUSLE factors (K-, LS-, and C-factors) used to estimate sediment yields may be generalized
when scaled up from the plot scale (Zhou et al., 2018). Except for the C-factor in the present study,
it used Remote Sensing at the watershed scale and then scaled down for plot scale use in the
RUSLE model.

The soil erodibility factor at the watershed scale was limited to three values (Figure 3.15) because
the data available at that scale was a range of soil textures rather than a specific soil texture for a
given location (Figure 2.2). This coarse soil texture data can lead to generalizations of sediment
yields as the K-factor at the watershed scale in the current study represents the mean soil erodibility
of multiple soil textures at a given location. A possible reason for the lack of data of soil textures
throughout the Park is that there has been a lack of studies on obtaining detailed soil data and
digitizing it for use in a GIS framework.

Similar to the LS-factor discussed in 4.4.1, little literature has discussed the impact of the slope
length and steepness on sediment erosion post-wildfire (Blake et al., 2020; Mhaske et al., 2021).
The high LS-values observed at the watershed scale can be attributed to calculating flow paths
when creating the LS-factor dataset. Moreover, the mountain peaks and steep slopes can
misrepresent slope steepness and length. However, the impact of these misrepresentations may be
minimal because other RUSLE factors with zero values will produce no sediment erosion at those
locations, such as the K-factor.

The C-factor in the present study is in line with Lanorte et al. (2019), who used the Soil Adjusted
Vegetation Index (SAVI) to obtain C-values in the range of 0.32 — 0.98, compared to this study
with a range of 0 to 1 at the watershed scale. Heavily forested areas unaffected by the Kenow
Wildfire and bare rock mountain faces in the two watersheds of concern may explain the range of
C-values for the current study. Low C-factor values calculated from SAVI are from the forested
areas throughout the study area, and the high C-factor values are from the mountain faces.
Furthermore, the C-factor in the present study represented small vegetation at the watershed scale
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because of the satellite imagery having a resolution of 3 meters. However, a note of caution is due
here since the C-factor could not compare and validate for in situ data and could only compare to
previous studies (Table 4.5).

The current study was the first to model sediment erosion and deposition in a post-wildfire
environment in Canada using the combination of GIS and RUSLE. While the sediment yields in
the current study are comparable to previous studies (Table 4.6), it is challenging to compare the
deposition measured from the GIS due to a lack of studies. Mhaske et al. (2021) showed that the
probability of sediment deposition was mapped qualitatively but did not provide measured values
of sediment deposition. Thus, the current study cannot compare the deposition measured to
previous studies. Figures 3.16 and 4.6 need to be interpreted with caution because zero values are
considered sediment erosion, thus giving the bias of more erosion predicted than present in situ,
based on the data available and used in the current study.

4.4.3 Implications for planning and erosion management in Waterton Lakes National Park

Most of Blakiston Creek and Cameron Creek watersheds experienced erosion but some deposition
areas were also simulated after the Kenow Wildfire (Figure 4.6) and areas of concern for the
transfer of pyrogenic materials to receiving streams were mapped (Figure 3.18 and Figure 4.6).
These figures provide zones of erosion or deposition at a spatial resolution of 3 meters allowing
for more precise identification of critical risk areas for implementing best management practices
(BMPs) to reduce sediment entering the river system in Blakiston Creek and Cameron Creek.
Figure 4.6 can help managers easily find the areas of deposition and erosion throughout the two
watersheds. While Figure 3.18 can help managers know the erosion and deposition rates and use
that information to prioritize areas that require BMPs. Interestingly, the erosion rates are low
throughout WLNP, ranging from 0 to 5 t ha* yr* for riparian areas. Although, there may be some
concern with sediment deposition in the floodplain of Blakiston Creek as it may store contaminants
and be released later during flooding events (Figure 4.7).

Previous studies have investigated the effectiveness of various BMPs, such as installing erosion
barriers, mulching, and seeding, following a wildfire (Robichaud, 2005; Robichaud et al., 2013;
Covert, 2011). Seeding is the most cost-efficient approach with the most lasting effect because
once established, the vegetation growth increases infiltration and reduces erosion for several years
following a fire (Robichaud, 2005). Moreover, mulching provides the best short-term sediment
erosion mitigation because it is an immediate ground cover over the disturbed soil (Robichaud et
al., 2013). Furthermore, erosional barriers limit overland flow, promote sediment deposition, and
reduce sediment transported downslope. These barriers tend to be straw wattles, straw bales, logs,
and other natural and engineered structures (Robichaud, 2005).

In the context of the present study, these best management practices may be beneficial in reducing
sediment from entering Blakiston Creek and Cameron Creek. However, there may be implications
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of utilizing specific BMPs over others. For example, agricultural straw mulching may spread
invasive vegetation species and limit the growth of native plants (Covert, 2011; Robichaud et al.,
2013). Since Waterton Lakes National Park attempts to preserve native vegetation, this approach
should be a low priority. Another example of an implication from BMPs is that erosional barriers
using felled trees decrease in effectiveness over long periods because the storage capacity is
exceeded and can no longer trap mobilized sediment (Robichaud, 2005). An example of the
implications of seeding as a BMP is the length of time it takes to establish because the vegetation
does not always grow within the first year following a fire (Robichaud, 2005). Given the timing
of the current study, small vegetation has already grown in some areas, planners and managers
may want to consider the use of seeding to help further reduce sediment erosion and apply log
erosion barriers in areas prone to high erosion rates. Otherwise, planners and managers may not
want to implement best management practices as most areas with high sediment erosion are far
from riparian areas, and vegetation regrowth throughout the Park can reduce the low erosion rates
experienced over most areas of concern.

4.5 Limitations

4.5.1 Limitations of field and laboratory experiments

The limitations of the field experiments in the present study were mechanical constraints and
determination and use of rainfall intensity and duration for simulation experiments in Waterton
Lakes National Park. While there was an attempt to keep rainfall intensities constant at an intensity
of 32.84 mm hr%, mechanical faults caused changes in rainfall intensities in some cases (sites 2
and 6a). In other instances, experiments (sites 10 and 12) were in their final stages of development
to determine the appropriate intensity for other plot locations. Sites 10 and 12 intensities were
lower at 24.1 mm hrt, which was still within an acceptable range of the median. Additionally,
sites 2 and 6a had mechanical errors that resulted in greater rainfall intensities from the median of
the study. Site 2 had a rainfall intensity of 36.1 mm hrt, which was close enough to the median
that omission was not necessary. Site 6a had an intensity of 54 mm hr?, resulting in the exclusion
of data for this plot to evaluate the effect of soil texture on runoff rates and sediment yield where
rainfall intensities were controlled. However, site 6a was included for the annual watershed scale
portion of this study because the rainfall erosivity was set to a constant value across all plots.

4.5.2 Limitations of Revised Universal Soil Loss Equation

The limitations of the Revised Soil Loss Equation in the present study were associated with
predicting post-wildfire sediment yields from errors in the input data and model errors. Previous
studies discovered that RUSLE has difficulty predicting post-wildfire sediment yields due to
model errors, errors in the input data, and errors in the data used for validation (Larsen and
MacDonald, 2007; Lanorte et al., 2019; Fernandez et al., 2010; Fernandez and Vega, 2018; Blake
et al., 2020). The input data errors include a lack of soil erodibility data at the watershed scale,
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miscalculations in deriving LS-factor at the watershed scale, and lack of ground-truthing of C-
factor values. The model errors include a lack of explicitly modelling certain erosion factors, such
as sediment detachment, overland flow, infiltration, and sediment deposition (Larsen and
MacDonald. 2007). Additionally, a lack of available data for the RUSLE factors creates
deficiencies in predicting post-wildfire erosion at the watershed scale (Blake et al., 2020). In the
current study, this was evident with the lack of soil texture and erodibility data for Waterton Lakes
National Park, as most data was only available as point data. However, even with these limitations,
RUSLE could still predict mean annual sediment erosion and deposition to identify priority
management zones to reduce sediment transport into the Park's river system.

4.5.3 Limitations of Geographic Information Systems

There were not many limitations with GIS in the current study because GIS is a tool that depends
on the data provided by the user and the user's hardware processing power. Therefore, the data
limitations for GIS were similar to those discussed in section 4.5.2, and the hardware processing
power was not an issue in the present study. Although better processing power would have allowed
for faster computation of the analysis at the watershed scale. Another limitation from the GIS was
the visualization of sediment yield, where 0 values of sediment yield could not be separated from
the erosion category.

4.6 Conclusions

4.6.1 Conclusions

The primary goal of the current study was to evaluate the effect of the Kenow wildfire on
erodibility and sediment yields in Waterton Lakes National Park at both the plot and watershed
scale using rainfall simulators and an erosion model (RUSLE). The conclusions of this study were:

1) Low rainfall intensities (33 mm hr?) were of sufficient energy to produce runoff and
sediment erosion on plots that did not have high infiltration rates from wildfire ash.

2) Runoff volume was low in some plot scale experiments due to ponding from micro-
depressions found on plot scale topography.

3) The degree of ground cover (vegetation amount and type) are critical factors determining
sediment erosion rates. However, stem vegetation (15 to 45 cm tall) cover did not reduce
erosion rates.

4) Soil particle size was a key factor influencing runoff rates and sediment erosion in WLNP,
because finer soil textures produced more runoff volume and sediment concentrations than
the coarser soil textures.

5) RUSLE is an appropriate scenario development tool to model post-wildfire sediment
erosion for post-wildfire planning and management.
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6) The combination of GIS and RUSLE provides a suitable platform to simulate watershed-
scale sediment erosion and deposition.

To my knowledge, this study is the first of its kind to evaluate runoff and sediment erosion data
from a range of soil textures using rainfall simulations and scaling those results up to the watershed
scale through a sediment erosion model (RUSLE) in a GIS framework to identify areas of concern
to sediment erosion following a wildfire. However, this study is a first estimate of potential
sediment yields in Waterton Lakes National Park because of the limitations present in the study.
These limitations include soil data availability at the watershed-scale, availability, time constraints
for the field season, and RUSLE which is an empirical model which lacks the capability of
modelling runoff, sediment detachment, and infiltration processes.

4.6.2 Future Recommendations

The present study demonstrated that low-intensity rainfall simulations on burned hillslopes
conducted 22 months following a high-severity wildfire produced runoff and sediment erosion for
a range of sites with various soil textures. Moreover, these data can be used in the Revised Soil
Loss Equation to identify potential areas of concern for sediment erosion. Further research might
explore:

1) More focused research using rainfall simulation experiments over a range of vegetation
covers is required to evaluate the impact of vegetation regrowth on sediment erosion for
differing soil textures following a wildfire.

2) Detailed rainfall simulations using a range of rainfall intensities is required to evaluate
runoff rates, infiltration capacity and sediment erosion potential for a wider range of
precipitation intensities that reflect the range of storm events that typically occur in
Waterton Lakes National Park.

3) Post-wildfire hillslope studies are required to examine the connectivity between post-
wildfire landscapes and receiving streams to compare plot-scale data with hillslope scale
data.
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4.7 Tables and Figures

Table 4.1: Sediment yields of the current study for both field measurements and modelled yields
compared to previous studies.

Citation Study Area Source Value Unit Soil Texture Type
Waterton Lakes National Field 1. . Clay loam; loam; sandy |Post-wildfire
.001-1.2 Thet
Current Study Park, Alberta Measurement 0.00 8 |tha”r loam; sand (severe)
Waterton Lakes National 4 - Clay loam; loam; sandy [Post-wildfire
C t Stud RUSLE 0.004 - 3.89 Lyrt
rrent Stuey Park, Alberta tha ™ yr loam; sand (severe)
Fernandez and Vega (2018)  |NW Spain RUSLE 74-409 |thalyr!  |Sandyloam E;Zf/t;’;'dﬁre
Larsen and MacDonald (2007) [Colorado, United States RUSLE 10.3 that yr'1 Sandy loam; coarse sand E;Zflt;:;ldﬁre
Blake et al. (2020) south-western Australia RUSLE 0-945 tha'lyr? N/A Post-wildfire
Hancock et al. (2020). Mulconda Creek, Australia  |LIDAR/field 0.8-48 thatyr? Loamy sand; silty loam | Agriculture
Almagro et al. (2019) Guariroba, Brazil RUSLE 2.2 thatyr! Sand; sandy loam Mixed
Landcover
. Mixed
. . -11 Lyt N/A
Terranova et al., (2009) Calabria, Italy RUSLE 30 6 tha™ yr / Landcover
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Table 4.2: Mean rainfall erosivity of the current study for both field and modelled measurements
compared to the mean rainfall erosivity of previous studies.

Citation Study area Source Value Unit Soil Texture
Waterton Lakes National . 1.1 . clay loam; loam; sandy
C t Stud Field M t 88.86 et yrt
rent siudy Park, Alberta el VieasUremen MJ mm ha™ hr = yr loam; sand
Waterton Lakes National 1.1 . clay loam; loam; sandy
C t Stud RUSLE 337.53 et yrt ’ '
rrent stiudy Park, Alberta MJ mm ha™ hr = yr loam; sand
Fernadez and Vega (2018) NW Spain Field Measurement 3440 MJmmha™ hr' yr'  |Sandy loam
Fernadez and Vega (2016) NW, Spain Field Measurement 2780 MImmhat ety [N/A
Fernadez et al. (2010) Verin, Spain Field Measurement 1385.5 MImmhat hrtyrt  [N/A
Blake et al., (2020) south-western Australia RUSLE 500- 1188 [MImmhathriyrt |N/A
Almagro et al. (2019) Guariroba, Brazil RUSLE 9042 MJmmha™® hr' yr?  |Sand; sandy loam

Table 4.3: Range of soil erodibility of the current study for both field and modelled measurements
compared to the range of previous studies.

Citation Study Area Source Value Unit Soil Texture Type
Waterton Lakes National Field . i clay loam; loam; sandy  |Post-wildfire
Current Stud 0.00 - 0.01 Y mt ’ ;
y Park, Alberta Measurement thr MJ™ mm loam; sand (severe)
. Field Post-wildfire
Fernadez and Vega (2018 NW Spain 0.005 - 0.008 T mm? Sandy loam
? g ( ) pal Measurement thr MJ™ mm y (severe)
. Field Post-wildfire
Fernadez and Vega (2016 NW, Spain 0.01-0.08 T mm? N/A
g ( ) P Measurement thr MJ™ mm (severe)
Fernadez et al. (2010) NW, Spain Field 0.02 thr Mt mm? N/A Post-wildfire
Measurement (moderate)
Blake et al. (2020) south-western Australia RUSLE 0.01-0.79 |thr MJt mm? N/A Pre-wildfire
Almagro et al. (2019) Guariroba, Brazil RUSLE 0.03-0.04 |thr MJ* mm* Sand; sandy loam Mixed
Landcover
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Table 4.4: Slope length and steepness of the current study for both field and modelled
measurements compared to previous studies.

Citation Study area Source Value Soil Texture
Waterton Lakes National Field clay loam; loam; sandy
Current Study Park, Alberta Measurement 1.68 - 20.68 loam; sand
Current Study Waterton Lakes National GIS 0- 6019 clay loam; loam; sandy
Park, Alberta loam; sand
Fernadez and Vega (2018) NW Spain Field 6.06 - 8.94 |Sandy loam
Measurement
Fernadez and Vega (2016)  |NW, Spain Field 2.74-1505 |N/A
Measurement
Fernadez et al. (2010) NW, Spain Field 6.37-8.70 |N/A
Measurement
Blake et al., (2020) south-western Australia RUSLE 0-235 N/A
Almagro et al. (2019) Guariroba, Brazil RUSLE 0.01-49.18 |Sand; sandy loam
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Table 4.5: Range of C-factor values of the current study compared to previous studies.

Citation Study Area Source Value Type
Waterton Lakes National . .
Current Study Park. Alberta Csavi 0.1-0.49 Post-wildfire (severe)
Blake et al. (2020) south-western Australia Literature 0.01-0.3 Post-wildfire (high)
Larsen and MacDonald (2007) |Colorado, USA Field data 0.2 First year post-fire
(severe)
Larsen and MacDonald (2007) |Colorado, USA Field data 0.05 First year post-fire
(moderate)
Larsen and MacDonald (2007) |Colorado, USA Field data 0.01 Zgj\t)year post-fire
Larsen and MacDonald (2007) |Colorado, USA Field data 0.03 Third year post-fire
(severe)
. Fourth year post-fire
Larsen and MacDonald (2007) |Colorado, USA Field data 0.0006
(severe)
Fernadez et al. (2010) NW, Spain Field 0.002 - 0.249 [Post-wildfire (severe)
Measurement
Fernadez and Vega (2016) NW, Spain Field 0.002 - 0.236 Post-wildfire
Measurement (moderate)
Fernadez and Vega (2018) NW Spain Field 0.055 - 0.169 [Post-wildfire (severe)
Measurement
Lanorte et al. (2019) Basilicata, Italy Csavi 0.32-0.98 |Post-fire
Lanorte et al. (2019) Basilicata, Italy Land .cove.r 0.001 - 0.265 |Pre-fire
Classification
Almagro et al. (2019) Guariroba, Brazil Literature 0.02 Pasture
Almagro et al. (2019) Guariroba, Brazil Literature 0.03 Eucalyptus
Almagro et al. (2019) Guariroba, Brazil Literature 1 Bare Soil
Almagro et al. (2019) Guariroba, Brazil CrA 0.025 Pasture
Almagro et al. (2019) Guariroba, Brazil CrA 0.012 Eucalyptus
Almagro et al. (2019) Guariroba, Brazil CrA 0.033 Bare Soil
Almagro et al. (2019) Guariroba, Brazil Cvk 0.164 Pasture
Almagro et al. (2019) Guariroba, Brazil Cvk 0.027 Eucalyptus
Almagro et al. (2019) Guariroba, Brazil Cvk 0.37 Bare Soil
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Table 4.6: Sediment yields of the current study for modelled yields in a GIS-framework compared

to previous studies.

Citation Study Area Source Value Unit Soil Texture Type
Waterton Lakes National 1 . Clay loam; loam; sandy |Post-wildfire
C t Stud RUSLE 0-161.6 Lyt
urrent Study Park, Alberta tha™ yr loam; sand (severe)
Lanorte et al. (2019) Basilicata, Italy RUSLE 8.64-31.48 |tha'yr' N/A Post-wildfire
Fernandez and Vega (2018) NW Spain RUSLE 74-409 |thatlyr! Sandy loam E;Z?;Z;Idﬁre
Larsen and MacDonald (2007) |Colorado, United States RUSLE 10.3 that yr‘1 Sandy loam; coarse sand E’st\fe-\r/;/;ldﬁre
Blake et al. (2020) south-western Australia RUSLE 0-945 thatyr? N/A Post-wildfire
Hancock et al. (2020) Mulconda Creek, Australia  [LiDAR/field 0.8-48 thatyr' Loamy sand; silty loam | Agriculture
Almagro et al. (2019) Guariroba, Brazil RUSLE 2.2 thatyr? Sand; sandy loam Mixed
Landcover
Terranova et al. (2009) Calabria, Italy RUSLE 30-116  |thalyr  |N/A Mixed
Landcover
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Figure 4.1: Rainfall simulation with unsaturated surface soil and ash layer at Site 4b.
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Figure 4.2: Ponding present following the rainfall simulation at Site 12c (A). Seconds following
the first photograph showing rapid infiltration of rainfall at sand-textured areas (B).
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Figure 4.4: Moss cover before the rainfall simulation experiment at site 8b.
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Figure 4.6: Modelled erosion and deposition sites for Blakiston Creek and Cameron Creek
watersheds.
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Figure 4.7: Sediment deposition in the lower
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Appendix A

A.1 Data Dictionary

Table A.1: File level metadata for the GIS analysis used to model sediment erosion with RUSLE.

Data Type File Name Year | Source Citation

Primary Data ~ [Soil Texture Class 2020 |Fleming  |Fleming (unpublished)
Rainfall Erosivity (Plot-scale) {2020 |Fleming  [Fleming (unpublished)
Soil Erodibility (Plot-scale) 12020  (Fleming  |Fleming (unpublished)
LS-Factor (Plot-scale) 2020 |Fleming  |Fleming (unpublished)

Secondary Data  |River 2017 |CanVec  |CanVec (2017)
Road 2017 |CanVec  |CanVec (2017)
Catchments 2017 |CanVec  |CanVec (2017)
Lake 2017 |CanVec  |CanVec (2017)
Landsat-8 imagery 2017; |USGS USGS (2019). Landsat-8 image courtesy of the U.S. Geological Survey

2018
Planet Labs imagery 2018 |Planet Labs [Planet Team (unpublished). Planet Application Program Interface: In
Space for Life on Earth. San Francisco, CA. httpsJ/api.planet.com.
Soil Survey 2018 |Parks Parks Canada (unpublished)
Canada
Soil Samples 2018 |Parks Parks Canada (unpublished)
Canada

Alberta 2016 |CanVec  |CanVec (2017)
Burn Severity 2020 |Fleming  |Fleming (unpublished)
Vegetation Cover 2020 |Fleming  |Fleming (unpublished)
Rainfall Erosivity (Watershed- {2020 |Fleming  [Fleming (unpublished)
scalke)
Soil Erodibility (Watershed- 12020 (Fleming  |Fleming (unpublished)
scake)
LS-Factor (Watershed-scale) {2020 |Fleming  [Fleming (unpublished)
C-Factor (Watershed-scale) 12020 |Fleming  |Fleming (unpublished)
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