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1.  Introduction
Across the circumpolar north, many regions are undergoing rapid 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 according to terrain and cli-
mate factors (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 systems (Anthony et al., 2018; 
Hinkel et al., 2003; Schuur et al., 2015). At a regional scale, water bodies are also a source of fresh water and 
provide habitat for a range of culturally and ecologically significant species (Arp et al., 2016; GRRB, 2018).

Climate and terrain characteristics influence the magnitude and direction of change in the surface area of lakes 
and ponds at high latitudes (Arp et al., 2012; Marsh et al., 2009; Pohl et al., 2009; Yoshikawa & Hinzman, 2003). 
In the high Arctic, declines in lake area have been associated with rising air temperatures and evaporative drying 
in small ponds (Campbell et al., 2018; Smol & Douglas, 2007). In regions of ice-rich permafrost, decreases in 
lake area have also been associated with thermokarst lake drainage, driven by increases in temperature and pre-
cipitation (Lantz & Turner, 2015; Nitze et al., 2020; Smith et al., 2005). Some studies have found little correlation 
between climate variables and changes in the lake area, suggesting that the effects of climate are mediated by ter-
rain factors (Carroll & Loboda, 2018). Terrain characteristics likely to influence surface water dynamics include 

Abstract  The area and distribution of surface water are shifting rapidly in many regions across the 
circumpolar Arctic. In this study, we explore the effects of climate and terrain factors on the area of lakes in 
the Northwest Territories, Canada. We used the Landsat satellite archive to map interannual changes in 5,328 
lakes and ponds in the Lower Mackenzie Plain between 1985 and 2020. The high temporal resolution of our 
dataset allowed us to classify gradual and abrupt changes in lake area and identify rapid drainage events. We 
used Generalized Additive Models and Random Forests to test the effects of climate and terrain factors on 
changes in lake area. Despite increases in the area of smaller lakes driven by increasing precipitation, we found 
that the total lake area has decreased by approximately 1%. Overall, 29% of lakes exhibited an increasing trend 
in the area, while 11% exhibited a decreasing trend, and the majority of these changes (65%) were non-linear in 
nature. Lakes located in fire scars were also 3.8 times more likely to show a decreasing trend in area. Analysis 
of a large fire indicates that lakes within the burned region exhibited declines in an area that persisted until the 
end of the study period 20 years after the fire. These declines are likely related to the impact of fire on thaw 
depth, groundwater connectivity, and the development of new drainage pathways. Our results highlight the 
importance of rapid drainage and wildfire as drivers of declines in the lake area.

Plain Language Summary  We assessed how climate and terrain factors influence changes in the 
area of lakes in the Northwest Territories, Canada. Satellite observations showed that the overall surface area 
of lakes in our study region has decreased, and indicate that this change was driven by losses in larger water 
bodies. Smaller lakes tended to increase in area over time, likely responding to increases in precipitation. We 
also confirmed results from a previous study showing that lakes in regions impacted by wildfire are more 
likely to decrease in the area over time. We observed that declines in lake area following wildfire persisted for 
approximately 20 years after the fire, suggesting that wildfire is likely an important driver of change for lakes in 
subarctic environments underlain by permafrost.
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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 geology (Carroll & Loboda, 2018; 
Nitze et al., 2017; Roach et al., 2013; Wang et al., 2018; Yoshikawa & Hinzman, 2003). These terrain character-
istics also strongly influence the prevalence of thermokarst processes, which can drive both lake expansion and 
drainage (Kokelj & Jorgenson, 2013). Rising air temperatures, changes in the intensity of precipitation, and more 
frequent wildfires are also increasing the frequency of thermokarst disturbances across the circumpolar (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 1.5 times more likely to show a decreasing trend in the 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 lakes and ponds, previous remote sensing studies have compared lake 
area 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, variation at interannual and seasonal scales, particularly in small 
water bodies, means that this approach may not be sensitive to the full range of changes in surface water (Carroll 
& Loboda, 2018; Cooley et al., 2019). Other 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 to detect linear trends may mask rapid non-linear processes (such as rapid lake drainage) common in 
northern regions (Jones & Arp, 2015; Mackay, 1988; Nitze et al., 2020). In areas of ice-rich permafrost, abrupt 
non-linear changes in the area of lakes and ponds can be driven by thermokarst 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. Prior inspection of oblique 
air photos and satellite imagery suggested that drained lake basins and other lake area changes were common in 
this region. 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 sta-
tistical approach to classify lakes based on the direction (+/−) and nature (linear/non-linear) of trends in surface 
water area. We used Generalized Additive Models to compare the effects of spring and summer temperature and 
precipitation on the area of large and small lakes. Random Forests were used to associate increasing and decreas-
ing 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.  Methods
2.1.  Study Area

The Lower Mackenzie Plain is located in the Northwest Territories, Canada, south of the Mackenzie Delta (Fig-
ure 1). This region is characterized by thousands of small lakes, peatlands, and spruce forests (Ecosystem Clas-
sification 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 com-
prised of a patchwork of morainal deposits, with silty lacustrine deposits and organic peatlands adjacent to the 
Mackenzie River (Figure 2a). Fine Lacustrine plains are generally composed of silt and clay and overlain by 
discontinuous organic deposits, while morainal deposits are composed of coarse bouldery till (Aylsworth, 2000).

The Mackenzie River flows through the middle of the 14,631 km2 study area and divides two distinct ecoregions: 
the Arctic Red Plain and the Travaillant Uplands (Ecosystem Classification Group, 2009). The Arctic Red Plain 
is located at lower elevations adjacent to the Mackenzie River and contains black spruce forest and upright shrub-
lands interspersed with extensive peatlands (Ecosystem Classification Group, 2009). The Travailliant Upland is 
located at higher elevations and are characterized by white spruce forests underlain by bedrock and a 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 2b).

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 and Climate Change Canada (ECCC, 2020). No precipitation 
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Figure 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 right shows the location of the 
study region within northwestern Canada.

Figure 2.  Maps showing surficial geology (a) and fire history (b) within the study area (black box in Figure 1). Surficial 
geology data is from Aylsworth et al., (2000) and fire history data are from the NWT Centre for Geomatics (2020). Dates 
show the timing of fires within the study region.
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data were available between 2014 and 2020, so our analysis of climate trends 
was restricted to 1985–2014. The climate of this region is cold, with a mean 
annual air temperature of −6.7°C from 1985 to 2014. Median total annual 
precipitation between 1985 and 2014 was 134.4 mm per year, with a median 
of 104 mm falling within the June to August period. Trends in temperature 
and precipitation over this period indicate warming in the winter and spring, 
and increases in precipitation in every season except winter (Figures S1 and 
S2 in Supporting Information S1).

2.2.  Landsat Satellite 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 to 2020 

(Dwyer, 2019). We used Tier 1 Top-of-Atmosphere (TOA) scenes (n = 32) which are geometrically and radi-
ometrically 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. 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 be-
tween 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 the Supporting Information S1. Next, 
we created a mask representing the maximum area of all water bodies in the study area. The 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 polygon features. We used an initial 
threshold of 30,000 m2 (0.03 km2) equal to approximately 33 Landsat pixels, to filter out small ponds that were 
likely to have high mapping error, retaining 5,328 water bodies in the study area.

2.3.  Changes in Lake Area

We assessed changes in total lake area as well as changes within individual lakes. First, we estimated the total 
lake area using lakes with less than 10 missing observations (due to cloud or smoke cover) across the time series 
(n = 3,164/5,328). To estimate the 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 individ-
ual Landsat scene. The resulting dataset was comprised of a moving average of lake area across five consecutive 
Landsat acquisitions. We calculated the total lake area as the sum of lake area within these 5-point 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 (>0.5 km2), medium lakes (0.05–0.5 km2), and 
small lakes (<0.05 km2) based on the average area between 1985 and 1990 (Table 1).

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

Lake size class N Total area (km2)

Small (<0.05 km2) 1193 39.84

Medium (0.05–0.5 km2) 1758 258.50

Large (>0.5 km2) 213 245.20

Table 1 
The Distribution of Lake Size Classes and Total Lake Area Within Each Size 
Class Measured as the Sum of Average Lake Area Between 1985 and 1990
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(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 indicate a strong 
non-linear relationship over time and values close to one indicate 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 (increasing vs. decreasing and non-trended and 
linear vs. non-linear) shown in Figure S5 in Supporting Information S1.

To identify rapid drainage events in large and medium sized lakes we used breakpoint regression from the struc-
change package in R (Zeileis, 2004). We used the breakpoints function to compute the location of breaks, which 
represent the transition from one stable linear regression relationship to another, and are calculated using the 
algorithm described in Bai and Perron (2003). We did not identify rapid drainage events in small lakes as they 
represent a small (∼6%) proportion of the total lake area and the potential for misclassification in the area of 
small lakes is greater. We selected lakes exhibiting one breakpoint, a decreasing trend in the area, and change 
exceeding 30% relative to its initial area (average area between 1985 and 1990). The 30% threshold has previously 
been used to identify catastrophic lake drainage in other regions (Hinkel et al., 2007; Lantz & Turner, 2015). To 
distinguish between lakes exhibiting rapid drainage from other drying processes, including evaporation (gradual 
linear change) or bi-directional change, we examined the time-series of each lake matching these criteria. 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 on initiating abrupt 
changes in the lake area. The fire covered 1,632 km2 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 
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 compared the frequency and timing of breakpoints in the surface 
area time series for burned lakes and lakes within 10 km of the fire scar. We also compared interannual change in 
lake area between burned and unburned lakes.

2.4.  Climate Models

We tested hypotheses relating the effects of spring and summer climate on changes in total lake area using Gener-
alized Additive Models and climate data from the Fort McPherson airport between 1985 and 2014 (Environment 
and Climate Change Environment Canada, 2020). We used data from May and July to capture spring and summer 
conditions because data for these months comprised the most complete daily record over the period of study 
(Figure S3 in Supporting Information S1). Months with more than 10 days of missing data were removed from 
the analysis. 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 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. This subset of the data represents lakes com-
pletely unaffected by cloud cover and ensures that estimates of total annual lake area were calculated on the same 
population of lakes in each year of the time series. We removed lakes from analysis if they were identified as 
having undergone rapid drainage. Total lake area was aggregated by lake size and we fit Generalized Additive 
Models using the R package mgcv (Wood, 2011). In both models (large and small lakes), total lake area (km2) 
was fit as the response variable and the number of days since the beginning of the time series was modeled 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 modeled a correlation structure by including a first order autoregressive term. To 
validate these models we examined plots of model residuals and autocorrelation using the acf function in R (R 
Core Team, 2020). The intercept parameter in both models represents the annual lake area in kilometers at the 
beginning of the time-series, if all coefficients are set to 0.
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2.5.  Random Forests

To further explore the drivers of lake area change and the relative importance of terrain variables, we used a Ran-
dom Forests model to classify lakes showing increasing and decreasing trends in area (Breiman, 2001). The ex-
planatory variables used in this model are described in Table 2. Random forests models were created in R using the 
randomforests package and each tree was trained on a balanced sample of increasing and decreasing lakes (Liaw 
& Wiener, 2002). We estimated the relative importance of terrain variables using the unscaled mean decrease in 
accuracy, and partial dependence plots to visualize the marginal effects of each variable on classification probabil-
ity (Liaw & Wiener, 2002). Partial dependence plots were created using the pdp package in R (Greenwell, 2017).

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.

3.  Results
3.1.  Overall Change in Lake Surface Area

Between 1985 and 2020, 43% of lakes showed a significant trend in area, and the majority of these changes (65%) 
were non-linear in nature. Total lake area in the study region decreased by approximately 1%, representing a net 
change of 5.18 km2 (Figure 3). Declines in total lake area primarily occurred early in the time series (between 

Variable Description/Source Rationale

Ecoregion Classification of level 4 ecoregions in the Taiga Plains 
(NWT Ecosystem Classification Group, 2009)

Vegetation, geology and other landscape characteristics likely influence 
lake expansion and drainage.

Surficial geology Surficial geology of the Fort McPherson region 
(Aylsworth, 2000)

Soil texture influences permeability and rate of drainage with lakes in 
coarse-grained sand more likely to decrease in area (Wang et al., 2018).

Lake Area Average lake area between 1985 and 1990 Smaller lakes may be more susceptible to evaporative drying and trends in 
precipitation (Campbell et al., 2018).

Fire history Boundaries of recent wildfires from 1965 to 2019 (NWT 
Centre for Geomatics, 2020).

Lakes in fire scars are more likely to decrease in area due to increased 
connectivity to groundwater following fire (Roach et al., 2013).

Drainage gradient (Slope) Mean slope within 30m of lake perimeters calculated 
using the Arctic DEM data (Porter et al., 2018).

Lakes at low elevation relative to surroundings may be more likely to 
increase in area.

Interlake Distance Distance to nearest neighboring lake measured using lake 
perimeters.

Lakes that tap other nearby water bodies may be more likely to drain.

Table 2 
Terrain Variables Included in the Random Forests Model to Predict the Direction of Change in Lake Area (Increasing or Decreasing)

Figure 3.  Change in total lake area relative to the 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.
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1985 and 1995) and remained relatively stable for the rest of the time series. The total area of large and medium 
sized lakes both declined over time (Figure 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, but 29% of lakes showed a significant increasing trend and 13% showed a decreasing trend (Table 3). Lakes 
exhibiting significant changes in the area tended to show primarily non-linear changes (Table 3).

3.2.  Identifying Rapid Lake Drainage

We identified 13 large lakes and 38 medium sized lakes exhibiting large non-linear decreases in area, indicative of 
rapid 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) showing rapid and persistent drainage (Figure S6 in Supporting Information S1). 
This suggests that over the 35-year time series, the annual rate of rapid drainage events among lakes larger than 
0.05 km2 was 0.14 lakes per year. The five lakes that drained over this period account for 1.41 km2 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 S6 in Supporting Information S1).

3.3.  Effect of 1999 Fire on Lake Area Trends

Our analysis shows that 33% of lakes inside the region burned by a 1999 fire exhibited a significant decrease in 
surface area compared to 5% of lakes within 10 km of the fire. One-sided Mann Whitney tests show that lakes 
inside the fire had significantly lower relative area compared to lakes outside the fire (p < 0.01) for 13 out of 
the 16 years after the fire, but never before the fire (Figure 4). The relative area of lakes within the fire was still 
significantly lower than unburned lakes in 2019, 20 years after the fire occurred in 1999 (Figure 4). Breakpoint 
regression analysis shows that the frequency of breakpoints for lakes inside and outside the burned area was simi-
lar before the fire, but increased for lakes inside the burned area immediately after the fire (Figure 5). 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 5). After 2001, the difference in breakpoint frequency between burned and 
unburned lakes was less than 1% for all years except 2007 (6% difference).

Figure 4.  Boxplots comparing the median change in lake area relative to the average area between 1985 and 1990 for 
lakes within a fire scar and lakes outside the fire but within 10 km of the fire boundaries. The extent of the box shows the 
interquartile range and the whiskers show the 10th and 90th percentiles. The dashed vertical line shows the year the fire 
occurred. Landsat imagery from 1999 was captured prior to the fire. Asterisks (*) indicate a statistically significant difference 
at the p < 0.01 level.
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3.4.  Effect of Spring and Summer Climate Variables on Total Lake Area

Generalized additive models relating interannual variability in lake area with climate variables showed that July 
precipitation had a significant positive effect on total lake area for both large and small lakes (Table 4). The 
effects of May and July temperature and May precipitation were not significant in either model (Table 4). The 
non-linear smooth effect for time and the effect of month was significant for large lakes, with lake area in August 
lower on average than lake area in July.

3.5.  Association Between Lake Area Trends and Terrain Type

The unscaled variable importance for the random forests classification shows 
that the most important predictors of the direction of change in lake area 
were initial lake area, fire history, and surficial geology (Figure 6). Partial 
dependence plots showing the probability of a lake being classified as in-
creasing versus decreasing in area indicate that smaller lakes, lakes outside 
of fire scars, and lakes in fine-grained lacustrine deposits were most likely to 
increase in area over time (Figure 7). Conversely, larger lakes, lakes within 
fire scars, and lakes in organic deposits were more likely to decrease in area 
(Figure 7). The random forests classification showed 72.4% accuracy and a 
kappa score of 0.38, indicating a fair agreement between model predictions 
and actual trend classes (Landis & Koch, 1977).

Figure 5.  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 10 km of the 
fire scar (bottom, n = 752). Note that no data were 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.

Increasing Decreasing Non-trended Total

Linear 11% 4% 19% 34%

Non-Linear 18% 10% 38% 66%

Total 29% 14% 57% N = 5328

Table 3 
Percent of Lakes in the Study Area Belonging to Six Drainage Classes 
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)
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4.  Discussion
Our analysis shows that changes in Subarctic surface water are influenced 
by lake size, climate, and terrain factors, but also highlights that wildfire 
can have a disproportionate influence. Drainage of two large lakes follow-
ing 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. Roach et  al.,  (2013) also observed that lakes inside burned 
areas were more likely to decrease in the area over time. Observed decreas-
es 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 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 increase soil water storage capac-
ity and increase hydrological connectivity, and connectivity to groundwa-
ter, impacting both inflow and outflow to a lake (Haynes et al., 2019; Jones 
et al., 2020; Liljedahl et al., 2007; Roach et al., 2013). Lakes with decreasing 
trends in area were more likely to show non-linear change rather than linear 
change, which likely reflects the prevalence of rapid lake drainage as well as 
bi-directional changes resulting from partial lake infilling. It is also possible 
that the rapid drainage of the two large lakes following the 1999 fire was 
caused by changes in near-surface ground ice conditions and the formation 
of new outlet channels (Nitze et al., 2020; Yoshikawa et al., 2002). To inves-
tigate the geophysical mechanisms driving these changes, future work could 
pair remote sensing observations with measurements of ground temperature 
and active layer depth. Other forms of remote sensing data such as repeated 
LiDAR surveys and thermal imaging would also help map changes in per-
mafrost conditions and ground temperature following fire. Understanding the 
interaction between permafrost, fire, and lake area is important given the in-
creasing frequency and size of northern wildfires (Hu et al., 2015; Kasischke 
& Turetsky, 2006). Persistent declines in lake area following fire will like-
ly have long-term impacts on ground temperatures, permafrost aggradation 
(Burn, 2005) as well as vegetation succession, and habitat quality in drained 
areas (Cooley et al., 2020; Lantz, 2017; Marsh et al., 2009).

Large lakes

r2 = 0.874

Parametric Coefficients Estimate Std.Error t-value p-value

Intercept 13.770 0.905 15.220 0.000***

Acquisition month (Aug) −1.076 0.200 −5.371 0.006***

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

r2 = 0.669

Parametric Coefficients Estimate Std.Error t-value p-value

Intercept 6.984 0.411 16.983 0.000***

Acquisition month (Aug) −0.178 0.090 −1.973 0.118

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

Note. Estimates of parametric coefficients represent the change in total 
lake area in km2 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 modeled as a linear 
effect. Asterisks denote statistically significant results at the p  <  0.1 (*), 
p < 0.05 (**) and p < 0.01 (***) level.

Table 4 
Parameter Estimates From Generalized Additive Models of Total Lake Area 
as a Function of Month, Lake Size and May and July Climate Variables

Figure 6.  Variable importance plot from the Random Forests Model of lake-trend type (increasing vs. decreasing). Unscaled 
variable importance shows the mean decrease in model accuracy if that variable is excluded.
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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 in-
creased between 1985 and 2020, total surface water in the study area decreased by 1%. A change that was largely 
driven by declines in large and medium sized lakes (Figure 3). This suggests that precipitation increases were not 
the primary control of net change in lake area over the interval studied. Attempts to predict the direction of change 
in lake area in other regions should consider local terrain and permafrost characteristics that may mediate the 
effects of climate change. 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 3). The greater 
sensitivity of small lakes to increased precipitation in the study region may have been driven by their greater 
surface area to volume ratios (Arp et al., 2011; Campbell et al., 2018; Marsh & Bigras, 1988), however, field data 
on lake depth is needed to confirm this hypothesis. 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). 
The observed 1% decrease in total lake area in our study region, is also comparable to other regions. Similar 
studies in Old Crow Flats and interior Alaska showed a 5% and 3% decrease in total lake area (Lantz & Turn-
er, 2015; Rover et al., 2012). Change in our study area was likely smaller because of increases in small lakes and 
the frequency of lakes that partially drained and subsequently refilled. Differences in the time-period analyzed 
may have also influenced the magnitude of observed changes.

Our analyses suggest that decreases in lake area were also facilitated by differences in surficial materials across 
the study area. Random Forests showed that lakes underlain by organic material were the most likely to show 
decreasing trends in area, and lakes in fine-silty lacustrine sediments were more likely to show increasing trends 

Figure 7.  Partial dependence plots showing the probability of observing increasing surface water area versus decreasing area 
as a function of the three most important independent variables in the random forests model: (a) lake area, (b) fire presence/
absence (c) surficial geology. Negative probability values indicate that increases in the area were less likely compared to 
decreases at that value of the independent variable. Rug marks show the deciles of the lake area data, (to better represent 
partial dependence for the majority of lakes, note that lakes larger than 5 km2 were included in the model but not plotted).
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(Carroll & Loboda, 2018; Wang et al., 2018). 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 in-
fluences ground-ice content, which may contribute to the frequency of thermokarst lake drainage (Jorgenson 
et al., 2008; O’Neill et al., 2019).

Our data also show that rapid lake drainage is an important hydrological process in our study area. Five rapid 
drainage events among lakes larger than 0.05 km2 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 (Jones 
& Arp, 2015; Lantz & Turner, 2015; Mackay, 1988; Nitze et al., 2020). Rapid lake drainage can occur through a 
range of thermokarst processes resulting in head-ward erosion, or the formation of a new outlet channel. We ob-
served a rate of 0.14 rapid drainage events 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 data for some lakes, we could not confirm if 
some drainage events occurred within a 1-year period, thus our estimate of the rate of catastrophic drainage events 
is likely conservative. In other regions, large decreases in lake area typically corrrespond to permanent losses 
(Lantz & Turner, 2015; Nitze et al., 2020), however, in this region, we observed that large losses in lake area were 
frequently followed by partial refilling.

5.  Conclusions
In this analysis, we used the Landsat satellite archive to map interannual changes in the area of 5,379 lakes in 
the Lower Mackenzie Plains between 1985 and 2020. We found a small decrease in the total lake area, despite 
increases in summer precipitation. Lake size had a strong effect on the direction of change, with smaller lakes 
more likely to increase in area and larger lakes more likely to decrease in area. Sediment permeability also in-
fluenced the direction of change, with lakes located in fine-grained lacustrine sediment more likely to increase 
in area compared to lakes in more permeable organic deposits. We also show that 27% of all lake area losses in 
the study area were associated with the rapid drainage of five large and medium sized lakes. This suggests that 
thermokarst processes are an important contributor to lake area change in this region. In particular, lakes located 
in fire scars were 3.8 times more likely to show a decreasing trend in the area. These results are similar to those 
reported in Roach et al. (2013), however, more work is needed to understand the physical mechanisms linking 
wildfire to lake area change. While a small subset of lakes showed permanent losses in the water area, partial 
infilling of drained lakes was also common. At the local scale, these changes are likely to impact permafrost 
aggradation, wildlife habitat, and vegetation succession (Burn, 2005; Cooley et al., 2020; Lantz, 2017; Marsh 
et al., 2009). Across broader spatial scales, understanding the direction of change in lake area will be important 
in predicting the response of permafrost to climate change and greenhouse gas emissions from permafrost soils 
(Anthony et al., 2014).

Data Availability Statement
Data used in this study are publicly available from the cited literature. Images from the Landsat satellite ar-
chive were downloaded through Google Earth Engine (Google Earth Engine). Historic climate data from Fort 
McPherson is available through Environment and Climate Change Canada (Station Results - Historical Data -  
Climate - Environment and Climate Change Canada (weather.gc.ca)). Processed satellite images, associated 
shapefiles, and data derived from satellite images are available from the Scholars Portal Dataverse at https://doi.
org/10.5683/SP3/MZ4XS0.
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