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Abstract

Recurring disturbance has a strong influence on the bounds of ecosystem variability. The concept
historical range of variability (HRV) describes these bounds, providing a sense of the range of
ecosystem characteristics exhibited in response to disturbance and recovery over time and space.
Altered and novel disturbances can drive changes in ecosystem composition and configuration that
depart from the HRV and lead to regimes shifts. In Jasper National Park, a systematic set of
historical and repeated oblique photographs depict montane landcover in the aftermath of
extensive fires in 1915 and a mountain pine beetle (MPB) outbreak in 2020/22. However, the MPB
disturbance is historically unprecedented, and raises important questions about whether the
characteristics of this event are within the HRV of the montane ecosystems. The focus of this
dissertation is to apply a new workflow for deriving landcover maps from oblique photographs to
evaluate the landcover changes that have occurred in the park’s montane ecoregion over the last
105 years. The workflow comprises a deep learning algorithm that automates the classification of
landcover evident in grayscale and color oblique photographs and a georeferencing tool that
incorporates these data into a GIS. | report on the accuracy of the data produced by the workflow
(Chapter 2) and quantify the changes in composition and configuration of broad landcover types
after the two disturbance events for a study area in the montane ecoregion (Chapter 3). A scenario
planning exercise is then undertaken to evaluate the uncertainty surrounding the implications of
these changes and the potential for future novel disturbance events (Chapter 4). Georeferencing
accuracy using root-mean-square error for a subset of 7 images was 4.6 m and overall
classification accuracy for the landcover map produced from oblique photographs using the new
workflow was 68%. The change analysis in the montane ecoregion indicated that the MPB outbreak
has returned a version of heterogeneity evident in 1915 to the landscape by reducing the
dominance of mature conifer (both in composition and configuration) across the landscape. Four
scenarios then describe alternative futures in the park based on different levels and combinations
of ecological novelty and management intervention. The value of this research is to validate the
development of a new workflow for analyzing historical and repeat photographs, increase the
temporal depth of ecological monitoring in the park, and allow managers and restoration
practitioners to develop a better understanding of how and where novel disturbance is altering

ecological processes and could reoccur in the future.
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Chapter 1: Introduction

1.1 Background

Two significant ecological disturbance events have bookended my experience studying landcover
change in Jasper National Park (hereafter “Jasper NP”). My first visit to the park in early July 2019
occurred at the tail end of a decade-long mountain pine beetle (MPB; Dendroctonus ponderosae)
outbreak. The purpose of the visit was to undertake a repeat photography pilot study to document
the changes the novel beetle epidemic was imparting on Jasper NP’s montane ecoregion. | was
accompanied by Drs. Jeanine Rhemtulla and Eric Higgs —two seasoned researchers with intimate
knowledge of the park. Two decades earlier they had spent three arduous summers repeating
hundreds of historical survey photographs from peaks and promontories high above Jasper NP’s
broad valleys. | joined in their astonishment as we viewed the considerable extent of red-tinged

forest killed by the beetle from the various vantage points we visited to repeat photographs.

Five years later, | awoke to the devastating news that the town of Jasper had been caught in the path
of the Jasper Wildfire Complex (JWC). The wildfire first sparked to life on July 22, 2024 from multiple
lightning strikes north and south of the town. Driven by strong winds and dry fuels, the fires grew
rapidly to 6,000 ha within hours, which overwhelmed initial attack crews and closed two key travel
routes in the park. This fast-moving situation prompted evacuation orders for the 25,000 residents
and visitors in the park via the one remaining route out of the park. Aggressive fire behaviour
continued the next day as the fire doubled in size and continued to thwart suppression responses.
Within forty-eight hours the wildfire had doubled in size again and reached the west end of town.
Structural losses were catastrophic, with up to a third of buildings razed or damaged within the
townsite. Outlying commercial accommodations, Parks Canada facilities and visitor amenities also
sustained significant damage. It took until September 7th before Parks Canada could finally

classify the JWC as under control, by which time it had burned 32,722 ha.

The occurrence of these two disturbance events can in part be explained by a lack of disturbance
over the previous century. Decades of fire suppression altered the historical fire regime

(characterized by frequent, mixed-severity fire) in Jasper NP (Chavardes and Daniels 2016; Tande
1979). In the absence of fire, closed-canopy forests increased in extent, with a majority of stands

dominated by coniferous species (Rhemtulla et al. 2002). The abundance of mature lodgepole pine



(Pinus contorta), coupled with favourable climatic conditions, were key drivers of the historically
unprecedented MPB outbreak (there are no previous records of MPB in Jasper NP prior to 2010;
Dalman 2004). Similar factors contributed to the high intensity and severity of the JWC. The
potential for fundamental ecological change (i.e., regime shifts) in response to these disturbances

is now a pressing concern for Jasper NP.

The aim of this dissertation is to evaluate the impacts of altered disturbance regimes and novel
disturbance agents on the historical range of variability (HRV) of montane landcover in Jasper NP.
HRV relates to the bounds of system behavior that emerge over time as ecosystems adapt to
recurring disturbance and has applications for natural resource management (see Section 1.4.2).
Assessing changes to HRV requires temporally deep and spatially explicit data. Historical survey
photographs captured in 1915 provide insights into the landcover present in Jasper NP under the
historical fire regime and can be used as a unique baseline for quantifying changes to HRV. A new
approach for producing landcover maps from oblique photographs is developed and tested in
Chapter 2. This approach is then deployed in Chapter 3 to quantify the changes between the
historical and contemporary photographs and assess how novel disturbances are altering the HRV
of montane ecosystems in Jasper NP. Finally, to address the uncertainty concerning ecological
responses to continued disturbance novelty, a plausible set of future scenarios are developed in
Chapter 4 to critically assess the evolving value of HRV and support decision-making for scientists
and managers who are contending with increasing novelty in wildlands and protected areas.

The purpose for the rest of this chapter is to introduce my research questions and provide critical

context for the work undertaken in this dissertation.

1.2 Description of research questions and projects

1.2.1 Chapter 2 - Assessing the accuracy of georeferenced landcover data derived from
oblique imagery using machine learning.

Repeat photography offers distinctive insights into ecological change, with ground-based oblique
photographs often predating early aerial images by decades. However, the oblique angle of the
photographs presents challenges for extracting and analyzing ecological information using
traditional remote sensing approaches. To address this need, this chapter introduces an end-to-

end workflow that deploys two recently developed custom software tools: a trainable segmentation



network and automated landcover classification algorithm, and a web-based georeferencing tool.
To demonstrate the application of this workflow, a composite landcover map is produced for a
study area in Jasper NP using images in the Mountain Legacy Project (MLP) collection. The purpose
of this chapter is to assess the performance of the tools and evaluate the accuracy of the map in
relation to landcover data produced using more conventional techniques (i.e., supervised

classification of 30 cm aerial imagery captured over the study area in 2020).

1.2.2 Chapter 3 - A tale of two disturbances: Can mountain pine beetle restore landcover
composition and pattern altered by fire suppression in Jasper National Park?

Altered and novel disturbances can drive changes in ecosystem composition and configuration,
resulting in departures from their HRV. In Jasper NP, the historical and repeated survey photographs
depict montane landcover in the aftermath of two extensive disturbance events. However, the
recent MPB outbreak in the park is historically unprecedented and raises important questions
about whether the characteristics of this event are within the HRV of the montane ecosystems. The
focus of this chapter is to compare the composition and pattern of the montane ecosystems after
the two disturbance events to better understand what impact the novel insect disturbance
imparted on landcover in Jasper NP’s montane ecoregion. To undertake this comparison, | employ
the new workflow to produce historical (1915) and contemporary (2020-22) landcover maps for a
study area in Jasper NP. The two maps are then used to 1) assess the landcover changes that have
occurred in the park since fire suppression began and 2) consider whether novel insect disturbance
can reintroduce landcover composition and pattern altered by fire suppression in Jasper NP’s

montane ecoregion.

1.2.3 Chapter 4 - Beyond history: Anticipating the influence of a novel disturbance regime on
future landcover change in Jasper National Park.

The tragic 2024 Jasper Wildfire Complex is a recent example of a novel disturbance regime in Jasper
NP. Anticipating ecological responses to novel disturbance regimes (and their interactions) is
difficult and traditional management approaches (i.e., HRV) to maintain or restore ecological
integrity may prove ineffective. In this chapter, | undertake a scenario planning exercise to conceive
plausible futures in Jasper National Park. | developed four scenarios that emerge from the recent
novel disturbance events based on different levels and combinations of ecological novelty and

management intervention. The purpose of this planning exercise is to better understand how these



two variables could influence the future of the montane ecoregion in Jasper NP and assess the

continuing relevance of HRV in rapidly changing ecosystems.

1.3 Jasper National Park

Jasper NP comprises 11,000 km? of the Canadian Rockies in west-central Alberta, Canada. It is
located within Treaty 6 and 8 lands, as well as the traditional territory of the Anishinabe,
Aseniwuche Winewak, Cree, Néhiyawak, Stoney Nakoda, Secwépemc, Dene-zaa, Mountain Métis
and Métis Peoples. The park was established in 1907, and is the largest of a contiguous network of
national and provincial protected areas located along the boundary between British Columbia and
Alberta. Jasper NP is renowned for its exceptional landscapes, comprising soaring rugged peaks,
extensive icefields and glaciers, alpine meadows, myriad lakes, rivers and waterfalls, and expansive
biodiverse valleys. It is also a haven for the charismatic fauna found in the Canadian Rockies,
including wolves, grizzly and black bears, wolverines, elk, moose, sheep, goats, and mountain
caribou. The town of Jasper, originally developed as a railway community, is located at the
intersection of the three main valleys in the park and has a local population of just under 5,000
residents. With upwards of 2.5 million visitors drawn to Jasper NP annually, the local economy is

primarily focused on tourism.

The geographic location of Jasper NP and the steep altitudinal gradient of the mountainous terrain
has a strong influence on the local climate and vegetation, resulting in three distinct ecoregions
(Holland & Coen 1983). The lowest elevations comprise the montane ecoregion, where the climate
is typically drier and warmer (Holland & Coen 1983). Lodgepole pine is the dominant tree species,
although Douglas Fir (Pseudotsuga menziesii), white spruce (Picea glauca) and trembling aspen
(Populus tremuloides) are also present (Holland & Coen 1983). Grasslands are interspersed among
woodlands in the montane ecoregion, and wetlands are often found adjacent to water bodies
(Beschta & Ripple 2007). The subalpine and alpine ecoregions occupy the higher elevations in the
park, where the climate is colder and wetter (Holland & Coen 1983). The mid-elevation subalpine
ecoregion typically comprises subalpine fir (Abijes lasiocarpa), Engelmann spruce (Picea
engelmanii) and lodgepole pine forests, transitioning into open shrub-forb meadows found among

the rock and ice in the high-elevation alpine ecoregion (Bradley & Neufeld 2012).



1.4 Landcover change in Jasper NP over the previous century

Since time immemorial, a diversity of Indigenous Peoples, including the Anishinabe, Aseniwuche
Winewak, Dene-zaa, Néhiyawak, Secwépemc, Stoney Nakoda, Mountain Métis and Métis,
inhabited the territory that encompasses Jasper NP. They developed unique and intricate ties to the
territory, which was bound by respect and stewardship for the landscape (Parks Canada 2024).
Indigenous land use fluctuated for centuries due to climatic variations and the cyclical patterns of
game populations (Parks Canada 2024). However, the arrival of European explorers and trappers in
the early 1800s and the establishment of a trading route through the region marked the beginning of
change. By the end of the century, Indigenous and Métis families homesteaded in the Athabasca
River valley, north of the present site of the town of Jasper. Following the establishment of Jasper
NP in 1907, these families were forcibly removed, and the natural landscape was promoted for
European settler recreation (MacLaren et al. 2005; Parks Canada 2024). In 1911, the Grand Trunk
Pacific Railway reached the Jasper townsite, ushering in a new era of tourism in the park. Effective
fire controlin the valley began around this time to protect the transportation corridor and recreation

opportunities (Tande 1980).

The persistence of fire suppression policies in Jasper NP would continue for much of the 20*
century. In the absence of fire, landcover in the Park’s montane ecoregion has changed
considerably. One of the first studies to quantify these changes was undertaken by Jeanine
Rhemtulla using repeat photography. In the course of research associated with the University of
Alberta “Culture, Ecology and Restoration” program and seeking ideas for a master’s graduate
thesis in 1996, Rhemtulla was shown a large collection of bound black-and-white photographs by a
Park staff member. The images were captured from elevated positions in the park and showed
detailed historical landcover, which appeared very different to the contemporary landcover of the
Park. She soon learned that the images were captured in 1915 by a Dominion Land Survey (DLS)
team led by Morrison Parson Bridgland for the purpose of producing the first topographic maps for

the central portion of the Park.

1.4.1 Dominion Land Survey, phototopography and repeat photography
In the late 1800’s, the DLS had developed and began employing a new method called
phototopography for mapping Canada’s vast mountainous regions (MacLaren et al. 2005). The

technique involved capturing a systematic set of panoramic images with a specially designed



camera from mountain peaks and high points. At each camera station, the altitude and geometric
measurements (to other camera stations nearby) were also recorded. Once the fieldwork was
completed, the images, captured on 4x6 inch glass plates, and measurements could then be used
to create topographic maps. For producing maps for the 1915 Jasper National Park survey,
Bridgland’s team established ninety-two camera stations and captured a total of 735 images. The
unintended legacy of these photographs is their enduring record of historical landcover in the

montane ecoregion prior to fire suppression and less than a decade after the Park’s establishment.

Land-based repeat photography is a method for assessing long-term ecological change (Webb et
al. 2010). Essentially, it involves taking photographs of the same scene from the same location at
different points in time (Hastings & Turner, 1965; Rogers et al., 1984). One significant advantage of
this method is that historical photographs often predate nadir imagery (e.g., aerial photographs or
satellite images) by decades and capture western North American landscapes before the
widespread effects of colonial and settler change (Morgan et al., 2010). This temporal depth
provides a distinctive baseline for evaluating ecological changes over extended periods. However,
repeat photography has limitations. The oblique angles of land-based images render them
incompatible with classification and analysis techniques developed for nadirimagery. As a result,

early repeat photography studies were initially limited to subjective descriptions of change.

After repeating all 735 images from Bridgland’s Jasper National Park survey, Rhemtulla undertook a
unigue change analysis for a study area in the lower Athabasca River valley (Fig. 1.1). Using 20 pairs
of historical and repeat photographs, Rhemtulla et al. (2002) manually delineated and classified
areas of homogenous cover in a manner like aerial photographic interpretation (e.g. using
transparent acetate overlays on hard copy photographs). The classified repeat photographs were
successfully compared against land cover classes derived from contemporary aerial photographs
(taken in 1991) to validate the approach (Rhemtulla et al. 2002). Subsequent analysis of the
classified photograph pairs produced relative change matrices that indicated vegetation changes
characterized by a shift toward late-successional vegetation types dominated by closed-canopy

coniferous stands (Rhemtulla et al. 2002).



Figure 1.1 Left: Jeanine Rhemtulla (right) and Eric Higgs repeating historical photographs atop Mt
Henry, Jasper National Park in 1999. Right: Acetate overlays of landcover data produced by
Rhemtulla et al. 2001.

1.4.2 Historical range of variability

Ecosystems in Jasper NP’s montane ecoregion vary over space and time in composition, structure,
and processes. The concept of historical range of variability (HRV) was developed to describe the
history of ecosystems and “define the bounds of system behavior that remain relatively consistent
over time” (Morgan et al. 1994, pg. 88). Thus, the HRV concept allows for an improved
understanding of changes occurring in ecosystems and provides managers with a framework for
setting goals that are more likely to maintain and protect them (Landres et al. 1999, Keane et al.
2009). Specifically, the rate of change in ecosystem characteristics is an important consideration

for managers, as it affects the ability of species to adapt to new conditions (Morgan et al. 1994).

Studying HRV improves ecosystem management by providing an understanding of ecosystem
processes and species adaptions to change and can be used as a reference for establishing the

range of desired future conditions (Morgan et al. 1994). However, criticism of HRV has focused on



the relevance of the concept to resource management and ecological restoration in a world where
present and impending ecological changes are unprecedented (Harris et al. 2006; Millar et al. 2007;
Stephenson et al. 2010). This criticism would be valid if the only application of HRV was to restore
ecosystems to replicas of pre-European conditions. Instead, Romme et al. (2012) argue that the
evolving value of HRV is to use the historical record to assess how ecosystems “responded to
environmental variation in the past as a way of informing current and future conservation
management” (pg. 11). For example, managers can use an understanding of ecosystem dynamism
provided by HRV to move an ecosystem back within the bounds of various discrete parameters

(Higgs et al. 2014).

The quantification of HRV requires temporally deep (i.e. > 100 years) and spatially explicit historical
data (Keane et al. 2009). Historical vegetation conditions can be reconstructed or described from
pollen deposits found in lake or ocean sediments; plant macrofossil assemblages preserved in
middens, sediments, or soil; dendrochronological data and fire scar histories, land survey records
and repeat photographs (Humphries and Bourgeron 2001; Keane et al. 2009). However, these
datasets present many challenges for quantifying HRV as they have limited or unknown spatial
domains or their time spans are too long for assessing patterns of structure and composition
(Swetnam et al. 1999). Keane (2013) asserts that the best sources for quantifying HRV are spatial
chronosequences or digital maps of historical landcover from different time periods. Historical and

repeated photographs have potential to meet these requirements.

1.4.3 Advances in repeat photography analysis

Numerous methods and tools for deriving landcover from oblique images have been developed
since the pioneering work of Rhemtulla et al. (2002) in Jasper NP. The following studies have sought
to improve the four essential repeat photography tasks for oblique images: image alignment,
classification, georectification, and mosaicking. Roush et al. (2007) quantified vegetation changes
within the alpine tree-line ecotone of Glacier National Park by orthorectifying image pairs in a GIS
and overlaying a grid on each image to depict differences on a cell-per-cell basis. Gat et al. (2011)
investigated the use of feature detection software to automate the process of alighing image pairs
and Jean et al. (2015) tested an algorithm utilizing two different texture descriptors to classify image
pairs into forest and non-forest categories. Stockdale et al. (2015) described a new method for

georeferencing oblique photographs in a GIS using the WSL Mono-plotting tool (WSL is the acronym



for the Swiss Federal Institute for Forest, Snow and Landscape Research) developed by Bozzini et

al. (2012).

In 2016, Sanseverino et al. introduced the Image Analysis Toolkit (IAT), which provides a variety of
tools for aligning and manually classifying image pairs, produces comparative statistics for user-
defined categories, and allows different ways to visualize change. Fortin et al. (2019) compared the
quantification of land cover from oblique photographs and orthogonal satellite imagery using
regression analysis, finding a positive relationship between the categories in the two data sources.
Most recently, Bayr and Puschmann (2019) demonstrated the application of a convolutional neural
network for the automatic detection and classification of woody regrowth vegetation in repeat
landscape photographs. However, despite the impressive progress reported in these studies, there
remains a need for a workflow that seamlessly incorporates all four essential tasks for repeat

photography analysis to support studies that quantify HRV.

1.4.4 The Mountain Legacy Project and software development

Many of the repeat photography studies described above made use of images from the MLP
(https://mountainlegacy.ca/), directed by Dr. Eric Higgs, which provides access to the world’s
largest collection of systematic historical and repeated mountain photographs. Based in the School
of Environmental Studies at the University of Victoria, the MLP originated from the work of
Rhemtulla et al. (2002) and is focused on studying landscape change in the Canadian cordillera.
This work includes repeat photography, archival research, data management, image analysis, and
software development. This latter aspect of the MLP has benefitted from three important
contributions in recent years that support the realization of an efficient and accurate repeat

photography analysis workflow.

The first contribution, by Spencer Rose, a graduate student in UVic’s School of Computer Science,
involves the development of a deep learning algorithm that addresses a critical need for repeat
photography analyses — automating the classification of landcover in grayscale and color oblique
images. Many repeat photography analyses (i.e., Rhemtulla et al. 2001; Fortin et al. 2019; McCaffrey
& Hopkinson 2017; Stockdale et al. 2015) have involved time-consuming manual image
interpretation. Previous work to automate oblique image classification produced coarse results or

was limited to color images (Bayr & Puschmann 2019; Jean et al. 2015). Rose’s graduate research


https://mountainlegacy.ca/

focused on developing a trainable segmentation network and land cover classification tool - the
Python Landscape Classifier (PyLC; Rose 2020). The tool utilizes a deep convolution neural network
optimized for semantic segmentation and is trained on grayscale and colour photographs from the
MLP collection and their corresponding land cover masks manually created by Fortin et al. (2019)

and Jean et al. (2015).

The second contribution, by Mike Whitney and Mary Sanseverino, research associates with the MLP,
involves the development of a new georeferencing tool for oblique images. This tool addresses a
shortcoming of the WSL Mono-plotting tool developed by Bozzini et al. (2012), which can only
georeference vector data. The new georeferencing tool utilizes a web-based ray tracing algorithm,
camera metadata and elevation data to relate landcover classifications derived from an oblique
photograph to its correct geographic location in a GIS (Higgs et al., 2020). Importantly, this
approach enables the georectification of rasterized classification data, which better supports the
production of historical and contemporary landcover maps for the change analysis undertaken in

this dissertation.

More recently, Wright et al. (2024) introduced the Mountain Image Analysis Suite (MIAS) plugin for
QGIS (an open-source GIS application). The plugin integrates PyLC and the georeferencing tool into
a single platform with a user-friendly interface. Consequently, MIAS significantly improves the

efficiency and useability of the workflow developed for the analysis undertaken in this dissertation.

1.5 Drivers of change in Jasper NP

The two recent disturbance events described at the beginning of this chapter have abruptly
reversed the gradual landcover changes observed by Rhemtulla et al. (2002) in the montane
ecoregion over the previous century. The MPB outbreak has impacted up to 229,000 hectares
(approximately 70 % of the total majority lodgepole pine stands within the park) over the previous
decade (Skretting et al. 2024). In 2024, the high severity JWC burned through 32,722 ha of the upper
Athabasca River valley. Approximately 70% of the area burned by the fire was in stands impacted by
MPB. Although both disturbance events are naturally occurring (MPB is native to forests in other
areas of the southern Canadian Rockies), anthropogenic drivers have likely influenced their extent
and severity (i.e., MPB is unprecedented in Jasper NP). A driver refers to any natural or human-

induced change in an ecosystem (Carpenter et al. 2006). Direct drivers are physical or biological
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and influence ecosystem processes, whereas indirect drivers may alter one or more of the direct

drivers (Nelson et al. 2006).

A 310-year fire history chronology established by Tande (1979) for a 43,200 ha area centered on the
town of Jasper determined that the montane ecoregion experienced a mixed-severity fire regime.
From 1665 to 1913 there were 46 fires within the study area with a mean fire return interval of 5.5
years (Tande 1979). Since 1913 (through 1975) fire periodicity and extent declined significantly
(Tande 1979). Another fire history chronology by Chavardes and Daniels (2016) focused on a 2,000
ha area 12km north of the town of Jasper. Across a similar period, they also found evidence of
frequent, mixed-severity fire for numerous sites within their study area, but no fires after 1905
(Chavardes and Daniels 2016). Both studies suggest the decline in fire over the previous century is

a result of fire exclusion and suppression.

Fire exclusion began in Jasper NP with the displacement of Indigenous and Métis families shortly
after the establishment of the parkin 1907. For millennia, Indigenous Peoples used fire as a tool for
resource management (i.e., maintenance of travel corridors, improving forage for domestic
animals, increasing availability of culturally important plants) and community protection (Hoffman
et al. 2022). Consequently, Indigenous fire stewardship enhanced ecosystem diversity and reduced
wildfire risk by lessening fuel loads and diversifying the frequency, timing and severity of wildfire
(Christianson 2014). In 1913, Jasper NP implemented a policy of fire suppression to protect
infrastructure in the Park and preserve European wilderness values (MacLaren et al. 2007; Murphy
2007). In the ensuing decades fire suppression responses greatly improved across the Canadian
Rockies due to advances in fire-fighting equipment, the construction of fire roads, and the
installation of fire lookouts (Keane et al. 2002; Woodley 1995). Between 1935 and1995, the annual
area burned in the Canadian Rockies was approximately three percent of the previous, long-term

average (Woodley 1995).

Another direct driver influencing disturbance is climate change. Many disturbances have a strong
climate forcing, including wildfire and insect outbreaks (Turner 2010; Turner and Seidl 2023). In
western North America, climates have become significantly warmer and drier over the last 50 years
(Whitman et al. 2022). The implications for wildfire are longer fire weather seasons, more frequent

extreme fire weather events, faster fire spread rates, and an increase in lightning-induced ignitions

11



(Coop et al., 2020; Jones et al., 2022; Pérez-Invernén et al., 2023). As a result, many regions are now
experiencing an increase in large fires and total area burned, as well as higher fire severity
(Abatzoglou & Williams, 2016; Bedia et al., 2015; Buch et al., 2023; Joseph et al., 2019; Krawchuk et
al., 2009; Parks & Abatzoglou, 2020; Wasserman & Mueller, 2023; Whitman et al., 2022).

Some forest insects respond rapidly to climatic variation due to their sensitivity to temperature,
which can affect their distribution and abundance (Weed et al. 2013). Historically, sustained cold
winter temperatures in the northern Canadian Rockies have served as a geoclimatic barrier that has
confined MPB to the western half of the continent (de lay Giroday et al. 2012). However, the
warming trend across western North America has improved overwintering brood survival, flight
capacity and generation times (Pureswaran et al. 2018). Carroll et al. (2004) attribute the recent
range expansion of MPB into formerly climatically unsuitable habitats (i.e., northward, eastward,
and higher elevations) to the effects of climate change (also see Bentz at al. 2016). Climate change
has also been shown to double the length of the MPB flight season and increase the life cycle in
some MPB broods from one to two generations per year (Mitton & Ferrenberg 2012). Additionally,
changes in climate can lead to drought conditions that reduce host tree defences (Fettig et al.

2013; Seidl et al. 2017).

The synergistic effects of these drivers are causing disturbance regimes to depart from their HRV or
occur in areas where they have not been present historically (Turner & Seidl 2023). In Jasper NP, the
build-up of hazardous fuels over the previous century due to fire exclusion and suppression has
resulted in higher severity fires. This departure from a mixed-severity fire regime has been amplified
by the effects of climate change, such as the increased frequency of extreme fire weather events,

which has made firefighting efforts exceedingly difficult.

Altered fire regimes and climate change across western Canada have also created ideal conditions
for MPB population growth. A reduction in wildfire has led to a threefold increase in host tree
availability across the region and warmer summers and milder winters have increased beetle
reproduction and overwintering brood survival respectively (Taylor & Carroll 2003; Carroll et al.
2006). In combination, these factors were the catalyst for the largest recorded MPB outbreak in
history, which began in central British Columbia in the late 1990’s and enabled range expansion into

northern BC and northern and central parts of western Alberta (including Jasper NP).
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1.6 Novel disturbance regimes and their implications

The emergence of novel disturbance regimes, described by Turner & Seidl (2023) as disturbance
regimes to which ecosystems are not adapted, are raising concerns about how ecosystems will
respond. This is because disturbances and recovery processes are closely linked, so changes that
alter this linkage could result in novel ecological responses (Turner 2010; Seidl & Turner 2022).
Additionally, interactions between two novel disturbances (and other drivers of change) may
increase the likelihood of novel responses (Turner & Seidl 2023). However, the potential for
fundamental ecological change (i.e., a departure from HRV) is greatest when novelty occurs in both
the disturbance and the ecological response to the disturbance (Seidl et al. 2016; Turner & Seidl
2023). When an ecosystem can no longer absorb change (i.e., an ecological threshold is
surpassed), a regime shift to an alternative stable state can occur (Beisner et al. 2003; Folke et al.

2004; Harris et al. 2013; Scheffer et al. 2001).

Lewontin (1969) is credited with introducing the idea that ecosystems often exhibit multiple stable
states (i.e. basins of attraction), depending on environmental conditions (Beisner et al. 2003;
Groffman et al. 2006, Harris et al. 2013; Holling 1973). Ecosystems can shift between states in two
ways. The first involves internal factors whereby the ecosystem shifts from one state to another by a
“sufficiently large perturbation applied directly to the state variables” (e.g. population densities;
Beisner et al. 2003, p. 2). The second way involves external factors whereby “a change in the
parameters that determine the behavior of the state variables and how they interact with each
other” leads to a shift in states (e.g. nutrient cycles; Beisner et al. 2003, pg. 2). These are known as

the “community” and “ecosystem” perspectives respectively (Beisner et al. 2003).

Resilience is an important feature of ecosystems and refers to the resistance of a system to state
shifts (Harris et al. 2013; Holling 1973). It relates to two topographic characteristics of a basin that
act to retain the system: the steepness of the slope and the width of the basin (Beisener et al.
2003). Therefore, a system with steeper slopes and/or a wider basin will require a larger
perturbation to escape to a different basin (i.e., alternative stable state; Beisner et al. 2003).
Feedback mechanisms form the basic dynamics for regulating the state of an ecosystem and are
an important part of nonlinear responses to environmental change (Maxwell et al. 2017). Negative
feedbacks provide stability to the system, whereas positive feedbacks stimulate change and can

lead to alternative states (Capon et al. 2015; Harrison 1979; Scheffer et al. 2001). Regime shifts
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may occur for several reasons but always involve a shift in feedback mechanisms that maintain a

state in one form or another (Capon et al. 2015; Harris et al. 2013; Scheffer et al. 2001).

1.6.1 Novel ecosystems and ecological novelty.

Similarities exist between the occurrence of regime shifts and “novel ecosystems” — a concept
introduced by Hobbs and colleagues to describe the emergence of new biotic assemblages with no
natural analogs (Hobbs et al. 2006; Hobbs et al. 2009). Anthropogenic drivers are the catalyst for
novel ecosystems, which occur when a system surpasses a critical threshold that falls outside its
HRV (Hobbs et al. 2013). However, a key difference between regime shifts (to alternative stable
states) and the emergence of novel ecosystems is the irreversibility of the latter — transitions to
novel ecosystems are usually permanent. Hobbs et al. (2013) differentiate between novel and
hybrid ecosystems, which contain novel elements, but have the potential to recover their historical

qualities.

There is also similarity in the mechanisms behind regime shifts and emergent “ecological novelty” -
an umbrella term proposed by Heger et al. (2019) that encompasses the concepts of novel
organisms, novel communities, novel ecosystems, novel interactions and novel abiotic conditions.
The term allows for novelty to be addressed from descriptive, non-normative perspectives (e.g.,
both categorical and continuous measures of novelty). The organism-centered perspective of this
term considers if focal species lack eco-evolutionary experience to adapt to changing conditions
(akin to a shift in variables) whereas the site-specific perspective considers if contemporary

conditions differ from historic conditions (akin to a shiftin parameters; Heger et al. 2019).

In Jasper NP, a key issue with emergent ecological novelty in the montane ecoregion concerns the
capability of management interventions to support ecosystem resilience and adaptation. The first
priority of park management per the Canada National Parks Act (2000) is to maintain or restore
“ecological integrity”, defined as the condition of ecosystem components, communities, and
processes determined to be characteristic of its natural environment (Keenleyside et al. 2012;
Parks Canada 2008). Novel disturbance regimes are a threat to ecological integrity as they may
cause ecosystems to depart from their HRV and shift to different species assemblages and/or

ecological functions (i.e., alternative stable states or novel ecosystems). Thus, the research
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undertaken in this dissertation is ultimately focused on evaluating how novel disturbance could

impact ecological integrity in Jasper NP.
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Chapter 2: Assessing the accuracy of georeferenced landcover data derived from oblique
imagery using machine learning

Abstract

Repeat photography offers distinctive insights into ecological change, with ground-based oblique
photographs often predating early aerial images by decades. However, the oblique angle of the
photographs presents challenges for extracting and analyzing ecological information using
traditional remote sensing approaches. Several innovative methods have been developed for
analyzing repeat photographs, but none offer a comprehensive end-to-end workflow incorporating
image classification and georeferencing to produce quantifiable landcover data. In this paper, we
provide an overview of two new tools, an automated deep learning classifier and intuitive
georeferencing tool, and describe how they are used to derive landcover data from 19 images
associated with the Mountain Legacy Project, a research team that works with the world’s largest
collection of systematic high-resolution historic mountain photographs. We then combined these
data to produce a contemporary landcover map for a study area in Jasper National Park, Canada.
We assessed georeferencing accuracy by calculating the root-mean-square error and mean
displacement for a subset of the images, which was 4.6 and 3.7 m, respectively. Overall
classification accuracy of the landcover map produced from oblique images was 68%, which was
comparable to landcover data produced from aerial imagery using a conventional classification
method. The new workflow advances the use of repeat photographs for yielding quantitative
landcover data. It has several advantages over existing methods including the ability to produce
quick and consistent image classifications with little human input, and accurately georeference

and combine these data to generate landcover maps for large areas.
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Introduction

Historical ground-based (i.e., oblique) landscape photographs are often overlooked as a source of
information for studying ecological change (Keane et al., 2009; Trant et al., 2015; Webb et al., 2010).
These photographs vary in coverage and quality, from snapshots in personal albums to extensive
and systematic collections of images used for land surveying. What many early landscape
photographs have in common is they serve as a record of ecosystems in most cases before the
effects of pervasive human impacts (see Steffen et al., 2015). Oblique landscape photographs can
provide researchers with a spatially explicit reference from which to evaluate contemporary
landscape features and change, including, for example, species composition and configuration

(Gruell, 1983; Hayward et al., 2012).

Methods for analyzing ecological change using historical oblique photographs were pioneered in
the field of repeat photography: the practice of capturing photographs of a scene from the same
location at different points in time (Hastings & Turner, 1965; Rogers et al., 1984). Repeat
photography was first documented in central Europe, initially as a technique for tracking glacial
change in the Alps, but it has since become an established method for documenting different types
of ecological and landscape change around the world (Webb et al., 2010). In recent decades,
repeat photography studies have developed a variety of approaches to elicit information from
oblique images and evaluate changes that have occurred between the time periods captured in
each photograph. From early qualitative observations describing geomorphological and vegetative
changes on the landscape (e.g., Byers, 2007; Gruell et al., 1982; Hastings & Turner, 1965), methods
have evolved to include innovative quantitative approaches that generate measurable change

metrics (e.g., Bayr & Puschmann, 2019; Rhemtulla et al., 2002; Roush et al., 2007).

Researchers undertaking quantitative analysis in repeat photography studies must perform two
critical tasks: (1) identify and/or classify landcover information in the sequence of images; and (2)
calculate the amount of detectable change. Oblique landscape photographs present several
challenges to this process including perspective distortion, high interclass variation, image quality
issues, and varying scales relative to pixel size (i.e., a pixel in the foreground of an image will
capture less geographic area than a pixel in the background; Bayr & Puschmann, 2019; Clark &
Hardegree, 2005; Kull, 2005; Sanseverino et al., 2016). Additionally, the oblique perspective of

ground-based photographs does not allow for analysis using classification and change-detection
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techniques developed for nadirimagery (Bayr & Puschmann, 2019). Instead, studies have largely

relied on manual photointerpretation techniques for measuring change.

Several different quantitative approaches have been used to analyze oblique images. For example,
Rhemtulla et al. (2002) followed common aerial photographic interpretation techniques (i.e., hand-
drawn polygons on acetate sheets overlaid on printed photographs) to delineate and categorize
areas of homogenous landcover for image pairs. These data were then imported into a geographic
information system (GIS), which allowed the authors to estimate relative vegetative change (as a
percentage of photograph area) by summing pixels in image pairs by cover type (Rhemtulla et al.,
2002). Fortin et al. (2019) modernized this approach by creating digital copies of image pairs and
then manually classifying features of interest using a digitizing tablet and the Image Analysis Toolkit
(IAT; custom software specifically developed for analyzing repeat photographs; Sanseverino et al.,
2016). Hall (2001) and Roush et al. (2007) followed a different approach that overlaid a grid on top
of image pairs and determined changes to vegetation cover per grid cell. More recently, Trant et al.
(2020) used a digitizing tablet to delineate the treeline in 81 image pairs to assess high elevation
ecosystem change. Other approaches have used a combination of image pairs and field
observations to produce quantitative data (Hoffmann & Todd, 2010; Masubelele et al., 2015;

McClaran et al., 2010;).

The different approaches for classifying landcover and calculating change between historical and
repeat photographs emphasize two important shortcomings. The firstis a reliance on manual
photointerpretation to identify and categorize landcover information. Although this technique is an
accurate approach (Wulder, 1998), it can be difficult to replicate and produce consistent results
due to the subjectivity of different interpreters (Wulder et al., 2008). Manual photointerpretation is
also a laborious, time-consuming, and expensive undertaking (Green, 2000). Recent studies have
investigated the potential to use machine learning methods to classify information in oblique image
pairs. Jean et al. (2015) developed an algorithm for classifying oblique photographs based on
texture analysis using a machine learning segmentation algorithm that delineated “meta-
categories” of forest and non-forest. Bayr and Puschmann (2019) used a deep learning algorithm to
classify and evaluate woody vegetation change in pairs of repeat color photographs. However, both
studies generated image classifications with coarse resolution limited to just two landcover

categories and encountered challenges related to classifying historical grayscale photographs
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The second shortcoming concerns the difficulty of georeferencing oblique images, and therefore
allowing absolute rather than relative quantitative comparison. To address this, Bozzini et al. (2012)
developed the WSL Monoplotting Tool for georeferencing oblique photographs using
photogrammetry methods, whereby each photographic pixel is plotted to its real-world location.
Stockdale et al. (2015) used this tool to georeference landcover data derived from repeat
photographs (manually interpreted using grid overlays) in a GIS at 100 m resolution. Recently, Bayr
(2021) tested the accuracy of the monoplotting tool using a fine-resolution digital elevation model
(DEM), reporting a mean displacement of 1.52 m for georeferenced points relative to their location
in aerial photographs. However, the tool requires users to identify control points from features
recognizable in both oblique photographs and nadir imagery, which can be difficult and time-
consuming. This is especially true if the oblique photographs precede the nadir imagery by
decades, which is often the case for historical images. Further, no repeat photography study has yet
to develop a workflow that harnesses the potential of automated classification approaches in
combination with georeferencing procedures to produce repeatable, accurate, and fine scale

landcover change data.

To address this need, we have created an end-to-end workflow that deploys two recently developed
custom software tools: a trainable segmentation network and automated landcover classification
algorithm, and a web-based georeferencing tool. These tools were developed by researchers
associated with the Mountain Legacy Project (MLP; http://mountainlegacy.ca/), a research team
that works with the world’s largest collection of systematic high-resolution historic mountain
photographs (Sanseverino et al., 2016). In this paper, we provide an overview of the two original
tools and describe how they are implemented in a workflow for oblique photography analysis. To
demonstrate the application of this workflow we produce a composite landcover map for a study
area in Jasper National Park using images in the MLP collection. Our main purpose in this article is
to assess the performance of the tools and evaluate the accuracy of the map in relation to
landcover data produced using more conventional techniques (i.e., supervised classification of 30
cm aerial imagery captured over the study area in 2020). The intent of this paper is to validate the
new workflow for the purpose of producing landcover data from historical oblique photographs.
This would benefit ecology and conservation by increasing the temporal depth of spatially explicit

studies focused on understanding change dynamics in ecosystems and landscapes.
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Study area

To assess the capability of the workflow to produce accurate georeferenced landcover data, we
required a study area that had comprehensive oblique and orthographic photographic coverage.
Jasper National Park extends over 11,000 km? of the eastern Canadian Rockies in west-central
Alberta (Fig 2.1). Established in 1907, it is the largest of a network of national, provincial, and
wilderness parks that stretch along the continental divide on either side of the provincial border
between Alberta and British Columbia. In 1915, the central portion of Jasper National Park was
systematically photographed by Morrison Parsons Bridgland for the Dominion Land Survey
(MacLaren et al., 2005). Bridgland established a network of 92 camera stations, typically on
mountain peaks or prominent outcrops, from which he captured a total of 735 photographs
(Rhemtulla et al., 2002). The photographs, along with horizontal and vertical measurements
recorded with a theodolite were then used to produce the first topographic maps for the area
(Higgs, 2003; MacLaren et al., 2005). To the northeast of the Jasper townsite, several camera
stations provide unobstructed and overlapping views of the Athabasca River valley, resulting in
almost 100% coverage of the landscape (Fig. 2.1). This area was the focus of a repeat photography
study by Rhemtulla et al. (2002) that evaluated 80 years of landcover change in the valley. In this
paper we reanalyze the 2002 study area using new repeat photographs captured in 2020 from

Bridgland’s original camera stations.

Materials and Methods

Our workflow for producing landcover data features two new tools for oblique image classification
and georeferencing. The Python Landscape Classifier (PyLC; https://github.com/scrose/pylc) is a
trainable segmentation network that automates the classification of landcover types in grayscale
and color oblique photographs (Rose, 2020). PyLC is based on an implementation of Deeplabv3+, a
top performing deep convolution neural network (DCNN) optimized for semantic segmentation (i.e.,
each pixelin animage is assigned a class or label; Chen et al., 2017). The network was trained on
95 pairs of historical and repeat photographs from the MLP collection and their corresponding
landcover classifications created by MLP researchers using manual classification (Fortin et al.,
2019; Jean et al., 2015). PyLC classifies images into 8 landcover classes originally defined by Jean
et al. (2015) and based on the broad habitat categories found in the Canadian Rockies (Fig. 2.2;
Table 2.1). Data augmentation (i.e., geometric manipulations of training samples) was used to

increase underrepresented classes in the training dataset to mitigate class imbalance (Table 2.1).
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This technique produced modest improvements to overall accuracy (+3% historic/+1% repeat), but

much larger gains for underrepresented classes (Rose, 2020). Rose (2020) reported that the top

performing models produced overall weighted F1 scores (a measure of the overlap between a

segmentation mask and a manually classified mask) of 0.841 for historical photographs, and 0.909

for contemporary repeat photographs.
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Figure 2.1 Map of the Athabasca River valley study area and camera station locations in Jasper
National Park. Top right inset: location of study area (red star) and Jasper National Park (green) in
Western Canada. Bottom right inset: Amount of field of view overlap for the 19 images used in the

analysis. Map credits: ESRI, 2021; Natural Resources Canada, 2021.
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Figure 2.2 Examples of image classifications produced by manual methods and PyLC for historical
and repeat photograph pairs. Classification accuracy was typically better for repeat photographs
due to the higher image quality and richer spectral information. Figure adapted from Rose (2020).
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Table 2.1 Description of land cover categories for PyLC/SVM classification scheme. Percent change
indicates adjustments to pixel class distribution after data augmentation. SVM samples indicate
the number of training samples per class used by the SVM classifier to generate the orthogonal
landcover map. Adapted from Rose 2020.

Pixel Augmented pixel Percent SVM

Category Description distribution dist. change samples
Coniferous forest Greater than 75% coniferous trees 0.219 0.2431 1" 20
Barren ground Soil, sand, gravel, or rock 0.1155 0.1149 —-0.5 44
Water Lakes and rivers 0.0008 0.0042 401 94
Regenerating area Visibly recently burned forest 0.021 0.0748 255.5 N/A
Herbaceous/shrub Shrubs, grasses, and herbaceous vegetation 0.0613 0.0638 4.1 49
Wetland Vegetation with a wet or aquatic moisture 0.0082 0.0388 370.8 22

regime
Broadleaf/ >70% broadleaf trees/patches with 30%-70%  0.0095 0.0493 419.4 44

mixedwood broadleaf cover and the rest coniferous

trees and/or shrub
Snow/ice Snow and ice 0.008 0.0203 155.9 N/A
Non categorized Non categorized 0.5568 0.3909 -29.8 N/A

The georeferencing tool uses a new approach to relate landcover classifications derived from an
oblique photograph to its correct geographic location (Higgs et al., 2020). The tool utilizes a web-
based ray tracing algorithm to establish a correspondence between each image pixel and DEM cell.
The tool requires information from the original photograph (camera location, azimuth of the camera
orientation, the lens field of view (FOV), and the image dimensions) and a fine-resolution elevation
data. The landcover classification from the photograph is georeferenced in three steps (Fig. 2.3).
The algorithm generates a “virtual” version of an oblique photograph by tracing rays from the
camera FOV to visible pixels (viewed as virtual columns) in a DEM. The original photograph is then
aligned to the virtual photograph using control points and an perspective transformation. Finally,
the algorithm exploits the relationship between the classified image (which shares the same
dimensions as the original photograph) and the DEM to plot the landcover values in real-world

space.
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Figure 2.3 Steps for georeferencing classified photographs in IAT. Step 1: a virtual photograph,

Virtual photograph

B Coniferous forest

B Barren ground

I Water

I Regenerating area
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B Wetland

[ Broadleaf/mixedwood

I Snow/ice

replicating the original photograph FOV, is produced using camera metadata and a DEM. Step 2: the

original photograph is aligned to the virtual photograph using control points and a perspective

transformation, which are then used to align the image classification to the virtual photograph. Step

3: the cell values from the aligned image classification are then georeferenced by exploiting the

relationship between the virtual photograph and elevation data.
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To assess the capability of PyLC and the IAT georeferencing tool to produce accurate landcover
data, we undertook fieldwork in August/September 2020 to capture third sequential repeat
photographs (original 1915; first repeats 1998/99) overlooking the study area. We required new
repeat photographs because the first repeats were captured on black and white film and do not
have the required spectral information for analysis using the current version of PyLC. Photographs
were taken with a 51.4-megapixel FujiFilm GFX50s medium format digital camera with a 32-64 mm
F4 zoom lens, and a Novoflex panoramic head and tripod. Field notes and location photographs
(i.e., for camera tripod placement) recorded by Rhemtulla et al. (2002) were instrumental in
planning and navigating to original station locations. Gridded printouts of the historic photographs
were used to finetune the tripod position and align each repeat photograph through the camera
viewfinder. Detailed field notes including coordinates of camera location using a Garmin GPS and
azimuth for each photograph using a Brunton transit were recorded to assist with later
georeferencing tasks. Seven survey stations, each comprising multiple photographs (5 to 12 photos

per station), were revisited yielding a total of 69 repeat photographs (Fig. 2.1).

High-resolution elevation data derived from airborne LiDAR were obtained from Natural Resources
Canada (2021) and Jasper National Park. These data were formatted, mosaicked, and resampled to
2m resolution to produce a 30 x 40 km digital surface model (DSM) and digital terrain model (DTM)
for the study area (all GIS tasks were performed in ArcGIS Pro 2.8.3; ESRI, 2021). Note that the DSM
produces more realistic virtual photographs by including surface features such as trees, which can
be used for alignment with the same trees in the oblique photograph. The DTM is then used for
georeferencing the classified images (avoiding the speckle effect that would be present if using the
DSM). To determine which station photographs to include in this analysis, viewsheds were
generated for each of the 69 photographs using the Viewshed tool (ESRI, 2021). Only image
viewsheds that had a considerable spatial footprint within the study area were selected, which
reduced the total number of images to 19 (providing 99.3% coverage of the study area; Fig. 2.1;
Appendix A). We then classified landcover in each of the 19 images with PyLC using the landcover

classes listed in Fig 2.2 (Appendix B).

The 19 classified images produced by PyLC were then georeferenced with the IAT georeferencing
tool using the elevation data and camera metadata (see steps described in Fig. 2.3; Appendix C). To

account for overlap between the georeferenced images, all 19 viewsheds were combined in ArcGIS
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Pro 2.8.3 using the cell statistics tool (ESRI, 2021) with the majority overlay statistic selected (i.e.,
the value that occurs most often for cells with multiple values). Where cells had multiple majority
values, the tool produced a no data value, leading to only 91.7% coverage of the study area. To
address this, classified images were dropped iteratively based on a visual assessment of PyLC
output quality with the majority cell value recalculated each time until two viewsheds remained.
The resulting 19 grids were then mosaicked together in the order they were produced using the
Mosaic to New Raster tool (ESRI, 2021). This process brought the coverage of the study area back
up to 99.3%. The remaining unclassified cells were filled using their nearest neighbor values with
the Nibble tool (ESRI, 2021). Several areas of water were misclassified as snow/ice in the study area
—these areas were reclassified back to water using the Reclassify tool (based on the assumption
that there is no ice in the valley bottom during the summer months; ESRI, 2021). Similarly, areas of
regeneration were reclassified to conifer as there have been no recorded wildfires within the study
area for decades. The final step for producing the oblique landcover map involved clipping the grid

to the study area extent (Appendix D).

The accuracy of the IAT georeferencing tool was assessed using one georeferenced image from
each of the seven camera stations. Eight test points were manually digitized on each georeferenced
image using identifiable features within the study area. Control points for the same features were
then digitized on 30 cm RGBI high-resolution aerial imagery obtained from Jasper National Park
captured over the study area in 2020. We determined georeferencing error by calculating the root-
mean-square error (RMSE) for each set of test and control points. To compare accuracy with the
WSL tool, we also calculated the point displacement by measuring the Euclidian distance between
the test and control points (Bayr, 2021). Finally, we measured the distance and angle of incidence
between all camera locations and their associated test points to evaluate their influence on point
displacement (Stockdale et al., 2015). A Generalized Linear Model was constructed in ArcGIS Pro
2.8.3, using the following equation:

point displacement (m) = intercept + {3; (distance to camera) + 3, (angle of incidence)
To satisfy model assumptions, the mean displacement values for each image were fit to a normal

distribution using a square root transformation.

We compared the oblique landcover map with landcover data produced from the 30 cm RGBI high-

resolution aerial imagery using a Support Vector Machine (SVM) classifier in ArcGIS Pro 2.8.3 (ESRI,
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2021). SVMs are supervised machine learning algorithms optimized for locating exemplars (i.e.,
support vectors) that form decision boundaries for separating landcover classes (Pal & Mather,
2006). The SVM classifier was trained with samples of land cover from the aerial imagery using the
same classification scheme used for producing the oblique land cover map (excluding snow/ice
and regenerating areas). A total of 273 samples were identified and their distribution across the 6
land cover classes are reported in Table 2.1. The results were resampled to 2m using bilinear

interpolation (Appendix D).

We compared accuracy of the landcover maps generated from the oblique and orthogonal imagery
based on reference data derived from the 30 cm aerial imagery. We generated 198 equalized
stratified random points (i.e., randomly distributed points within each class, in which each class
has the same number of points to mitigate class size imbalances) in ArcGIS Pro 2.8.3 and extracted
the landcover values from the two maps at each point (ESRI, 2021). We interpreted reference
landcover values for each random point by visually assessing the aerial imagery. We then used
these data to compute a confusion matrix for each landcover map, which showed the overall
accuracy based on the percentage of correctly classified samples. User’s accuracy (i.e., the
probability that features on the map are present on the ground) and producer’s accuracy (i.e., the
probability that features on the ground are correctly shown on the map) were reported for each

class.

Results

The RMSE for the subset of 7 individual images used to assess georeferencing accuracy ranged
from 2.8 to 7.7 m, with an overall mean of 4.6m (Table 2.2). The mean displacement between test
and control points ranged from 1.8 to 6.9 m, with a mean of 3.7 m (SD = 2.2 m; Table 2.2). The
distance from camera to test points ranged from 1647.7 mto 10 512.9 m, with a mean of 5832.6 m;
and the angle of incidence ranged from 5.9° to 23.2°, with a mean of 13.6°. Based on the results of
the GLM, there was no significant effect of distance to camera (P = 0.84, a = 0.05) and angle of

incidence (P =0.29, a =0.05) on the mean point displacement.
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Table 2.2 Mean georeferencing error (i.e., point displacement) based on 8 test points per image,
and mean distance of points from camera and angle of incidence.

Root mean Mean point Mean distance
Station/Image# square error (m) displacement (m) (£5D) (m) (range) AQI (°) (range)
Hawk DSCF0614 3.8 1 8 (£0.6) 4785.5 (3936.3-5955.7) 19.2 (14.9-23.2)
Pyramid DSCF0782 2.8 4 (£1.4) 7426.9 (6766.5-8206.9) ‘\3 7 (‘\2 3 ‘\5)
Esplanade DSCF0663 4.0 5(£2.1) 5934.4 (4241-8244.4) 2 (8. .6)
Palisade DSCF0838 4.6 8 (+2.8) 5616.2 (4490-7087) '\Z.W (9-’#14.8)
Morro | DSCFO575 4.7 1(£2.2) 27145 (1647.7-3267.4) 15.1 (11.9-24)
Greenock DSCF0547 3.6 3.2 (£2) 6983.2 (4263-10512.9) 9.8(5.9-14.9)
Bonhomme | DSCF725 1.7 6.9 (£4.1) 7367.5 (5388.9-9561.4) 11.7 (7.1-16)
Mean 4.6 3.7 (£2.2) 5832.6 13.6

The two landcover maps are largely consistent in depicting the dominant features of the landscape.
Both maps were proficient in classifying the Athabasca River and other water bodies, the open
swaths of herbaceous/shrub in the center of the study area, and patches of broadleaf/mixedwood
in the northern extent (Fig. 2.4). However, the grain of the two maps is noticeably different

owing to the different approaches used. The oblique land cover map is smoother in appearance
and presents a more generalized view of the study area. Comparatively, the orthogonal land cover
map has the classic speckled appearance of a pixel-based classification and captures more detail
on the landscape. This is evidenced by the completeness of the water bodies and linear features,
and an overall trend of intermixed classes, specifically where herbaceous/shrub intermixes with
barren ground and conifer. However, the latter approach incorrectly classified considerably more
broadleaf/mixedwood in the study area because of class confusion with coniferous forest. Wetland
was also overclassified consistently throughout the study due to confusion with coniferous forest,

herbaceous/shrub, and barren ground.
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Figure 2.4 Landcover maps produced for the Athabasca River valley study area. Left panel: 30 cm
high-resolution aerial image. Middle panel: landcover map produced using oblique photographs
(2m resolution). Right panel: landcover map produced using orthogonal imagery (30 cm resolution).
Map credit: ESRI, 2021.

In terms of landcover class distribution, barren ground and water shared similar proportions for the
two landcover maps while there were considerable differences in the proportions of the other four
landcover classes (Fig. 2.5). The biggest difference was for coniferous forest: the oblique landcover
map classified 72.3% of the study area as coniferous forest versus 45.2% for the orthogonal map.
However, the orthogonal landcover map classified substantially more broadleaf/mixed wood
(16.3%) than the oblique map (1.5%). The orthogonal landcover map also classified more wetland

(7.9%) and herbaceous/shrub (5.7%) than the oblique landcover map.
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Figure 2.5 Proportion of landcover classes (%) for the oblique and orthogonal maps.

The overall accuracy of the oblique landcover map was 68% (Table 2.3). User’s accuracy produced
scores above 75% for four of the map classes. However, barren ground (51%) and wetland (33%)
had low user accuracy, with the latter class typically misclassified as either herbaceous/shrub or
barren ground. Scores for producer’s accuracy were more erratic: broadleaf/mixed wood (90%) and
water (90%) scored highest; the lowest classes were herbaceous/shrub (55%) and barren ground
(49%). The broadleaf/mixed wood and water classes achieved high scores for both producer’s and
user’s accuracy. User’s accuracy for the conifer class was 79%, but producer’s accuracy was lower
due to class confusion with barren ground. There was a larger contrast in scores for
herbaceous/shrub, with a high user’s accuracy (79%) whereas producer’s accuracy (55%) was

affected by class confusion with wetland and barren ground.
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Table 2.3 Confusion matrix for the oblique landcover map compared to reference aerial imagery
indicating overall accuracy of 68%.

Conifer Barren Herbaceous/ Broadleaf/ u
Class forest ground Water shrub Wetland mixedwood Total accuracy
Coniferous forest 26 2 0 3 1 1 33 0.79
Barren ground 6 17 0 5 3 2 33 0.51
Water 0 5 27 1 0 0 33 0.82
Herbaceous/ 0 3 0 26 4 0 33 0.79
shrub

Wetland 1 8 3 10 " 0 33 0.33
Broadleaf/mixed 3 0 2 0 28 33 0.85
Total 36 35 30 47 19 31 198

P Accuracy 0.72 0.49 0.90 0.55 0.58 0.90 0.68

The orthogonal landcover map had an overall accuracy of 60% (Table 2.4) based on the same
accuracy assessment points generated for the map derived from oblique photographs. Water (85%)
had the highest user’s accuracy score, and wetland (38%) had the lowest. Notably, conifer (48%)
was frequently misclassified as broadleaf/mixed wood. Similarly, for producer’s accuracy, water

(93%) scored highest, and wetland (29%) was lowest.

Table 2.4 Confusion matrix for the orthogonal landcover map compared to reference aerial imagery
indicating overall accuracy of 60%.

Class Conifer forest ~ Barren ground ~ Water  Herbaceous/shrub ~ Wetland  Broadleaf/mixedwood ~ Total U accuracy
Coniferous forest 25 2 0 5 3 17 52 0.48
Barren ground 1 18 2 2 4 0 27 0.67
Water 0 0 28 0 5 0 33 0.85
Herbaceous/shrub 5 15 0 27 0 1 48 0.56
Wetland 2 1 0 5 13 0.38
Broadleaf/mixed 3 0 0 6 0 16 25 0.64

Total 36 36 30 44 17 35 198

P Accuracy 0.69 0.5 0.93 0.61 0.29 0.46 0.60

Discussion

The results of the accuracy assessment indicate the strong potential of a new workflow for oblique
photography analysis. When compared to studies georeferencing MLP images with the WSL
monoplotting tool, the mean displacement error (3.7 m) for this analysis was considerably lower
than Stockdale et al. (2015) and McCaffrey and Hopkinson (2017) who found error values of 14.7
and 21.7 m, respectively. A more recent WSL monoplotting assessment by Bayr (2021) did produce

a lower mean displacement error value (1.52 m), but the authors used images taken from lower
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elevations that were closer to features of interest on the landscape compared to the images in the
current study. The steps for georeferencing an image using the IAT georeferencing tool are arguably
more intuitive than the WSL monoplotting tool, as (1) fewer control points are required, (2) the
reference data (i.e., the virtual photo) shares the same oblique view as the image to be
georeferenced, which makes selection of reciprocal control points more intuitive, and (3) the
sweep function allows for immediate visual assessment of alignment accuracy. However, there are
drawbacks related to the requirement of precise camera station metadata to accurately plot the
image classifications. Imprecise camera azimuth and/or coordinates require time-consuming
adjustments to produce the optimal virtual photograph for georeferencing. There are opportunities
to further develop the IAT georeferencing tool to streamline the adjustment process for existing
repeat photograph pairs. New repeat photography fieldwork can also address this issue by using
precision instruments to accurately record camera metadata such as survey-grade transits
(incorporated into the camera head) and sub-meter GPS units that utilize correction services

(Walter, 2020).

The oblique landcover map produced from the oblique images successfully depicted the dominant
features of the study area despite a moderate overall score in the accuracy assessment. While
several classes produced high scores for both producer’s and user’s accuracy, the overall accuracy
score was impacted by low scores for two classes: wetland and barren ground. Wetland is a
challenging class to categorize, for both oblique and orthogonal imagery, given its similarities to
other non-wetland classes (Mahdavi et al., 2018). This issue is reflected in class confusion with
herbaceous/shrub in the results. Classification accuracy for barren ground was hampered by
confusion with numerous classes, especially conifer and wetland. Confusion with the conifer class
may be explained by “shadow effect” where patches of barren ground between trees are obscured
due to the oblique angle of the photographs. There was also a significant outbreak of mountain pine
beetle in the park over the last decade, and the reddish-brown color of beetle-killed pine trees may
also have been misclassified as barren ground. A final issue arises from including roads and
campgrounds in the barren ground class—these features were often misclassified as wetland as

described above.

Comparatively, the overall accuracy for the orthogonal landcover map was lower than the oblique

landcover map. The orthogonal landcover map did produce the highest score for an individual class
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(water), and the SVM algorithm produced better results when classifying barren ground. However,
the algorithm was inconsistent when classifying conifer due to a high amount of class confusion
with broadleaf/mixed wood forest. This may relate to coniferous trees at different stages of growth
(i.e., more open or patchy) confusing the algorithm (whereas this would be less of an issue when
viewing coniferous stands at an oblique angle). Similarly, there was considerable class confusion
between herbaceous/shrub and barren ground, which may relate to the many areas within the

study area where these two classes are intermixed.

A key advantage of the workflow described in this paper is the speed, efficiency, and consistency of
classifying images using PyLC. However, noticeable errors are present in the image classifications
and the results indicate that PyLC often confused wetland and barren ground with other classes.
These errors and misclassifications could be explained by the data used to train PyLC (although
georeferencing error may contribute to classification error too). At present the manually classified
training datasets constitute less than 0.1% of the complete MLP image collection, and they do not
represent the full variety landcover found throughout the region. For example, 50% of the training
data is from the Willmore Wilderness Park in western Alberta, where there is a dearth of
anthropogenic features. This bottleneck of representative training data limits model sensitivity or
classifying additional landcover classes—a more robust model requires a wider range of

photographs/classifications to be included in the training data.

Improving PyLC accuracy could be addressed in several ways. Manually corrected PyLC
classifications are considerably quicker to produce than full manual classifications and could be
an effective approach to expanding training datasets (especially for underrepresented ecoregions in
the Canadian cordillera). Corrections typically require 1-3 h of work per image and can be
performed using photo-editing software applications. Additionally, further work to refine data
augmentation methods can potentially address a severe class imbalance in the training data sets,
as can models optimized for classifying specific environments. The addition of new landcover
classes (i.e., developed areas/infrastructure, mountain pine beetle impacted forest, etc.) may
improve the classification accuracy for other classes. Finally, PyLC improvements that incorporate
semi-supervised approaches to segmentation have the potential to reduce reliance on labeled

training data (Hong et al., 2015; Hung et al., 2018). Further, unsupervised segmentation approaches
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employing iterative self-training procedures have potential to eliminate the need for training data

altogether (Zou et al., 2018).

The mosaicking method for combining the 19 georeferenced image classifications makes it
challenging to track the source of error in the oblique landcover map. However, this approach can
correct misclassification errors from individual images when they are mosaicked together using the
mode value technique. An example demonstrating the advantage of this method is found at a lake
located to the south of the Snaring River mouth (Fig. 2.6). One of the classified images from the
Hawk Mountain station incorrectly classifies the lake as conifer, whereas this error is corrected in
the combined oblique landcover map. Another advantage of this approach is the mitigation of the
shadow effect of the oblique photographs, whereby landcover in the viewshed is obscured by

trees or elevated terrain. Combining georeferenced images from different angles in the study area
canfillin these gaps and address issues where the height of trees from the oblique angle does not

result in an exaggerated footprint on the landscape.

Figure 2.6 Example of a classification error in an individual georeferenced image classification that
was corrected when mosaicking all georeferenced image classifications together using the mode
value technique. Left panel: orthophoto showing the extent of the lake. Middle panel: the lake is
misclassified as conifer in single georeferenced image classification (derived from a photograph
captured from the Hawk Mountain station). Right panel: the lake is correctly classified as water in
the oblique landcover map comprising 19 georeferenced image classifications.

Other important considerations for the workflow detailed in this paper relate to image quality, DEM

resolution, and the terrain of prospective study areas. While PyLC is capable of classifying images
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of varying quality (i.e., images captured with sub-optimal lighting), some images do not lend
themselves well to classification due to the elevation of camera station relative to the landscape
below, foreground vegetation obscuring large parts of the field of view, or simply the distance from
the camera to the landcover area of interest. The accuracy of the georeferenced image
classifications is largely related to the resolution of the DEM employed by the IAT georeferencing
tool. To date, there is limited coverage of fine- resolution LiDAR-derived DEM data in the Canadian
Rockies and other mountainous regions in western Canada. The availability of high-resolution
elevation data should be considered when undertaking such work for a specific area. Another
consideration is the elevation of prospective study sites. The analysis presented in this paper is
focused on subalpine valley ecosystems, but the real potential of these methods may lie in alpine
environments where the oblique angle of the photographs can offer richer detail than orthogonal
imagery (Fortin et al., 2019). This would be especially true for ecotone shift assessments (i.e.,

McCaffrey & Hopkinson, 2020; Peterson et al., 2022; Trant et al., 2020).

A logical next step is applying the workflow presented in this paper to historical survey photographs
in the MLP collection captured between 1880 and 1950. This information would predate the first
aerial imagery surveys by decades and would deepen existing monitoring reference data, providing
insights into the configuration and composition of ecosystems under historically contingent
disturbance regimes (Keane et al., 2009). Quantifying the historical range of variability for
ecosystems (i.e., Landres et al., 1999) can provide a spatially explicit baseline for evaluating future
responses to altered disturbance regimes, climate warming, and other anthropogenic stressors
(Turner & Seidl, 2023). However, different machine learning models are required to classify color (3-
band) and grayscale (single band) images. While PyLC models configured for classifying historical
photographs have been developed (Rose, 2020), the image classifications produced from historical
grayscale photographs presently lack the accuracy and consistency of the classifications produced
from their color counterparts. Work is underway to improve machine learning approaches to

historical imagery.

In conclusion, the new workflow described in this paper advances the use of oblique photographs
to yield quantitative landcover data. Our approach has several advantages over existing methods,
specifically the ability to produce quick and consistent image classifications with little human

input, and accurately georeference and combine these classifications to generate landcover data
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for large areas. We have demonstrated that this approach produces results of comparable
accuracy to landcover maps generated using supervised classification and orthogonal imagery.
Further developments for improving this workflow would be best focused on three areas: (1)
expanding training data for PyLC that includes new landcover classes; (2) improving the
performance of PyLC algorithm (i.e., incorporating updates to Deeplabv3+); and (3) increasing the
accuracy of camera station metadata to expedite georeferencing tasks. Additionally, new research
is required to investigate the potential of this new workflow to support management practices in
protected areas. Historical and repeat landcover maps derived from oblique photographs can
provide valuable data for vegetation monitoring, restoration activities, and management planning in

an era of rapid change.
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Chapter 3: A tale of two disturbances: can mountain pine beetle restore landcover
composition and pattern altered by fire suppression in Jasper National Park?

Abstract

Disturbance is a key driver of heterogeneity in mountain landscapes. Historically, the montane
ecoregion (i.e., lower elevations where the climate is typically warmer and drier) in Jasper National
Park experienced a mixed-severity fire regime with short fire return intervals. However, fire
suppression over the previous century has altered the fire return interval, resulting in a significant
increase of homogenous forest cover. These changes contributed to an extensive mountain pine
beetle (MPB; Dendroctonus ponderosae) outbreak in the park over the previous decade, which
impacted up to 70% of lodgepole pine (Pinus contorta). With no previous records of MPB in the
park, new research is required to investigate whether the composition and pattern of ecosystems in
the montane ecoregion have departed from their historical range of variability due to altered or
novel disturbance. In this study, we compare the composition and pattern of landcover in the
aftermath of historical, stand-replacing fires (1889 and 1905) and the recent MPB outbreak. We
repeated historical survey photographs (captured in 1915) and employed a recently developed
workflow for classifying and georeferencing oblique images to produce historical and contemporary
landcover maps for a study area in the montane ecoregion. Our results indicate that the MPB
outbreak has reduced the area-weighted mean patch size for mature conifer and increased patch
complexity in our study area. We conclude that MPB has reintroduced heterogeneity to the
montane ecoregion, but also acknowledge that succession in MPB-affected stands will likely differ
from post-fire disturbance as the insect only affects pine species. The timing of new compounding
disturbances will further influence the recovery and future composition of species in the study

area.
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Introduction

At the turn of the twentieth century, the central valleys of Jasper National Park (hereafter “Jasper
NP”) in Alberta, Canada, were recovering from pervasive disturbance. Dendrochronological records
indicate large, moderate-to-high severity wildfires burned through the area in 1889 and 1905
(Chavardes and Daniels 2016; Tande 1979). Consequently, this montane ecosystem was
characterized by a patchy mosaic of regenerating forest and shrub, interspersed with open, mature
forest, and myriad lakes, wetlands, and rivers. This landcover mosaic is evident in hundreds of
photographs captured from survey stations above the valleys by the Dominion Lands Survey (DLS)
in 1915 (Fig. 3.1). Eighty years later, Rhemtulla et al. (2002) repeated the original DLS survey
photographs and developed a quantitative method to assess vegetation change between the image
pairs. The results indicated a significant increase in forest cover dominated by coniferous species
(Fig. 3.1). The vegetation changes were attributed to a decrease in fire frequency and the authors
forewarned that Jasper NP’s maturing, even-aged forest stands were susceptible to future insect
disturbance. Indeed, over the next decade, an outbreak of mountain pine beetle (MPB;
Dendroctonus ponderosae Hopkins) erupted in the park, impacting up to 70% of lodgepole pine

(Pinus contorta) and rendering large swaths of forest with a telltale reddish hue (Fig. 3.1).

Disturbance is a key driver of ecosystem dynamics and can be defined as “any relatively discrete
event that disrupts the structure of an ecosystem, community, or population, and changes
resource availability or the physical environment” (White and Pickett 1985). This disruption changes
the trajectory of an ecosystem and is fundamental in maintaining spatial and temporal
heterogeneity evident at broader scales (Turner 2010). Natural disturbances occur over a range of
time periods, and may be abiotic or biotic in origin, or a combination of the two (Turner 2010). A
disturbance regime refers to the cumulative effects of a reoccurring disturbance agent over space
and time (Keane 2013). Climate has a strong influence on many disturbance regimes, affecting their
intensity, severity, frequency, extent, and duration (Seidl et al. 2020). Over time, the bounds of
ecosystem variability become defined as species adapt to reoccurring disturbance. The concept
historical range of variability characterizes the conditions between these bounds, providing a

sense of the range of ecosystem characteristics exhibited in response to disturbance and recovery

over time and space (Keane et al. 2009; Landres et al. 1999; Morgan et al. 1994).
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Figure 3.1 Top: Historical DLS survey photograph captured in 1915 from the Power House Cliff
survey station in Jasper NP. Middle: Repeat photograph captured in 1998. Bottom: Second repeat
photograph captured in 2019. Source: Mountain Legacy Project
https://explore.mountainlegacy.ca/stations/show/812
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In the Canadian Rockies, fire is recognized as a primary disturbance agent influencing forest
dynamics, but insects, pathogens, floods, avalanches, and windstorms also play a role (Luckman
1998; Wright and Heinselman 1973). Wildfires occur both via lightning strikes and anthropogenic
sources. Historically, Indigenous Peoples have used fire for a variety of uses, including to maintain
travel routes and create forage to attract wildlife, and there is some evidence that the historic fire
regime in Jasper NP was fueled primarily by human ignition (Lewis and Ferguson 1988; Murphy
2007; Turner 1999). Lodgepole pine (Pinus contorta var. latifolia), the dominant coniferous species
in the montane ecoregion, is a fire-adapted/dependant species (Brown 1975). Mixed-severity and
stand-replacing fires support spatial complexity and diverse species and age groups across the

landscape.

However, montane ecosystems in the Canadian Rockies may have departed from their historical
range of variability (HRV) due to the influence of altered and novel disturbance regimes. Fire return
intervals (i.e., time between fires occurring on a landscape) have increased due to the effectiveness
of pervasive fire exclusion (Keane et al. 2002). As visitation surged in the Canadian Rocky Mountain
Parks after the Second World War, fire was viewed as a threat to wilderness values (Woodley 1995).
Park managers made use of new equipment, constructed fire roads, and installed fire tower
networks to greatly improve fire suppression responses over the ensuing decades (Keane et al.
2002; Woodley 1995). Consequently, the buildup of hazardous fuels ultimately made it more
difficult to fight fires. This issue has been exacerbated by climate warming which has lengthened
fire seasons, decreased fuel moisture content, and increased natural ignitions, fire spread rates,

fuel availability, and flammability (Seidl et al. 2017).

Altered fire regimes and climate warming in the Canadian Rockies have also created ideal
conditions for MPB population growth. Native to western North American forests, MPB are
innocuous in low numbers but under favorable conditions they can erupt to epidemic levels and
attack mature pine species over vast areas (Safranyik and Carroll 2006). MPB outbreaks have
occurred in mountain National Parks in the southern Canadian Rockies over the previous century
but there are no records of the insect in Jasper NP prior to 1999 (Dalman 2004). However, a century
of fire exclusion has resulted in a buildup of mature even-aged stands of lodgepole pine throughout
the park’s montane ecoregion. Additionally, the cold winter temperatures in the Canadian Rockies

that limited the range of MPB have become more erratic with milder winters increasing
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overwintering survival of MPB broods (Cooke and Carroll 2017). These factors (abundance of host
trees and mild winter temperatures) were the catalyst for a massive MPB outbreak beginning in
central British Columbia in the late 1990s. Through long-range dispersal, the insect rapidly
expanded beyond their historical range into central and northern Alberta, where evolutionary naive
pine forests are more susceptible to MPB impacts (Burke et al. 2017; Cudmore et al. 2010; de lay
Giroday et al. 2012; Raffa et al. 2008; Robinson 2015). The expansion of MPB into new habitats
where they have not been present historically is an example of novel disturbance (Lieffers et al.

2023; Turner and Seidl 2023).

Altered and novel disturbances can drive changes in ecosystem composition and configuration,
resulting in departures from their HRV. In Jasper NP, the historical and repeated survey photographs
depict montane landcover in the aftermath of two extensive disturbance events. However, the
recent MPB outbreak in the park is historically unprecedented and raises important questions
about whether the characteristics of this event are within the HRV of the montane ecosystems.

The focus of this study is to compare the composition and pattern of the montane ecosystems after
the two disturbance events to better understand what impact the novel insect disturbance
imparted on landcover in Jasper NP’s montane ecoregion. To undertake this comparison, we
employ a recently developed workflow for classifying and georeferencing oblique images to
produce historical (1915) and contemporary (2020-2022) landcover maps for a study area in Jasper
NP (Tricker et al. 2024). We use these two maps to assess the landcover changes that have
occurred in the park since fire suppression began. We then overlay MPB extent data onto the
contemporary map to assess the degree to which the MPB outbreak might be analogous to historic
fire. We use this analysis to consider whether novel insect disturbance can reintroduce landcover

composition and pattern altered by fire suppression in Jasper NP’s montane ecoregion.

Study area

The study area comprises 26,424 hectares of the Miette and Athabasca River valleys in Jasper NP,
located in the eastern Canadian Rockies in west-central Alberta (Fig. 3.2). This constitutes much of
the lower elevation region of the park, where major national transportation routes and the town of
Jasper are located. The park was established in 1907 and extends over 11,000 km?. The steep
elevational gradient in the park has a strong influence on the local climate and vegetation, resulting

in three distinct ecoregions (Holland and Coen 1983). The lowest elevations comprise the montane
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ecoregion (1000-1350 m), where the climate is typically drier and warmer (Holland and Coen 1983).
Lodgepole pine is the dominant tree species, although Douglas Fir (Pseudotsuga menziesii), white
spruce (Picea glauca), and trembling aspen (Populus tremuloides) are also present (Holland and
Coen 1983). Grasslands are interspersed among woodlands in the montane ecoregion, and
wetlands are often found adjacent to water bodies (Beschta and Ripple 2007). The subalpine
(1350-2300 m) and alpine (> 2300 m) ecoregions occupy the higher elevations in the park, where
the climate is colder and wetter (Holland and Coen 1983). The mid-elevation subalpine ecoregion
typically comprises subalpine fir (Abies lasiocarpa), Engelmann spruce (Picea engelmanii), and
lodgepole pine forests, transitioning into open shrub-forb meadows in the high-elevation alpine

ecoregion (Bradley and Neufeld 2012).

Dendrochronological analyses in the montane forests (that overlap with the present study area)
indicate that historically Jasper NP experienced a mixed-severity fire regime with short fire return
intervals. A study by Tande (1979) examined a 43,200 ha area centered on the town of Jasper

and found evidence of 46 fires that burned between 1665 and 1913 (mean fire return interval of 5.5
years), most of which were low to medium intensity. A more recent study by Chavardés and Daniels
(2016) assessed a 2000 ha area located 12 km north of the town of Jasper, revealing evidence

of 13 mixed-severity fires between 1646 and 1905 (mean fire return interval of 20 years). Both
studies found evidence of widespread (i.e., > 50% of study area), medium to high intensity fires,
which had a mean fire return interval of approximately 65 years. The most recent of these
widespread fires occurred in 1889 (Tande 1979) and 1905 (Chavardés and Daniels 2016), with the
former affecting up to 21% of the total area of Jasper NP (Luckman 1998). Both studies confirm that
the fire regime and successional dynamics in the montane ecoregion have been substantially

altered in the twentieth century due to fire exclusion.
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Figure 3.2 Map of the study area (top panel) in Jasper National Park showing the survey stations
(red pins) from which historical and repeat photographs were taken. The town of Jasper is located in
the middle of the study area. Bottom left panel shows the location of the study area (red) in Jasper
National Park (green) in Western Canada. Bottom right panel shows number of overlapping images

across the study area.
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Methods

We use a new workflow to classify and georeference historical and contemporary oblique
photographs to produce 1915 and 2020/22 landcover maps for the study area in Jasper NP. We
evaluate changes in the composition and pattern of the two maps that contributed to the extensive
MPB outbreak that began in the park around 2010. We then assess the impact of the MPB outbreak
on landcover composition and pattern in the 2020/22 map and compare these changes to the

landcover depicted in the 1915 map.

The workflow for producing landcover data from oblique photographs was developed by
researchers associated with the Mountain Legacy Project (https://mountainlegacy.ca/; Tricker et al.
2024). It incorporates two tools for classifying and georeferencing oblique images. The Python
Landscape Classifier (PyLC; https://github.com/scrose/pylc) is a deep learning segmentation
network trained on historical and repeat MLP images and their corresponding landcover
classifications (Fortin et al. 2018; Jean et al. 2015; Rose 2020). PyLC classifies images into 9
landcover classes, which are based on the broad habitat types found in the Canadian Rockies
(Table 3.1). The Image Analysis Toolkit (IAT; Sanseverino et al. 2016) georeferencing tool uses a web-
based ray tracing algorithm to relate an image’s field of view (FOV) to its geographic location using
camera metadata (i.e., the camera location, azimuth, and FOV width) and a digital elevation model.
Tricker et al. (2024) recently tested the accuracy of a landcover map produced from 19 oblique
images using the workflow, reporting an average root-mean square error of 4.6 m for georeferencing

accuracy and 68% overall classification accuracy for the landcover map.

Table 3.1 Description of landcover classes used for classifying the historical and repeat images.

Landcover classes Description

Mature conifer Greater than 75% mature coniferous trees

Broadleaf/mixed wood forest > 70% broadleaf trees/patches with 30-70% broadleaf cover and the rest coniferous
trees and/or shrub

Regenerating conifer Young coniferous forest which is distinguishable from taller mature coniferous forest

Recently burned Visibly recently burned forest

Shrub >25% shrub cover

Herbaceous Forb-grassland <25% shrub cover

Wetland Vegetation with a wet or aquatic moisture regime

Water Lakes and rivers

Barren ground Soil, sand, gravel. rock, or anthropogenic impervious surfaces
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The historical survey photographs used in this analysis were captured by a DLS team led by
Morrison Bridgland in 1915. The surveyors captured a total of 735 photographs on 4 x 6 inch glass
plates from a network of 92 survey stations located predominantly on peaks and promontories
above the three major valleys in the park. The glass plates were eventually stored at Libraries and
Archives Canada (LAC) after Bridgland had used the images and theodolite measurements

to produce topographical maps for the central portion of Jasper NP. To select images for inclusion in
our analysis, we produced viewsheds for each image in ArcGIS Pro 3.0.2 (ESRI 2022) using the
survey station coordinates and the image azimuths recorded by Rhemtulla et al. (2002) and a
composite 2 m digital surface model. We developed digital surface and terrain models (DSM and
DTM) for the study area using elevation data from Natural Resources Canada (2021) and airborne
LiDAR data obtained from Jasper NP. We identified all images that had a viewshed footprintin the
montane ecoregion of the Athabasca and Miette River valleys, and further refined this selection by
assessing the quality (i.e., exposure and clarity) of each image. This left a final selection of 26
images captured from 14 survey stations, which provided 97.1% coverage of the study area
(Appendix E; Fig. 3.2). We obtained high-resolution scans (1600 dpi) of the historical images from
LAC.

We undertook fieldwork in Jasper NP in the summers of 2020 and 2022 to capture repeat
photographs of the 1915 images. We used a 51.4-megapixel FujiFilm GFX50s medium format digital
camera with a 32-64-mm F4 zoom lens, and a custom-configured Novoflex panoramic head and
tripod and followed protocols developed by the MLP (Fortin et al. 2018). This involved using gridded
printouts of the original photographs to finetune the tripod position and align each repeat
photograph through the camera’s electronic viewfinder. We also recorded detailed field notes,
including the camera location coordinates with an EOS Arrow 100 submeter GNSS receiver and the
image azimuth with a Brunton transit. We visited all 14 survey stations and captured a total of 127
repeat photographs. These images were then uploaded to MLP Explorer—a map-based tool
developed by the MLP for storing and viewing digital copies of the historical and repeated survey

photographs in the MLP collection (https://explore.mountainlegacy.ca/).

The historical and repeat images were classified into the 9 landcover classes listed in Table 3.1
using PyLC. Manual corrections were undertaken in Affinity Photo Version 2.3.0 to improve

classification accuracy for all landcover classes and remove tiling artifacts introduced by PyLC
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(Appendix F). We did not classify beetle-killed forest given the difficulty of determining the extent
and percent mortality in the repeat images. The 26 classified image pairs were then georeferenced
using the IAT georeferencing tool following the steps outlined in Tricker et al. (2024). All classified
images were georeferenced at 2 m resolution (i.e., the same resolution as the elevation datasets).
To produce the historical (1915) and repeat (2020/22) landcover maps, the overlapping
georeferenced classifications were combined using the majority value (i.e., the value that occurs
most often) in ArcGIS Pro 3.0.2 with the cell statistics tool (ESRI 2022). This provided coverage for
92.3% of the study area (the remaining area had multiple majority values). To fillin the remaining
areas, we followed an approach described by Tricker et al. (2024) involving iteratively dropping
individual georeferenced classifications and recalculating the majority value until only one
georeferenced classification remained. The resulting majority value grids were then mosaicked
together using the Mosaic to New Raster, which brought the overall mapping coverage up to 97.1%
(ESRI 2022). Finally, we used the Nibble tool to fill in the remaining gaps based on the nearest
neighbor values (ESRI 2022).

We obtained 30-cm RGBI aerial imagery (captured in 2020) from Jasper NP to assess the accuracy
of the 2020/22 landcover map. We generated 400 equalized stratified random points in ArcGIS Pro
3.0.2, which accounts for class imbalances by producing the same number of random points

for each landcover class (ESRI 2022). We visually interpreted landcover from the aerial imagery at
each random point, and constructed a confusion matrix to determine the overall, user’s, and
producer’s accuracy of the 2020/22 landcover map. To assess landcover changes between the
1915 and 2020/22 maps, we calculated the area and percentage for the landcover classes in each
map. We then used the Compute Change tool in ArcGIS Pro 3.0.2 to determine the spatial extent of
the categorical changes between the two maps, with a focus on classes that converted to mature
conifer in the 2020/22 landcover map (ESRI 2022). To determine changes in landcover pattern in the
study area, we first used the focal statistics tool in ArcPro 3.0.2 to apply a 10 x 10 cell neighborhood
to the maps using the majority statistic to remove mosaicking artifacts, then calculated the area-
weighted mean (i.e., each class is weighted by its proportional area in the study area) for the shape
index (a measure of patch complexity) and patch size for each landcover class using Fragstats 4.2

(ESRI 2022; McGarigal et al. 2012).
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Finally, to determine the amount of mature conifer impacted by MPB in the 2020/22 landcover map,
we obtained the 2022 Vegetation Resources Inventory (VRI) dataset from Jasper NP (Government of
British Columbia 2022). We used this dataset because PyLC is unable to distinguish live from dead
canopy cover. We selected all polygons that were impacted by MPB by querying the disturbance
join table. The Disturbance Percent Code for each selected polygon provides an estimate of
percent basal area (or volume) of MPB-caused mortality, summarized in 10% bins (Fig. 3.3). We
used these data to determine which areas of the 1915 landcover map would go on to be impacted
by all MPB mortality bins in the future. We also used the 31-100% bins (i.e., moderate to high MPB
severity) to determine which areas of mature conifer would likely undergo changes in the 2020/22
landcover map. We recalculated the area and percentage of the adjusted landcover in ArcGIS Pro
3.0.2 and the area-weighted mean shape index and patch size in Fragstats 4.2 (ESRI 2022;
McGarigal et al. 2012).

Category |Area (ha)
1-10% 801.2
11-20% | 1471.3
21-30% | 1723.5
‘, 31-40% | 1616.6
41-50% | 1804.3
51-60% | 1570.5
61-70% | 1054.6
71-80% 838.6
81-90% 468.6

91-100% | 560.6
11909.7

Figure 3.3 Extent of MPB mortality in the Jasper NP study area. Mortality is an estimate of the
percent basal area of dead trees in each polygon, summarized into 10% bins. Source: Government
of British Columbia 2022.
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Results

The predominant landcover class in the 1915 landcover map is regenerating conifer (56.4% or
14,896.7 hectares) and is found throughout the western portion of the study area and along the
western flanks of the northern portion (Table 3.2; Fig. 3.4). The second largest class is mature
conifer (20.1%), with large stands present to the west of the study area along the Miette River and
around Jasper townsite. Large stands of mature conifer are also present east of the Athabasca River
in the central portion of the study area, and on the western flanks of the upper northern portion.
Smaller stands of mature conifer are found adjacent to the Athabasca River throughout the
northern portion. The main areas of shrub (10.4%) are located east of the Athabasca River and the
northern corner of the study area. Water, comprising rivers and lakes, makes up 4.8% of the study
area. Barren ground (3.4%) comprises sand bars located along river courses, bands of rock in upper
elevations of the northern portion of the study area and among the benchlands of the western
portion, and roads and railways in the valley bottoms. Most of the herbaceous cover (2.2%) is
located to the west of the Athabasca River and in small pockets within the Jasper townsite and
toward the northern extent of the study area. This is also where a majority of wetlands (1.8%) are
located, along with smaller areas along the Miette toward the western entrance of the park.
Broadleaf/mixed wood forest (0.4%) and recently burned areas (0.4%) are the smallest classes,
with former found in small stands throughout the study area and the latter located in upper
elevations north of the Miette River. Regenerating conifer had the highest area-weighted

mean shape index (25.91) and the largest area-weighted mean patch size (10,968.2 ha).

The 2020/22 landcover map is dominated by the mature conifer class (21,854.7 hectares), which
now comprises 82.7% of the study area (Table 3.2; Fig. 3.4). Water (4.6%) is the next largest class,
followed by barren ground (3.1%). Water is largely found in the same locations as the 1915
landcover map, but barren ground has decreased in upper elevations and gained area in the valley
floor due to an increase in anthropogenic features and infrastructure, especially around the town of
Jasper (Table 3.2). Shrub has decreased to 2.6% and is mostly found in the northern portion at lower
elevations but also on the benchlands northwest and west of Jasper townsite. Stands of
broadleaf/mixed wood forest (2.4%) have increased throughout the study area, specifically in areas
north, southwest, and southeast of the town, and along the eastern flanks of the northern portion.
Herbaceous cover (2.4%) increased slightly despite the large area of grassland decreasing in the

northern portion of the study area, with new areas emerging west, north, and east of the town.
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Wetland (2.0%) also increased slightly and is found largely in the same areas as the 1915 landcover
map. The regenerating conifer class (0.2%) decreased significantly and is only found on the eastern
flanks of the northern portion of the study area. There are no recently burned areas in the 2020/22
landcover map. Mature conifer had the highest area-weighted mean shape index (18.01) and the
largest area-weighted mean patch size (15,228 ha).

Table 3.2 Area and percentage of landcover classes for the 1915, 2020/22, and MPB-adjusted
2020/20 landcover maps.

Landcover class 1915 map 2020/22 map MPB-adjusted 2020/22 map
Area % Area- Area- Area % Area- Area- Area % Area- Area-
(ha) weighted weighted  (ha) weighted weighted  (ha) weighted weighted
mean shape mean patch mean shape mean patch mean shape mean
index size (ha) index size (ha) index patch size
(ha)
Mature conifer 5308.9 20.1 5.62 226.5 21854.7 82.7 18.01 15228.0 14209.1 53.8 23.69 6381.8
Broadleaf/ 118.7 04 2.11 6.4 6372 24 277 17.8 6409 24 278 17.8
mixed wood
Regenerating 14896.7 56.4 2591 10968.2 527 0.2 295 3.6 527 02 295 3.6
conifer
MPB-affected 0.0 0.0 0.00 0.0 0.0 0.0 0.00 0.0 7630.5 289 6.66 393.7
conifer
Recently 100.3 04 2.62 14.7 0.0 0.0 0.00 0.0 0.0 0.0 0.00 0.0
burned
Shrub 27484 104 594 178.5 6840 2.6 3.08 16.8 686.0 2.6 3.08 16.8
Herbaceous 5836 2.2 539 213.1 640.1 24 377 494 6423 24 377 494
Wetland 4820 1.8 3.92 32.1 536.8 2.0 3.06 19.8 5374 2.0 3.07 19.8
Water 1280.0 4.8 7.76 206.7 12064 4.6 8.46 202.7 12074 4.6 8.46 202.6
Barren ground 905.6 3.4 3.80 14.0 812.6 3.1 5.89 65.8 818.0 3.1 5.90 65.5

The overall accuracy of the 2020/22 landcover map was 79% (Appendix G). Water and herbaceous
(both 94%) scored highest for user accuracy (i.e., the probability that features on the map is present
on the ground). Mature conifer (80%) saw some confusion with broadleaf/mixed

wood forest (74%), and vice versa. The lowest score was for barren ground (64%), which was
confused with mature conifer, water, and shrub. The highest scores for producers’ accuracy (i.e.,
the probability that features on the ground are correctly shown on the map) were regenerating
conifer (97%), herbaceous (96%), and wetland (91%). Shrub (59%) was regularly confused with
regenerating conifer, and mature conifer (65%) was misclassified as broadleaf/mixed wood forest or

barren ground.
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1915 Landcover

= Mature conifer

» Broadleaf/mixedwood

= Regenerating conifer

= Recently burned

» Shrub
Herbaceous

= Wetland

= Water

= Barren ground

2020/22 Landcover

= Mature conifer
= Broadleaf/mixedwood
= Regenerating conifer
» Shrub

Herbaceous
= Wetland

= Water

= Barren ground

MPB-adjusted 2020/20 Landcover

3.2
24 2.04'6
26

= Mature conifer
» Broadleaf/mixedwood
= Regenerating conifer
= MPB-affected conifer
= Shrub

s Herbaceous
= Wetland
= Water

288

= Barren ground

Figure 3.4 The 1915 (top) and 2020/22 (middle) landcover maps derived from the historical and
repeat photographs. The MPB-adjusted 2020/22 map (bottom) reflects mature conifer affected by
moderate to high MPB severity. The pie charts depict the percent of landcover for each map.

51



The change analysis showed that a majority of the historical landscape (16,958 ha, 64.2%)
transitioned to mature conifer coverin 2020/22 (Table 3.3; Fig. 3.5). Most of the new mature conifer
cover originated from regenerating conifer (13,740.6 ha, 92.7%), followed by shrub (2011.6 ha,
73.2%). Almost all regenerating area (101.5 ha, 99.9%) transitioned to mature conifer, followed by
barren ground (508.6 ha, 52.7%), broadleaf/mixed wood forest (80 ha, 67.1%), and herbaceous
(219.5 ha, 37.9%). Table 3.4 indicates the area (ha) and percent of classes in the 1915 landcover
map that would be impacted by MPB (using all mortality bins) a century later. This includes non-

forest classes in 1915 that transitioned to forest classes in 2020/22.

Table 3.3 Change matrix tracking differences in landcover classes (ha) from 1915 (left) to 2020/22
(top).

Landcover class Mature conifer Broadleaf/ Regenerating Shrub Herbaceous Wetland Water Barren ground
mixed wood  conifer

Mature conifer 4823.8 49.6 33 105.2 89.8 73.1 68.3 114.1
Broadleat/mixed wood 80.0 29.0 4.9 33 0.3 0.1 1.7
Regenerating conifer 13,740.6 473.2 1.2 111.4 175.7 75.6 35.8 208.9
Recently burned 101.5 0.0 0.0 0.0
Shrub 2011.6 85.7 40.7 273.7 71.2 72.0 57.3 137.7
Herbaceous 219.5 6.1 0.2 40.9 273.0 0.0 0.2 38.9
Wetland 112.2 37 42.4 1.5 264.9 50.6 4.3
Water 184.7 2.5 48.1 4.7 433 941.0 56.8
Barren ground 508.6 8.8 8.4 66.0 21.3 7.9 53.2 290.2

Table 3.4 Area (ha) and percent of classes in the 1915 landcover map that would be impacted by

MPB (using all mortality bins) a century later.

MPB severity  Mature Broadleaf/ Regenerating Recently  Shrub Herbaceous Wetland Water Barren  Grand Total
conifer mixed wood  conifer burned ground

1-10% 163.2 0.1 593.7 7.7 26.1 1.1 0.1 9.1 801.1
11-20% 256.7 35 1042 7.6 113.9 5.5 0.4 28 38.7 1471.1
21-30% 229.5 4.8 1301.3 13.1 102.5 20 1.3 0.8 50.1 1723.3
3140% 212.8 6.9 1207.4 8.9 131.2 12.6 0.5 0.3 35.7 1616.4
41-50% 159.3 10.6 1479.9 18.4 93 3.3 0.5 1.7 373 1804
51-60% 217.6 6.1 1225.8 11.6 51.2 27 03 0.6 29.9 1570.3
61-70% 168.8 0.2 839.5 0.6 244 0.5 04 0.8 19.4 1054.5
71-80% 127.5 2.6 648 1.6 16.7 17.3 0.3 0.8 23.8 838.6
81-90% 68.6 5.2 325.7 0.7 30.3 333 0 0.3 4.6 468.5
91-100% 146.8 0.1 2733 0.1 101.8 11.9 2 24 22.1 560.5
Total area 1751 40.1 8936.5 70.2 691.1 1324 5.6 10.6 270.7 11908.4
Percent area 32.90% 33.70% 60.30% 69.20% 25.10%  22.90% 1.20% 0.80% 28.10% 45.10%
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Area Percent
Landcover class change (ha)| change
Recently burned 101.5 99.9
Regenerating conifer 13740.6 92.7
Shrub 2011.6 73.2
Broadleaf/mixedwood 80.0 67.1
Barren ground 508.6 52.7
Herbaceous 219.5 37.9
Wetland 112.2 23.4
Water 184.7 14.4

16958.7

Figure 3.5 Map showing area of 1915 landcover classes that transitioned to mature coniferin
2020/22. Blank areas on the map did not transition to another class.

The MPB-adjusted 2020/22 landcover map shows that MPB-affected conifer (7630.5 ha) comprises
28.9% of the study area (Table 3.2; Fig. 3.4). These changes occur at the expense of mature conifer,
which decreases from 21,854.7 ha (82.7%) to 14,209.1 (53.8%). Mature conifer had the highest
area-weighted mean shape index (23.69) and the largest area-weighted mean patch size (6381.8

ha).

Discussion

The results of our analysis show that the extent of MPB-impacted lodgepole stands (using the 31-
100% mortality bins) was approximately half the area of regenerating conifer in 1915 that converted
to mature conifer following the fires of 1889 and 1905 (Figs. 3.3 and 3.5). It is likely, then, that the
MPB will have significant influence on future ecosystem composition in the study area. The
outbreak has also reduced the area-weighted mean patch size for mature conifer from 15,228 hain

2020/22 landcover map to 6381.8 ha in the MPB-adjusted 2020/22 landcover map. Further, the
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area-weighted mean shape index of 23.69 for mature conifer in the MPB-adjusted 2020/22 map is
similar to the area-weighted mean shape index of 25.91 for regenerating conifer in the 1915
landcover map. The novel MPB disturbance has therefore returned some heterogeneity to the
landscape by reducing the area-weighted mean patch size of the mature conifer and reintroducing

a comparable amount of spatial complexity to the dominant landcover class (Table 3.2, Fig. 3.4).

The legacy of the frequent, mixed-severity fire regime in Jasper NP is evident on the 1915 landcover
map, with over half over the study area comprising regenerating conifer (56.4%). Prior to the policy
of fire suppression established circa 1913, large stand-replacing fires occurred on average every 65
years since the Little Ice Age in the study area (Chavardes and Daniels 2016; Tande 1979). The most
recent of these large fires occurred in 1889 and 1905, resulting in older cohorts of regenerating
conifer (i.e., 26 years old) visible in the 1915 imagery adjacent to the Miette River from the town
center to the western park entrance, and younger cohorts (i.e., 10 years old) east of the town and
west of the Athabasca River (Chavardés and Daniels 2016; Tande 1979). Large areas of shrub
(10.4%) on the eastern side of the Athabasca River and north of its confluence with the Snaring
River contribute to the open, patchy configuration of the landscape in 1915. Stands of mature

conifer, with an area-weighted mean patch size of 226.5 ha, comprise 20.1% of the study area.

Continuous coniferous species cover dominates the study area in the 2020/22 landcover map
(82.7%), with fewer and larger patches as a consequence of the altered fire regime since 1913. In
the absence of frequent fire, 92.7% of regenerating conifer in the 1915 landcover map (i.e., over half
the study area) succeeded to mature conifer forest. Similarly, a large percentage of shrub (73.2%)
also transitioned to the mature conifer class. Smaller areas of transition to mature conifer occurred
across all the other classes. However, some of these changes are a result of obscuring issues
associated with georeferencing oblique images, especially for the barren ground and water classes,
which affected the accuracy of the 2020/22 landcover map. For example, although portions of
barren ground, which includes exposed soil, would have likely transitioned to mature conifer, other
areas that include rock that were previously visible in the historical photographs are now obscured
by mature conifer. This issue occurs frequently north of the Miette River and includes areas where

the full extent of lakes have also become obscured by mature conifer.
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The spatial extent of the 1889 and 1905 fires is evident in the pattern of regenerating conifer in the
1915 landcover map (Fig. 3.4). Our results show where regenerating conifer (and other landcover
classes) in the 1915 landcover map successfully transitioned to mature conifer forest in the
2020/22 landcover map (Fig. 3.5). Given the dates of the two stand-replacing fires, the age class for
this mature forest would have been between 105 and 121 years old when the MPB outbreak started
in the park circa 2010. Stands of this age class are considered highly susceptible to MPB in

epidemic phase (Safranyik and Carroll 2006; Taylor and Carroll 2004).

Within the study area, we estimate that 11,484 hectares of mature conifer were impacted by MPB.
This value is smaller than the total area reported by the VRI data because it only accounts for the
areas of mature conifer overlapping in the 2020/22 landcover map. This discrepancy relates to
some of the VRI polygons comprising multiple tree species (i.e., lodgepole pine may be the
dominant species within the polygon, but other species such as white spruce or Douglas

fir may also be present). Stands with a high percent of mortality (i.e., > 70%) occur throughout the
study area (see Fig. 3.3), specifically south and east of the townsite, the middle portion along both
sides of the Miette River, north of the Miette near the western entrance, and the upper elevations
toward the northern extent. In stands of high mortality, field surveys undertaken by the University of
Lethbridge between 2021 and 2023 indicate a lack of conifer seedling regeneration (Tristan
Skretting, personal communication, 26 April 2024). These findings are consistent with previous
studies investigating seedling recruitment in lodgepole forests with high MPB mortality in central BC

and western Alberta (Astrup et al. 2008; Lieffers et al. 2023; Mclntosh and Macdonald 2013).

Time will tell how the forests in Jasper NP will recover from this recent novel disturbance and what
the future species composition will look like. A key difference between the processes of MPB and
fire is that the latter only disturbs pine species (Meyer et al. 2021). However, a study by Dordel et al.
(2008) in Banff and Kootenay National Parks suggests that MPB infestations can have similar effects
on stand structure to those of fire, and lead to more open and diverse forests (also see McCullough
et al. 1998). In Jasper NP, lodgepole pine stands with low MPB mortality could slowly diversify as
canopy openings result in releases of more shade-tolerant species such as Douglas fir and white
spruce from the understory (Canham 1989). Stands with higher mortality could see further
diversification due to the limited seedling recruitment of lodgepole pine or conversion to

herbaceous ecotypes (Lieffers et al. 2023). Monitoring programs can track these changes
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and be used to inform management.

New compounding disturbances will also influence the recovery and future composition of species
in the study area. The timing and intensity of these disturbances can affect the material legacies
required for recovery after the initial disturbance (Paine et al. 1998). Since this analysis was
completed, the 33,108 ha Jasper Wildfire Complex burned through the upper Athabasca River
valley in late July 2024, including 3392 ha (12.84%) of the study area. Approximately 70% of the total
area burned by the Jasper Wildfire Complex was in forest stands affected by MPB (Government of
British Columbia 2022; Jasper National Park 2024). Although the fire tragically destroyed up to 30%
of physical infrastructure in the town of Jasper, it may benefit the recovery of lodgepole stands
impacted by MPB. Lodgepole pine are a fire-adapted species and are reliant on fire to release
cohorts of unopened cones on their branches and expose viable seedbeds by removing prohibitive

understory, forest litter, and feathermosses (Astrup et al. 2008; Lieffers et al. 2023).

However, without fire, lodgepole pine seeds typically become unviable 20 years after the trees die.
This scenario could increase the likelihood of species shifts in stands with higher MPB mortality. In
contrast, fir and spruce species can only produce viable seedlings from living trees. Hence, a

high severity fire that occurs in high mortality MPB stands after lodgepole seedlings become
unviable, and kills fir and spruce species, could initiate a transition to non-forest in some areas (i.e.,

Parks et al. 2019).

Conclusion

Disturbance is a vital attribute of spatial and temporal variability in most ecosystems (Landres et al.
1999). The dominant disturbance in the study area since the Little Ice Age has been fire, which has
strongly influenced the HRV of the montane ecoregion in the park. The landscape adapted to this
disturbance, and Fig. 3.4 demonstrates the successful regeneration of coniferous species following
the large 1889 and 1905 fires. The implementation of fire suppression policies over the previous
century resulted in ecosystems departing from their HRV as fire frequency decreased considerably,
leading to increased homogeneity on the landscape characterized by mature, closed canopy
coniferous forests (Rhemtulla et al. 2002). This departure from HRV, because of the altered fire

regime, has directly contributed to the considerable extent of the novel insect disturbance. With an
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intact fire regime, reflecting landcover composition and patterning evident in 1915, the extent of the

MPB in the study area would likely be significantly different.

This study indicates that the novel insect disturbance in Jasper NP can restore landcover
composition and pattern lost to fire suppression in the montane ecoregion. However, successional
responses in stands with high MPB mortality and the timing of future disturbance could lead to
species shifts or transitions to non-forest. Coupled with climate change—driven conditions, these
potential transitions could increase the departure from the HRV and shift the composition,
function, and pattern of landscapes under Parks Canada’s management. It seems plausible,
perhaps likely, that montane ecosystem in Jasper will undergo significant transitions that will
necessarily involve shifts in how they are managed. Increased novelty suggests managing with

history in mind but not necessarily as a specific target (Higgs et al. 2014).
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Chapter 4: Beyond history: Anticipating the influence of a novel disturbance regime on future
landcover change in Jasper National Park.

Abstract

Disturbances and recovery processes are closely linked phenomena, and changes that alter this
linkage can result in unexpected outcomes. Across North America, climate change and
management practices are driving changes in the frequency, severity and extent of forest
disturbances in protected areas. In Jasper National Park, two recent disturbance events involving
novel parameters and agents have impacted large swaths of the montane ecoregion (i.e., lower
elevations where the climate is typically warmer and drier). There is increasing concern about how
ecosystems will respond to novel disturbances. Novel responses that involve changes in species
assemblages or regime shifts to non-forest could degrade ecological integrity in the park and alter
important ecosystem services. Traditional approaches (i.e., adaptive management, historical range
of variability) to manage these changes may prove insufficient. To address uncertain trajectories,
we undertook a scenario planning exercise to conceive plausible futures in Jasper National Park.
We developed four scenarios based on different levels and combinations of ecological novelty and
management intervention and considered their implications to enable managers to compare
outcomes for different combinations of alternative management strategies and responses to novel
disturbance. The purpose of this planning exercise is to better understand how these two variables
could influence the future of montane ecosystems in Jasper NP and by extension find value for
scientists and managers who are contending with increasing novelty in wildlands and protected

areas.
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Introduction

The 2024 Jasper Wildfire Complex in Jasper National Park (hereafter “Jasper NP”), Alberta highlights
an emerging trend of fast-moving, high-severity wildfires occurring in many parts of the world (Fig
4.1; Balch & Williams 2024). These fires typically ignite during extreme weather conditions—hot,
dry, and windy—and are characterized by their rapid growth and high intensity, which often
overwhelm firefighting efforts (Jolly et al. 2015; Tedim et al. 2018). The Jasper Wildfire Complex grew
to 30,000 hectares (ha) within 48 hours, by which time it reached the town of Jasper and destroyed
hundreds of structures. This fire exhibited similar behaviour to several other destructive wildfires
that have burned in Alberta over the past decade, including the 2011 Slave Lake, 2016 Fort
McMurray, and 2017 Kenow wildfires. Extreme fire events are also occurring in other regions within
Canada, the US, Australia and Europe, threatening human communities and causing significant

ecological consequences (Balch et al. 2024; Collins et al. 2021; Garcia-Llamas et al. 2019).

Figure 4.1 Looking north from Wabasso Road toward Pyramid Mountain on August 19, 2024 after
the Jasper Wildfire Complex. Photo credit: Jasper National Park.
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Climate change is an important driver of global shifts in fire regimes that lead to extreme fire
behaviour. Recent studies have observed climate-driven increases in fire weather season length,
extreme fire weather frequency, lightening ignitions, fire spread rates and fire severity (Coop et al.
2022; Jones et al. 2022; Parks & Abatzoglou 2020; Pérez-Invernon et al. 2023; Wasserman & Mueller
2023; Whitman et al. 2022). Consequently, many regions have experienced an increase in large
fires and total burned area (Abatzoglou & Williams 2016; Bedia et al. 2015; Krawchuk et al. 2009).
However, fire exclusion and suppression practices have also influenced fire behaviour by altering
forest structure and fuel availability (Hagmann et al. 2021). In the absence of low- and moderate-
severity fires, both live and dead fuels have increased on the landscape, contributing to higher

severity fires (e.g., the Jasper Wildfire Complex; Parks et al. 2018; Parks et al. 2025).

These drivers of change are also altering the extent and severity of other forest disturbances (Cobb
& Metz 2017; Dale et al. 2000; Seidl et al. 2017). In the late 1990’s, the largest recorded outbreak of
mountain pine beetle (MPB; Dendroctonus ponderosae), a forest insect native to western North
America, erupted in central British Columbia (Axelson et al. 2009). Changing climatic conditions
and an abundance of mature lodgepole pine (Pinus contorta; the main host species of MPB), due to
decades of fire suppression, facilitated unprecedented range expansion eastward and northward
(Carroll et al. 2006; Cullingham et al. 2011; Kurz et al. 2008; Taylor & Carroll 2003). In western and
northern Alberta, the widespread impacts of MPB may have been exacerbated because naive hosts
have not evolved specific defense responses (Burke et al. 2017; Cudmore et al. 2010; Raffa et al.
2008). In Jasper NP, which had no prior records of MPB, up to 70% of lodgepole pine in the park
were affected by the outbreak (Dalman 2004; Skretting 2024).

The altered fire regime and unprecedented MPB outbreak in Jasper NP represent a significant
departure from the disturbance dynamics that have occurred historically (Tricker et al. 2025).
Ecosystems have constantly changed in response to these dynamics, but bounds of natural
variability emerge over time as species adapt to disturbance regimes (Johnstone et al. 2016;
Morgan et al. 1994; Turner & Seidl 2023). The concept “historical range of variability” (HRV) was
developed to improve understanding of ecosystems and their long-term variation prior to
anthropogenic change (Landres et al. 1999). HRV can provide natural resource managers with
historical references from which to assess changes in contemporary conditions and inform

restoration goals for degraded ecosystems (Keane et al. 2009; Landres et al. 1999).
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In recent decades, the value of historical references and HRV has been called into question for
managing (or restoring) environments undergoing rapid change (Harris et al. 2006; Higgs et al. 2014;
Millar et al. 2007; Stephenson et al. 2010). This issue is pertinent to Jasper NP because the
emergence of novelty in disturbance regimes raises concerns about how ecosystems will respond
to these changes (Johnstone et al. 2016; Newman 2019; Turner 2010; Turner & Seidl 2023).
Disturbances and recovery processes are closely linked, so changes that alter this linkage could
result in novel outcomes (Turner 2010; Seidl & Turner 2022). Additionally, interactions between two
novel disturbances (and other drivers of change such as climate change or invasive species) may
increase the likelihood of novel outcomes (Turner & Seidl 2023). However, the potential for
fundamental ecological change (i.e., regime shifts or novel ecosystems) is greatest when novelty
occurs in both the disturbance and the ecological response to the disturbance (Seidl et al. 2016;

Turner & Seidl 2023).

The Canada National Parks Act (2000) stipulates that the first priority of park management s to
maintain “ecological integrity” — a concept underpinned by HRV and defined as “a condition that is
determined to be characteristic of its natural region and likely to persist, including abiotic
components and the composition and abundance of native species and biological communities,
rates of change and supporting processes”. To fulfill this mandate, the ecological integrity
monitoring program provides a framework for identifying measures that track key ecosystem
components and processes in the park (Parks Canada 2024a). Restoration guidelines can then be
used by managers to define goals for measures that are in decline or poor condition and select

appropriate interventions through detailed planning (Parks Canada 2008).

However, this approach fails to consider the potential for novel disturbances and responses to
create extraordinary surprises, and traditional management approaches to maintain or restore
ecological integrity may prove ineffective. Therefore, different approaches are required for
managing the uncertainty associated with increasing ecological novelty (both successional
responses and future novel disturbances) in Jasper NP. In this paper, we undertake a scenario
planning exercise to consider plausible futures in the montane ecoregion. We developed four
scenarios that describe likely ecological outcomes based on different combinations of analog and
novel responses (to recent and future disturbances) and differing levels of management

intervention. The purpose of this exercise is to better understand how these two variables could
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influence the future of montane ecosystems in Jasper NP and by extension find value for scientists

and managers who are contending with increasing novelty in wildlands and protected areas.

Site description

Jasper NP was established in 1907 and extends over 11,000 km? of the eastern Canadian Rockies in
west-central Alberta. Historically, the montane ecoregion experienced frequent fire return intervals
comprising mixed-severity fires (Chavardes & Daniels 2016; Tande 1979). However, a considerable
decline in fire return interval has occurred in the park since fire suppression began in 1913 (Murphy
et al. 2007). Quantitative analyses of historical (captured in 1915) and repeated contemporary
photographs indicate that landcover has homogenized in the montane ecoregion (i.e., lower
elevations) in the absence of fire (Tricker et al. 2025). Grasslands and shrub decreased in extent
and juvenile and open forest stands transitioned to dense, closed-canopy stands comprising
mature, even-aged coniferous species (Rhemtulla et al. 2002). This shift to late-successional
species can be attributed to the departure from the historical fire regime in Jasper NP, which is
consistent with changes observed in fire return intervals across the Canadian Rockies (Chavardes

& Daniels 2016; Rogeau et al. 2016; Tricker et al. 2025).

A consequence of these profound landcover changes in Jasper NP is increased susceptibility to
high severity fire and insect outbreaks (Parks et al. 2018; Rhemtulla et al. 2002; Taylor & Carroll
2003). During the range expansion of MPB into west central Alberta during the late 1990’s, the
insect was first observed in Jasper NP in 1999 near the northwestern boundary (Dalman 2004; de la
Giroday et al. 2012; Sambaraju & Goodsman 2021). Towards the end of the following decade, the
MPB population reached epidemic levels throughout the montane ecoregion, impacting
approximately 229,000 ha of lodgepole pine, before a sharp population decline occurred in 2018
(Skretting 2024). Since the end of the outbreak, there have been two large, high-intensity wildfires in
Jasper NP. The 2022 Chetamon wildfire occurred 15 km north of the town of Jasper, consuming
6,456 ha of montane and subalpine forest. Two years later, multiple lightning strikes ignited the
2024 Jasper Wildfire Complex, which went on to burn 32,722 ha and tragically consumed 30% of
infrastructure in the Jasper townsite and numerous outlying facilities (Parks Canada 2024b). Both
the Chetamon wildfire and the Jasper Wildfire Complex burned through stands of MPB-affected

lodgepole pine. These fuels likely contributed to fire behavior, but wildfire severity was primarily
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driven by extreme weather conditions and low fuel moisture content (Parks Canada 2025; Simard et

al. 2011).

Methods

Scenario planning is a systematic method that considers a variety of possible outcomes based on
the uncertainties in the system (Peterson et al. 2003). Each scenario describes an alternative,
dynamic story of a possible future that captures key elements of the system uncertainties (Chapin
et al. 2010; Peterson et al. 2003). This approach is designed to provide insight into drivers of
change, uncover the implications of current trajectories, and help identify options for management
actions (Higgs et al. 2014; Peterson et al. 2003, Turner 2010). In this section, we follow elements of
Petersen et al’s (2003) scenario development process to identify our focal issue and assess the
system to determine which uncertainties are most likely to affect the focal issue. We then identified
alternative ways that the system could evolve to develop each scenario, which are described in the

results section.

Identification of the focal issue

The focal issue for this planning exercise is the threat of recent (and future) novel disturbance in
Jasper NP to drive novel outcomes that could compromise the ecological integrity approach
followed by Parks Canada. In the montane ecoregion, the potential for regime shifts and the
emergence of novel ecosystems in response to novel disturbance is a pressing concern. Regime
shifts occur when an increase in a continuous driver of change in an ecosystem exceeds a tipping
point (Hallett et al. 2013). This causes an abrupt shift to an alternative state, where the core
ecological functions, structures and processes of the ecosystem are fundamentally changed
(Andersen et al. 2008). Similarly, novel ecosystems are defined as self-organizing ecosystems that
differ significantly (i.e., species composition or ecological functioning) from their historical state
due to anthropogenic activities (Hobbs et al. 2013). However, a key difference between regime
shifts and novel ecosystems is the irreversibility of the latter due to the practical limitations of

recovering historical qualities.

Regime shifts and novel ecosystems have consequences for maintaining ecological integrity (e.g.,
rare species may decline further due to reduced habitat and increased predator interactions) and

the provision of ecosystem services (e.g., diminished carbon sequestration, loss of scenic values).
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Further, future novel disturbance events, such as large, high-intensity wildfire, can compound
ecological changes and pose a significant risk to residents and visitors in the park (Paine et al.
1998). Forced closures of the park due to wildfire would have a large impact on the tourism-driven
local economy (there were 2.48 million visitors to the park in 2023; Parks Canada 2023a). These
closures would also disrupt interprovincial travel corridors and impact the flow of goods
(approximately 1.8 million vehicles and 16,000 trains travel through Jasper NP per year;

Government of Alberta 2025; Railstate 2024).

Assessing the system

Our system assessment is focused on identifying uncertainties associated with the two key
variables which are most likely to impact our focal issue: ecological novelty and management
intervention. The first part of the assessment evaluates the two dimensions of ecological novelty
from Turner and Seidl (2023): novel disturbance agents and novel disturbance parameters (Turner &
Seidl 2023). The first dimension concerns novel disturbance agents, both abiotic and biotic, which
were not present historically (Turner & Seidl 2023). Because ecosystems haven’t coevolved with
these disturbances, they may lack the ability to resist or recover from them. The second dimension
relates to attributes of disturbances that fall outside their HRV, such as changes to disturbance
return interval, duration or intensity/severity (Turner & Seidl 2023). This determination requires
historical data to quantify attributes of disturbance regimes along with the configuration and

composition of ecosystems over space and time (Keane et al. 2009).

To depict the effects of novel disturbance on landcover in Jasper NP, we focused on a study area
centered on the town of Jasper in the montane ecoregion. We adapted historical and contemporary
landcover maps from Tricker et al. (2025), which were originally produced using a recently
developed workflow for classifying and georeferencing oblique images (Tricker et al. 2024). We
clipped these data to a new extent to expand landcover coverage adjacent to the townsite and

included the extent of the 2024 Jasper Wildfire Complex (Figure 4.2).
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Figure 4.2 Landcover change and recent disturbance in the montane ecoregion of Jasper National
Park. Maps are a composite of classified and georeferenced historical and repeated images
adapted with permission from Tricker et al. 2025. The historical images were captured by the
Dominion Land Survey in 1915 and repeated by the Mountain Legacy Project
(https://mountainlegacy.ca/) in 2020/22. The workflow for developing these maps first appeared in
Tricker et al. 2024. Map A shows landcover in 1915 is recovering from stand replacing fires in 1889
and 1906. Map B shows that contemporary landcover has transitioned to mature conifer. Map C
shows the extent of the MPB impacts that occurred over the previous decade. Map D shows the
extent of the 2024 Jasper Wildfire Complex.
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The MPB represents a novel disturbance agentin Jasper NP, as there are no records of the insect in
the park prior to 1999 (Dalman 2004). In lodgepole pine forests with no historical precedent for
MPB, naive host trees may lack the defence responses of trees that have coevolved with MPB in
their native range (Raffa et al. 2008; Burke et al. 2017). Robinson (2015) found that MPB impacts in
novel habitats were 1.7 — 3.9 times greater than those that had coevolved with the insect. As a
result, the elevated susceptibility of naive hosts in Jasper NP may have contributed to the
considerable MPB impacts in the montane ecoregion (Fig 4.3). However, tree mortality varies
throughout the extent of affected forest, which can replicate some of the effects of mixed-severity
fire and lead to different successional responses across the landscape (McCullough et al. 1998;

Tricker et al. 2025).

In forest stands that incurred high MPB mortality in the montane ecoregion, recent field surveys
have observed poor lodgepole seedling recruitment (Skretting 2024; Skretting et al. 2025). These
findings are consistent with previous studies investigating seedling recruitment in lodgepole forests
with high MPB mortality in central BC and western Alberta (Axelson et al. 2018; Astrup et al. 2008;
Lieffers et al. 2024; MclIntosh & Macdonald 2013). Therefore, a transition from pine to broadleaf
species such as aspen (Populus tremuloides) or birch (Betula), and other more shade tolerant
coniferous species such as white spruce (Picea glauca) is likely (Axelson et al. 2018; Bassil et al.

2024, Lieffers et al. 2024).

The 2022 Chetamon wildfire and 2024 Jasper Wildfire Complex in Jasper NP both have novel
disturbance parameters (Fig 4.3). Prior to the start of fire suppression in 1913, low-to medium-
intensity fires were widespread and frequent in the montane ecoregion, with large, high-intensity
fires occurring every 65.5 years (Tande 1979). Since 1913, the considerable decline in fire
periodicity has resulted in increased homogeneity on the landscape (Fig 4.3; Rhemtulla et al. 2002;
Tricker et al. 2025). The build-up of continuous fuels, coupled with increased frequency and
duration of extreme fire weather, contributed to the high intensity of these two fires. High severity
fires may elicit uncertain ecological responses, especially where wildfires interact with beetle-
killed forests (Buma et al. 2013; Coop et al. 2020). A concern with compounding disturbances (i.e.,
two disturbances occurring in short period of time) is the potential for unpredictable outcomes that

lead to regime shifts (Buma 2015; Paine et al. 1998; Simard et al. 2011).
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Within the Jasper Wildfire Complex perimeter, cones opened by the fire could facilitate
regeneration of dense pine stands. However, seedling recruitment may be limited due to the
severity of the fire in certain areas (see Busby et al. 2020). Further, the large patch size of this fire
may reduce the effectiveness of coniferous seed delivery from adjacent forests (whereas aspen
and birch can regenerate by sprouting from stumps and the roots of burned trees; Lindenmayer et
al. 2011). Future drought stress may also have an impact on recruitment success (Harvey et al.
2016; Hoecker & Turner 2022; Whitman et al. 2019). Hence, a transition to other tree species (both
deciduous and coniferous) or non-forest vegetation (e.g., shrub or grassland) is also possible within

the fire perimeter (Coop et al. 2020; Stevens-Rumann et al. 2018; Stralberg et al. 2018).

The second part of the system assessment focuses on approaches for managing increasing
ecological novelty in Jasper NP. Although Parks Canada policy states that national park ecosystems
are to be managed with minimal interference to natural processes, active management may be
allowed to restore ecological integrity when the structure and function of ecosystems have been
severely altered (Parks Canada 2023b). Additionally, naturally occurring processes (e.g., fire,
insects, and disease) may be manipulated when no reasonable alternative exists to prevent
adverse effects to adjacent lands, reduce threats to park facilities and public safety, and meet the
management objectives for natural features (Parks Canada 2023b). Therefore, policy can support
decisions by managers in Jasper NP to intervene and actively manage novel disturbance in the park
and limit novel ecological responses. However, any such decision requires careful assessment of
ecological novelty in relation to the concept of ecological integrity, and other practical intervention

considerations such as the availability of funding and resources, public support, etc.

In recent decades, Parks Canada has proactively managed the threat of destructive disturbances.
Both control (i.e., prescribed burning, pheromone baiting, and the cutting and burning/removal of
colonized trees) and non-control of MPB is considered compatible with the ecological integrity
mandate (McFarlane et al. 2004). While there is no historical precedent of MPB in Jasper NP, the
insect is native to other areas of the southern Canadian Rockies and plays an important role in
rejuvenating forest ecosystems. However, the recent MPB outbreak is also symptomatic of an
unhealthy ecosystem because fire suppression has created even-aged, mature forests (Trzcinski &
Reid 2008). Jasper NP undertook direct control measures to slow or limit the spread of MPB through

the park (and into adjacent lands; Jasper National Park 2016).
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Jasper NP has also implemented wildfire risk reduction measures in recent decades to protect the
town of Jasper, visitor facilities, outlying commercial operations and other critical infrastructure in
the park. FireSmart initiatives and fuel management projects adjacent to the townsite have
employed mechanical thinning and dead vegetation removal to treat 1,700 ha of forest since 2003.
These actions are intended to reduce crown fire potential, fire intensity and rates of spread. The
park has also established and maintained various fireguards in the park, which can slow the spread
of fire and serve as a line of defense for firefighting. Prescribed fire is another important tool for
managing fuel loads, creating natural fire breaks and restoring fire-adapted ecosystems. Since
1994, Parks Canada has conducted 45 prescribed burns to treat 4,600 ha in the park. Finally, the
delineation of fire management zones in the park, based on values at risk, potential fire behaviour,
and wildfire barriers, dictates specific response strategies and tactics for wildfires based on their

location.

Identification of alternative future trajectories

The effects and interactions of novel disturbance in Jasper National Park raise concerns about what
the future holds, with respect to both successional outcomes in recently disturbed areas and the
persisting threats of novel disturbance. The Jasper Wildfire Complex burned through much of the
upper Athabasca River valley, and in certain areas all organic matter down to mineral soil was
consumed (C. Watson, personal communication, October 29, 2024). This landscape could take
decades to recover and may see new species assemblages emerge. Additionally, in unburned areas
of the montane ecoregion, successional trends in the beetle killed forests may see species shifts
depending on the amount of mortality in affected stands (Skretting et al. 2025). These unburned

areas also constitute a continuing fire risk to the town of Jasper and park infrastructure.

To identify alternative ways the system could develop, we considered different combinations of
ecological responses (analog and novel) to recent and future disturbance and management
approaches (inaction or intervention). To illustrate these combinations, we plotted these variables
on axes in Fig 4.3. These scenarios are intended to promote discussion of options and not
necessarily to reflect likely future conditions. To this end they represent fixed positions in a state-

space that varies in intensity and within each scenario there can be variability along either axis.
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Building and testing scenarios

We then developed our scenarios using insights gained from the assessment process to flesh out
the alternative ways the system could evolve. To ensure plausibility, we focused on continuity
between historical and present events with hypothetical future events. We then refined each

scenario by testing the consistency of our narratives through the expert opinion of the author team

(Peterson et al. 2003).

Novelty

Management

Figure 4.3 Conceptual diagram that plots four scenarios in relation to degrees of novelty and
management intervention. The Y-axis represents increasing ecological novelty and the X-axis

represents increasing management intervention.

Results

1. Wishful thinking
Description: Montane ecosystems successfully recover from recent disturbance events and the

landscape returns to 20" century homogenous forest cover dominated by lodgepole pine.

Management actions under this scenario would be limited and focus primarily on suppressing fires
in high priority areas of the park.
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Implications: Low management input is required, and outcomes would meet visitor expectations as
homogenous forest cover has defined visitor experiences for multiple generations. However,
increasing homogeneity in the montane ecoregion will decrease biodiversity and degrade adaptive
capacity for future disturbance events (Hewitt et al. 2009; Viljur et al. 2022). Additionally, continuing
to suppress fire in the montane ecoregion would degrade ecological integrity because Parks

Canada acknowledges that wildfire is an important natural process (Parks Canada 1997).

2. Nostalgic naturalness

Description: Intensive management actions are undertaken to return ecosystems to their HRV and
increase heterogeneity across the landscape. Integral to this scenario is restoring the effects of the
historical fire regime (i.e., frequent, mixed severity fire) through the extensive use of commercial
logging, mechanical thinning, brush clearing and prescribed fire. Once these actions are
completed, managers can allow future wildfires to burn when conditions permit to maintain HRV in
the montane ecoregion. However, if specific targets for area burned via wildfire are not met, then

further management intervention would be required.

Implications: Reintroducing fire (and its effects) to restore ecosystems to their HRV would improve
ecological integrity in the park because fire is considered an important natural process. Wildfires
create heterogeneity on the landscape, which can increase biodiversity through the provision of
more diverse resources and habitats and reduce the severity and impacts of future disturbances
(He et al. 2019; Turner 2010; Turner et al. 2013). This scenario could also support reconciliation
with Indigenous Peoples connected to the park by reintroducing indigenous burning practices that
were integral to the historic maintenance of HRV (Dickson-Hoyle et al. 2021; Nowacki et al. 2012).
However, certain management actions (e.g., commercial logging and mechanical thinning)
undertaken to restore HRV would be very expensive and may be viewed as antithetical to the
wilderness qualities of Jasper NP. Other concerns associated with this scenario include public
health issues related to elevated smoke and particulate matter during prescribed fire season and

the inherent risks of allowing future wildfires to burn in the montane ecoregion.

3. Apocalypse novel

Description: Unbridled ecological novelty is the hallmark of this scenario. Ecological responses to

the recent MPB outbreak and wildfires result in fundamental change in the dominant cover in the
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montane ecoregion, characterized by shifts to new species assemblages or alternative stable
states (i.e., non-forest). Climate-driven novel disturbances (e.g., drought, floods, wildfire, insect
outbreaks; non-native invasive species) occur more frequently under this scenario, and trigger
further ecological transformations by a) acting as destabilising (reinforcing) feedback or b) through
the compounding effects of short interval disturbances (Coop et al. 2020; Paine et al. 1998; Parks
et al. 2025; Raffa et al. 2008; Turner & Seidl 2023; Whitman et al. 2019). Novel disturbances such as
wildfire and floods also constitute a significant risk to visitors and residents, resulting in frequent
park closures and damage to park infrastructure, residential buildings, commercial businesses,
and national transport routes. The relative lack of management action under this scenario is a
consequence of falling revenues in the park and public resistance to broad-scale ecological

interventions.

Implications: There is considerable uncertainty concerning the implications of unfettered
ecological novelty in Jasper NP. The emergence of alternative trajectories in the montane ecoregion
could affect ecological integrity in numerous ways, such as significantly altering the trophic
structure of the montane ecoregion through changes to habitat and the availability of resources.
For example, a decline in forest cover could negatively impact woodland caribou through loss of
habitat and increased exposure to predation (Nagy-Reis et al. 2021). However, a greater diversity of
habitats and resources could potentially increase biodiversity in the montane ecoregion (Evers et
al. 2018; He et al. 2019). The provision of ecosystem services could also be significantly affected
under this scenario. For example, regimes shifts (i.e., conversions to non-forest) could negatively
affect aesthetic values for park visitors, increase surface runoff that degrades water quality, and
decrease carbon sequestration (Cooper et al. 2020; Standish et al. 2013). However, non-forested
ecosystems could also mitigate the impacts of future novel disturbance such as wildfire, windthrow
or insect outbreaks. Increases in park-wide closures or damage to critical infrastructure due to
novel disturbance events will disrupt park visitation and interprovincial freight travel, resulting in
substantial local and national economic impacts. The costs of repairing park infrastructure,
commercial operations and residential buildings damaged by novel disturbance events such as
wildfire and floods are also likely to be significant. Additionally, Jasper NP may be liable for novel

disturbance events that originate in the park and spread to adjacent lands.
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4. Controlled chaos

Description: As ecological novelty increases in the montane ecoregion, aggressive management
intervention is used to maintain important ecosystem functions and services and protect resources
from future novel disturbance. Managers use prescribed fire and tree planting, especially drought
and fire-resistant species (i.e., Picea glauca, Populus varieties and genetically modified species), to
aid the recovery of areas affected by the recent wildfires and MPB outbreak and maintain habitat for
at-risk species such as woodland caribou. However, to reduce fire risk closer the town of Jasper,
and adjacent to critical infrastructure, frequent prescribed and cultural burns are used to shift
thousands of hectares of recently disturbed areas to non-forest. To reduce fire risk in other areas of
the montane ecoregion, the Parks establishes a network of extensive fire roads and large fire breaks
(i.e., >10,000 ha) across the landscape. Fire breaks are created using mechanical thinning and
prescribed fire during appropriate weather windows. Parks Canada also significantly increases the
capacity of firefighting units in the park by hiring additional personnel and purchasing/leasing new
equipment including bulldozers, tankers, and fixed and rotor wing aircraft. These aircraft are also
used for forest monitoring purposes to rapidly identify the presence of forest pests, and targeted
management actions can be employed to prevent outbreaks reoccurring in the park (i.e., prescribed
fires, pheromone baiting and cutting and removal/burning of infected trees). A variety of
increasingly sophisticated surveillance and rapid response technologies are also introduced, such
as automated watchtowers or drones equipped with heat sensors and smoke detectors, which
increases costs potentially at the expense of visitor services and ecosystem management

programs.

Implications: The inevitable increase in ecological novelty in the montane ecoregion require
managers to undertake intervention and adaptation strategies to maintain ecological integrity in the
park. While inaction under Scenario 3 results in alternative stable states with different ecological
functions, under this scenario managers use interventions to maintain important ecosystem
processes and services (i.e., hybrid ecosystems; Hobbs et al. 2014). For example, planting fire-
resistant tree species such as Aspen in recently disturbed areas will provide critical habitat for at-
risk species and reduce the risk of high intensity fire (Buma & Wessman 2012; White & Zipperer
2010). However, increasing ecological novelty will alter habitats and resources in the montane
ecoregion, and result changes to the trophic structure and the extirpation of numerous species.

New research can identify species that are most adaptable to increasing ecological novelty and
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enable managers to better triage resources. Intervention and prevention strategies will require
significant increases to operational budgets in the park. Jasper NP could offset these costs will
timber sales from mechanical thinning, but additional funding streams will need to be identified to

support these strategies.

Discussion

Our four scenarios highlight the myriad challenges and dilemma’s facing natural resource
managers in Jasper NP (and many other protected areas undergoing rapid change) as they plan for
an uncertain future. We considered the implications of each scenario to enable managers to
compare outcomes for different combinations of alternative management strategies and responses
to novel disturbance. However, there are numerous other considerations associated with these

scenarios that could be determinative to the future of montane ecosystems.

Climate change will have a large influence on the likelihood of each scenario. Recent climate
projections indicate western Canada will experience rising temperatures, shifts in precipitation
patterns, and increased frequency and intensity of extreme weather events (Price et al. 2013).
These projections are expected to alter the dynamics of forest recovery and exacerbate future
disturbance events, which will lower the likelihood of “Wishful thinking” (Anderson-Teixeira et al.
2013; Li et al. 2000; Seidl et al. 2017; Stevens-Rumann et al. 2018). Plans to restore ecosystems to
their HRV and reintroduce wildfire to the montane ecoregion under “Nostalgic naturalness” will
also be affected by climate change due to the increased risk of high intensity fires (Whitman et al.
2022; Wotton et al. 2017). Conversely, climate change is a key driver of widespread novel
conditions, further increasing the potential for novel responses that lead to new species
assemblages or regime shifts described under “Apocalypse Novel” (Kerr et al. 2025; Turner & Seidl
2023). The threat of these significant ecological changes to ecological integrity in the park, and
climate driven high-severity disturbance events, may preclude Parks Canada’s limited intervention
strategy under this scenario. This would then increase the likelihood of “Controlled chaos”,
whereby Parks Cananda undertake aggressive management action to maintain ecological integrity
in the montane ecoregion and proactively address the threat of novel disturbances.

The challenges of restoring ecosystems to their HRV under “Nostalgic naturalness” underscore the
changing value of the HRV concept. The significant costs and scale of intervention required to

implement and maintain this scenario under a changing climate, coupled with the risks of high
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intensity fire, validate recent concerns about the continued use of this concept in resource
management and ecological restoration (Craig, 2010; Harris et al., 2006; Higgs et al., 2014; Kerr et
al. 2025; McGarigal & Romme 2012; Millar et al., 2007). Indeed, Landres et al. (1999) acknowledge
concerns about the relevance of HRV to contemporary environments that have fundamentally
changed from what they once were. However, Romme et al. (2012) argue that the evolving value of
HRV lies in using historical records to understand how ecosystems have responded to
environmental variation in the past to guide current and future conservation management.
Therefore, managers can use an understanding of ecosystem dynamism provided by HRV to move

an ecosystem back within the bounds of various discrete parameters (Higgs et al. 2014).

Multiple processes, including novel disturbances, are driving widespread novel conditions that
increase the potential for unprecedented ecosystem trajectories (Kerr et al. 2025; Turner & Seidl
2023). Without intervention, regime shifts to alternative stable states are likely in many areas of the
montane ecoregion (i.e., “Apocalypse Novel”). Shifts between ecosystem states are often
undesirable because they can alter ecological processes, disrupt ecosystem services, and
adversely affect at-risk species (Harris et al. 2013). Further, hysteresis makes regime shifts more
difficult to reverse, especially if something external to the system such as climate has changed
(Groffman et al. 2006; Scheffer et al. 2001). Irreversibility is a feature of novel ecosystems, and their
emergence in Jasper NP could have implications for maintaining ecological integrity in the park
(Hallett et al. 2013). Although Parks Canada’s legal guidelines recognize that systems with integrity
may exist in different states, changes to ecosystems must occur “within acceptable limits”, which
may further preclude Parks Canada’s limited intervention under “Apocalypse Novel” (Wurtzebach &

Schultz 2016).

The approach to managing the integrity of ecosystems may be misguided or impractical in an era of
increasing novelty and climate change (Keane et al. 2009; Wurtzebach & Schultz 2016). Parks
Canada considers ecosystems to have integrity when its native components are intact (i.e., the
biotic and abiotic pieces and the frequency and intensity of ecological processes; Parks Canada
2021). Traditional management approaches have often focused on the preservation of specific
species, species assemblages, or the condition of habitat required to sustain populations (Safford
et al. 2012a). However, many native species may fail to adapt to changing conditions (Visser 2008).

Therefore, a more appropriate approach may be better focused on long term adaptive capacity of
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ecosystems, with emphasis on maintaining structural and functional attributes of ecological
integrity instead of the persistence of specific species or their habitat (i.e., “Controlled chaos”;
Dudney et al. 2022; Hobbs et al. 2009; Safford et al. 2012a; Wurtzebach & Schultz 2016). Increasing
ecological novelty can occur without necessarily producing novel ecosystems. In the case of hybrid
ecosystems—comprising novel and historical elements—there may be greater capacity for

realizing Parks Canada’s traditional concept of ecological integrity (Hobbs et al. 2013).

Parks Canada policy allows for management intervention to address the adverse effects of
ecological processes or restore ecosystems with degraded ecological integrity. Therefore, this
policy may support the intervention actions described in “Nostalgic naturalness” and “Controlled
chaos”. However, efforts to restore ecosystems to their HRV may lack public support due to
unaligned cultural perspectives on naturalness values and the likely impacts to visitor experiences
(i.e., park closures due to active fires or health issues related to elevated smoke and particulate
matter; Aplet & Cole 2010, Safford et al. 2012a, Wurtzebach & Schultz 2016). Similarly, there are
uncertainties related to public attitudes toward increasing levels of intervention to manage
emergent ecology novelty (Lemieux et al. 2011). To improve public engagement in decision-making,
Parks Canada can introduce new indicators to ecological integrity monitoring that incorporate
social and economic considerations (i.e., feasibility, relevance, cost, and acceptance; Tulloch et al.
2011; Wurtzebach & Schultz 2016). This approach would support outcomes from recent studies
that indicate important relationships between ecological integrity and human health (Lemieux et al.

2011).

New research can support management objectives that respond to changes rather than resist
them. The evolving value of historical ecology (see above) can identify long-term processes that
influence ecological outcomes under different climate conditions or disturbance regimes (Safford
et al. 2012a). For example, the development of innovative methods used to quantify the
composition and configuration of landcover present in historical survey photographs captured in
Jasper NP can reveal new information about the mechanisms underlying ecosystem dynamics and
resilience (Trant et al. 2020; Tricker et al. 2025). Historical ecology studies can also be used to
identify parameters of important ecological processes, determine expected levels of ecosystem
services, redefine operational concepts such as ecological integrity or resilience, and suggest

appropriate future trajectories (Keane et al. 2009; Landres et al. 1999; Safford et al. 2012a; Safford
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et al. 2012b; Swetnam et al. 1999). Other research streams can focus on maintaining valued
ecosystem services as ecological novelty increases and gauge public tolerance for increased

management interventions proposed under “Controlled chaos” (Lemieux at al. 2011).

Conclusion

Scenario planning makes future uncertainty explicit so managers can evaluate the effectiveness of
management strategies under a range of possible futures (Peterson et al. 2003). In Jasper NP, the
likelihood of increasing ecological novelty in the montane ecoregion could negate traditional
management approaches to maintain contemporary conditions or restore historical processes and
landcover configurations (Hobbs et al. 2014; Kerr et al. 2025). Thus, “prospective strategies” that
focus on anticipated conditions are required (Aplet & McKinley 2017). However, historical
knowledge can still play an important role in guiding contemporary decision-making and planning
(Higgs et al. 2014; Safford et al. 2012a; 2012b). Concepts such as HRV can be used to understand
and quantify how ecosystems have responded to different magnitudes and frequencies of
historical disturbance and identify deviations in recent and future ecological responses. Actions
can then be undertaken sooner to mitigate the undesired effects of novel disturbance and align

management goals with emerging hybrid and novel ecosystems (Turner & Seidl 2023).
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Chapter 5: Conclusion

Recurrent disturbances are an important driver of ecosystems dynamics (Turner et al. 2010).
Palaeoecological and contemporary evidence indicates that ecosystems are typically resilient to
historical disturbances and can recover their characteristic structure and function following
perturbation (Holling 1973, Beisner et al. 2003, Johnstone et al. 2016). However, climate change
and management practices are driving changes in the disturbance regimes. Because disturbances
and recovery processes are closely linked, there is growing concern that novel disturbances may
lead to novel outcomes (Turner & Seidl 2023). The research undertaken in this dissertation is
focused on understanding the implications of novel disturbance in Jasper National Park (hereafter
“Jasper NP”). Chapter 2 describes and tests the accuracy of a new method for deriving
georeferenced landcover data from historical and repeated oblique photographs. In Chapter 3, this
new method is deployed to quantify changes to the composition and configuration of montane
ecosystems. Chapter 4 builds on this analysis by undertaking a scenario planning exercise to
consider the uncertainty associated with the successional trajectories that will follow recent novel

disturbances.

This concluding chapter begins with summarizing the key findings and contributions of the research
undertaken in this dissertation. The second section covers lessons learned from producing these
key findings. The third section reports on the methodological limitations of the data and software,
followed by a section on what could have been done differently. The final section provides

recommendations for workflow improvements, future research and management considerations.

5.1 Key findings

5.1.1 Chapter 2: Assessing the accuracy of georeferenced landcover data derived from
oblique imagery using machine learning.

The focus of this chapter was to assess the accuracy of a new end-to-end workflow for producing
landcover data from oblique imagery. The workflow features two recently developed custom
software tools: a trainable segmentation network and automated landcover classification
algorithm, and a web-based georeferencing tool. Nineteen images from the Mountain Legacy

Project (MLP) were classified and georeferenced using this workflow. These data were then
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combined using the mode value to produce a landcover map for a study area in Jasper NP. Mean
georeferencing accuracy for a subset of seven images was 4.6 m, and the results were unaffected

by distance from camera or angle of incidence.

Both the oblique and conventional landcover maps effectively depicted key landscape features in
the study area such as the Athabasca River and other water bodies, the central herbaceous/shrub
areas, and patches of broadleaf/mixedwood in the northern extent. However, the appearance of the
two maps is noticeably different: the oblique landcover map is smoother in appearance whereas
the orthogonal land cover map has the classic speckled appearance of a pixel-based classification.
These differences are worth considering for future analyses that aim to quantify changes in

chronological data derived from different sources

The oblique landcover map achieved 68% overall accuracy, outperforming the orthogonal
landcover map’s overall accuracy of 60%. Water, coniferous forest, and broadleaf/mixedwood
classes scored well for the oblique landcover, but wetland and barren ground performed poorly due
to class confusion with other landcover types. Comparing landcover class distribution between the
two maps, barren ground and water shared similar proportions but there were large differences in
the proportions of the other four landcover classes. This can be largely explained by the lower
accuracy scores of the orthogonal map, specifically the considerable confusion between

coniferous forest and broadleaf/mixedwood classes.

5.1.2 Chapter 3: A tale of two disturbances: Can mountain pine beetle restore landcover
composition and pattern altered by fire suppression in Jasper National Park?

In Jasper NP, fire suppression over the previous century has altered the fire return interval, resulting
in a significant increase of homogenous forest cover. These changes contributed to an
unprecedented mountain pine beetle (MPB) outbreak over the previous decade (there is no prior
occurrence of MPB in the park), which impacted up to 70% of lodgepole pine. In this chapter, |
compared the composition and pattern of landcover following stand-replacing fires in 1889 and
1905, and the recent MPB outbreak, using the same data sources and workflow developed in the

previous chapter.
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The results indicate that the predominant landcover class in the 1915 landcover map was
regenerating conifer (56.4 %), followed by mature conifer (20.1 %). Regenerating conifer also had
the highest patch complexity and mean patch size. Prior to outbreak, contemporary landcover in
the study area was dominated by the mature conifer class (82.7 %), which subsequently had the
highest patch complexity and mean patch size. The overall accuracy of the contemporary landcover

map was 79 %.

A change analysis revealed that 64.2 % of the historical landscape transitioned to mature conifer
cover in 2020/22. Most new mature conifer cover originated from regenerating conifer and shrub.
Following the outbreak, MPB-affected conifer comprised 28.9% of the study area. This change
occurred at the expense of mature conifer, which decreased to 53.8 %. However, mature conifer

still had the highest patch complexity and mean patch size.

This analysis suggests that the unprecedented MPB outbreak can restore heterogeneity to the
landscape that was previously lost due to the effects of fire suppression. However, successional
responses in MPB-impacted stands and the timing of future disturbance could lead to species
shifts or transitions to non-forest. Coupled with climate change-driven conditions, these potential
transitions could increase the departure of montane ecosystems from their historical range of

variability (HRV), which may require shifts in how they are managed by Parks Canada.

5.1.3 Chapter 4: Beyond history: Anticipating the influence of a novel disturbance regime on
future landcover change in Jasper National Park.

The altered fire regime and unprecedented MPB outbreak in Jasper NP represent a significant
departure from ecological processes that have occurred historically. The emergence of novel
disturbance raises concerns about the capacity of ecosystems to respond to these changes and
the capability of management interventions to support resistance and resilience (Turner 2010;
Turner & Seidl 2023). The purpose of this chapter was to undertake a scenario planning exercise to
anticipate potential ecological changes that may occur in the park due to novel disturbance. We
followed a qualitative approach outlined by Peterson et al. (2003) to develop four scenarios that
describe plausible ecological outcomes in the montane ecoregion based on different combinations
of analog and novel responses (to recent disturbances) and differing levels of management

intervention.
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Scenario 1- Wishful thinking

Montane ecosystems successfully recover from recent disturbance events and the landscape
returns to 20" century homogenous forest cover dominated by lodgepole pine. Management
actions under this scenario would be limited and focus primarily on suppressing fires in high

priority areas of the park.

Scenario 2 - Nostalgic naturalness

Intensive management actions are undertaken to return ecosystems to their HRV and increase
heterogeneity across the landscape. Integral to this scenario is restoring the effects of the historical
fire regime through the extensive use of commercial logging, mechanical thinning, brush clearing
and prescribed fire. Once these actions are completed, managers can allow future wildfires to burn

when conditions permit to maintain HRV in the montane ecoregion

Scenario 3-Apocalypse novel

Ecological responses to the recent MPB outbreak and wildfires result in fundamental change in the
dominant cover in the montane ecoregion, characterized by shifts to new species assemblages or
alternative stable states (i.e., non-forest). Climate-driven novel disturbances occur more frequently
and trigger further ecological transformations. The relative lack of management action under this
scenario is a consequence of falling revenues in the park and public resistance to broad-scale

ecological interventions.

Scenario 4 - Controlled chaos

As ecological novelty increases in the montane ecoregion, aggressive management intervention
(e.g., >10,000 ha of tree-planting and prescribed fire) is used to maintain important ecosystem
functions and services. Managers also undertake significant measures to protect resources from
future novel disturbance by promoting non-forest species adjacent to critical infrastructure,
dramatically increasing fire roads, fire breaks, and firefighting units and associated equipment, and

introducing sophisticated surveillance and rapid response technologies.
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5.2 Benefits and lessons learned

5.2.1 Systematic coverage of historical photographs.

The systematic approach used for capturing the historical survey images greatly benefited the
research undertaken in this dissertation. By establishing camera stations on numerous peaks and
promontories adjacent to Jasper NP’s broad montane valleys, image coverage for areas of interest
was excellent. In Chapter 2, 19 images covered 99.3% of the study area (the overlapping image
coverage greatly improved mapping accuracy). In Chapter 3, 26 images covered 97.1% of the study
area. Additionally, areas of the landscape that were obscured by landform features or forest in
individual images were often filled in by images from adjacent camera stations or from stations
across the valley. Hence, the systematic capture of the survey images is beneficial for producing

historical and repeat landcover maps.

5.2.2 Ancillary landcover data from lower elevation photographs.

Another important benefit of the original survey design is the difference in elevation of the various
camera stations. In Chapter 3, the average height of the 14 camera stations used in the analysis
was 2,375 m, whereas the average height of the study area was 1,204 m. This difference in
elevation, in combination with the distance from camera, can make it difficult to accurately classify
similar landcover types in certain areas of the images. However, images from lower elevations, that
are closer to areas of interest, can provide additional landcover information to correct classification
errors. For example, images from several lower elevation stations (e.g., Power House Cliff at 1,160
m), that were excluded from the analysis because of their small area of study area coverage, still
played an important role in differentiating between landcover classes (such as herbaceous and
shrub or coniferous forest and broadleaf/mixedwood) visible on more distant, higher elevation

images that were included in the analysis.

5.2.3 Accuracy of the georeferencing tool.

The georeferencing tool used in the end-to-end workflow produced results with significant
positional accuracy for the work produced in this dissertation. In Chapter 2, the mean
displacement for the subset of 7 images (i.e., one image per camera station) was 3.7m. This is
especially impressive as the average distance from the camera to test points was 5,832.6 m. There

is only one published study (see Bayr 2021) that has produced better accuracy results for
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georeferencing oblique photographs, where the average distance between camera and test points

was 701 m (and the average height difference was 78 m).

There were two important factors for producing high georeferencing accuracy. First, the detail of the
virtual photographs, which is dictated by the resolution of the digital surface models (DSM) from
which they are constructed, greatly aids the identification of control points. DSMs include all
features on the landscape (as opposed to digital terrain models, which only represent landform
features), so the base of trees can be used as georeferencing points. DSMs are especially useful for
georeferencing historical images because many of the trees visible in the virtual photographs
derived from modern elevation data may also be present in the historical images, albeit shorter
(hence using the base of the tree for control points). Second, the Image Analysis Toolkit enables

smooth navigation for identifying features and the precise placement of control points.

5.2.4 Production of quantifiable landcover data.

The end-to-end workflow described in Chapter 2 enabled the production of georeferenced
landcover maps derived from historical and repeated oblique photographs. The ability to work with
these data in a GIS (or other spatial software applications) allows for conventional types of spatial
analyses, such as producing area metrics for landcover classes, detailed change analyses, habitat
modelling and patch metrics. For example, in Chapter 3, Fragstats 4.2 was used to produce patch
metrics for the nine landcover classes in the historical and contemporary maps derived from
oblique photographs (McGarigal et al. 2012). Thus, the new workflow constitutes an important
advancement of methods for repeat photography analyses and builds on the work of previous MLP

studies (see Fortin et al. 2019; Sanseverino et al. 2016; Rhemtulla et al. 2002).

5.2.5 Disturbance novelty is driving rapid change in Jasper NP.

The gradual then rapid landcover changes occurring in Jasper NP are the result of emergent
disturbance novelty — a new term introduced by Turner and Seidl (2023) to describe disturbance
events and regimes to which ecosystems are not adapted. Following a century of gradual change in
land cover composition, the MPB outbreak from 1999 to 2018 and the Jasper Wildfire Complex
(JWC) in 2024 have led to rapid unprecedented change. Given the influence of climate change and
invasive species, there are valid concerns that ecosystem responses may fall outside their HRV

(i.e., new species assemblages or shifts to non-forest species).
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5.2.6 Scenarios can help navigate uncertainties.

There is considerable uncertainty about how the montane ecoregion will respond or recover from
novel disturbance. Novel responses to novel disturbances could cause ecosystems to depart from
their HRV, and transition to alternative stable states. Following the Canadian National Parks Act
(2000), Jasper NP is mandated to maintain ecological integrity in the park. Profound ecological
changes resulting from novel disturbances could challenge traditional management actions to
restore historical processes and landcover configurations. Scenarios can help to navigate the
uncertainty of ecological outcomes through continuous learning and modification. Monitoring
systems, such as the ecological integrity monitoring program, are a key component of this
approach. Managers evaluate monitoring data to track progress of performance measures. These
data and other new information can then be used to adjust management actions or policies as

necessary (Keenleyside et al. 2012).

5.3 Limitations

5.3.1 Classification issues related to grayscale images.

The classification performance of PyLC for historical grayscale images is below the standard of
results produced for modern colour images (top performing models produced overall weighted F1
scores of 0.841 for grayscale images and 0.909 for color images). This may be due to several issues
related to model training, including the limited spectral information of grayscale images and poor-
quality images. The MLP is undertaking new work to address these issues. New deep learning
models are being tested to improve classification performance for grayscale images. Additional
tests involve improvements to image quality via software editing procedures (i.e., adjustments to
the clarity, contrast and brightness of poor-quality images) and data augmentation. Finally, the
original manual classifications used to train PyLC are being reassessed for accuracy and

consistency and will be corrected as necessary to improve classification performance.

Another issue concerns the accuracy assessment of georeferenced classifications for historical

images. This is because of limited orthogonal reference data (the historical survey images typically
preceded aerial imagery by decades). Although assessment of the georeferenced classifications of
the repeated images generally serves as a good proxy for the accuracy of historical images (as they

have followed the same processing steps), care should be undertaken to ensure the quality of
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historical classifications match their modern counterparts when considering accuracy

assessment.

Classification of landcover features further away from the camera can be challenging, especially
for cover types that are difficult to distinguish between, such as mature conifer and
broadleaf/mixedwood or shrub, wetland herbaceous cover. Generally, landcover in images used for
Chapter 3 were not classified beyond a distance of 7 km from the camera. In instances where this
distance was extended, adjacent images were used to confirm landcover furthest from the camera

(see 5.2.1).

5.3.2 Manual corrections.

The landcover classifications produced by PyLC for grayscale historical and colour repeatimages in
Chapter 3 required time-consuming manual corrections (Appendix F). This process was undertaken
using Affinity Photo Version 2.1, but numerous other photo editing software applications may be
suitable depending on budget or user familiarity. Corrections involved developing a color palette
that matched the landcover classes produced by PyLC, producing a grid overlay for tracking
correction progress, and the use of editing tools to undertake the corrections. For Chapter 3, the
time for correcting classifications ranged from 2-8 hours per image, depending on quality of the
PyLC output (grayscale classifications usually required more corrections) or the complexity of the
landcover captured in the image (e.g., the benchlands west of the town of Jasper required extensive
corrections). An important benefit of producing the corrected classifications is these data can be

added to the training dataset to improve PyLC accuracy and robustness.

5.3.3 New landcover categories need to be added manually.

PyLC was trained on two manually classified datasets that used 8- and 10- category classification
schemes respectively, which were based on broad-level habitats found in the Canadian Rockies
(also see Fisher et al. 2011; Jean et al. 2015). These categories excluded anthropogenic features
and other broad landcover or disturbance categories found in Jasper NP. Without suitable training
data, PyLC cannot classify new categories. Therefore, in Chapter 3, anthropogenic features were
added to the barren ground category and new categories for herbaceous cover, regenerating
conifer, and MPB-affected conifer required manual delineation. Again, these corrected

classifications can be repurposed as training data to allow PyLC to classify these categories.
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5.3.4 Poor classification performance for specific categories.

Certain landcover categories are difficult to classify (both manually and by PyLC). A good example
are wetlands (in both grayscale and colour images), which are prone to changes in appearance
through spring and summer months and are easily confused with other categories such as water,
barren ground (owing to reflectiveness of standing water) or herbaceous cover. In Chapter 2, where
no manual corrections were undertaken for the PyLC classifications, this category was frequently
misclassified (Table 2.3). Previous studies acknowledge the challenge of correctly classifying

certain landcover categories (e.g., Mahdavi et al. 2018).

5.3.5 Georeferencing historical images.

Accurate georeferencing requires identifying reciprocal control points in each quadrant of an image
and virtual photograph. If there is an insufficient spread of control points, the transformation
process produces warped images that don’t align with the virtual photograph. Several historical and
repeat images in Chapter 3 lacked discernible features for control points, especially for heavily
forested lower quadrants. Workarounds are possible, such as trial and error control point
placement using grid lines aligned to prominent features in other quadrants. However, this process
is time-consuming and may require many iterations of control points to achieve satisfactory
alignment. Future work to address this issue may involve the adaption of alignment applications

that automate this process (see Okamoto et al. 2023).

5.3.6 Availability of high-resolution elevation data.

Another important requirement for producing accurate georeferencing results is the availability of
high-resolution elevation datasets. Digital surface models (DSMs) are used for producing the virtual
photographs, as they include above-ground features such as vegetation and human infrastructure.
These features can serve as valuable control points, especially for the lower quadrants of images,
when other topographic features aren’t available. Digital terrain models (DTMs) are then required
for georeferencing the classified data (the georeferenced data will be speckled or incomplete if
surface models are used for this task). The availability and resolution of these data are important
for producing accurate georeferencing results. The landcover maps produced for Chapters 2 and 3
used 2 m resolution elevation data (both DSMs and DTMs). The lower elevations of the study area
comprised data from Natural Resources Canada. However, these data products are unavailable for

higher elevations in the park. Further, the coverage for these data is limited outside of National
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Parks in British Columbia and Alberta. Fortunately, both surface and terrain models can be derived
from LiDAR data if available for areas of interest that are not covered by Natural Resources Canada.
However, if neither dataset is available, georeferencing could be achieved using coarser elevation

data but this would greatly impact georeferencing accuracy.

5.3.7 Compatibility with other data products.

An important consideration for producing landcover data from oblique images using the new
workflow described in this dissertation is their incompatibility with other datasets produced from
orthogonal imagery using conventional remote sensing interpretation techniques. Data derived
from oblique and orthogonal imagery could potentially be used together to produce metrics for
certain landcover categories in time sequences (with explicitly mentioned caveats explaining
differences in data and interpretation methods) but spatial change analyses would be more

challenging given the significant differences in appearance of these data products (i.e., Fig 2.4).

5.3.8 Software limitations.

Numerous software limitations have emerged from this research. As with many software
applications developed for research purposes, the initial development focus was to support
analysis objectives and produce usable results. Therefore, PyLC lacked a graphical user interface
for the analysis undertaken in this dissertation and required implementing Python scripts to
produce classifications. Training models on new data or introducing new models requires

advanced programming knowledge.

Several models, each trained and optimized using different hyperparameters (i.e., variables that
control the training process) are available for use in PyLC. Rose (2020) reported on the top-
performing models for grayscale and colour images respectively but also acknowledged that model
accuracy could be inconsistent and was highly dependant on the image input. Therefore, selecting
the best model to produce an image classification is a time-consuming process and involves

generating and visually assessing output from five models to select the best classification.

The georeferencing tool Is highly sensitive to incorrect data formatting. Elevation data need to be
formatted to specific requirements, or the application will crash. This process can be especially

challenging when combining different elevation datasets together, as required for the analysis
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undertaken in Chapters 2 and 3. Additionally, there are limits to the size of elevation datasets that
can be used by the tool. For Chapter 3, this issue required splitting an elevation grid into smaller,

overlapping sizes to georeference all images in the study area.

Finally, producing accurately georeferenced data is a time-consuming process due to limitations of
the georeferencing tool. It requires a trial-and-error approach to fine tune the camera coordinates
for producing a usable virtual photograph. A similar approach is also used for aligning the image —
many iterations of control points may be required to produce a satisfactory alignment. Further, both
tasks require the use of two separate software applications, requiring the user to toggle through

windows and reopen datasets.

5.4. What might have been done differently.

5.4.1 Expanding the study area.

Initially, the study area for Chapter 3 included all three montane valleys in Jasper NP. However, after
undertaking fieldwork to capture the required repeat photographs, correcting the historical and
repeat classifications produced by PyLC required more time than anticipated. A decision was made
to exclude one of the valleys from the analysis — the upper portion of the Athabasca River valley.
However, after completing the analysis for Chapter 3 at the end of 2023, the following year the JWC
would burn through most of this valley. Considering the uncertain recovery of the burned area, it

would have been interesting to have made these data available for new change analyses.

5.4.2 Stakeholder engagement for scenario planning.

The scenario planning exercise described in Chapter 4 is focused on uncertainties related to
potential outcomes of novel disturbance events. The intent of this exercise is to encourage
managers, community members, and stakeholders to consider resilient conservation policies that
anticipate the occurrence of these scenarios. A full scenario exercise would have involved a
systematic consultation process. Given the shocking outcomes of the JWC in 2024 a study of this
kind seemed beyond practical consideration. Engaging managers and scientists in scenario
development would have improved the strength of the scenarios. Going forward, the scenarios |
developed could be deployed in social processes to refine and test the scenarios in a real-world

application
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5.5 Recommendations

5.5.1 Further software development.

There is clear need to refine and package the tools tested and used in Chapters 2 and 3 into a
standalone software application that integrates with a GIS. Fortunately, researchers associated
with the MLP have recently released the Mountain Image Analysis Suite (MIAS; Wright et al. 2024),
which immediately addresses several of the workflow limitations identified above in the Limitations
section. MIAS is a freely available plugin developed for integration with QGIS — an open-source GIS
application. MIAS provides a simple user interface for the workflow tools, allowing the user to input
a grayscale or colour oblique image and produce a georeferenced classification following a series
of easy-to-follow prompts and tasks. The user is also required to provide camera metadata
(coordinates; azimuth and FOV angle) and elevation data. MIAS also incorporates many
improvements to the georeferencing tool, such as enabling easy adjustments to refine the camera
metadata, the selection of more than 4 alighment points (random sample consensus will remove
outliers to select the four best points), and report on alignment point accuracy using RSME. Since
the release of MIAS, a new tool has been added to the plugin that automatically combines

overlapping georeferenced classifications using the process outlined in Chapters 2 and 3.

5.5.2 Improve PyLC performance.

In Chapter 2, the landcover map derived from oblique photographs classified by PyLC produced
promising accuracy results (Table 2.3). Although individual images were all impacted by
classification errors, the process of combining the georeferenced classifications improved
accuracy (Fig. 2.6). In Chapter 3, both the historical and repeat classifications required extensive
and time-consuming corrections (which did improve the accuracy on the contemporary landcover
map). Despite the promise of PyLC, it is limited by its relatively small training dataset. Further, these
data are derived from specific areas within the Canadian Rockies and are not wholly representative
of the landscapes found throughout the range. To improve the accuracy and robustness, the
original, manually produced training data can be reviewed and corrected. Additionally, new data
from other regions in the Canadian Rockies and beyond may improve the robustness of PyLC. MLP
researchers are currently undertaking this work with the intent of retraining PyLC to improve

accuracy performance (see Mahindrakar et al. Submitted).
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5.5.3 Continued repeat photography can benefit ecological monitoring.

Continued, periodic repeat photography of the 1915 survey photographs captured by M.P. Bridgland
in Jasper NP has many advantages. To begin with, the original repeat photographs captured by
Rhemtulla and Higgs between 1996-1998 are the earliest repeat photographs in the MLP collection.
These “old” repeat photographs already serve as a valuable baseline for assessing recent changes
in the park. The research undertaken in this dissertation involved a second repeat of camera
stations overlooking the three major valleys in the park. Together, these three datasets are valuable
for establishing baselines for monitoring purposes and tracking ecological responses to recent
novel disturbance events in the park. For example, in Waterton Lakes National Park, following the
2017 Kenow Fire, repeat photography (of historical survey photographs) is being used as a tool for
monitoring ecological recovery in the park. Given the considerable extent of the JWC, and the
proximity to nearby camera stations, repeat photographs could serve as an effective ecological
monitoring tool in Jasper NP. Additionally, the oblique angle of the photographs provides a unique
perspective of the landscape and capture information that may not be available in orthogonal
imagery (Fortin et al. 2019). This perspective (vs orthogonal imagery) may also be helpful for
developing easy-to-follow resources for visitor interpretation regarding recent disturbance in the

park.

5.5.4 Scenario planning can support management planning.

Novel disturbance regimes can compromise ecological integrity in National Parks by causing
ecosystems to depart from their HRV. The scenario planning exercise undertaken in Chapter 4
evaluates the ecological consequences of emergent novel disturbance in Jasper NP. The intent of
this exercise is to better prepare natural resource managers for potential ecological changes that
threaten ecological integrity. Future planning efforts can anticipate these scenarios by developing
new monitoring protocols for areas that are sensitive or exposed to novel disturbance. However,
traditional management actions to restore historical processes and landcover configurations that
are impacted by novel disturbance may be practically impossible at worst and ineffective at best.
Therefore, scenario planning can compliment adaptive management strategies and enable actions
that can mitigate undesired effects of novel disturbance, align management goals with emerging

hybrid and novel ecosystems, and foster more resilient landscapes.
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5.5.5 The continuing value of HRV.

The HRV concept was developed as a tool for understanding the causes and consequences of
change in ecosystem conditions and processes over time (Morgan et al. 1994). It can describe
variation in diverse characteristics (i.e., species densities, disturbance frequency or rates of
change) and can be applied at multiple scales (Morgan et al. 1994). Natural resource managers
have used HRV frameworks since the early 1960’s to maintain biodiversity, restore degraded

ecosystems, and serve as benchmarks for assessing anthropogenic change (Landres et al. 1999).

However, in an era of rapid directional change, where ecosystems are transitioning to irreversible
alternative states (i.e., novel ecosystems), is the HRV concept still a relevant conservation tool?
Higgs et al. (2014) suggest that the value of HRV to restoration ecology may diminish over time.
Further, Duncan et al. (2010) argue that natural resource management requires anticipating the
future rather than maintaining HRV. Nonetheless, HRV is still an important concept for establishing
baselines for assessing ecological change and/or monitoring the emergence of novelty. HRV can
also improve our understanding of the consequences of changes in ecosystem characteristics

(Morgan et al. 1994).

The development of new techniques focused on increasing our knowledge of how historical
ecosystems functioned and responded to change remains important for natural resource
management. New research should also consider the value of the potential future range of
variability (Turner & Seidl 2023). For example, simulation modeling can be used to determine the
sensitivity of disturbance regimes to changing climate or identify ecological thresholds that could
lead to regime shifts (Albrich et al. 2020; Turner et al. 2022). Further, with the availability of large,
remotely sensed datasets, machine learning can play an important role in detecting change

patterns or investigating underlying ecosystem mechanisms (Turner & Seidl 2023).

5.5.6 The challenge of maintaining ecological integrity.

Parks Canada’s primary mandate in National Parks is to maintain ecological integrity (i.e., “a
condition that is determined to be characteristic of its natural region”; Parks Canada 2024a).
However, emergent novel disturbances may prompt ecological responses that result in
fundamental ecological change (i.e., regime shifts; Turner & Seidl 2023). Efforts to restore the

integrity of ecosystems undergoing rapid change may ultimately be misguided due to the
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irreversibility of ecosystem shifts (e.g., due to the influence of climate change on system
hysteresis). This issue brings into question whether a) the ecological integrity concept is stillan
appropriate mandate for park managers, b) the concept can be redefined to remove explicit links to
natural range of variation, or c) ecological integrity is tied to shifts in regional ecological change that
allows for shifting local priorities? Wurtzebach and Schultz (2016) acknowledge that maintaining
ecological integrity may be difficult in certain instances where ecological novelty (i.e., hybrid or
novel ecosystems) is inevitable but also argue that the concept remains a useful framework for
ensuring the scientific credibility and social relevance of targets for management and monitoring.
Therefore, a redefined interpretation of ecological integrity could emphasize important ecosystem

functions and services as well as the persistence of specific species (also see Lemieux et al. 2011).
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Appendix A: Image list

List of MLP oblique photographs used for Jasper National Park study area.

rse2379-sup-0001-Appendix_A.pdf

Appendix B: Images and classifications

Oblique images and associated landcover classifications.

rse2379-sup-0001-Appendix_A.pdf

Appendix C: Georeferenced landcover classifications

19 georeferenced landcover grids.

rse2379-sup-0002-Appendix_C.zip

Appendix D: Maps

Oblique and orthogonal landcover maps.

rse2379-sup-0003-Appendix_D.zip
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Appendix E: Image list

List of historical and repeat images and associated metadata.

Historical Repeat Repeat |Image
Station name |image # image # |year azimuth [Latitude |Longitude [Weblink
Cairgorm | e011313366 [ DSCF4304| 2022 140.85 | 52.93066 | -118.19186 https_,://explore.mountamlegacy.ca/h
istoric_captures/show/23792
e011214103 [ DSCF4444 321.6 |52.84759( -118.38385 http;:/lexplore.mountamlegacy.ca/h
) istoric_captures/show/23735
Clairvaux | 2022 https// | ainl 7h
011214105 | DSCF4447 106 |52.84759 | -118.38385 | . P-//explore.mountainegacy.ca
istoric_captures/show/23737
https://explore.mountainlegacy.ca/h
e006609622 [ DSCF0614 190 53.01567 | -118.01779 |, .
istoric_captures/show/23657
https: lore. tainl .ca/h
Hawk Mtn e006609623 | DSCFO617| 2020 | 224.75 |53.01567 | -118.01779 [NttPs//explore.mountainlegacy.ca/
istoric_captures/show/23658
e006609624 | DSCF0623 259.75 |53.01567 | -118.01779 https:/IEXplore'mountamIEgacV'ca/h
istoric_captures/show/23659
Morro Peak | e011313299 [ DSCFO575( 2020 273.7 |53.03387| -118.06708 https_,://explore.mountamlegacy.ca/h
istoric_captures/show/23592
https://explore.mountainlegacy.ca/h
011305802 | DSCF4106 212 52.95276 | -118.35934 .
. istoric_captures/show/23524
Mt Elysium 2022 https// | ainl 7h
011305801 | DSCF4127 182.6 |52.95263 | -118.35904 || PS//€xplore.mountainiegacy.ca
istoric_captures/show/23523
https://explore.mountainlegacy.ca/h
Mt Esplanade e011313396 [ DSCFO660( 2020 100 53.07630 | -118.15224 |, .
istoric_captures/show/23507
https://explore.mountainlegacy.ca/h
Mt Greenock e011313398 (DSCF0547| 2020 185.75 | 53.10518 | -118.08796 |. .
istoric_captures/show/23492
https://explore.mountainlegacy.ca/h
e011214151 [ DSCF4336 160.1 |52.93344( -118.25096 | .
istoric_captures/show,/23490
Mt Henry 2022 -
https://explore.mountainlegacy.ca/h
e011214152 [ DSCF4338 205.6 |52.93344( -118.25096 |. ]
istoric_captures/show/23491
https://explore.mountainlegacy.ca/h
e011214115 | DSCF4247 301.6 |52.83339] -118.23790 |. .
istoric_captures/show/23430
https://explore.mountainlegacy.ca/h
e006609619 | DSCF4236 329.1 |52.83343( -118.23745 |, .
istoric_captures/show/23428
Muhegan Mtn | 2022 -
https://explore.mountainlegacy.ca/h
e011214113 [ DSCF4238 3.1 52.83343 | -118.23745 |, .
istoric_captures/show/23427
e011214112 [DSCF4239 37.6 52.83343 | -118.23745 http;://explore.mountamlegacy.ca/h
istoric_captures/show/23426
https://explore.mountainlegacy.ca/h
e011214051 [ DSCF0782 102.25 | 52.95138 | -118.14885 |, .
istoric_captures/show,/23402
https: lore. tainl .ca/h
Pyramid Mtn | e011214055 |DscFo770| 2020 | 154 |52.95107 | -118.14916 |PSi//explore.mountainlegacy.ca/
istoric_captures/show/23406
e002506792 | DSCFO768 124.75 | 52.95107 | -118.14916 ‘https_,://explore.mountamlegacy.ca/h
istoric_captures/show/37462
https://explore.mountainlegacy.ca/h
e011313312 [ DSCFO716 230.75 |52.94677 | -117.96340 |, .
Roche 2020 istoric_captures/show/23375
Bonhomme | : . i .
e006609620 [ DSCFO725 287 52.94688 | -117.96308 https //explore.mountainlegacy.ca/h
istoric_captures/show/23384
https: lore. tainl .ca/h
Signal Mtn €011313274 |DSCF4015| 2022 | 272.6 |52.86455 | -117.9780g |MiiPSi//explore.mountainlegacy.ca/
istoric_captures/show/23356
https://explore.mountainlegacy.ca/h
e006609627 | DSCFO803 75.75 |52.99340| -118.13670 |. .
) istoric_captures/show/23326
The Palisade 2020 https//expl tainl /h
011313409 | DSCF0838 27.25 |52.90345 | -118.13670 | P>/ EXplore.mountainiegacy.ca
istoric_captures/show/23325
The Whistlers Il [ e011313287 [DSCF1188| 2022 39.6 52.83005 | -118.12465 https://explore.mountainlegacy.ca/h

istoric_captures/show/23317
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Appendix F: Image classifications

The classifications of the oblique images are available in the Borealis MountainScape

Segmentation Dataset:

https://borealisdata.ca/dataset.xhtml?persistentld=doi:10.5683/SP3/CEYU10.

Appendix G: Confusion matrix

Confusion matrix for the 2020/22 landcover map compared to reference aerial imagery using 400

equalized stratified random points.

Classified data

Reference data

Landcover Mat-ure Barren Water shrub Wetland Br.nadleaf,n’ Reg-eneratlng Herbaceous |Total Users

class conifer ground mixedwood  |conifer Accuracy

Mature a0 0 0 2 1 7 0 0 50 0.8

conifer

Barren 6 32 4 5 0 1 1 1 50 0.64

|ground

‘Water 1 1 47 0 1 0 0 0 50 0.94

Shrub 3 5 3 37 0 1 0 1 50 0.74

Wetland 3 0 6 2 39 0 0 0 50 0.78

Broadleaff 9 0 0 2 2 37 0 0 50 0.74

mixedwood

Regenerating 0 0 0 13 0 0 37 0 50 0.74

conifer

Herbaceous 0 1 0 2 o] 0 0 47 50 0.94

Total 62 39 60 63 43 46 38 49 400 0
Overall

Producers accuracy =

0.65 0.82 0.78 0.59 0.91 0.8 0.97 0.96

Accuracy 0.79 (Kappa

=0.76)
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