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Abstract
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Rising temperature and precipitation are driving widespread changes in the area of surface water
across the Arctic and sub-Arctic. Previous work suggests that broad-scale increases in surface
water area are occurring in the zone of continuous permafrost, while decreases are occurring the
zone of discontinuous permafrost. However, there are still uncertainties surrounding regional
change and fine-scale terrain factors that may mediate the effects of temperature and
precipitation. In my MSc research | examine terrain and climatic drivers of change in the area of
lakes and ponds across the western Canadian Arctic and Sub-Arctic. In the first part of my thesis
| use the Landsat satellite image archive to map change in lake area within the Lower Mackenzie
Plain, NWT. | found that overall lake area has largely decreased since 1985, due to the drainage
of large lakes. I also found that lakes located in fire scars were more likely to show persistent
decreases in area, likely due to interactions with surrounding permafrost conditions. In the
second part of my thesis, | used the Global Surface Water dataset developed by the GLAD
research group to model changes in total permanent water across the Northwest Territories and
the Yukon. I used a Random Forest model to analyze the effects of terrain and climate variables
on the direction of change in permanent water. My observations show that surface water area has
generally increased, and that the response of surface water to climate change largely depends on
regional geology. Increases in permanent water were more likely to occur in wetter regions

underlain by bedrock or fine-colluvium while decreases were more likely to occur in warmer



regions and areas underlain till blanket. | also used methods developed in the first part of my
thesis to compare regional changes in surface water across six distinct study areas. | observed
increases in surface water across five of the six study areas and consistent decreases in lake area
associated with wildfire. This research shows that changes in surface water are complex and
depend on interactions between climate variables and fine-scale terrain factors. My research also

demonstrates the importance of wildfire in driving permafrost and lake dynamics.
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1. Introduction

1.1 Study Rational

Across the circumpolar Arctic surface air temperatures are warming at twice the global average
(ACIA, 2004; Serreze et al., 2009), and several lines of evidence show that these changes are
accelerating the rate and extent of permafrost thaw (Biskaborn et al., 2019; Farquharson et al.,
2019; Nitze et al., 2018). Permafrost underlies half of Canada’s land surface and these changes
impact infrastructure, surface hydrology, ground temperature and carbon storage (Grosse et al.,
2013; Hinkel et al., 2003; Hjort et al., 2018; Jorgenson & Shur, 2007; Kokelj et al., 2009). The
processes and landforms associated with the thawing of ice-rich permafrost are defined as
thermokarst (French, 2007). Thermokarst processes produce a range of distinctive landforms,
including thermokarst lakes, drained lake basins, retrogressive thaw slumps, ice-wedge polygons,
and thermokarst bogs and fens (Kokelj & Jorgenson, 2013). Studies across the circumpolar show
that climate warming is accelerating the rate of thermokarst development, resulting in increasing
thaw slump activity (Kokelj et al., 2017; Segal et al., 2016), ice-wedge melt (Fraser et al., 2018;
Steedman et al., 2017), expanding thermokarst bogs and fens (Haynes et al., 2019; Osterkamp et
al., 2000) and widespread changes in lakes (Jones et al., 2020; Lantz & Turner, 2015; Nitze et
al., 2017, 2020; Olthof et al., 2015; Roach et al., 2013; Swanson, 2019). Long-term monitoring
of these landforms is important to understanding the magnitude and extent of change to

permafrost landscapes.

Changes in the number and area of thermokarst lakes are among the most widespread impacts of

shifting permafrost conditions (Kokelj & Jorgenson., 2013). Lakes are common in low-lying



areas underlain by fine-grained and ice-rich sediments. In ice-rich permafrost, lakes can expand
gradually into surrounding permafrost as a result of thermal and mechanical erosion, however
continued thaw can also lead to bank overtopping or the formation of a drainage outlet, resulting
in rapid permanent lake drainage (Jones & Arp, 2015; Jorgenson & Shur, 2007; Mackay, 1988).
Monitoring trends in lake expansion and drainage is important because lake area can exceed 40%
of land cover, representing a significant contribution to the climate and carbon cycles (Grosse et
al., 2013; Hinkel et al., 2003; Schuur et al., 2015; Tarnocai et al., 2009). At a regional scale,
lakes also provide a source of freshwater and are habitat for a range of culturally and
ecologically significant species including beavers, lake fish and muskrats (Greenland & Walker-

Larsen, 2001; Tape et al., 2018; Turner et al., 2018).

The objectives of my MSc research are to characterize lake dynamics across the western
Canadian Arctic and Subarctic and identify environmental and climatic factors driving lake
expansion and drainage. To accomplish this, | completed the two distinct but complimentary
research projects presented in Chapters 2 and 3 of this thesis. In Chapter 2, | investigated
regional drivers of change in the Lower Mackenzie Plains by using Generalized Additive Models
to explore the relationship between climate variables and interannual lake area, and Chi-Square
tests to identify terrain and lake factors associated with change. In Chapter 3, | used the methods
developed in Chapter 2 to compare the regional drivers of change at six sites across the Arctic
and Boreal regions of the NWT and Yukon. | also used Random Forests models to investigate
broad-scale terrain and climate factors associated with net increases and decreases in surface
water area across the Northwest Territories and Yukon. In the remainder of this chapter I provide
background on several topics that are not detailed in the introduction of the individual data

chapters.



1.2 Critical Context

1.2.1 Climate change impacts in the Arctic

Over the past century anthropogenic greenhouse gas emissions have driven unprecedented
changes in the global climate system (IPCC, 2014). Changes in temperature and precipitation are
having profound impacts on both human and natural systems around the world (IPCC, 2014). In
particular, the Arctic has experienced climate warming at twice the rate of lower latitudes
(Cohen et al., 2014; Serreze et al., 2009). This phenomenon, known as Arctic amplification,
results from the increased absorption of solar energy associated with declines in snow and ice
cover, and global circulation patterns that transfer warm air from southern latitudes (Graversen et
al., 2008; Serreze et al., 2009). While rising air temperatures have been reported in all seasons,
warming has been most pronounced in the winter months (Box et al., 2019; Hinzman et al.,
2005). In Alaska and Canada, winter temperatures have increased by approximately 3-4°C in the
past 50 years (ACIA, 2004). In parallel with warming temperatures, several lines of evidence
show that precipitation in the Arctic is also increasing (Box et al., 2019; Hinzman et al., 2005).
Between 1970 and 2017 Box et al. (2019) reported a 6.8% increase in precipitation during the
cold season (October to May) and a 4.7% increase in the warm season (June to September).
Shifts in temperature and precipitation are driving a range of ecological changes in marine and

terrestrial environments (ACIA, 2004).

Permafrost thaw is one of the most widespread terrestrial impacts of climate change at high
latitudes (ACIA, 2004). Permafrost covers approximately one quarter of the Northern
Hemisphere and is broadly defined as ground that remains below 0°C for at least two years

(French, 2007). Rising air temperatures and increased precipitation across the Arctic are



expected to drive substantial thaw of permafrost over the next century (Chadburn et al., 2017,
Slater & Lawrence, 2013). Chadburn et al. (2017) estimate that 40% of global permafrost area
could be lost if the climate warms to 2°C above pre-industrial levels. This is particularly
concerning because permafrost thaw may release large amounts of carbon to the atmosphere
(Schuur et al., 2015; Tarnocai et al., 2009). Northern soils contain approximately 1672Pg of
organic carbon, representing 50% of global soil carbon storage (Tarnocai et al., 2009). Following
permafrost thaw, previously frozen organic material can decompose into carbon dioxide and
methane, potentially amplifying ongoing climate warming (Schuur et al., 2015; Tarnocai et al.,
2009). Recent modeling suggests that the permafrost-carbon feedback could contribute to

temperature increases of 0.13-0.27°C by 2100 (Schuur et al., 2015).

In addition to acting as a positive feedback to climate warming, permafrost thaw also has a
significant impact on regional infrastructure and livelihoods. Hjort et al. (2018) estimate that 4
million people currently live in areas at high risk of permafrost thaw. Ground subsidence and
slumping can damage critical infrastructure in northern communities including roads, buildings,
water supplies and sanitation pipelines (French, 1975; Hjort et al., 2018). Permafrost thaw also
destabilizes soil slopes, increasing the frequency of hazardous thaw slumps and permafrost slope
failures (ACIA, 2004). Loss of permafrost also has significant implications for surface hydrology
and freshwater resources (Jorgenson et al., 2010; Osterkamp et al., 2000; Schuur & Mack, 2018).
Slumping along the margins of lakes and streams can lead to increased sediment load and
decreased water quality (Kokelj et al., 2009). In some regions, increased connectivity to
groundwater and a thicker active layer can also drive drying in shallow streams, ponds and
wetlands (Roach et al., 2013; Woo & Guan, 2006). Changes in water levels and flow regimes can

reduce access to important fishing and trapping areas (Medeiros et al., 2017). For example, the



Qairngnirmiut in Nunavut describe how drying streams have blocked routes to traditional
caribou hunting grounds (Medeiros et al., 2017), and Gwich’in communities in the Northwest
Territories report permafrost thaw and landslides as a significant concern in accessing fish

(Gwich’in Tribal Council Department of Cultural Heritage et al., 2020).

1.2.2 Northern lake geomorphology and lake drainage

Lakes and ponds are ubiquitous at high latitudes and approximately 25% of all lakes are located
at high latitudes (Lehner & Da6ll, 2004). The abundance and distribution of northern lakes
depends on a range of terrain factors including surficial geology, landscape position, glacial
history, permafrost distribution and ground ice content (French, 2007; Grosse et al., 2013;
Olefeldt et al., 2016; Smith et al., 2007). At a continental scale, lake density is greatest in regions
that have been previously glaciated, and decreases sharply in the absence of permafrost (Smith et
al., 2007). Many lakes in the Canadian Arctic including Great Slave Lake and Great Bear Lake
formed after the retreat of the Laurentide ice sheet during the Pleistocene-Holocene transition
beginning approximately 18,000 years ago (Rampton, 1987; Wolfe et al., 2017). Permafrost is an
especially important control on lake distribution as it limits the connectivity between lakes and
groundwater, and facilitates lake expansion and drainage through thermokarst processes (Roach
et al., 2013). Permafrost thaw throughout the Holocene also resulted in the formation of

thousands of smaller lakes and ponds (Rampton, 1987).

Thermokarst lakes are broadly defined as lakes that form as a result of ground-ice degradation
and the accumulation of water in thaw depressions (Hopkins & Karlstrom, 1955). They are
abundant in low-lying regions underlain by fine-grained, ice-rich sediments, but can also form in

poorly consolidated bedrock with high ground ice content (French, 2007). It is worth noting that



not all northern lakes are thermokarst in origin; lakes can also form in the absence of thaw
subsidence when water accumulates in low-lying regions (Jorgenson & Shur, 2007). Jorgenson
and Shur (2007) propose a model of lake formation and development involving six stages: 1)
lake formation via flooding of surface depressions, 2) basin expansion through thermal and
mechanical erosion of surrounding permafrost, 3) lake drainage, 4) ice aggradation in the drained
basin, 5) infilling and the formation of secondary thaw lakes in the drained basin and, 6) basin
stabilization. They suggest that drained basins and secondary thaw lakes form permanent
topographic features, unlike previous models which assumed that ice aggradation and heave
following lake drainage eventually returned the landscape to original conditions (Billings &

Peterson, 1980; Hopkins, 1949).

The hydrology of northern lakes is primarily controlled by inputs from snowmelt and rainfall,
and water losses through evaporation (Marsh & Bigras, 1988; Pohl et al., 2007, 2009; Woo &
Guan, 2006). Unlike lakes at lower latitudes, water fluxes in northern lakes are limited to the
short spring and summer seasons. The presence of permafrost can also limit interactions between
lakes and ground water storage (Woo & Guan, 2006). Hydrologic dynamics in northern lakes are
predicted to change with ongoing climate warming. Projected increases in temperature and
precipitation suggest that spring snowmelt will occur earlier in the year, and water losses in the
spring and summer could also increase due to increased evaporation and a deeper active layer
(Pohl et al., 2007; Woo & Guan, 2006). Several recent remote sensing studies have also linked
changes in lake area to changes in climate conditions (Campbell et al., 2018; Lantz & Turner,
2015; Plug et al., 2008; Smol & Douglas, 2007; Swanson, 2019). In the high-Arctic rising air

temperatures have been associated with evaporative drying in small ponds (Campbell et al.,



2018; Smol & Douglas, 2007). In other regions, interannual variability in lake area has been

associated with shifts in precipitation (Lantz & Turner, 2015; Plug et al., 2008; Swanson, 2019).

Winter conditions and the formation of lake ice are also important factors in lake development.
The maximum ice thickness in northern lakes ranges from 1-2m (Jeffries et al., 1994) and lake
depth largely determines whether a lake will completely freeze to the lake bed, or retain liquid
water beneath a layer of ice (Weeks et al., 1981; Weeks & Sellman, 1977). The presence of
liquid water throughout the winter has a significant effect on ground temperatures and the
stability of surrounding permafrost (Ling & Zhang, 2003). Data from Burn (2005) show that
winter lake bottom temperatures can range from -2°C beneath the shallow lake shores and up to
3°C beneath the deeper central pool. Lakes that don’t freeze to the bottom can develop taliks (an
unfrozen pocket within the surrounding permafrost), which impacts surrounding permafrost

temperatures (Burn, 2002, 2005).

Lake expansion and drainage in ice-rich sediments is particularly important because these
processes can indicate underlying permafrost degradation (Kokelj & Jorgenson, 2013). Lakes
can expand laterally via thermal and mechanical erosion at rates between 0.3-0.8m yr! (Grosse
et al., 2013). Partial or complete drainage can follow lake expansion if the lake encounters a
drainage pathway such as an adjacent ice-wedge network, river or another lake (Mackay, 1988;
Marsh & Neumann, 2001). Lake drainage can also occur after intense precipitation or snowmelt,
as increased water levels can lead to the formation of outlet channels through bank overtopping
or erosion (Jones & Arp, 2015; Pohl et al., 2009). Marsh and Neumann (2001) also describe how
cold winter temperatures can create cracks along ice-wedges and provide pathways for lake
drainage in the ice-free season. Complete lake drainage though the formation of an outlet

channel can occur rapidly within hours or days (Jones & Arp, 2015; Mackay, 1981), and due to



the intensity of these drainage events, they are commonly referred to as ‘catastrophic’ (Hinkel et
al., 2007; Jones & Arp, 2015; Lantz & Turner, 2015; Mackay, 1981, 1988). Drained lake basins
can occupy a significant portion of the land surface, sometimes exceeding the area of existing
lakes (Grosse et al., 2013; Hinkel et al., 2003). Annual rates of catastrophic lake drainage vary
spatially and temporally (Jones et al., 2020; Lantz & Turner, 2015; Nitze et al., 2020). Lantz and
Turner (2015) reported an increase in the rate of catastrophic lake drainage events in the Old
Crow Flats, Yukon, while Jones et al. (2020) reported a decreases in drainage rates in the Arctic
Coastal Plain of Alaska. Compared to previous estimates, the rate of lake drainage increased by a
factor of 10 in northwestern Alaska, following a particularly warm and wet winter in 2017/2018
(Nitze et al., 2020). Monitoring the rate of lake drainage is important because drained lake basins
impact vegetation coverage and wildlife habitat (Cooley et al., 2020; Lantz, 2017), carbon
storage (Hinkel et al., 2003) and permafrost development (Mackay & Burn, 2002). Long-term
monitoring of northern lakes is important because the trajectory of change will impact a range of
ecological functions at varying spatial scales (Hinkel et al., 2003; Lantz, 2017; Roach et al.,

2013; Roach & Griffith, 2015).

1.2.3 Landsat based methods for surface water mapping

Satellite remote sensing methods can been used to monitor a range of landscape features
in northern regions, including changes in snow characteristics, thaw subsidence, vegetation
distribution, wildfire and surface water dynamics (Jorgenson & Grosse, 2016). The emergence of
open access data and powerful image processing tools such as Google Earth Engine, has
facilitated large-scale analyses of geospatial data (Gorelick et al., 2017). A range of earth
observation systems provide data at different spatial and temporal resolutions, spectral

characteristics and wavelength combinations. One of the most commonly used datasets is the



Landsat satellite image archive, created and maintained by the United States Geological Survey
(USGS) and the National Aeronautics and Space Administration (NASA) (Wulder et al., 2012).
The Landsat series of satellite missions has been operational since 1972, and the entire image
archive was made freely available to the public in 2008 (Wulder et al., 2012). The 30m pixel
resolution, 16-day revisit time and relatively long mission duration (1972 to present) are well
suited for long-term environmental monitoring (Wulder et al., 2012). In this project, | used the

Landsat image archive to map changes in the area of lakes and ponds.

The spectral characteristics of shortwave infrared (SWIR) are particularly useful in separating
land and water (Frazier & Page, 2000; Roach et al., 2012). Water strongly absorbs SWIR energy,
thus reflectance measured by the satellite sensor from open water is low compared to dry land.
The Landsat SWIR-1 band (1.57-1.65um) is sensitive to variation in soil and vegetation moisture
content and has been used in several studies to map the extent of northern water bodies
(Campbell et al., 2018; Olthof et al., 2015; Roach et al., 2012, 2013; Swanson, 2019). Roach et
al. (2012) show that a simple threshold in SWIR reflectance is effective in classifying land and
water pixels in a boreal environment. However, Landsat pixels are 900m? (30x30m) and may
contain a combination of land and water. Olthof et al. (2015) show that binary land and water
classifications tends to overestimate water area, because pixels classified as water along lake
margins often contain both water and land. To capture the contribution of mixed pixels Olthof et
al. (2015) proposed the histogram breakpoint method, which can be used to estimate the fraction

of a pixel covered by water.

Other Landsat-based methods to map surface water use multiple bands and other remote sensing
indices. For example, the Normalized Difference Water Index (NDWI) uses the SWIR-1 and

near-infrared (NIR) bands to measure moisture content in vegetation and soil (Gao, 1996).
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Several studies have used NDW!I1 in combination with the Normalized Difference VVegetation
Index (NDVI), the Normalized Difference Moisture Index (NDMI), Tasselled Cap
transformations, and individual Landsat bands to classify surface water (Carroll & Loboda, 2017;
Lindgren et al., 2021; Nitze et al., 2017; Plug et al., 2008). Multi-variate approaches that
combine information from indices and individual bands into a classification algorithm have also
been used to distinguish different land cover classes. For example, Nitze et al. (2017) used per-
pixel trends in a range of multi-spectral indices to train a Random Forests classifier to identify

stable water, stable land and transitions between the two classes.

In Chapters 2 and 3, | use the histogram breakpoint method developed by Olthof et al. (2015) to
map the area of lakes and ponds. This method was selected because it was previously validated
for a tundra environment and was shown to best represent fractional water cover within a
Landsat pixel (Olthof et al., 2015). Furthermore, it provides a direct estimate of water area,
where spectral indices such as NDWI and NDMI provide a measure of “wetness”, but do not
translate directly to water area. Regardless of the method used, the Landsat satellite archive
provides one of the most accessible datasets for examining long-term trends in surface water

across regional or global scales (Pekel et al., 2016; Pickens et al., 2020).
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2.1 Introduction

Across the circumpolar north, rising air temperatures and variable precipitation patterns are
driving changes in the distribution and abundance of surface water (Nitze et al., 2017; Pastick et
al., 2019; Serreze et al., 2009; Smol & Douglas, 2007; Watts et al., 2012). Previous work shows
that the magnitude and direction of change varies with both terrain and climate (Nitze et al.,
2017; Pastick et al., 2019). In the western Canadian Arctic surface water has shown net declines
in some areas (Campbell et al., 2018; Lantz & Turner, 2015), but has been stable or increasing in
others (Olthof et al., 2015; Plug et al., 2008). Understanding the rate and spatial pattern of these
changes is important because wetlands, lakes and small ponds play an important role in global
climate and carbon cycles (Hinkel et al., 2003; Schuur et al., 2015; Anthony et al., 2018). At a
regional scale, water bodies are also a source of freshwater and provide habitat for a range of

culturally and ecologically significant species (Arp et al., 2016; GRRB, 2018).

Several lines of evidence show that interactions between climate and terrain characteristics
influence the magnitude and direction of changes in the area of Arctic surface water at varying
spatial scales (Arp et al., 2012; Marsh et al., 2009; Pohl et al., 2009; Y oshikawa & Hinzman,
2003). In some regions, declines in surface water are associated with rising air temperatures
(Campbell et al., 2018; Smith et al., 2005; Smol & Douglas, 2007), but in other areas variability
in precipitation is a stronger driver of interannual change (Plug et al., 2008; Lantz & Turner
2015). Some studies have found little correlation between climate variables and surface water
dynamics, suggesting that the effects of climate are mediated by terrain factors (Carroll &
Loboda, 2018). Terrain characteristics likely to influence surface water dynamics include
landscape position (Nitze et al., 2017; Roach et al., 2013), ground ice content (Jones et al., 2020;

Swanson, 2019; Yoshikawa & Hinzman, 2003), vegetation (Turner et al., 2014), and surficial
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geology (Carroll & Loboda, 2018; Nitze et al., 2017; Roach et al., 2013; Wang et al., 2018;
Yoshikawa & Hinzman, 2003). These terrain characteristics also strongly influence the
prevalence of thermokarst processes, which can drive both lake expansion and drainage (S. V.
Kokelj & Jorgenson, 2013). Rising air temperatures, changes in the intensity of precipitation, and
more frequent wildfire are also increasing the frequency of thermokarst processes across the
circumpolar arctic (Becker & Pollard, 2016; Gibson et al., 2018; Jones et al., 2015; Narita et al.,
2015). Roach et al., (2013) found that lakes in areas affected by boreal wildfire were 1.5x more
likely to show a decreasing trend in area. Recent evidence that thermokarst disturbances and fire
are increasing in frequency and intensity highlights the need to better understand interactions
between climate change, fire, permafrost conditions and surface water dynamics (Jones et al.,

2015; Kasischke & Turetsky, 2006; Nitze et al., 2020).

To understand changes in the area of surface water, previous remote sensing studies have relied
on differencing techniques across two to four time-periods (Jones et al., 2011; Lantz & Turner,
2015; Lindgren et al., 2021; Marsh et al., 2009; Plug et al., 2008). Unfortunately, high variation
at interannual and seasonal scales, particularly in small water bodies, means that this approach is
not sensitive to the full range of changes in surface water (Carroll & Loboda, 2018; S. W. Cooley
et al., 2019). Recent analyses address these challenges using temporally dense image stacks to
capture per-pixel trends in water coverage over large areas (Campbell et al., 2018; Nitze et al.,
2017; Pastick et al., 2019; Swanson, 2019). However, inferring mechanisms of lake-level
changes using conventional approaches in trend detection may mask rapid non-linear trends
common in northern regions (Jones & Arp, 2015; Mackay, 1988; Nitze et al., 2020). In areas of

ice-rich permafrost, non-linear surface water dynamics can also be driven by thermokarst
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processes that may not be well represented by linear per-pixel trends in water coverage (Jones &

Arp, 2015; Nitze et al., 2020).

In this study, we examined changes in the area of 5,328 lakes and ponds within the Lower
Mackenzie Plains, NWT from 1985 to 2020 using 32 scenes from the Landsat satellite image
archive. Our goal was to quantify the overall direction and magnitude of surface water gains and
losses, and to investigate how climate and terrain attributes influenced observed changes. To
accomplish this, we used a statistical approach to classify lakes based on the direction (+/-) and
nature (linear/non-linear) of trends in surface water area. Generalized Additive Models were
used to compare the effects of spring and summer temperature and precipitation on change in the
area of large and small lakes. Chi-Square tests were used to associate increase and decreasing
trends in lake area with several terrain variables. To assess the importance of non-linear changes
in surface water, we also examined the timing of abrupt shifts in lake area following wildfire.
2.2 Methods

2.2.1 Study Area

The Lower Mackenzie Plain is located in the Northwest Territories, Canada, south of the
Mackenzie Delta (Figure 2.1). This region is characterized by thousands of small lakes, peatlands
and spruce forests (Ecosystem Classification Group, 2009). The region is within the Gwich’in
Settlement Area and includes the Gwichya Gwich’in community of Tsiigehtchic (Heine et al.,
2001). Surficial geology in this region is complex and is mainly comprised of a patchwork of
morainal deposits, with silty fluvial deposits and peatlands adjacent to the Mackenzie River
(Figure 2.2A). The Mackenzie River runs through the middle of the 14,631 km? study area and
divides two distinct ecoregions: the Arctic Red Plains and the Travaillant Uplands (Ecosystem

Classification Group, 2009). The Arctic Red Plain is located at lower elevations adjacent to the
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Mackenzie River and contains black spruce forest and upright shrublands interspersed with
extensive peatlands (Ecosystem Classification Group, 2009). The Travailliant Uplands are

located at higher elevations and are characterized by white spruce forests and underlain by
bedrock with thin veneer of glacial till (Ecosystem Classification Group, 2009). Wildfire is

common across the study area, with 41% of it having been burned since 1965 (Figure 2.2B).

134° W 132° W 130° W

Figure 2.1 Study area map of the Lower Mackenzie Plains, NWT. The black outline shows the extent of
the study region. The brown shaded area shows the Arctic Red Plain ecoregion and the green shaded area
represents the Travaillant Uplands ecoregion. The red outline shows the boundary of a 1999 fire scar. The
inset map in the upper left shows the location of the study region within western Canada.
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Figure 2.2 Maps showing surficial geology (A) and fire history (B) within the study area (black box in
Figure 2.2). Surficial geology data is from Aylsworth et al. (2000) and fire history data is from the NWT
Centre for Geomatics (2019). Dates show the timing of fires within the study region. Points in B represent
lake centroids and the color of the points indicate whether lake area showed significant increasing or

decreasing trends.

2.2.2 Climate Data

Monthly air temperature and precipitation data from 1985 to 2014 from the Fort McPherson
airport (67°26'00N, 134°53'00W) were obtained from Environment Canada (Environment
Canada, 2020). Monthly data were aggregated into seasons where July to August represented the
summer, September represented the fall, June represented the spring, and October to May (of the
following calendar year) represented the winter. Linear trends were calculated for each season
using Thiel-Sen regression in the R package Kendall (McLeod, 2011). Seasons missing more

than ten days of data were excluded from analysis. We also analyzed the frequency of large daily
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spring and summer precipitation events, which we classified as a 24 hour window with 16mm or

more of rain.

The climate of this region is cold, with a mean annual air temperature of -6.7°C from 1985 to
2014. We calculated trends in seasonal climate variables using Thiel-Sen regression. Trends in
mean seasonal air temperature show significant warming in the winter (p=0.034) and spring
(p=0.028, Figure 2.3) but summer (p=1) and fall are not trended (p= 0.89, Figure 2.3). Median
total annual precipitation between 1985 and 2014 was 134.4mm per year, with a median of
104mm falling within the spring and summer months. Total precipitation has significantly
increased across all seasons (p<0.05) except winter, where it has decreased since the 1980’s
(p=0.001, Figure 3). The frequency of large precipitation events shows a non-significant
increasing trend (p=0.08). However, over this time period large rain events increased from an
average of 0.8 times per year before 2000 to an average of 1.4 times after 2000 (Figure 2.4). The

four years with the greatest number of large precipitation events all occur after 2000 (Figure 2.4).
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Figure 2.3 Theil-Sen trends of the deviation from (left) average seasonal temperatures (°C) between 1985

and 1990, and (right) total precipitation (mm). Data was recorded at the Fort McPherson airport and is

available from ECCC at: https://climate.weather.gc.ca/historical data/search historic data e.html
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Figure 2.4 Number of spring and summer days with over 16mm of rain measured at the Fort McPherson
airport between 1985 and 2014 (Environment Canada, 2020).
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2.2.3 Landsat Image Processing

Data from Landsat Collection 1, which includes Landsat-5, Landsat-7, and Landsat-8, were used
to quantify trends in surface water from 1985-2019 (Dwyer, 2019). We used Tier 1 Top-of-
Atmosphere (TOA) scenes (n=32) which are geometrically and radiometrically calibrated for use
in time-series analysis (Dwyer, 2019). We did not use Surface Reflectance data due to known
issues with this product at high latitudes (Jenkerson, 2019). Scenes impacted by the Landsat-7
scan line corrector failure beginning in 2003 were also excluded from our analysis. To ensure
snow-free conditions, consistency in seasonal water levels and atmospheric constituents across
the time series, we filtered data to only include scenes from July and August. To minimize
seasonal differences across the annual time-series we preferentially selected scenes within a one
month window representing mid-summer conditions between July 15 and August 15, and 60% of
scenes fell within this period. In each image, we masked pixels impacted by clouds and cloud
shadows using the Quality Assessment Band. After removing clouds and cloud shadows, each
scene was visually inspected and discarded if smoke or clouds remained in the study area. All

Landsat image pre-processing steps were performed in Google Earth Engine.

To map annual surface water coverage, we used the histogram breakpoint method developed by
Olthof et al. (2015). This method quantifies the proportion of a pixel covered by water (sub-pixel
water fraction) by interpolating between thresholds in the shortwave infrared reflectance band
(SWIR1) representing pixels containing pure land and pure water. For a detailed description and
validation of the method, see Appendix 1. In the next part of the workflow, we created a mask
representing the maximum area of all water bodies in the study area. Maximum area was defined
using pixels where sub-pixel water fraction was greater than 50% in two or more years.

Subsequently, lake objects were created by transforming the maximal water area raster into
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polygon features. We used an initial threshold of 30,000m2 (0.03km2) equal to approximately 33
Landsat pixels, to filter out small ponds that were likely to have high mapping error, retaining

5328 water bodies in the study area.

2.2.4 Changes in Lake Area

We assessed change in total lake area as well as changes within individual lakes. First we
estimated total lake area using lakes with less than 10 missing observations across the time series
(n=3164/5328). To estimate change in water area over time, we calculated a 5-point moving
average for each lake. This process helped to fill gaps where lakes may have been covered by
clouds or smoke in an individual Landsat scene. The resulting dataset was comprised of a
moving average of lake area across five consecutive Landsat acquisitions. We calculated total
lake area over time as the sum of lake area within time-periods. To ensure that the same
population of lakes was represented in each period, we omitted periods with missing data
resulting from lakes having no available data for five consecutive Landsat acquisitions. Changes
in total lake area were also analyzed using the following size classes 1) large lakes (>0.5km?),
medium lakes (0.05-0.5km?), and small lakes (<0.05km?) based on the average area between

1985 and 1990.

To assess changes in the area of individual lakes, we tested for trends over time and classified
lakes using two criteria: 1) the direction of change and 2) whether changes were linear or non-
linear over time. To test for trends, we used the Mann Kendall Trend Test to determine if lake
area exhibited a monotonic increase, decrease or non-significant trend in area over time. We used
the Kendall package in R to calculate the Kendall’s Tau statistic and corresponding p-value for

each lake (McLeod, 2011). Lakes with a p-value <0.1 were classified as either increasing or
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decreasing depending on the sign of the Tau statistic, and lakes with p-value >0.1 were classified
as non-trended. Next, we used Generalized Additive Models (GAM) to classify trends as either
linear or non-linear over time. We fit a GAM to the area of each lake over time and extracted the
Estimated Degrees of Freedom (EDF) using the R package mgcv (Wood, 2017). The EDF
indicates the number of knots in the smooth effect of time in the model, and provides a measure
of the ‘wiggliness’ of the fitted model. Large values indicating a strong non-linear relationship
over time and values close to one indicating a linear fit. Lakes with EDF greater than 1.1 were
classified as non-linear and EDF less than 1.1 were classified as linear. The results of these two
tests were combined to classify each lake into one of the six change classes representing the
direction of change (increasing, decreasing or non-trended), and the nature of change (linear or

non-linear). The six change classes are illustrated in Appendix 2.

To identify rapid drainage events in large and medium sized lakes we used breakpoint regression
from the strucchange package in R (Zeileis, 2004). We did not identify rapid drainage events in
small lakes as they represent a small (~6%) proportion of total lake area and potential for
misclassification in the area of small lakes is greater. We selected lakes exhibiting one
breakpoint, a decreasing trend in area, and change exceeding 30% relative to its initial area
(average area between 1985 and 1990). We also examined the time-series of each lake to
distinguish between lakes exhibiting rapid drainage from other drying processes (linear change,
non-linear bi-directional). We considered lake drainage to be rapid if the lake lost at least 30% of

its initial area within one year.

We also used breakpoint regression to examine the effect of a large fire that burned in 1999. The
fire covered 1632 km? and 836 lakes were completely contained within the fire boundary. This

fire was selected because its large size and timing allowed us to obtain a large sample of lakes
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inside and outside the fire, and to assess change before and after the burn. To test the hypothesis
that forest fires can initiate non-linear changes in lake area we calculated the frequency and
timing of breakpoints in surface area time series for burned lakes and lakes within 10km of the
fire scar. We also compared change in relative area over time between burned and unburned

lakes.

2.2.5 Climate Models and Terrain Factors

We tested hypotheses relating the potential effects of spring and summer climate on changes in
lake area using Generalized Additive Models and climate data from the Fort McPherson airport
(Environment Canada, 2020). We used data from May and July as proxies for spring and
summer conditions because data for these months comprised a nearly complete record over the
period of study. In this analysis, we calculated lake area over time using a sample of large (n=17)
and small lakes (n=215) and Landsat acquisitions (n=12) with no missing data. Total lake area
was aggregated by lake size and we fit Generalized Additive Models using the R package mgcv
(Wood, 2011). We hypothesized that small lakes would be more responsive to variation in May
and July climate conditions compared to large lakes, due to their greater surface area to volume
ratios (Marsh & Bigras, 1988). We fit separate models for large and small lakes and compared
the magnitude and significance of the climate parameters. In each model, total lake area (km2)
was fit as the response variable and the number of days since the beginning of the time series
was modelled as a non-linear smooth effect. To avoid overfitting on a small dataset we set a low
basis dimension for the smoothed term (k=3). Total May precipitation, mean May temperature,
total July precipitation, mean July temperature and the month of the Landsat acquisition (July or
August), were fit as linear effects. To account for temporal autocorrelation in the data we

modelled a correlation structure by including a first order autoregressive term. To validate these
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models we examined plots of model residuals and autocorrelation using the acf function in R (R
Core Team, 2020). To determine if trends in lake area were significantly associated with surficial
geology (Alysworth, 2000), ecoregion (Ecosystem Classification Group, 2009), fire history
(NWT Centre for Geomatics, 2019) and lake size we used Chi-square tests of association. In this
analysis, standardized Pearson residuals were used to determine whether trends in lake area
(increasing, decreasing, non-trended) were over or underrepresented in specific terrain

categories.

In addition to the R packages cited previously, figures throughout the paper were created using
the ggplot2 package (Wickham, 2016). A range of helper functions from the packages dplyr
(Wickham & Henry, 2020) tidyr (Wickham et al., 2020), data.table (Dowle & Srinivasan, 2019),
gmodels (Warnes et al., 2018) and zoo (Zeileis & Grothendieck, 2005) were also used to process

and clean the data for analysis.
2.3 Results

2.3.1 Overall Change in Lake Area

Between 1985 and 2020, total lake area in the study region decreased by approximately 1%,
representing a net change of 5.18km? (Figure 2.5). The total area of large and medium sized lakes
both declined over time (Figure 2.5), while the total area of small lakes increased by
approximately ~5%. Mann Kendall Trend tests show that the majority (57%) of lakes did not
show a significant change in area over time. Approximately 29% of lakes showed a significant
increasing trend and 13% showed a decreasing trend (Table 2.1). Lakes exhibiting significant

changes in area tended to show primarily non-linear changes (Table 2.1).
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Figure 2.5 Change in lake area relative to average area between 1985 and 1990 by lake size (left) and total

lake area (right). Data in the time series represents a 5-point moving average. Total lake area shows a
decline of approximately 1%.

Table 2.1 Percent of lakes in the study area belonging to classes assigned based on a Mann Kendall trend
test to determine the direction of change (increasing, decreasing or non-trended) and a Generalized
Additive Model to determine the nature of change (linear or non-linear).

Increasing Decreasing Non-Trended Total

Linear 11% 4% 19% 34%

Non-Linear 18% 10% 38% 66%
Total 29% 14% 57% N=5328

2.3.2 Identifying Lake Drainage

We identified 13 large lakes and 38 medium sized lakes exhibiting large non-linear decreases in
area, indicative of catastrophic drainage. Inspection of each lake time series showed that the
majority of these lakes exhibited bi-directional change and did not drain permanently. Based on

patterns in the time-series we identified five lakes (two large and three medium sized lakes)
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showing rapid drainage (Figure 6). This suggests that over the 35-year time series, the annual
rate of rapid drainage events among lakes larger than 0.05km? was 0.14 lakes per year. The five
lakes that drained over this period account for 1.41km? of surface water loss, or 27% of total
surface water loss. Two of these lakes (accounting for 14% of total water loss) were located in

the 1999 fire and drained rapidly within 3-years of the fire (Figure 2.6).
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Figure 2.6 Large and medium sized lakes (>0.05km?) showing rapid drainage. The left panel shows the
time series of change in lake area relative to average area between 1985 and 1990. The black line shows
30% change for reference. Lakes B and C were both impacted by the 1999 fire and drained rapidly
between 2000 and 2001. The right panel shows the drainage of lake B following a 1999 fire. Landsat
imagery are displayed in false colour (SWIR1/NIR/Green) using images from the Landsat time series

explorer.

2.3.3 Effect of Fire on Lake Area

Our analysis shows that 33% of lakes inside the area burned by a 1999 fire exhibited a
significant decrease in area compared to 5% of lakes within 10km of the fire (Figure 2.7).

Boxplots of relative change in lake area show that lakes inside the burned areas experienced an
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initial increase in area relative to unburned lakes, which was followed by declines between 2000
and 2002. The relative area of lakes within the fire remained lower than unburned lakes until
2019, twenty years after the fire (Figure 2.8). Breakpoint regression analysis shows that the
frequency of breakpoints for lakes inside and outside the burned area was similar before the fire,
but increased for lakes inside the burned area immediately after the fire (Figure 2.9). The largest
difference in breakpoint frequency occurred in 2001, when 22% of burned lakes showed a
breakpoint compared to only 2% of unburned lakes (Figure 2.9). After 2001, the difference in
breakpoint frequency between burned and unburned lakes was less than 1% for all years except

2007 (6% difference).
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Figure 2.7 Trends in lake area within the boundaries of a large fire that burned in 1999. Note the cluster of
lakes with decreasing trends inside the extent of the 1999 fire. The extent of the fire within the entire
study area is shown in Figure 2.1.
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Figure 2.8 Boxplots comparing the median change in lake area relative to the average area between 1985
and 1990 for lakes within a fire scar, lakes up to 0.1-2km away from the fire and lakes 2-10km away the
fire. The extent of the box shows the interquartile range and the whiskers show the 10" and 90"

percentiles. Landsat imagery from 1999 was captured prior to the fire. The dashed vertical line shows the
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Figure 2.9 Comparison of the frequency of breakpoints in the time series of lake area for lakes within a
large burned area (top, n=836) and lakes within 10km of the fire scar (bottom, n=752). Note that no data
was available for 1996, 1997 and 2008. The solid black line shows the year of the fire and the dashed
horizontal line shows the average proportion of lakes with a breakpoint for all lakes in the study area.
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2.3.4 Climate Models

Generalized additive models relating interannual variability in lake area with climate variables
showed that the effects of May and July temperature and precipitation were similar for large and
small lakes (Table 2.2). July precipitation had a significant positive effect on the total lake for
both large and small lakes, but the effects of May and July temperature, and May precipitation
were not significant in either model (Table 2.2). Plots showing the non-linear relationship
between lake area and time indicate that the total area of large lakes generally decreased over
time while the total area of small lakes generally increased over time. For large lakes, the effect

of month was also significant, with lake area in August lower on average than lake area in July.

2.3.5 Chi-Square

Chi-square tests also showed that lake area trends were significantly associated with terrain and
lake characteristics (Table 2.3). The Arctic Red Plain contained more lakes with decreasing area
than expected, while the Travaillant Uplands had more lakes with increasing area (Table 2.3).
Lakes with decreasing area were also more frequently located inside fire scars, and less
frequently found outside burned areas. Lakes in fine-grained lacustrine and alluvial sediments
showed more increasing trends than expected and lakes in peatland-dominated areas exhibited
fewer increasing lakes and more decreasing lakes than expected. Large lakes were more likely to
show decreasing trends, while small lakes were more likely to show increases in surface area

(Table 2.3).
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Table 2.2 Parameter estimates from GAM models of total lake area as a function of month, lake size and

May and July climate variables. Estimates of parametric coefficients represent the change in total lake

area in km? per unit increase in each explanatory variable. The effect of acquisition month represents the

mean difference in lake area between July and August acquisitions. The effective degrees of freedom

(EDF) of the smooth term represents the number of knots in the smoothed parameter, where values close

to 1 indicate that the parameter was modelled as a linear effect. Asterisks denote statistically significant
results at the p<0.1 (*), p<0.05 (**) and p <0.01 (***) level.

Large Lakes

r’=0.874
Parametric Estimate Std.Error t-value p-value
Coefficients
Intercept 13.770 0.905 15.220 0.000***
Acquisition month -1.076 0.200 -5.371 0.006***
(Aug)

May Precip (mm) 0.015 0.008 1.746 0.155
May Temp (°C) 0.057 0.05 1.139 0.318
July Temp (°C) 0.007 0.061 0.122 0.909

July Precip (mm) 0.020 0.004 4.508 0.012**

Smooth term edf f-value p-value
Date 1.989 41.11 0.001***
Small Lakes
r’ =0.669
Parametric Estimate Std.Error t-value p-value
Coefficients
Intercept 6.984 0.411 16.983 0.000***
Acquisition month -0.178 0.090 -1.973 0.118
(Aug)

May Precip (mm) 0.006 0.004 1.642 0.174
May Temp (°C) 0.016 0.023 0.722 0.509
July Temp (°C) 0.003 0.028 0.095 0.928

July Precip (mm) 0.008 0.002 4.087 0.014**

Smooth term edf f-value p-value
Date 1.891 3.337 0.109
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Table 2.3 Standardized residuals from Chi-square tests comparing lake area trends and lake/terrain
characteristics (ecoregion, fire presence, lake area and geology). Values with an asterisk (*) indicate a
significant deviation from expected counts with positive values indicating more lakes than expected in

that category and a negative values indicating fewer lakes than expected.

Terrain Factor Decreasing Increasing No Trend
Ecoregion Arctic Red Plain 3.260* -1.761* -0.338
Travaillant -5.224* 2.823* 0.542
Upland
Fire Within fire 9.923* -3.615* -2.277*
Qutside fire -10.475* 3.816* 2.404*
Lake Size Large 6.127* -4.310* 0.079
Medium 3.076* -3.101* 0.708
Small -7.119* 6.200* -0.941
Geology Alluvial -2.031* 3.545* -1.656*
Colluvial -1.738 1.008 0.075
Glaciofluvial -1.711 2.921* -1.346
Lacustrine -1.864* 8.783* -5.591
Moraine 0.448 -2.7125* 1.796*
Organic 3.325* -5.455* 2.454*

2.4 Discussion

Our analysis shows that wildfire has a disproportionate influence on sub-Arctic surface water
dynamics, but also shows that lake area is influenced by lake size, climate, and terrain factors.
Drainage of two large lakes following a 1999 fire accounted for 14% of total water loss in the
study area and the majority (79%) of lakes showing decreasing trends were located within
burned areas. This is consistent with findings from Roach et al. (2013) who observed that lakes
inside burned areas were 1.5 times more likely to decrease in area over time. Observed decreases
in lake size within fire-impacted areas were likely caused by increased ground heat flux and
active layer deepening following the combustion of vegetation and surface organics.

Observations at Arctic and sub-Arctic sites show that reduced organic layer depth, lower surface
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albedo, and increased thermal conductivity following fire all contribute to long-term increases in
active layer depth (Liljedahl et al., 2007; Yoshikawa et al., 2002; Zipper et al., 2018). Active
layer deepening can drive decreases in lake area as soil water storage capacity and connectivity
to ground water increase (Connon et al., 2014; Haynes et al., 2019; Jones, et al., 2020; Liljedahl
et al., 2007; Roach et al., 2013). Further, fire may also induce the formation of sub-lake taliks
which can lead to internal lake drainage (Yoshikawa et al., 2002; Yoshikawa & Hinzman, 2003).
The rapid drainage of the two large lakes impacted by a 1999 fire may also reflect changes in
near-surface ground ice conditions and the formation of new outlet channels (Yoshikawa et al.,
2002). The initial increase in lake area we observed immediately following the 1999 fire likely
resulted from unusually high rainfall in 2000 and decreased evapotranspiration following the

removal of surface vegetation (Kang et al., 2006).

The strong relationship between interannual variation in lake area and July precipitation indicates
that climate can also influence lake area. Despite the fact that summer precipitation and the
number of large rainfall events have increased between 1985 and 2020, total surface water in the
study area decreased by 1%, largely driven by declines in large and medium sized lakes (Figure
8). While the area of both large and small lakes showed a significant positive relationship with
July precipitation, only small lakes experienced an overall increase in surface area (Figure 8).
The greater sensitivity of small lakes to increased precipitation in the study region was likely
driven by their greater surface area to volume ratios (Campbell et al., 2018; Marsh & Bigras,
1988). Greater sensitivity to climate change among small lakes and ponds has also been reported
in the Arctic and sub-Arctic where decreases in lake area have been attributed to evaporative
drying (Campbell et al., 2018; Carroll & Loboda, 2018; Smith et al., 2005; Smol & Douglas,

2007).
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Our analyses suggest that decreases in lake area were also facilitated by differences in surficial
materials across the study area. In our study region and elsewhere in the Arctic, decreases in the
number and size of thermokarst lakes have been observed in areas with coarse soil texture and
permeable sand deposits, while less permeable silt deposits have been associated with increasing
lake area (Carroll & Loboda, 2018; Wang et al., 2018). Soil texture also influences ground-ice
content, which may contribute to the frequency of thermokarst lake drainage (T. Jorgenson et al.,
2008; O’Neill et al., 2019). Chi-square tests showed that lakes in more permeable organic
deposits were more likely to show decreasing trends (Carroll & Loboda, 2018; Wang et al.,
2018). Ecoregion classification also had a significant impact on the frequency of changes, likely
because of the difference in soil texture between upland and lowland regions, which can impact
the rate of drainage (Carroll & Loboda, 2018; Nitze et al., 2017). Lakes in the bedrock dominant
areas Travaillant Uplands were more likely to show increasing trends in area, while lakes in the

peatland regions of the Arctic Red Plain were more likely to show decrease in lake area.

Our data also shows that rapid lake drainage is an important process in our study area. Five rapid
drainage events among lakes larger than 0.05km?accounted for 27% of total lake area loss. Rapid
catastrophic lake drainage has been reported as a significant driver of change in many ice-rich
permafrost environments (Mackay, 1988; Jones & Arp, 2015; Nitze et al., 2020; Lantz & Turner,
2015) Rapid lake drainage can occur through a range of thermokarst processes resulting in bank
overtopping, head-ward erosion or the formation of a new outlet channel. We observed a rate of
rapid drainage events of 0.14 lakes per year. This is lower than rates reported in studies focused
on Alaska and the Tuktoyaktuk Coastal Plain where average drainage rates were 1.6 and 0.33

lakes per year over a similar time period (Jones et al., 2020; Marsh et al., 2009). Due to missing
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data for some lakes we could not confirm if some drainage events occurred within a one-year

period, thus our estimate of the rate of catastrophic drainage events is likely conservative.
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Appendix 1: Sub-pixel water faction method

We applied a method developed by Olthof et al. (2015) to map surface water using data from the
Landsat satellite image archive. Low SWIR reflectance generally corresponds to water, while
moderate to high reflectance generally corresponds to land. Thresholds in SWIR reflectance
representing pure land and water pixels were defined using breakpoints in the histogram of
SWIR reflectance values. Pixels with reflectance greater than the land threshold were classified
as 100% land, and pixels with reflectance less than the water threshold were classified as 100%
water. Between these thresholds, the fraction of each pixel covered by water is estimated by
linear interpolation between the pure water and land SWIR thresholds. This method assumes that
as SWIR reflectance increases above the pure water threshold, sub-pixel water fraction decreases
at a constant rate until reflectance values are equal to the land threshold. Olthof et al. (2015)
show that this method outperforms binary classifications of land and water as well as linear un-
mixing techniques. To apply this method, we defined pure land and water thresholds using mean
threshold values from a random subset of 12 scenes used in this analysis. We also checked for
linear trends in threshold values over time and detected no significant trend. We applied a pure
water threshold of 0.024 and a pure land threshold of 0.079 to all images in the study area.

High resolution air photos from the Mackenzie Valley Air Photo Project acquired in 2004 at
1:30000 scale were used to assess the accuracy of lake area derived from Landsat scenes
(Schwarz et al., 2007). Sub-pixel water fraction was calculated using a Landsat scene acquired
the same month and year as the air photos. The area of 114 lakes larger than 100m? was
manually digitized in ArcGIS while viewing the air photos at approximately 1:500 scale. The
lake mask created using the sub-pixel water fraction method was buffered by 30m and lake area
was calculated by multiplying the sum of all SWF pixels within the mask by a pixel area of
900m?2. We calculated relative error for water bodies as: (Areaswr — Areaar)/Areaar. Where
Areaswr is the area obtained from the SWF method and Areaar is the area based on air photo
digitization. The SWF method underestimated total surface water area by 6%, but error for
individual lakes varied substantially depending on the size of the lake. Smaller lakes showed
higher error, and little error was observed from lakes greater than 0.1km? (Figure A1.1). The
SWF method was not able to consistently detect lakes smaller than 1500m? (0.001km?).



50

0.004

-0.254

-0.50 1

Relative Error

-0.754

-1.00 ~

1e-04 1e-03 1e-02 1e-01 1e+00
SWF Lake Area km2

Figure A.10: Relative error in lake area calculated as: (Areaswr — Areaar)/Areaar. The x-axis is displayed
on a logarithmic scale and the shaded area around the fitted line represents the 95% confidence interval
for the slope parameter.
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Figure A.2: Example times series showing the categories used to classify changes in lake area depending
on the direction of change and whether change over time was linear or non-linear. Plots A-C show
different linear trends and plots D-F show different non-linear patterns. The blue line shows the fitted
model using Ordinary Least Squares (OLS) regression for the linear class and a Generalized Additive
Model (GAM) with a smooth term for time for the non-linear class. Note that the range of the y-axis
varies among plots.
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3.1 Introduction

Rising air temperatures and increasing precipitation are driving changes in surface water across
Arctic and boreal ecosystems (Nitze et al., 2017; Pastick et al., 2019; Smith et al., 2005; Watts et
al., 2012). The direction and magnitude of these changes have been associated with terrain
factors including ground-ice content (Jones et al., 2020; Swanson, 2019; Yoshikawa & Hinzman,
2003), permafrost distribution (Nitze et al., 2017; Smith et al., 2005), surficial geology (Carroll
& Loboda, 2018; Nitze et al., 2017; Wang et al., 2018) and vegetation cover (K. W. Turner et al.,
2014). Understanding factors influencing the trajectory of change in surface water is important
because lakes can cover over 40% of the land surface at high latitudes, and have a significant
impact on the climate system and carbon cycle (Grosse et al., 2013; Hinkel et al., 2003; E. a. G.
Schuur et al., 2015; Tarnocai et al., 2009). Trends in the number and size of lakes have been
investigated using medium (30m) and high (<1m) resolution remote sensing imagery (Bouchard
etal., 2013; Cooley et al., 2019; Jones et al., 2011; Nitze et al., 2017) and recent research
showing high year to year variation and non-linear changes in lake area highlights the need for
analyses with high temporal and spatial resolution (Carroll & Loboda, 2017; S. W. Cooley et al.,

2019).

A number of recent studies suggest that patterns in lake expansion and drainage are influenced
by permafrost zonation (Kokelj & Jorgenson, 2013; Nitze et al., 2020). Continuous permafrost
has generally been associated with increases in the area of surface water (Nitze et al., 2017;
Olthof et al., 2015; Walter et al., 2006), and discontinuous permafrost has been associated with
decreases in surface water (Rover et al., 2012; Smith et al., 2005; Smol & Douglas, 2007).
However, reports of decreases in lake area in the continuous permafrost zone driven by the rapid

drainage of large lakes (Jones et al., 2011; Lantz & Turner, 2015; Lindgren et al., 2021; Travers-
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Smith et al., In Review), and evaporative drying (Campbell et al., 2018), suggest that regional
controls of lake area are also important. Previous remote sensing analyses in the western
Canadian Arctic have focused primarily on regions with continuous permafrost (S. V. Kokelj et
al., 2005; Labrecque et al., 2009; Lantz & Turner, 2015; Olthof et al., 2015; Plug et al., 2008;
Pohl et al., 2009), and despite recent research showing substantial seasonal variation in the area
of surface water area in shield dominated areas (S. W. Cooley et al., 2019), lake dynamics in

bedrock landscapes remain understudied.

In regions that have high-levels of ground ice, thermokarst processes can also have a significant
impact on the area of lakes and ponds (Grosse et al., 2013; S. V. Kokelj & Jorgenson, 2013;
Lantz & Turner, 2015; Nitze et al., 2020a). Rising air temperatures, changes in the intensity of
precipitation, and more frequent wildfire are also increasing the frequency of thermokarst
disturbances across the circumpolar (Fraser et al., 2018; Hu et al., 2015; Kasischke & Turetsky,
2006; Segal et al., 2016). Wildfire is an especially important driver of permafrost dynamics in
boreal regions (Jones et al., 2015a; Narita et al., 2015; Yoshikawa et al., 2002; Zipper et al.,
2018), where it can initiate a range of thermokarst processes including the formation of
thermokarst bogs, fens and high and low-centre polygons (Gibson et al., 2018; Jones et al.,
2015a; Zipper et al., 2018). Surface water in lake-rich regions of the boreal is also impacted by

fire; but these effects have not been studied in detail (Roach et al., 2013).

In this study we examined the influence of terrain and climate factors on net changes in the area
of surface water across the western Canadian Arctic and sub-Arctic. Our goal was to quantify
landscape level drivers of change and predict areas that may be susceptible to ongoing climate
warming. To accomplish this, we used the Global Surface Water Change dataset developed by

Pickens et al. (2020) to summarize change in total permanent water across the NWT and Yukon.
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We also trained a Random Forests model to predict changes in surface water using a range of
broad-scale terrain and climate variables. To investigate regional drivers of change we selected
six regions in both continuous and discontinuous permafrost zones representing a range of
climatic and geologic conditions. In each study area we used the Landsat satellite archive to map
trends in the area of individual lakes from 1985 to 2020, and examined the potential drivers of
change. Based on recent findings in the Lower Mackenzie Plain (Travers-Smith et al., In
Review), we also examined the role of fire in initiating abrupt non-linear decreases in lake area
within upland and lowland boreal sites.

3.2 Methods

3.2.1 Study Domain

Our study domain covers approximately 1.4 million km2 of western Canada, including the
Northwest Territories, Yukon and Nunavut (Figure 3.1). Average annual temperature across this
area decreases with increasing latitude with temperatures of -4.3°C at Yellowknife (62° 27’ 46”)
and -10.1°C at Tuktoyaktuk (69° 26’ 00”). The southern part of the study area is within the
discontinuous permafrost zone and the northern part of the study area is underlain by continuous
permafrost (Figure 3.1). Vegetation and surfical geology vary across the study area, which
includes four ecozones: the Southern Arctic, the Taiga Plains, the Taiga Shield and the Taiga

Cordillera.

The Southern Arctic extends northward from the limit of continuous forest to the coast of the
Beaufort Sea and Amundsen Gulf. It is characterized by dwarf and low-shrub tundra and is
underlain by glaciofluvial, lacustrine and marine sediments (Ecosystem Classification Group,
2012). This region experiences short, cold summers and long winters with 130-300mm of annual

precipitation (Table 3.1). Annual temperature and precipitation are slightly higher in the southern
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portion of this ecozone. The Taiga Plains covers the central portion of the study area and is
characterized by spruce and pine forests (Ecosystem Classification Group, 2009). Forest fire is
an important driver of vegetation change in this ecoregion and extensive peatlands and lake
complexes are also common (Ecosystem Classification Group, 2009). Temperature and
precipitation vary considerably across this ecoregion, with the northernmost area experiencing
conditions similar to the Southern Arctic and the southernmost part of this ecoregion
experiencing warm, moist summers with over 300-500mm of annual precipitation (Ecosystem
Classification Group, 2009). The Taiga Shield is located in the northeastern part of the study
domain and is characterized by a mosaic of Precambrian bedrock and glacial till. Much of this
region was once covered by glacial Lake McConnell, which drained approximately 8.3ka
depositing fine-grained lacustrine sediments (Smith, 1994). Vegetation in this region varies from
closed spruce, pine and aspen forests in the south to isolated spruce stands in the north
(Ecosystem Classification Group, 2010). Climate across this ecozone depends on latitude, with
northernmost areas experiencing short, cool summer and very cold winters and the southernmost
portion with warm, moist summers and mean annual temperatures above 0°C (Ecosystem
Classification Group, 2010). The Boreal Cordillera and Taiga Cordillera ecozones occupy the
south western portion of the study domain and includes large areas of alpine terrain underlain by
colluvial deposits. Lakes in this region are generally small and sparsely distributed (Ecosystem

Classification Group, 2010).
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Figure 3.11: Map of the study domain in the western Canadian Arctic showing the major ecozones and
elevation from Arctic DEM (Porter et al., 2018). Study areas used to explore regional controls of surface
water are shown with red boxes: A) Tuktoyaktuk Coastal Plain, B) Lower Mackenzie Plain, C) Eagle
Plains, D) Central Mackenzie Valley, E) Bulmer Plain and F) Great Slave Upland. The inset map in the
upper left shows the location of the study domain within Canada.

Table 3.1: Climate normals (1981-2010) across the study domain in the western Canadian arctic. Data is
from ECCC and can be found at: https://climate.weather.gc.ca/climate_normals/index_e.html

Station Latitude Longitude Mean Total Total Snowfall
Annual Rainfall (mm)
Temperature (mm)
¢C)
Tuktoyaktuk 69°26° 00" 133°01° 35” -10.1 74 103
Old Crow 67°34° 147 139° 59’ 21~ -8.3 154 141
Fort 67°24°28” 134°51°37” -7.3 145 152
McPherson

Norman Wells  65°16° 577 126° 48’ 01” -5.1 171 161
Yellowknife 62° 27 46” 114° 26’ 25” -4.3 170 157
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3.2.2 Net Change in Surface Water
We used the Global Surface Water Dynamics (1999-2020) data product developed by the Global
Land Analysis and Discovery group to summarize changes in the area of permanent water across
the study domain (Pickens et al., 2020). This dataset was developed using the Landsat satellite
archive to classify global changes in surface water at 30m resolution (Pickens et al., 2020). Inter
and intra-annual water dynamics were classified per-pixel based on variation in annual water
percent, which was defined as the percent of annual observations flagged as water for a given
pixel. Pixels consistently flagged as water were classified as permanent water, while pixels
showing variation in annual water percent were classified based on the direction of change and
the number of transitions from water to land. The classification system includes permanent
water, seasonal water, permanent water gains, permanent water losses and bi-directional trends.
Data covering the study domain were downloaded from the GLAD Surface Water Dynamics
dataset online portal (https://glad.umd.edu/dataset/global-surface-water-dynamics), and projected
to the Lambert Conformal Conic coordinate system. Using a grid of 100km? cells, we calculated
the number of pixels classified as 1) permanent water, 2) probable water, 3) water gain and 4)
water loss within each grid cell. The area of total permanent water per grid cell was calculated as
the number of permanent water pixels and probable water pixels multiplied by the pixel area
(~272m?). Net change in the area of permanent water in each grid cell was calculated as the
difference between the number of pixels showing gains in surface water and the number of pixels
representing losses, multiplied by the pixel resolution. To reduce noise in cells with low water
area, we removed cells with less than 5km? of total permanent water (n=5528/12691). To
calculate relative change in the area of surface water in each grid cell, we divided net change in
the area of surface water by the area of total permanent water and multiplied by 100. Next, we

classified net change in each grid cell as either stable, increasing or decreasing. To establish


https://glad.umd.edu/dataset/global-surface-water-dynamics
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thresholds to classify grid cells, we took the absolute value of the percent change per grid cell
and used the median value of 0.7% as the positive and negative thresholds. Cells with relative
change greater than 0.7% were classified as increasing, and cells with relative change less than -

0.7% were classified as decreasing, all other cells were classified as stable (Appendix 1).

To predict increasing and decreasing trends in total permanent water we used a classification
Random Forests model (Breiman, 2001). Explanatory variables used in this model are described
in Table 3.2. Random forests were created in R using the randomforests package (Liaw &
Wiener, 2002). Each tree was trained on a balanced sample of change classes to account for class
imbalance in the data. Cells completely covered by water were excluded from analysis. We
estimated the relative impact of terrain and climate variables on surface water dynamics using
the unscaled mean decrease in accuracy to calculate variable importance. We also plotted partial
dependence plots showing the marginal probability of a cell belonging to the increasing or
decreasing classes across the range of the explanatory variables and using the pdp package in R

(Greenwell, 2017).
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Table 3.2: Explanatory variables used in the Random Forests classifier to predict increasing and
decreasing change in total permanent water within 10x10km grid cells.

Variable Description Resolution - Reference
Calculation

Average Average annual 2.5min resolution — Fink & Hijmans, 2017

temperature temperature 1970-2000 | value at cell centroid

Total Total annual 2.5min resolution — Fink & Hijmans, 2017

precipitation precipitation 1970-2000 | value at cell centroid

Snow water Change in annual 0.25x0.25° resolution - | Mudryk et al., 2018

equivalent maximum snow water Mann-Kendall slope of

equivalent 1981-2016

annual max SWE

Vegetation zone

Major vegetation zones
of Canada

Majority class per cell

Baldwin, 2019

Fire history Fire perimeters below Percent coverage of fire | Geomatics Yukon,
treeline in NWT and affected area per cell 2019; NWT Centre for
Yukon Geomatics, 2020
Surficial National scale surficial | Majority class per cell | Fulton, 1989
geology geology
Ground ice Percent ground ice Median per cell O’Neill et al., 2020
content content classified ona 5
point scale
Permafrost Zones defined based on | Majority class per cell | O’Neill et al., 2020
zonation extent of frozen ground:

discontinuous,
continuous, sporadic
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3.2.3 Regional Change in Surface Water

We selected six study areas across the NWT and Yukon to investigate the regional controls of
surface water (Figure 3.3). Study areas were selected in areas showing stable and dynamic
patterns in net surface water across a range of climatic, geologic and permafrost conditions

(Table 3.3). Detailed descriptions of each study area are presented in Appendix 2.
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Figure 3.2: Map of the study domain showing proportional change in total permanent water between 1999
and 2020 derived from the GLAD Global Surface Water Dataset (Pickens et al., 2020). Only cells with
over 5km of total permanent water are shown. Study areas used to explore regional controls of surface
water are shown with red boxes: A) Tuktoyaktuk Coastal Plain, B) Lower Mackenzie Plain, C) Eagle
Plains, D) Central Mackenzie Valley, E) Bulmer Plain and F) Great Slave Upland. The dashed line shows
the boundary between continuous and discontinuous permafrost (O’Neil, 2019) and the grey boxes show
the extent of the fire boundaries shown in Figure 3.7.
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Table 3.3: Summary table showing the physical parameters within the six regional study areas.

Study Area Dominant Ecoregion | Number of | Maximum Permafrost
Surficial Deposit water lake area* Zone
bodies
Tuktoyaktuk Glaciofluvial, Southern 7848 2781km? Continuous
Coastal Plain | glaciolacustrine Arctic
Lower Till blanket | Taiga Plains 5379 1623km? Continuous
Mackenzie
Plain
Eagle Plain Colluvial Taiga 883 197km? Continuous
Cordillera
Central Till veneer, Taiga Plains 2642 628km? Discontinuous
Mackenzie lacustrine
Valley
Bulmer Plain Till blanket | Taiga Plains 3000 675km? Discontinuous
Great Slave Bedrock, Taiga Shield 8003 2449km? Discontinuous
Upland lacustrine

3.2.4 Landsat Processing
In each of the six study areas we acquired all available July and August Landsat scenes from

1985 to 2020 with less than 30% cloud cover (Dwyer, 2019). We restricted our acquisitions to
Tier 1 Collection 1 Top of Atmosphere (TOA) images that are most suitable for time series
analysis (Dywer, 2019). These images have minimal geometric error and have been
radiometrically calibrated across different Landsat for use in time-series analysis (Dwyer, 2019).
We used the Quality Assessment Band to mask clouds and cloud shadows and each scene was

visually inspected and discarded if smoke or clouds remained in the study area.

We used the histogram breakpoint method developed by Olthof et al., (2015) to map annual
surface water. This method uses thresholds in the shortwave infrared reflectance band (SWIR1)
to quantify the proportion of a pixel covered by water (sub-pixel water fraction). Breakpoints in
the histogram of SWIR reflectance were used to define a lower threshold representing pure water

pixels and an upper threshold representing pure land pixels. Pixels with reflectance lower than
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the water threshold were classified as 100% water and pixels with reflectance greater than the
land threshold were classified as 100% land. For pixels with values between the water and land
thresholds, we estimated sub-pixel water fraction using linear interpolation between the two
thresholds. To apply this method, we calculated separate water and land thresholds for each
study area using mean thresholds calculated from a subset of images across all Landsat sensors.
We created masks of maximum water area in each study area by classifying pixels where sub-
pixel water fraction was greater than 0.5 in at least two scenes as water. Individual lake objects
were created by transforming the maximal water area raster to polygon features in ArcMap
10.7.1 (Table 2). We removed ponds smaller than 0.03km? and water bodies that were not
completely inside the study area. The lake mask was buffered by 30m and the lake area in each
scene was calculated as the sum of the sub-pixel water fraction (ranging from 0 to 1) within the
lake mask multiplied by the pixel resolution (900m?). This method has been previously validated

for a boreal region (Travers-Smith et al., In Review) and a tundra site (Olthof et al., 2015).

3.2.5 Mapping Trends in Lake Area

To compare changes in surface water dynamics among study areas, we performed the following
analysis in each area. For each water body, we calculated annual change relative to the average
lake area during a reference period from 1985 to 1990. Lakes were also grouped into the
following size classes based on average area during the reference period: 1) large lakes
(>0.5km?), medium lakes (0.05-0.5km?), and small lakes (<0.05km?). To test for trends in the
area of individual lakes we used the Kendall package in R to calculate Kendall’s Tau statistic and
associated p-value (McLeod, 2011). Using a p-value threshold of 0.1, lakes were classified as

either significantly increasing, significantly decreasing or not significantly trended in area. The
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proportion of lakes exhibiting significant trends in surface area in each study area are shown in

Table 5.

To explore interannual changes in total lake area we used a subset of lakes where Landsat
imagery allowed estimates of area in more than half of the available Landsat acquisitions
between 1985 and 2020. To minimize the impact of missing data in the time-series, we
calculated a five-point rolling mean for each lake and estimated total lake area and lake area by
size class using the sum of lake area within each time-period. To calculate relative change over
time we compared lake area in each time-period to the average area in the first time-period.
These results were also compared with the change in total lake area between the beginning and
end of the time-series, which was calculated as (Areau - Areawm ) / Areas, where Areay is lake

area in the first time period and Areayn is lake area in the last time period.

3.2.6 Rapid Lake Drainage and Wildfire

Data on the area of surface water in individual lakes was also used to identify rapid lake drainage
events, which we defined as permanent loss of at least 30% lake area that occurred in a single
year. We used the breakpoint regression function in the R package strucchange to identify large
(>0.05km?) lakes exhibiting rapid declines in surface water (Zeileis, 2004). We also examined
the time series for all lakes showing a decrease in relative area of more than 30%, and at least
one significant breakpoint. Visual inspection of each time series allowed us to distinguish
rapidly drained lakes from lakes exhibiting gradual water loss or bi-directional trends (Appendix
3). In each study site we also calculated the lake area lost via rapid drainage events and

compared this to the overall change in surface water.
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To explore the impact of fire on non-linear decreases in lake area in regions affected by forest
fire (Lower Mackenzie Plain, Central Mackenzie Valley, Bulmer Plain, Great Slave Upland
regions), we used chi-square analysis to test if there were a larger number of lakes with
increasing or decreasing trends in area impacted by recent fires. In each study area we selected
one fire that burned between 1985 and 2020 and was at least 10,000m? in area (Figure 4) and
used boxplots compare changes in median area for lakes inside burned areas and unburned areas

within 10km of each fire boundary.
3.3 Results

3.3.1 Random Forests

Across the entire study domain the area of total permanent surface water increased by 1158km?
(1.2%) between 1999 and 2020. Unscaled variable importance from the Random Forests
classification shows that the most important predictors of the direction of change in surface water
(increasing or decreasing), were mean annual air temperature, surficial geology, ground ice
content and total annual precipitation (Figure 3.3). Partial dependence plots for temperature
shows that the probability of observing increasing surface water is greatest when temperature is
low and precipitation is high (Figure 3.4). Partial dependence plots also show that increases in
surface water were more likely to occur in areas underlain by fine-colluvial sediment,
Precambrian bedrock and in regions with low ground ice content, representative of much of the
Taiga Shield ecoregion. Conversely, regions underlain by till blanket and moderate to high
ground ice content were most likely to show decreases in the area of surface water (Figure 3.5).

The Random Forests classification showed an out of bag error rate of 9.26% and a Kappa score
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of 0.70, indicating substantial agreement between predicted and actual change classes (Landis &

Koch, 1977).
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Figure 3.3: Variable importance plot from the Random Forests Model of lake-trend type (increasing,
decreasing, stable). Unscaled variable importance shows the mean decrease in model accuracy if that
variable is removed.
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Figure 3.4: Partial dependence plots showing the probability of observing increasing surface water area as
a function of the four most important independent variables in the random forests model: (A)
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precipitation, (B) temperature (C) ground ice content (ranked on a 5 point scale, with 5 representing high
ice content) and (D) surficial geology. Negative probability values indicate that increases in area were less
likely at that value of the independent variable. Note that the x-axis has been scaled to avoid plotting
partial dependence at levels not characteristic of the study domain. Rug marks show the deciles of the
precipitation and temperature data. The blue line in A and B shows the smoothed trend.
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Figure 3.5: Partial dependence plots showing the probability of observing decreasing surface water area
as a function of the four most important independent variables in the random forests model: (A)
precipitation, (B) temperature and (C) ground ice content (ranked on a 5 point scale, with 5 representing
high ice content) and (D) surficial geology. Negative probability values indicate that decreases in area
were less likely at that value of the independent variable. Note that the x-axis has been scaled to avoid
plotting partial dependence at levels not characteristic of the study domain. Rug marks show the deciles
of the precipitation and temperature data. The blue line in A and B shows the smoothed trend.

3.3.2 Regional Lake Change

Overall, the direction of change in surface water across the entire study domain was consistent
with changes observed in the smaller study areas. Four of the six study areas showed increasing
surface water with an average change of 1.3%, consistent with the 1.2% increase observed across

the larger study domain (Table 3.4). Within these smaller areas we observed the greatest percent
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increase in surface water in the Tuktoyaktuk Coastal Plain (2.7%). All study areas had a greater
proportion of lakes showing significant increasing trends compared to decreasing trends (Figure
3.8). The Tuktoyaktuk Coastal Plain showed the greatest proportion of lakes with significant
increases (74%) and the Bulmer Plain site exhibited the least (17%). The Bulmer Plain study area
showed negligible change between the beginning and end of the time series (0.00%), but the area

of small lakes fluctuated considerably during the time series (Figure 3.6).

The magnitude of change also varied by lake size in all study areas (Figure 3.6). Small lakes
generally showed the largest change, but in most study areas, the overall trend in small lakes was
mirrored in larger lakes. For example, in the Eagle Plains, total lake area increased by 2.4% and
the area of small lakes increased by approximately a 10% (Figure 3.6). Conversely, in the Lower
Mackenzie Plain, the total area of small lakes increased by approximately 5%, while the area of
large and medium sized lakes decreased by 1% (Figure 3.6). There was also no consistent
difference in relative change between areas of continuous versus discontinuous permafrost. We
observed similar responses for lakes located in both continuous and discontinuous permafrost.
Average relative change in the continuous permafrost zone was +1.38% (n=3), and average
relative change in the regions in the discontinuous permafrost zone was +1.23% (n=3). The study
areas with the greatest increase and greatest decrease in surface water (Tuktoyaktuk Coastal

Plain and Lower Mackenzie Plain, respectively) were both in the zone of continuous permafrost.
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Table 3.4: Absolute and relative change in total lake area in each study area. Absolute change in area was
calculated as the difference between total lake area in the first and last five years of the time series and
relative change was calculated as absolute change divided by total area in the first time period.

Site Permafrost Absolute Change km? = Relative Change =
Zone Aream — Arean (Areawn — Areat) /
Areau
Tuktoyaktuk Continuous +51.68km? +2.7%
Coastal Plain
Central Discontinuous +12.42km? +2.4%
Mackenzie Valley
Eagle Plain Continuous +2.99km? +2.4%
Great Slave Discontinuous +23.79km? +1.3%
Upland
Bulmer Plain Discontinuous +0.72km? 0.00%
Lower Mackenzie | Continuous -5.18km? -0.96%
Plain

Table 3.5: Proportion of lakes showing non-trended and significant increasing and decreasing patterns in
each study area.

Site Proportion Proportion Proportion Non-
Increasing Decreasing Trended

Tuktoyaktuk Coastal 0.74 0.04 0.22
Plain

Eagle Plain 0.34 0.09 0.57

Lower Mackenzie 0.29 0.14 0.57
Plain

Great Slave Upland 0.39 0.12 0.49

Central Mackenzie 0.27 0.22 0.51

Valley
Bulmer Plain 0.17 0.16 0.67
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Figure 3.6: Changes in lake area in the six study areas relative to the average area in the first time period
(t1). The left panel of each plot shows the change in lake area grouped by lake size and the right panel
shows change in total lake area across all lakes. Each point represents the average relative area for a
rolling 5-point period and the shaded area represents a 95% confidence interval.

3.2.3 Rapid Drainage

The frequency and relative importance of rapid lake drainage events varied by study area (Table
3.6). The Great Slave Upland had few rapid drainage events and minimal contributions to overall
lake area change compared to sites in the Taiga Plains and Southern Arctic. The Tuktoyaktuk
Coastal Plain and Lower Mackenzie Plain showed the largest number of rapid drainage events.
In the Lower Mackenzie Plain, 27% of the total losses in surface water were associated with
rapid drainage events. While the Eagle Plains study area only showed 2 rapid drainage events,

water losses associated with these events accounted for 31% of overall change in surface water.
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Table 3.6: The number of rapid drainage events per study site and the lake area losses associated with
these events. The last column in the table shows the percent of the absolute change in lake area
attributable to rapid drainage.

Site Rapid Lake area loss Water loss km? / Absolute
Drainage km? Change km*100
Events
Tuktoyaktuk Coastal 9 1.186 2%
Plain
Central Mackenzie 4 1.197 11%
Valley
Great Slave Upland 1 0.046 0.2%
Bulmer Plain 1 0.073 10%
Eagle Plain 2 0.161 31%
Lower Mackenzie Plain 5 1.41 27%

Chi-square tests show that all lakes exhibiting decreasing trends were more likely to occur within
fire scars (Table 3.5; Figure 3.7). Boxplots from the four sites where we assessed the impact of
wildfire on lake area also show a consistent trajectory of change in lake area after fire (Figure
3.8). Declines in lake area typically followed a 1-3 year lag after the year of the fire (Figure 3.8)

and in all cases were apparent for at least 10 years after the fire.



Table 3.7: Standardized residuals from Chi-square tests comparing lake area trends and the presence of
fire. Standardized residuals were calculated as: observed count — expected count / sqrt(expected count).
Residuals with an asterisk (*) indicate a significant deviation (p<0.01) from expected counts with positive
values indicating more lakes than expected in that category and negative values indicating fewer lakes

than expected.
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Site Decreasing Increasing Non-trended
Central Mackenzie Outside Fire -6.677* 3.320* 1.999
Valley
Within Fire 11.252* -5.595* -3.369*
Lower Mackenzie Plain | Outside Fire -10.475* 3.816* 2.404
Within Fire 9.923* -3.615* -2.277
Bulmer Plain Outside Fire -4.612* 7.818* -0.673
Within Fire 2.093 -3.548* 0.305
Great Slave Upland Outside Fire -12.9668* 14.949* -6.850*
Within Fire 17.263* -19.904* 9.120*

C—km.d. &I .fw’;f

o o
@ Lakes with increasing trend @ Lakes with decreasing trend

Figure 3.7: Lake area trends and fire history in A) Lower Mackenzie Plain, B) Bulmer Plain, C) Great
Slave Upland and D) Central Mackenzie Valley study areas. Fire history data is from the NWT Centre for
Geomatics (2019). Dates indicate the timing of each fire within the study area and points show lake
centroids, with green points showing lakes with increasing trends in area and red points showing

decreasing trends. The extent of the fires within each study area are shown in Figure 3.
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Figure 3.8: Boxplots showing change in the relative area of lakes within fire affected areas and outside
fires (within 10km of fire boundaries) for the four study sites in forested study areas. The dashed red lines
show the year the fire occurred. Note that the x-axis is not continuous because it does not show years with
missing data.

3.4 Discussion
Our analysis shows that climate driven changes in surface water across the western Canadian

Arctic are mediated by terrain factors. Total surface water area increased by approximately 1.3%
across the entire study domain. This widespread increase in surface water area likely reflects
increases in precipitation observed across the circumpolar (ACIA, 2004; Box et al., 2019).
Between 1970 and 2017, Box et al. (2019) reported a 6.2 % increase in total annual precipitation
across the pan-Arctic and increasing trends in precipitation have been observed at several sites
across the Yukon and Northwest Territories (Lantz & Turner, 2015; Segal et al., 2016; Travers-
Smith et al., In Review). Increases in surface water area were more likely to occur in regions
with less permeable substrates and low ground ice, including regions underlain by bedrock and
fine-colluvium. This is likely caused by the lower permeability of these substrates which can

isolate lakes from groundwater systems and potentially make them more responsive to increases
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in temperature and precipitation (Carroll & Loboda, 2018; Nitze et al., 2017; Wang et al., 2018).
This conclusion is consistent with findings reported by Carroll and Loboda (2018), where
shrinking tundra ponds in a bedrock-dominant region of the Southern Arctic ecoregion were

associated with increased air temperatures and evaporation.

We also observed more decreases in surface water area in regions with moderate to high ground
ice content. This could be caused by more frequent thermokarst leading to rapid lake drainage
(Jones et al., 2020; Jones & Arp, 2015; Lantz & Turner, 2015; Mackay, 1988; Nitze et al., 2020).
Previous studies have demonstrated that increasing precipitation in ice-rich permafrost regions
can drive catastrophic drainage of large lakes and overall declines in lake area (Lantz & Turner,
2015; Lindgren et al., 2021; Nitze et al., 2020a; Travers-Smith et al., In Review). This
conclusion is also supported by the fact that we observed more rapid drainage events, and a
greater contribution of these events to overall surface water change in study areas with higher
ground ice content (ie Lower Mackenzie Plain and Tuktoyaktuk Coastal Plain versus Great Slave

Upland).

Our findings differ from previous studies suggesting that lake area is increasing in the zone of
continuous permafrost and decreasing in the zone of discontinuous permafrost (Smith et al.,
2005; Smol & Douglas, 2007; Walter et al., 2006), and emphasizes the importance of regional
variation in surficial geology. Across our study domain we observed increases in surface water in
areas of continuous and discontinuous permafrost, and the only study area with declining surface
water area was in the zone of continuous permafrost. This finding is similar to Lindgren et al.,
(2021) who also observed widespread declines in surface water in three permafrost zones

(continuous, discontinuous and isolated) in Alaska.
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Our analysis also shows that wildfire can cause persistent declines in surface water. In all four of
the boreal study areas (Lower Mackenzie Plains, Central Mackenzie Valley, Bulmer Plain and
Great Slave Upland) lakes impacted by wildfire were more likely to show decreases in area.
These changes were likely driven by changes in permafrost conditions (i.e. active layer
deepening, ground ice degradation, terrain subsidence) which can impact surface hydrology
(Connon et al., 2014; Haynes et al., 2019; Liljedahl et al., 2007; Roach et al., 2013). Our
observation is also consistent with declines in lake area following fire in Alaska (Roach et al.,
2013). We were unable to assess the impact of fire in tundra study areas as few large fires were
recorded above the treeline in the data we used. However, larger and more frequent tundra fires

demonstrates the need for additional research (Hu et al., 2015; Kasischke & Turetsky, 2006).

Our work highlights the importance of fine scale lake-based studies to understanding regional
controls on surface water and intrannual change. Regional factors can play a significant role in
lake dynamics; Turner et al., (2014) show that surrounding vegetation coverage determines
whether water levels within individual lakes are more influenced by rain, snowmelt or
evaporation. Lake dynamics can also vary considerably over the course of a single year. Cooley
et al., (2019) show that sub seasonal changes in lake area can vary considerably. We also
observed differences in the magnitude and direction of change between the analyses using the
GLAD Surface Water dataset (Pickens et al., 2019), and the datasets we compiled within
individual study areas. These discrepancies likely reflect differences in the seasonality of the data
and the precision of surface water change detection. The GLAD Surface Water dataset considers
per-pixel changes across all snow and ice-free Landsat scenes in a given year, while our datasets
reflect sub-pixel changes and conditions in July and August. This also highlights the need for

future work to examine seasonal as well as interannual lake dynamics. To better understand
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broad-scale spatial patterns in surface water change, future work should consider regional

controls driving lake expansion and drainage.
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Appendix 3: Regional Study Areas

A. Tuktoyaktuk Coastal Plain
This study area is located in the Southern Arctic in the upland tundra to the east of the

Mackenzie River Delta. This landscape has low relief and is covered by thousands of lakes,
small ponds and wetlands (Ecosystem Classification Group, 2012). The entire study area is
underlain by continuous permafrost with relatively high ice-content, and thermokarst features
such as pingos, thermokarst lakes and ice-wedge polygons are common (Burn & Kokelj, 2009).
Surficial deposits consist primarily of glaciolacustrine and glaciofluvial sediments (Rampton,
1987). Regional vegetation is dominated by upright and dwarf shrub tundra and sedge-moss
wetlands with isolated stands of white spruce located at the southern edge of this ecoregion

(Ecosystem Classification Group, 2012).

B. Lower Mackenzie Plain
The Lower Mackenzie Plain is located southeast of the Mackenzie Delta near the community of

Tsiigehtchic. This study area is composed of two distinct ecoregions: the Arctic Red Plain and
the Travaillant Uplands (Ecosystem Classification Group, 2009). The low-lying Arctic Red Plain
is located adjacent to the Mackenzie River and is characterized by dense black spruce forest and
upright shrublands interspersed with extensive peatlands (Ecosystem Classification Group,
2009). Surficial deposits in this area a patchwork of till blanket, with silty fluvial deposits and
organic peatlands adjacent to the Mackenzie River (Hughes et al., 1972). The Travailliant
Uplands are located at higher elevations and are characterized by white spruce forests underlain
by bedrock with a thin veneer of glacial till (Ecosystem Classification Group, 2009). Forest fire

is also common in this area and 41% of the study area has burned since 1965.

C. Eagle Plains
This study area is located in the Yukon Territory to the west of the maximal extent of the

Laurentide ice sheet and is dominated by sandstone and siltstone deposits (Norris, 1984). The
Eagle Plains are located in an intermontane basin bordered by the Richardson Mountains to the
east and north and the Ogilvie Mountains to the south and west. Lakes are common in the
floodplains of the Whitestone, Porcupine and eagle rivers (Yukon Ecoregions Working Group,

2004). Active layer thickness in this area varies depending on soil conditions, ranging from 30-
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50cm in vegetated colluvial deposits to 2.5-3m beneath exposed bedrock (French, 2017).
Vegetation in this area is characterized by black and white spruce woodlands at low elevation

and shrub tundra at higher elevations (French, 2017; Yukon Ecoregions Working Group, 2004).

D. Central Mackenzie Valley
This study area is located in the Central Mackenzie Valley at the intersection of the Taiga Plains

and Taiga Cordillera. It is within the discontinuous permafrost zone and consists of low-
elevation plains in the centre of the study site and upland terrain in the northern and southern
parts of the study area. The majority of the lakes in this region are located within the North
Mackenzie Plain ecoregion, but smaller ponds are also scattered in the Mackenzie Foothills
ecoregion to the southwest, and the Great Bear Upland ecoregion to the northeast (Ecosystem
Classification Group, 2009). The North Mackenzie Plain ecoregion is strongly influenced by the
Mackenzie River and surficial deposits consist primarily of lacustrine, alluvial and glaciofluvial
deposits (Fulton, 1995). Vegetation in this region is strongly influenced by fire, and regenerating
shrub tundra dominated by dwarf birch and green alder is common (Ecosystem Classification
Group, 2009).

E. Bulmer Plain
This study area is located to the west of Yellowknife and Great Slave Lake and is within the

Taiga Plains. The majority of this area is within the Bulmer Plain ecoregion and is underlain by
discontinuous permafrost. This region is characterized by low elevation plains and numerous
lakes, limestone deposits in the eastern part of the study area create a dense network of shallow
ponds high in calcium carbonate (Ecosystem Classification Group, 2009). Analysis of satellite
imagery shows that thermokarst terrain including peat plateaus, collapse scars and bogs are
common in this area (Gibson et al., n.d.). Forest fires are extensive and 76% of the study area
was burned in two fires in 1994 and 1995. Vegetation cover across the study area is dominated
by regenerating white spruce, black spruce and jackpine forests (Ecosystem Classification
Gorup, 2009).

F. Great Slave Upland
This study area is located in the Taiga Shield north of Yellowknife and Great Slave Lake. The

majority of this area is within the Great Slave Upland ecoregion and is characterized by low-

relief and poorly drained bedrock (Paul et al., 2021). Lithalas, a permafrost feature formed from
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aggrading ice-rich permafrost, are also common in lowland areas (Wolfe et al., 2017). Much of
this region was glaciated and subsequently inundated by Lake McConnell between 13,000 and
9500 years ago (Wolfe et al., 2017). As a result, pockets of fine-grained glaciolacustrine and
lacustrine sediments are common between rocky outcrops (Wolfe & Kerr, 2014; Wolfe et al.,
2017). Vegetation in this region consists primarily of scatted stands of black spruce in
hummocky terrain and birch and white spruce forests in warmer, well-drained soils (Paul et al.,
2021). Permafrost in this area is discontinuous and located primarily in forested areas (Paul et

al., 2021).

Appendix 4: Change in permanent surface water
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Figure 12: Histogram of net change in permanent surface water within 10x10km grid cells. Increasing and

decreasing classes were defined using the median absolute percent change in surface water area.
Thresholds for increasing and decreasing classes are shown as red dashed lines.
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Appendix 5: Rapid Lake Drainage
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Figure 13Examples of annual lake area time series showing gradual drainage followed by expansion (ie
bi-directional change shown in A and B) and rapid permanent drainage (C). The horizontal line shows a
30% decrease in lake area relative to average lake area between 1985 and 1990.
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4. Conclusion

4.1 Study Synthesis

Rising temperatures and increasing precipitation are driving a range of biophysical
changes at high latitudes (ACIA, 2004). In particular, climate change can facilitate widespread
change in the number and size of northern lakes and ponds (Jones et al., 2011; Lantz & Turner,
2015; Lindgren et al., 2021; Nitze et al., 2017, 2020). The direction and magnitude of change in
northern lakes likely depends on the interaction between climate change and fine-scale terrain
characteristics (Carroll & Loboda, 2017; Roach et al., 2013; Travers-Smith et al., In Review;
Wang et al., 2018) The objectives of my MSc thesis were to better understand how northern
lakes and ponds are responding to climate change and how these effects are mediated by terrain
factors. In Chapters 2 and 3 of this thesis | completed two research projects to explore climatic

and terrain drivers of change in surface water dynamics across the western Canadian Arctic.

In Chapter 2, | focused my analysis on the Lower Mackenzie Plains, Northwest
Territories, Canada. This study area is located within the Gwich’in Settlement Area and includes
the Gwichya Gwich’in community of Tsiigehtchic. In my analysis I used the Landsat satellite
archive to map interannual changes in 5328 lakes between 1985 and 2020. Generalized Additive
Models were used to test the effects of spring and summer climate variables on lake area and
Chi-Square tests were employed to assess links between increasing and decreasing trends and
lake properties and terrain factors. Despite significant increases in summer precipitation, |
observed a 1% decrease in total lake area, which was driven by the rapid drainage of large lakes.
My analysis also shows that 27% of lake area losses can be attributed to rapid drainage events in
five large lakes and suggests that thermokarst processes are an important contributor to lake area

change in this region. In particular, lakes located in fire scars were 3.8x more likely to show a
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decreasing trend in area. Analysis of a large fire that burned in 1999 also indicates that lakes
within the burned area exhibited declines in area that persisted for 20 years after the fire. These
findings highlight the importance of rapid non-linear changes in northern lakes and provides a
detailed account of the timing and magnitude of lake area changes associated with wildfire in a

Sub-Arctic ecosystem.

In Chapter 3 I analyzed changes in surface water across the western Canadian Arctic and
Sub-Arctic. | used the Global Surface Water dataset developed by the GLAD research group to
map changes in total permanent water from 1999 to 2020 across a 1.4million km? study domain
covering five distinct ecoregions: the Taiga Plains, the Taiga Cordillera, the Southern Arctic, the
Taiga Shield and the Boreal Cordillera. | trained a Random Forests model to analyze the relative
importance and impact of several terrain and climate variables in predicting the direction of
change. Next, | selected six smaller study regions and analyzed changes within individual lakes
using the methods developed in Chapter 2. | also identified the frequency and impact of rapid
lake drainage events on overall surface water change and explored the effects of wildfire on lake
area within four boreal study areas. Overall, | found that the area of total permanent water
increased by approximately 1% between 1999 and 2020 across the entire study domain and that
the direction of change in surface water was largely determined by surficial geology and ground
ice content. Regional analyses corroborate these findings, with increasing surface water area
observed in five of the six study areas. My analysis also shows that the presence of wildfire is
strongly associated with persistent declines in lake area across in the four Boreal study areas,

consistent with results from Chapter 2.

Overall, my research shows that the effects of climate change on surface water depend on

complex interactions between lake size, terrain controls and wildfire. Changes in surface water
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are concerning because they have the potential to impact local livelihoods (GRRB, 2018). For
example, lake drainage can result in a loss of habitat for lake fish and waterfowl and drained
basins develop different vegetation communities compared to the surrounding landscape (Harris
etal., 2012; Lantz, 2017; Roach & Griffith, 2015). Lake expansion through shoreline erosion and
lake drainage also impacts lake chemistry and water quality (Tondu et al., 2016). Understanding
the terrain and climate drivers of lake surface area is important to identify areas that are more
vulnerable to change and will contribute to our understanding of the impacts that changes in lake

area will have on wildlife habitat and freshwater resources.

4.2 Limitations and Future Research Opportunities

My thesis provides several important insights about the impact of climate change on
lakes and ponds in the Arctic and Sub-Arctic, but additional research is needed to identify fine-
scale biophysical processes driving lake area change, and understand the contributions of

seasonal precipitation, groundwater hydrology, and within-year variation in lake area.

Results from Chapters 2 and 3 show that fire is an important driver of non-linear deceases
in lake area, but additional research is needed to explore the mechanisms of change and
interactions between fire, permafrost conditions and change in lake area. In particular, our
analysis was limited to remotely sensed data, and did not include any measurements taken in the
field. To better understand lake area responses to wildfire, future research could pair remote
sensing with measurements of ground temperature and active layer depth within drained lake
basins and adjacent to lakes impacted by wildfire. Other forms of remote sensing data such as
repeated LIDAR surveys and thermal imaging would also help map changes in permafrost
conditions and ground temperature following fire. Kokelj et al., (2009) show that active layer

deepening following wildfire can increase the concentration of ions in nearby lakes. In the Old
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Crow Flats, the rapid drainage of Zelma Lake lead to increased nutrient and ion concentrations
and a different composition of algal pigments in the residual water body (Tondu et al., 2016).
Additional research on the relationship between fire, thermokarst processes and lake water

quality will also contribute to our understanding of changes in wildlife habitat and freshwater
supply.

Additional field-based studies are also needed to link remote sensing observations with
hydrological processes. In Chapter 3 | showed that regions with greater precipitation were more
likely to exhibit an increase in surface water area, and regions with warmer annual temperatures
were more likely to show decreases in surface water. However, the response of individual lakes
to precipitation and temperature is mediated by regional vegetation characteristics (Turner et al.,
2014), and connectivity to other lakes (Woo & Guan, 2006). Changes in land-cover due to
permafrost thaw can also impact runoff and moisture inputs into water bodies (Connon et al.,

2014; Haynes et al., 2019).

Other limitations of this research stem from the temporal and spatial resolution of the
Landsat remote sensing data. Lake area can change significantly within a single year in response
to periods of drought or increased precipitation (Cooley et al., 2019; Pohl et al., 2009; Turner et
al., 2014). Recent research by Cooley et al. (2019) shows that within a single year lake area can
decline significantly from May to September, making interannual time-series data sensitive to
differences in data acquisition dates between years. To account for seasonal variation in water
levels in Chapters 2 and 3 | restricted Landsat scenes to those acquired in July and August, and
preferentially selected scenes from July 15 to August 15. 1 also used a 5-point rolling mean to
investigate long-term patterns in total lake area, further minimizing the impact of within-year

variation. The revisit time for Landsat acquisitions is approximately every 16 days, however
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smoke and clouds can reduce data availability considerably, making it challenging to maintain a
balanced sample of Landsat acquisition dates. As the accessibility of very high temporal
resolution data increases (i.e. CubeSat with 5-day revisit time) there will be greater opportunities

to investigate within-year water dynamics that are not possible to capture with Landsat data.

Although the 30m spatial resolution of Landsat data is advantageous for mapping over
large regions, lake area can also vary at fine-spatial scales. As such, it is possible to miss the
contributions of smaller water bodies to overall change. In Chapter 2 our validation of the sub-
pixel water fraction method showed that mapping error increases as lake area decreases, and that
the sub-pixel water fraction method was not able to consistently detect lakes smaller than
1500m? (approximately two Landsat pixels). Similarly, Muster et al., (2013) show that 30m
Landsat data consistently underestimates the number of water bodies and total surface water area
compared to data of 2m resolution, or finer. Due to this limitation, the early stages of lake
development and initial ponding within low-centre polygons are not likely to be captured. The
30m resolution of the Landsat satellite archive also contributes to uncertainties in water fraction
along lake margins where pixels cover both land and water. The sub-pixel water fraction method
attempts to map the fractional coverage of water within a pixel using a linear interpolation
between shortwave infrared reflectance (SWIR) values representing 100% land and water. While
the sub-pixel water fraction method has been shown to outperform binary land/water
classifications (Olthof et al., 2015), this is likely an overly simplified model as SWIR reflectance
can vary depending on vegetation and soil moisture content (Roach et al., 2012). Interannual
differences in moisture content in vegetation along lake margins may contribute to mapping
error. These issues can be addressed by validating lake area estimates using higher resolution

imagery or by using ancillary weather data to avoid selecting Landsat scenes during periods of
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drought or intense precipitation. Emergent vegetation along lake margins and floating vegetation
within the lake can also obscure the underlying water and lead to smaller estimates of lake area.
Lakes impacted by emergent vegetation could be identified using the green or near-infrared
bands to mask out vegetation and remotely sensed radar data could be used to validate estimates
of lake area as the longer radar wavelengths are better able to penetrate vegetation (Whitcomb et

al., 2009).

It is also possible that beaver activity contributed to observed changes in lake area in the
areas explored in my thesis. Recent studies show that beaver range expansion in the Arctic can
drive significant changes in surface water (Jones, et al., 2020; Jung et al., 2016; Tape et al.,
2018). Beaver dams can increase surface water by flooding drained lake basins and damming
lake outlets and beaded streams (Jones et al., 2020). On the Baldwin Peninsula, Alaska 66% of
increases in surface water area were attributed to beaver dams (Jones et al., 2020). Other studies
have associated beaver dams with thermokarst processes including the formation and
degradation of palsa mounds (Lewkowicz & Coultish, 2004) as well as lake expansion and
drainage (Tape et al., 2018). Local observations indicate that beaver populations in the
Mackenzie Delta are increasing (Turner et al., 2018). To explore the possible influence of
beavers on surface water in more detail, future studies should compile ground-based and aerial

observations of beaver activity in other parts of the western Canadian Arctic.
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