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Abstract

Climate change at high latitudes is expected to increase the cover of woody vegetation across the
forest-tundra ecotone. However, there is still uncertainty concerning the nature and magnitude of
these changes. In this study, we used open access satellite remote sensing data from ICESat-2 and
Landsat to model change in vegetation structure across 183 million hectares of the Canadian
forest-tundra ecotone from 1985 to 2021. We used Random Forests models to predict canopy
presence and height across six time periods at 30 m spatial resolution. Change between time
periods was used to classify nine stable and transitional vegetation types. We used these data to
map advance and retreat in the northernmost forest limit and linked change types to disturbance
history. Over the study period, the extent of forested area increased by 0.9% and the forest limit
warmed by 1.08 °C, receiving 25 mm more annual precipitation. However, large parts of the forest
limit remained stable over time despite favorable climate conditions. Our mapping also revealed
divergent patterns in forest and shrub expansion across the ecotone, with shrubs exhibiting more
widespread and diffuse expansion above the forest limit. Increasing vegetation structure across the
ecotone was strongly associated with fire history as 80% of mapped vegetation changes occurred in
disturbed areas. The majority of forest growth and new forest expansion occurred in fires that
burned over 40 years ago. These findings highlight the importance of disturbance-recovery
dynamics in structural vegetation change over decadal time periods.

1. Introduction

High latitudes are experiencing rapid climate shifts,
and vegetation is responding to change in grow-
ing season length, temperature, precipitation and fire
regimes (Matasci et al 2018, Berner et al 2020, Myers-
Smith et al 2020, Orndahl et al 2022). The forest-
tundra ecotone (FTE), located between the boreal
and tundra biomes is expected to be a catalyst for
future vegetation change (Payette et al 2001, Berner
and Goetz 2021). Projected increases in temperature
and precipitation could facilitate northward advance
of the boreal biome over the next century (Pearson
et al 2013, Montesano et al 2024). These changes
are concerning due to broad-scale implications for

habitat quality and availability (Rickbeil et al 2018,
Speed et al 2021), carbon storage (Epstein et al 2012),
and permafrost stability (Chapin et al 2000).

Over recent decades, boreal forests have shown
mixed response to climate change. Satellite observa-
tions of tree cover suggest that losses due to fires
below the treeline are greater than forest expansion
at the treeline (Rotbarth et al 2023). This is con-
sistent with fine-scale observations showing limited
change (Evans and Brown 2017, Brodie et al 2019,
Rotbarth et al 2023), or no northward advance of lat-
itudinal treelines despite favorable climate conditions
(Lantz et al 2019, Timoney et al 2019, Timoney and
Mamet 2020, Maher et al 2021). Vegetation change in
the FTE is complex and changes in forest cover are
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also influenced by expansion of tall shrubs (Brodie
et al 2019, Terskaia et al 2020). Shrubs have shown
more rapid responses to climate compared to conifers
(Travers-Smith and Lantz 2020), and establishment
of tall shrubs may restrict future tree establishment in
the tundra (Terskaia et al 2020). Taken together, these
findings indicate complex relationships between cli-
mate and potential shifts in the boreal biome, in part
due to interactions with fire and shrub expansion.

To date, remote sensing studies of northern
vegetation have largely focused on analyzing pat-
terns in spectral greening indices, including the
Normalized Difference Vegetation Index and the
Enhanced Vegetation Index (EVI; Guay et al 2014,
Sulla-Menashe et al 2018, Berner et al 2020, Myers-
Smith et al 2020, Berner and Goetz 2021, Chen et al
2021). Spectral greening trends have been associated
with increasing Leaf Area Index (Myers-Smith et al
2011, McManus et al 2012), vegetation phytomass
(Walker et al 2003, Epstein et al 2012), and grow-
ing season length (Arndt et al 2019). Stronger green-
ing trends at the northern margin of the boreal have
been speculated to indicate northward advance of
the biome (Sulla-Menashe et al 2018, Berner and
Goetz 2021). However, greenness indices alone are
not always strong predictors of forest structure due
to confounding signals from the ground and under-
story vegetation (Loranty et al 2018, Walker et al
2021). Indices that incorporate longer wavelengths,
including shortwave infrared, may be better predict-
ors of forest cover and canopy height at the treeline
(Fraser et al 2017, Travers-Smith et al 2025). Thus,
linking spectral indices to the physical characteristics
of vegetation may improve remotely sensed indicators
of forest change (Rotbarth et al 2023).

Active remote sensing such as Light Detection
and Ranging (lidar) provides direct measurements of
vegetation height and cover that can be integrated
with spectral time-series to map vegetation struc-
ture over large areas (Matasci et al 2018, Mulverhill
et al 2022, Montesano et al 2024). Current mod-
els of structural change in the FTE are limited
due to the high cost of lidar acquisitions in the
north (Margolis et al 2015). Spaceborne lidar plat-
forms can help address limitations with cost and
scale, collecting standardized height measurements
across the globe. Currently, ICESat-2 is the only
spaceborne lidar platform operating above 51° lat-
itude (Markus et al 2017). ICESat-2 was launched
in 2018 and carries a single-photon counting lidar
system with three pairs of green (532 nm) lasers
that illuminate the ground every 70 cm along the
satellite’s path (Magruder et al 2021). Geolocated
photon returns are classified into and summary stat-
istics of canopy and terrain height are calculated
within 20 m and 100 m segments (Neuenschwander
and Pitts 2019). Canopy height measurements from
ICESat-2 have been validated across boreal forests
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(Neuenschwander et al 2020, Mulverhill et al 2022,
Feng et al 2023) and used to derive wall-to-wall map-
ping products in various ecosystems (Shah et al 2020,
Sothe et al 2022, Malambo et al 2023, Travers-Smith
etal 2024).

To better inform future projections of change
in the forest-tundra ecotone, multi-decadal monit-
oring is needed to capture gradual ecological pro-
cesses, including northward forest advance (Timoney
2023). In this study, we use lidar measurements
from ICESat-2, and Landsat time-series to model
vegetation change across 183 million hectares of the
Canadian FTE. We examine long-term trends in
vegetation presence and height over 36 years and clas-
sify multiple types of structural change at 30 m spatial
resolution. These data were used to address the fol-
lowing research questions: (1) Are observed changes
in forested area consistent with climate-driven north-
ward advance of the forest limit? (2) How has veget-
ation cover and height changed across the Canadian
FTE? And (3) How much of these changes are attrib-
utable to disturbance-recovery dynamics?

2. Methods

2.1. Study area

Our study area encompasses 183 million hectares of
the Canadian FTE within Yukon Territory, Northwest
Territories, Nunavut, northern Quebec and the
Newfoundland-Labrador peninsula (figure 1). This
region traverses the traditional territories of many
Indigenous peoples including the Dene, Inuit, Cree
and Métis peoples. In particular, a significant por-
tion of the FTE is within Inuit Nunangat—the Inuit
homeland which includes the Inuvialuit, Nunavut,
Nunavik and Nunatsiavut regions (RCGS 2018a).
The Denendeh and Eeyou Istchee regions encom-
pass large areas of northern boreal forest below of
the treeline, and are home to many Dene and Cree
communities (RCGS 2018b).

Climate, vegetation, and soils vary across the
study area and are controlled by latitude, prox-
imity to the ocean and glacial history (Ecosystem
Classification Group 2007, 2012). Climate is cold with
mean annual temperatures below freezing (Wang
et al 2016). Between 1948 and 2018 air temperat-
ures warmed by approximately 1 °C-3 °C, with more
rapid warming in the northwest (Vincent et al 2020).
Precipitation has also increased at a rate of 1.5%—-2%
per decade, with a greater proportion falling as rain
(Box et al 2019).

The Taiga Plains, Taiga Shield and Southern
Arctic ecozones make up the majority of the study
area. The Taiga Plains are located in the northw-
est part of the study area and white spruce (Picea
glauca) and black spruce (Picea mariana) are the
dominant species at the treeline (Timoney et al 1992).
The boundary between the Taiga Plains in the west
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Figure 1. Map of the Canadian arctic and sub-arctic. The red outline indicates the extent of the forest-tundra ecotone study area.
The shaded areas, defined in the legend, show the extent of the major ecoregions in the study area and the solid black line
indicates the extent of the continuous 3 m forest limit (Travers-Smith et al 2024).
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and the Taiga Shield in the east is defined by the
extent of Precambrian granite that is characteristic
of the Shield (Ecosystem Classification Group 2008).
The width of the ecotone increases across the Taiga
Shield and drops southward in latitude (Timoney
et al 1992). Soils in this region are relatively nutri-
ent poor with areas of exposed bedrock supporting
black spruce (Picea mariana) and Jack pine (Pinus
banksiana) at the treeline (Timoney et al 2019). The
Southern Arctic makes up the northernmost part of
the study area and is largely treeless hosting extensive
lake and stream networks (Ecosystem Classification
Group 2012).

2.2. Data

2.2.1. IceSat-2

We used the ICESat-2 Land and Vegetation Height
ATLO08 product (version 5) to sample canopy presence
and vegetation height. We followed previously pub-
lished procedures to extract high quality ATL08 20 m
segments suitable for spatial modelling (Mulverhill
et al 2022, Travers-Smith et al 2024). Segments were
filtered based on the quality control flags to remove
samples impacted by water, blowing snow, aero-
sols, multiple scattering effects and clouds. The ter-
rain quality flag was also used to remove segments
where the estimated ground height was outside of

an acceptable range from a reference Digital Terrain
Model (DTM). To broadly correspond with the 30 m
resolution of Landsat and ASTER-GDEM data, we
used 98th percentile canopy height within 20 m seg-
ments. To align ATLO8 segments with spectral and
topographic covariates, we created a 20 m buffer
around the center of each ATL08 segment and joined
the canopy height attributes to the mean pixel values
of each layer intersecting with the buffer. In total, we
used 982 296 ATL08 segments from the strong beams
acquired in the months of December and January
from 2019 to 2021.

2.2.2. Landsat Best Available Pixel (BAP)

Landsat BAP composites use multiple images across a
single growing season to generate annual cloud and
gap free mosaics of surface reflectance (White et al
2014). The radiometric stability of surface reflect-
ance data can vary across bands and sensors (Mishra
et al 2016, Sulla-Menashe et al 2016). When select-
ing pixels for inclusion in a given BAP composite,
priority is given to pixels closest to the center of
the annual growing season (1 August) that are free
of atmospheric interference from clouds, shadow or
haze. Missing reflectance values are imputed using
temporal trends fit across the entire time series
(Hermosilla et al 2015). This surface reflectance
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product provides consistency over time and space,
and has been used as the foundation for a range of
time-series analysis conducted over Canada’s forested
ecoregions (Hermosilla et al 2018, 2025, Matasci et al
2018). We expect Landsat surface reflectance values
to represent similar physical features over time, which
supports modeling both current and historic vegeta-
tion conditions (Hermosilla et al 2018).

We used annual composites to generate spectral
predictor variables over the following six decadal time
periods: 1985-1995, 1990-2000, 1995-2005, 2000—
2010, 2005-2015, 2010-2021. Overlapping 10 year
time periods were chosen due to the stronger pre-
dictive power of long-term average reflectance val-
ues in Random Forests models (Bolton et al 2018).
Additionally, annual BAP composites earlier in the
time-series have more missing values that have been
temporally filled (Hermosilla et al 2015). Longer
time periods (>5 years) ensure there are adequate
number of real surface reflectance measurements in
each period. In each time period, we derived the
median spectral value across six spectral bands (red,
green, blue, NIR, SWIR1, SWIR2) and derived four
multi-band indices: tasseled cap brightness (TCB),
tasseled cap wetness, tasseled cap greenness (TCG)
and the EVI using equations from Hermosilla et al
(2022). Pixels experiencing a stand replacing disturb-
ance during the time series were identified using the
Composite2Change data product and removed from
model training (Hermosilla et al 2016). To remove
pixels impacted by drainage and expansion of water-
bodies, we generated a mask of maximum water
extent using minimum thresholds in annual TCB and
EVI and removed pixels with water in three or more
years of the time series.

2.2.3. ASTER-GDEM

The ASTER Global Digital Elevation Map (Tachikawa
et al 2011; version 2) was used to derive four topo-
graphic predictors at 30 m spatial resolution: eleva-
tion, slope, aspect and Topographic Position Index
(TPI). Slope, aspect and TPI were calculated from
the DEM using the adjacent eight pixels in R using
the terrain function in the ‘raster’ package (Hijmans
2022). TPI was calculated as the difference in eleva-
tion between a pixel and the mean of its neighbors.

2.2.4. Northwest territories fire history

Within a subset of our study area, we used a dataset of
fire boundaries that burned between 1950 and 2020
across the Northwest Territories to examine associ-
ations between vegetation change and fire history
(NWT Centre for Geomatics 2024). This dataset rep-
resents one of the most comprehensive records of fire
history in northern Canada and uses historic air pho-
tographs to map fires that burned before the satellite
record. Fires were grouped into the following classes:
undisturbed, pre-1985, 1985-1999 and 2000-2011.

H Travers-Smith et al

2.3. Random forests modeling

In each time period (n = 6), we used a Random
Forests classification model to predict the prob-
ability of canopy presence or absence (%), and a
Random Forests regression model to predict canopy
height (m), following a similar workflow described
in Travers-Smith et al (2024). Additional validation
of modeled canopy height using independent air-
borne lidar data is also reported in Travers-Smith ez al
(2024). Models were trained using the ten spectral
variables from the last decadal time period (2010-
2021) corresponding with the 2019-2021 ICESat-2
ATLO8 acquisitions (n = 982 396), and the four topo-
graphic variables from the ASTER-GDEM data. We
created a dataset to train the models using ATLO8
segments representing undisturbed and spectrally
homogenous areas within a 20 m circular buffer
around the center of each ATL08 segment. Within
the buffer we extracted the coefficient of variation
in spectral values and disturbance history. Segments
with no disturbance history over the Landsat record
and a coefficient of variation <10% were selected for
model training (n = 565 541). After training, mod-
els were tested on all remaining segments not used
in the training datasets. The models and predictions
were generated using the ‘ranger’ R package (Wright
and Ziegler 2017). We used the unscaled permutation
method to assess relative variable importance, which
calculates the increase in MSE when the values of each
predictor variable are randomly permuted.

The canopy presence model was trained on
300 000 ATLO8 segments labeled as ‘canopy present’
or ‘canopy absent’. The labels were based on the land
cover flag in the ATLO8 metadata and a minimum
number of four number photons classified as ‘can-
opy’ or ‘top of canopy’ in each 20 m segment (Travers-
Smith et al 2024). The probability of canopy pres-
ence and absence (ranging from 0%-100%), repres-
ents the proportion of decision trees in the forest that
predicted each class. The number of trees was set to
1001 (to break ties) and the mtry parameter set to five.
The canopy height regression model was trained on
193 805 segments, representing all of the undisturbed
and spectrally homogenous segments with a canopy
present. The Random Forests regression model was
generated using 1000 trees and the mtry parameter
was seven. We also assigned a weight to each sample
(case_weights) to increase the probability of sampling
high and low canopy heights. This helps mitigate the
effect of sample averaging within decision trees that
reduces the range of the predicted values relative to
the training data. Weights were defined based on the
number of standard deviations away from the mean,
with greater weight assigned to samples further from
the mean. To assess how spectral indices in our model
capture variation in vegetation structure, we sampled
200 000 pixels classified as no canopy, 1-3 m 3-
5m, 5-10 m and >10 m and plotted the distribution
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of spectral values and indices within each structural
class.

2.4. Mapping advance of the northern forest limit
We used the canopy presence and canopy height lay-
ers to map the northernmost extent of vegetation
at least 3 m in height for the first and last decadal
periods in the analysis (1985-1995, 2010-2021). The
difference between these extents was used to eval-
uate northward advance of the boreal forest. We
used a 3 m threshold because this limit aligns best
with the forest-tundra boundary defined by Timoney
et al (1992). This threshold also represents a gen-
eral boundary between tall shrubs and low-stature
forests close to the treeline, while still being detect-
able in spaceborne lidar data (Travers-Smith et al
2024). Thus, change in the 3 m forest limit is likely to
represent advance or retreat of a meaningful, ecolo-
gical boundary. In both time periods, canopy height
was set to 0 m when the probability of canopy pres-
ence was <50%. We summarized mean canopy height
within a 1 x 1 km grid and classified cells using a
3 m threshold in mean canopy height. From the clas-
sified grid, we created polygons representing fores-
ted and non-forested areas and generated a smoothed
continuous boundary generalizing the geometry of
the resulting features. To quantify areas represent-
ing advance and retreat of the forest limit, we calcu-
lated the difference between the extent of continu-
ous 3 m forest area in 1995 and 2021 and removed
regions covered by water bodies. An advance in the
forest limit indicates the region within the 2021 forest
boundary that was not in the 1995 forest bound-
ary. Retreat indicates regions within the 1995 forest
boundary that was not in the 2021 forest boundary.
To evaluate climatic constraints on northward forest
advance, we used interpolated climate data at 1 km
spatial resolution from ClimateNA (Wang et al 2016)
to extract mean annual temperature and total annual
precipitation for pixels intersecting the forest limit for
both time periods.

2.5. Defining vegetation structural change classes

We used a heuristic model to classify 30 m pixels
into nine stable and transitional vegetation classes
(table 1). Within each time period (n = 6) we clas-
sified pixels into three structural types: no canopy,
shrub (1-3 m) or forest (>3 m). Next, we com-
pared the majority class between the first and last
three time periods. If the majority was the same,
the pixel was classified as ‘stable no canopy’, ‘stable
shrub’ or ‘stable forest, according to the majority
class over time. The following transitional vegetation
types were defined based on change in the major-
ity vegetation class: ‘canopy loss’ (forest or shrub to
no canopy), ‘new shrub’ (no canopy to shrub), ‘new
forest’ (no canopy or shrub to forest), ‘shrub infilling’
(forest to shrub). For pixels with majority forest class,

H Travers-Smith et al

Table 1. Descriptions of the nine structural vegetation types
classified at 30 m spatial resolution. Decision rules were based on
change in the majority class between the first and last three time
periods and linear trends in canopy height.

Vegetation class Decision rules

Stable no canopy
Stable shrub (1-3 m)
Stable forest (>3 m)

Majority no canopy class
Majority shrub class

Majority forest class & no trend
in height

Change between forest and shrub
classes but no trend in height
Majority forest class & increasing
height

Stable low forest

Forest growth

Shrub infilling Forest to shrub change OR
majority forest with decreasing
height

Canopy loss Change from forest or shrub to
no canopy

New forest Change from no canopy or shrub
to forest

New shrub Change from no canopy to shrub

we calculated linear trends in canopy height to fur-
ther identify ‘forest growth’ (increasing height) and
‘shrub infilling’ (decreasing height). We plotted the
distribution of ¢-scores across the study area (supple-
mental figure 1) and used a threshold of £1.69 to cap-
ture non-trended, increasing and decreasing trends in
forest height. Due to the greater uncertainty in heights
below 3 m we did not calculate linear trends in height
within the shrub class. Finally, if a pixel transitioned
from the forest to shrub class or vice versa, but there
was no significant trend in height we classified it as
‘stable low forest’ This accounts for potential spuri-
ous transitions between the forest and shrub class in
pixels that are close to the 3 m threshold.

3. Results

3.1. Model performance & spectral indicators of
vegetation structure

The Random Forests canopy presence model had
an overall 89.9% accuracy on the test dataset
(n = 682 396). Canopy presence was detected with
82% accuracy while canopy absence was detected with
93% accuracy. The regression model predicting can-
opy height had overall RMSE was 1.93 m and R? was
0.47 on the test dataset (n = 154 287). In both clas-
sification and regression models, topographic pre-
dictors had low variable importance compared to the
spectral bands and indices. The most important vari-
ables in the classification model were the SWIR1 and
red bands and TCB. Similarly for the height model the
most important variables were TCB and the NIR and
SWIR?2 bands. Overall, shortwave infrared reflectance
and the TCB index decreased within increasing veget-
ation structure figure 2. Near-infrared reflectance and
TCG showed non-linear relationships with structure.
Spectral greenness was greatest in the 1-3 m height
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range and intermediate canopy heights (3-10 m)
showed the lowest greenness values (figure 2).

3.2. Change in the forest limit

Overall, the extent of continuous 3 m forest was sim-
ilar between the two time periods (1985-1995 and
2010-2021; figure 3). The area of 3 m forest increased
by 15 921 km? (0.9% of the 1995 forest extent). The
area representing forest advance was 24 146 km? and
the area representing retreat was 8,225 km?. Advance
was not uniform across the study area, and large
parts of the 1995 forest limit were unchanged in
2021 (figure 2). Areas of advance were spatially con-
strained and tended to occur between neighboring
areas of the forest limit. The Taiga Shield east of
Hudson’s Bay showed more advance than western
Canada, with 12 264 km? of new continuous forest
area. The Taiga Shield and the Hudson Plains eco-
zone west of Hudson’s Bay showed the most extensive
forest retreat (figure 3). Analysis of climate variables
along the forest limit show that mean annual temper-
ature at the forest limit has warmed by 1.08 °C and
total annual precipitation increased by 25 mm from
1985 to 2021.

3.3. Structural vegetation change

The vast majority of the study area had stable veget-
ation structure over time (92%), with 45% clas-
sified as ‘no canopy, 34% as ‘forest’ and 9% as
‘shrub’ (figure 4 and table 2). The Southern Arctic
showed the least amount of change with 2.3% clas-
sified as transitional, while 11.7% and 10.7% of

the Taiga Plains and Taiga Shield showed struc-
tural change, respectively (table 2). The most fre-
quently occurring type of change was ‘shrub infilling’
covering 3.2% of the study area (table 2). The
‘forest growth’ class covered 1.8% of the study
area and ‘canopy loss’ covered 1.2% of the study
area. Both the ‘new forest’ and ‘new shrub’ classes
showed similar coverage with 0.7%—-0.9% respectively
(table 2).

Maps showing the distribution of the transitional
classes indicate divergent patterns in forest and shrub
expansion across the ecotone (figure 5). Pixels clas-
sified as ‘new forest’ are generally close to or below
the historic forest limit, while ‘new shrub’ pixels show
widespread and diffuse presence above the forest
limit (figure 5). The northwestern part of the study
area shows concentrated ‘forest growth’ compared to
Nunavik on the eastern side of Hudson’s Bay, which
shows a greater amount of ‘shrub infilling’ (figure 5).
The central part of the study area also has a higher
concentration of canopy loss, likely associated with
fires.

Fire history accounts for a high proportion of
structural change, with 80% of transitional pixels loc-
ated in fire boundaries. Older fires that burned before
1985 were more likely to show increasing forest struc-
ture with 17.3% and 6.1% of these areas classified as
‘forest growth’ or ‘new forest) respectively (table 3).
In undisturbed areas, ‘forest growth” and ‘new forest’
covered 1.9% and 0.4%, respectively. As expected,
recent fires had a higher proportion of pixels classified
as ‘shrub infilling’ and ‘canopy loss’ compared to
undisturbed areas (table 3).
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Figure 3. Mapping retreat and advance of the northern limit of continuous 3 m forest using canopy height and presence in the
1985-1995 and 2010-2021 time periods. The inset map highlights a region where the forest limit has advanced northward. The

4. Discussion

In this study, we used spaceborne lidar and spectral-
time series data to map change in vegetation struc-
ture across the Canadian FTE over a 36 year period.
Our results support mapping conducted with high-
resolution air photos showing limited treeline
advance across North America, despite increases
in temperature and precipitation (Lantz et al 2019,
Timoney and Mamet 2020, Travers-Smith and Lantz
2020, Maher et al 2021). We show overall stability in
the cover of shrub (1-3 m) and forest (>3 m) canop-
ies across the ecotone. However, the distribution of

“new shrub” and “new forest” classes diverged pat-
terns across the forest limit. Forest expansion was
concentrated below the historic forest limit, while
shrub expansion was more frequent above the forest
limit. These findings are also consistent with analysis
of forest cover change in Canada by Hermosilla et al
(2025), who reported infilling of trees in proximity
to existing treed areas and recovery from wildfires
predating the Landsat record in the mid-1980’s. The
strong association between vegetation change types
and the timing of fires also indicates that current
and future fire regimes will play significant role in
vegetation dynamics over decadal time scales.
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Figure 4. Map of structural vegetation classes across the study area. The inset maps show detail in the 30 m change product. Panel
A also highlights structural change within the extent of two fires that burned in 1999 and 1968 (black outline). Water and
unclassified pixels areas are shown in white.

Table 2. Summary table showing the proportion of structural vegetation change across the entire study area and stratified by ecoregion
(%). The bold text shows the total proportion of stable and transitional classes and the proportional coverage of each ecoregion over the

entire study area.

Taiga Taiga Southern  Arctic Hudson

Structural class Plains Shield Arctic Cordillera Plains Overall
Stable no canopy 10.0 33.2 80.3 19.8 56.5 454
Stable shrub (1-3m) 0.8 9.5 7.3 59.2 0.6 9.0
Stable forest (>3 m) 74.3 43.5 8.6 12.9 31.6 34.9
Stable low forest 3.2 3.1 1.5 4.6 3.5 2.7
Total Stable 88.3 89.3 97.7 96.6 92.2 92.1
Forest growth 4.5 2.3 0.3 0.6 0.5 1.8
Shrub infilling 4.7 4.8 0.2 0.4 1.5 3.2
Canopy loss 1.5 1.5 0.6 0.5 4.8 1.2
New forest 0.8 1.0 0.2 0.6 0.4 0.7
New shrub 0.2 1.1 1.0 1.2 0.6 0.9
Total Transitional 11.7 10.7 2.3 33 7.8 7.8
Ecozone % of total ~ 10.0% 55.1% 30.4% 2.5% 1.6% —
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Figure 5. Distribution of transitional vegetation classes across the study area relative to the 1995 forest limit. For visualization,
30 m pixels were aggregated into 300 x 300 m cells and the number of pixels of each class were counted per cell.

Table 3. Summary table showing the proportion of vegetation classes stratified by disturbance history within the Northwest

Territories (%).

Burned Burned Burned

Structural class Undisturbed 1950-1985 1985-1999 2000-2011
Stable no canopy 52.3 7.2 8.0 4.4
Stable shrub (1-3 m) 4.9 4.4 14 1.1
Stable forest (>3 m) 34.4 58.9 59.6 63.1
Stable low forest 1.9 4.5 6.8 1.9
Total stable 93.5 75.0 75.8 70.5
Forest growth 1.9 17.3 0.7 0.2
Shrub infilling 2.6 0.5 14.2 23.6
Canopy loss 1.0 0.2 8.0 5.5
New forest 0.4 6.1 0.6 0.1
New shrub 0.5 0.9 0.7 0.1
Total transitional 6.4 25.0 24.2 29.4

% of total 88.2 4.6 1.4 2.5

4.1. Remotely sensed models of vegetation
structure

Our results highlight the importance of multiple
spectral indices for understanding vegetation change
in the FTE. Longer wavelengths including the SWIR2
band, and the TCB index which integrates reflect-
ance across all spectral bands were significant pre-
dictors of canopy presence and height. Overall, tall-
stature vegetation was characterized by low bright-
ness and lower NIR and SWIR reflectance, likely
driven by the density of coniferous trees (Olthof and
Fraser 2007). Conifers have a high proportion of dark
woody material and foliage that casts shadows that

can decrease surface reflectance within medium spa-
tial resolution pixels (Cohen and Spies 1992, Pickell
etal 2016). In contrast, low-stature vegetation (<3 m)
was characterized by higher NIR reflectance and TCG
values (figure 3), likely driven by greater phytomass
and Leaf Area Index of tall deciduous shrubs (Walker
et al 2003, McManus et al 2012).

ICESat-2 provides measurements of vegetation
structure across the entire circumpolar Arctic that
can support mapping at broad spatial scales (Sothe
et al 2022, Lang et al 2023). However, several stud-
ies show that ICESat-2 can overestimate the height
of low-stature vegetation which can propagate in
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models of vegetation height (Neuenschwander and
Pitts 2019, Feng et al 2023). In this study we focus
on identifying change over time which mitigates
potential biases in overestimating low canopy heights.
Future work focusing on growth of tundra shrubs
should incorporate higher resolution lidar data avail-
able at regional scales. This includes airborne lidar
data from the LVIS instrument in Alaska and north-
western Canada (Blair and Hofton 2020), and the
growing availability of photogrammetric data from
drones (Cunliffe et al 2022, van der Sluijs et al 2023).
The spatial resolution of our mapping (30 m) also
limits our ability to detect recent establishment of
northern spruce seedlings which may take up to
75 years to reach a height and density visible in satel-
lite imagery (Timoney 2023). Furthermore, using
spaceborne lidar we are only able to detect upright
tree growth forms rather than matted or ‘whorled’
structures which are common for black spruce at the
northern treeline (Lavoie and Payette 1992). Higher-
resolution mapping and long-term monitoring plots
are needed to understand these subtle vegetation
changes and determine if shifts in the position of the
treeline will occur over centuries or decades.

4.2. Structural vegetation dynamics

Meta-analyses of global treelines have suggested
that the majority of treelines have advanced in
elevation or latitude (Harsch et al 2009, Hansson
et al 2021). However, sites representing latitudinal
treelines comprise only 8%-24% of these datasets,
indicating that they are under sampled globally.
We observed limited evidence of systemic forest
advance, despite increases in mean annual temper-
ature and total precipitation at the forest limit. Our
mapping reveals local areas of both advance and
retreat in the boundary of continuous forest, but
highlights overall stability of this boundary. This
is consistent with several studies using field-data
and high-resolution mapping conducted across the
Northwest Territories (Lantz et al 2019, Travers-
Smith and Lantz 2020), Nunavut (MacDonald et al
1998, Timoney and Mamet 2020, Timoney 2023)
and northern Quebec (Gamache and Payette 2004,
2005) documenting limitations in tree recruitment
and range expansion beyond the northern treeline. In
black spruce forest across the Taiga Shield, edaphic
factors including nutrient-poor and shallow soils
underlain by bedrock can restrict expansion of the
boreal forest even with favorable climate conditions
(Timoney 2023).

Disturbance history shows that older fires that
burned prior to 1985 were primary divers of increas-
ing vegetation structure. Compared to undisturbed
regions fires had higher proportions of ‘forest growth,
‘new forest’ and ‘new shrub’ transitions. This fol-
lows with previous analysis of greening trends in
the Canadian boreal, which were concentrated and
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magnified in disturbed rather than undisturbed areas
(Sulla-Menashe et al 2018). These findings indicate
that climate driven increases in vegetation structure
are relatively small in comparison to disturbance-
recovery processes. As expected, recent fires were
more likely to show decreases in vegetation structure.
This also reflects the time required for tall-stature
vegetation to establish and reach densities sufficient
to be detected in medium resolution satellite data
(Timoney et al 2019). However, this could also indic-
ate more persistent shifts in vegetation communities
as upright shrubs can also exhibit long-term increases
in cover following fire (Lantz et al 2010, Gaglioti et al
2021, Miller et al 2024).

5. Conclusion

We used satellite remote-sensing to map multiple
types of structural vegetation change in 183 million
ha of the Canadian FTE between 1985 and 2021.
Forest and shrub range expansion showed divergent
patterns across the ecotone, with a greater propor-
tion of shrub expansion occurring above the historic
forest limit. The northern forest limit showed loc-
alized expansion representing ~15 000 km? (0.9%)
of new forested area, but large parts remained stable
over the past 40 years. We show that the forest
limit has also experienced increases in mean annual
temperature and precipitation, suggesting weaker
associations between decadal climate change and
northward forest advance. Our findings show that
increasing vegetation structure was strongly associ-
ated with fire history, highlighting the importance
of disturbance-recovery dynamics in future vegeta-
tion change. Future work should use novel sources of
high-resolution imagery, airborne lidar data and field
data to improve confidence in models of vegetation
change across the circumpolar.
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