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Abstract: Timberline marks the transitions from continuous forests to sparse forests and
tundra landscapes. As the spatial distribution and dynamics of timberline are closely
associated with regional energy and carbon balance, mapping timberline is important
to a wide range of environmental and ecological studies. However, current timberline
delineation approaches remain under-developed. We proposed an automatic timberline
delineation method based on a seeded region-growing segmentation technique and satellite-
derived products of tree fractional cover. We applied our approach to the West Siberian
Plain and Alaska treeline regions as defined by the Circumpolar Arctic Vegetation Map. The
results demonstrate the effectiveness of the proposed method for the accurate delineation of
the timberlines that spatially align well with very-high-resolution satellite images. Based on
the delineated timberlines, we find regional-scale tree encroachment to be not as substantial
as previously reported. The proposed approach can be applied to understanding climate-
induced forest responses and inform forest management practices.

Keywords: taiga-tundra-ecotone; timberline; treeline; Circumpolar Arctic Vegetation Map;
tree fractional cover; segmentation

1. Introduction

Delineating timberline, which marks the transitions from continuous forests to sparse
forests and tundra landscapes, provides critical insights into understanding the regional-
scale impacts of global warming and changing climatic conditions on plant distribution and
ecosystems [1-5]. It also aids in assessing the impacts of land use and forest management
policies such as deforestation or forest recovery [6,7]. Timberline is closely associated and
sometimes interchangeable with two terms, namely treeline and taiga—tundra ecotone
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(TTE) [8,9]. To better understand timberline, it is essential to clarify their differences
first. Specifically, treeline is defined as the upper altitudinal (Alpine treeline) or northern
latitudinal limit (Arctic/Latitudinal treeline) of forests reaching a 2-3 m height or marked by
the presence of krummbholz trees (stunted, deformed trees encountered in the subarctic and
subalpine treeline landscapes, shaped by continual exposure to fierce, freezing winds [1]).
TTE refers to the transition between continuous boreal forest (i.e., taiga) and northern typical
tundra [9-12] at northern high latitudes, which has been identified as the earth’s longest
vegetation transitional zone. By definition, treeline, timberline, and TTE are intrinsically
connected in that the TTE is bounded by timberline and treeline at the south and north,
respectively, in the Arctic region (Figure 1). Unlike treeline, which identifies individual
trees and requires more effort to map from high-resolution images [13], timberline is
visually identifiable from moderate-resolution satellite imagery (e.g., Landsat), making it
trackable at regional scales. The location of timberline may be inferred from existing TTE
products [11,12] given their close association (Figure 1).
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Figure 1. Illustration of treeline, timberline, and taiga—tundra ecotone in the Arctic region.

Previous studies, albeit limited in number, specifically focused on direct timberline de-
lineation by manually interpreting very-high-resolution (0.5-5.8 m) multispectral satellite
images (LISS IV and Digital Globe [8]). While accurate, manual interpretation is time-
consuming and limited to small areas. A scalable approach to delineate timberline involves
the isolines of satellite-based vegetation indices, such as the normalized difference vegeta-
tion index (NDVI) (adjusted with manual digitalization [14]) or fractional tree cover (tree
fCover, e.g., the 0.3 tree fCover adopted in Van Bogaert et al. [15]). Compared to the NDVI,
tree fCover is more reliable, as the NDVI can be influenced by other biotic and abiotic
factors besides tree growth [16]. Nevertheless, the tree fCover-based timberline mapping
by Van Bogaert et al. [15] was primarily carried out at plot scales utilizing 0.3 m resolution
aerial photos. Timberline mapping at regional scales remains limited in the Arctic region.

Various global satellite-derived products provide estimates of tree fCover, each em-
ploying different definitions, algorithms, and spatial resolutions. Key datasets include the
MODIS Vegetation Continuous Fields (VCF; MODA44B) at a 500 m resolution, which esti-
mates percent cover of woody vegetation taller than 5 m using regression tree models [17];
the Landsat Global Forest Cover and Change (GFCC) dataset, which provides annual tree
cover and forest loss/gain at 30 m resolution, where trees are also defined as vegetation >
5 m in height [18,19]; the recently released GLOBMAP Fractional Tree Cover (FTC), which
uses a neural network trained on over 465 million samples generated from high-resolution
land cover products to estimate tree cover at a 250 m resolution from MODIS data [20]; and
the Copernicus Global Land Service (CGLS) land cover product, which provides 100 m
global tree cover fractions using PROBA-V data [21]. Additionally, tree fCover can be
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aggregated from categorical land cover products such as Dynamic World, which outputs
10 m class probabilities for land cover classes, including “trees”, defined as tall woody
vegetation, though it does not offer continuous fractional estimates [22].

While the terms tree cover and forest are sometimes used interchangeably, they differ in
concept and application. Tree fractional cover refers to the proportion of a pixel occupied
by tree canopies taller than a minimum threshold (commonly >5 m), making it suitable
for delineating structural forest boundaries such as the timberline. In contrast, forest cover
often implies a land use or categorical class based on tree fractional cover thresholds (e.g.,
>10%, Food and Agriculture Organization of the United Nations (FAO); Ranson et al. [12])
and may include low-stature woody vegetation or mixed-use areas. This distinction is
particularly critical in transition zones—such as alpine and Arctic regions—where shrubs
or stunted trees may meet forest classification thresholds but do not satisfy structural
definitions of continuous tree canopy. In this study, we adopt a conservative biophysical
definition based on continuous tree fractional cover to delineate the timberline, focusing on
the emergence of tall, continuous tree structures.

This study developed an automatic approach for delineating timberline from satellite
imagery at regional scales. The timberline delineation method uses the seeded region-
growing segmentation technique [23] to reduce the variability in the mapped timberlines
using tree fCover and thresholding-based approaches [15]. The evaluation of the mapped
timberline was conducted from two perspectives. First, we calculated the mean distance
between the timberlines mapped using the proposed approach and timberlines manually
delineated from very-high-resolution satellite images to quantify the mapping accuracy.
Second, we compared our delineated timberline results with those of three existing prod-
ucts, including the gold-standard treeline provided by the Circumpolar Arctic Vegetation
Map (CAVM) mapped by an ensemble effort from global experts [13] and TTE products
mapped by Ranson et al. [12] and Montesano et al. [11]. The time frames of our mapped
products and the CAVM treeline enable an understanding of the tree encroachment status
in the West Siberian Plain and Alaska treeline regions over the past two decades. To our
knowledge, this study makes the first attempt to undertake a direct comparison of the
timberline mapping against sub-meter-resolution imagery at regional scales. Although
designed for Arctic timberline mapping, our timberline delineation approach using freely
available satellite products is applicable to other forested regions with ecotone transitions.

2. Method
2.1. Study Materials

Our study areas are located at two TTE zones in the north of the West Siberian Plain
and northwest Alaska (Figure 2). Both areas are characterized by the gradually changing
land cover from the continuous taiga (boreal forest) to sparse forests or tundra. The two
study areas also have distinct topographic conditions. Specifically, the entire Siberia site is
characterized by gentle topography split by the Polar Ural Mountains (northeast—southwest
oriented) into two parts. The southeast part of the Alaska site is a mountainous region with
gradual transition to flatter topography towards the northwest. These distinct landscapes
provide a great testbed for evaluating the generalizability of our proposed timberline
delineation approach.

In this study, we tested an existing product of tree fCover used for timberline de-
lineation, i.e., the “tree-coverfraction” variable in the CGLS [21] product from 2019. The
CGLS product provides annual land cover between 2015 and 2019 and the corresponding
fCover of 100 m resolution covering the region from 56°S to 75°N. The CGLS product
was developed based on the PROBA-V time series and the random forest method using
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high-quality samples manually created by examining Google Earth and Bing imagery,
which achieves an overall 80% classification accuracy [21,24].
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Figure 2. Overview of the study sites displayed by Landsat imagery (archived in Google Satellite);
the geographic locations in the West Siberian Plain (EPSG: 32242) and Alaska region (EPSG: 32606)
are outlined with red and blue boxes, respectively. The colored tree fCover (fraction of tree cover per
pixel) is the “tree-coverfraction” variable collected from the Copernicus Global Land Service product
(spatial resolution: 100 m; year: 2019) [21]. All transparent areas with no tree fCover mean “no data”
in the source CGLS product. The reference treeline (Circumpolar Arctic Vegetation Map, CAVM) [13]
is marked with an orange line. Two small study sites outlined with black boxes in the West Siberian
Plain and Alaska region are zoomed-in on for a close comparison between their mapped tree fCover
(CGLS) and Landsat imagery. The locations of Sites A-G are indicated by magenta stars, where we

evaluated the delineated timberlines at a sub-meter scale.

The CAVM treeline (the orange line in Figure 2) marks the northern limits of the boreal
forest [13]. All areas further north of bioclimate Subzone E in the CAVM product [13]
were assumed not to be covered by boreal forests when defining the domain of the CGLS
product [21], with tree fCover marked as “no data” in CGLS. Overall, the spatial patterns
of the estimated tree fCover, the transitions between the continuous and sparse forests, and
isolated forest clusters are satisfactorily captured by the CGLS tree fCover product (shown
in the zoomed-in plots, Figure 2).

2.2. Timberline Delineation

Our timberline delineation approach (Figure 3a) took inspiration from the seeded
region-growing segmentation technique [23] (Figure 3b), which includes three main steps:
(1) extracting the forest seeds representative of each continuous forest patch (large spatially
connected forest patches) where forest seeds can be forests located at the boundary of a
forest patch or with the densest forest cover; (2) segmenting all major continuous forests
through region growing at the forest seeds to capture all connected forest pixels; and (3)
extracting the exterior boundary of each continuous forest patch as the timberline. One
advantage of seeded region-growing segmentation is that it can effectively group all similar
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pixels into one segment, while minimizing the overall variability in the spatial pattern of

the segmented objects. The seed extraction and region-growing steps are elaborated on in
the following subsections.

(b) Seeded region-growing segmentation

Forest seeds

Seed
extraction
Merge criterion:
tree fCover >0.3
Region-
growing
Morphological Boundary
operation extraction
old seeds (X new seeds
Boundary
extraction O Tt D Result

Figure 3. Illustration of the proposed timberline delineation approach (a) and the idea of the seeded
region-growing segmentation technique (b). Here, subscripts std, ts, tsmo, and rg represent standard
deviation, thresholding-based, thresholding-based and morphological operation, and region-growing,
respectively. The initial boundary of continuous forests and the delineated timberlines are indicated
by blue and red solid lines respectively with the forest seed marked by a yellow star.

2.2.1. Seed Extraction from Continuous Forests

In seeded region-growing segmentation, the seeds are often selected from spatially
homogeneous areas [23] or from the edges outlining the target objects [25]. Given that the
objective of this study is to segment all major continuous forests, we need a representative
forest seed from each continuous forest patch, such as the pixel with the densest tree fCover
or one located at the boundary of the forest patch. Unlike buildings or other concrete
surfaces in urban areas, a number of issues need to be addressed for the effective mapping
of the continuous forested area.

First, satellite images contain “salt-and-pepper” noises [26,27]. To enhance the spatial
continuity of the tree fCover for mapping continuous forests, a local filter (window size:
1 km x 1 km) was used to smooth the original tree f{Cover map [28,29]. Both the mean
(fCovermean) and standard deviation (fCovergy) of tree fCover within the 1 km x 1 km
local window were calculated to determine the areas covered by the continuous forests.

Second, small-sized forest patches spatially isolated from the main forest body should
be excluded from the timberline delineation to ensure a focus on structurally continuous
forests. To achieve this, we defined continuous forests as areas where the long-term mean
tree fCover (fCovermean) exceeds 0.3 and the interannual standard deviation (fCovergy) is
below 0.2. The fCovermean > 0.3 threshold represents a conservative estimate for identifying
forests and is supported by prior studies on forest distribution and treeline/TTE mapping
(e.g., [11,15,29]; see also Table 1). This threshold minimizes the inclusion of sparsely vege-
tated or transitional zones that may contain scattered or low-stature trees. The fCoveryy
< 0.2 criterion was introduced to filter out fragmented, noisy, or seasonally variable veg-
etation and to ensure temporal stability in forest cover across years. These values were
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empirically determined by testing a range of candidate thresholds (e.g., f{Covermean from
0.2 to 0.4, fCovergq from 0.1 to 0.3) across selected reference areas and visually comparing
the resulting forest masks to high-resolution imagery. The continuous forest mapped based
on these two thresholds was referred to as forest;s (Figure 3a).

Table 1. Definitions of forests in existing studies.

Type Definitions Objective Data Source

Taiga Tree fCover Local Arctic TTE Landsat-7, MISR, MODIS, [29]
>0.3 mapping RADARSAT

Forests Tree fCover Pan-Arctic MODIS vegetation continuous [12]
>0.2 (height > 5 m) TTE mapping fields (VCF), Quickbird

Intermediate—Closed Tree fCover Pan-Arctic Landsat global forest cover [11]

forests >0.3 (height > 5 m) TTE mapping change (GFCC)

Closed forests

Forests

Tree fCover Local Alpme treeline gepsat p}lilotoglraph}zi o

>0.3 (height > 2 m) mapping endrochronological analysis,  [15]
’ (timberline) field observations

Tree fCover

>0.1 (height >5m) - FAQ

Third, unlike regular-shaped, non-ground objects (e.g., building roofs) in urban scenar-
ios, there can be many gaps in the forest canopy surface that increase the spatial variability
of the mapped continuous forests (forestis) and complicate the timberline delineation. To
simplify the subsequent timberline mapping, we conducted two morphological operations
to minimize the spatial variability of the mapped forestis. We applied a single-pass bridge
operation to connect spatially adjacent but unconnected continuous forest patches in forestis
and then filled the canopy gaps for connected forest patches. Specifically, the “bridge”
operation changes non-forested pixels to forests if their 8 connected neighbors contain at
least two forested pixels ([30], using the “bwmorph” function in image processing toolbox,
MATLAB R2023a). The “fill” operation changes all canopy gaps to forests where canopy
gaps are non-forested pixels that cannot be reached from the image edges ([31], using the
“imfill” function in image processing toolbox, MATLAB R2023a). The updated continu-
ous forest map was referred to as forestismo (Figure 3a). Note that these morphological
operations were intentionally limited to a single iteration each as repeated bridging (>2
iterations) can alter the shape and extent of delineated forest boundaries, particularly in
transitional zones, leading to possible over-connection of sparse patches.

The mapped forestsmo accurately captures the core areas of continuous forests, while
reducing the variability of the spatial patterns and gaps of the forest canopies. Yet, the
smoothing of the original tree fCover and a low fCovergy threshold for the continuous
forest mapping fail to capture the forested pixels at its boundaries. In this regard, a
region-growing segmentation technique can be used to connect all nearby pixels with
characteristics similar to those of the target objects (Figure 3b). To simplify the delineated
timberline, small-sized forest patches with a perimeter < 50 km from the seed extraction
analysis were removed. For forest seed identification, given that canopy gaps within forest
patches were filled during the morphological operations, the internal structure of each
continuous forest patch in forestisme became spatially uniform in terms of connectivity. As
a result, we selected the pixel with the highest tree fCover value along the outer boundary
of each patch as its representative seed. This boundary-based selection is functionally
equivalent to using a centrally located dense pixel, because the gap-filling step ensures no
internal interruptions or structural discontinuities arise that would otherwise affect the
region-growing process. In practice, the use of boundary seeds simplifies implementation
while maintaining the robustness of forest expansion during segmentation.
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2.2.2. Region-Growing Segmentation

With the representative forest seeds identified, the region-growing segmentation starts
by traversing all unallocated neighbors of existing seeds in the source tree fCover map
attached to the seed pool (i.e., marked as “true”) if they satisfy a user-defined criterion
(Figure 3b). The label “unallocated” means that they have not been traversed yet. A new
run of the merging process starts from the “unallocated” neighbors of the newly added
“seeds” until there are no more neighbors that could be appended to the pool (Figure 3b).

The merging criterion for continuous forest segmentation was set to be tree fCover >
0.3 (i.e., the definition of forests). To simplify the region-growing process on forestismo, we
increased the tree fCover to 0.3 for all non-forested pixels captured by the forestismo. This
ensures a continuous segmentation that may be interrupted during the region-growing
process if there are canopy gaps or rivers with a low tree fCover in the original tree fCover.
Once the region-growing process stopped, we filled all canopy gaps within the closed-
boundary continuous forests. The updated continuous forest map after the region-growing
segmentation (or forestg) merges all edge forests into forestismo and refines the mapped
continuous forests. The exterior boundaries of the continuous forests detected by forestg
were then extracted as our timberline (Figure 3a).

2.3. Evaluation and Comparison of the Mapped Timberline

The reference timberlines used to quantitatively evaluate the accuracy of the timberline
mapped by our proposed method were manually delineated from sub-meter-resolution
Manxar satellite images archived in Google Earth at 8 small areas (Sites A-H, Figure 2), where
6 were in the Alaska region and 2 from Siberia due to image availability. We assigned points
along the mapped timberline and the reference counterpart every 10 m (using the “point
along geometry” tool in QGIS 3.23) to create linked paths between them for calculating the
distance for each linked point pair (using the “distance to nearest hub” tool in QGIS 3.23).
The accuracy metrics include the minimum, maximum, median, and standard deviation of
the distances of all paired points within each selected area. For the timberline comparison,
we presented the timberline mapped with the 0.3 iso-tree fCover-line (hereafter referred to
as fCover-line0.3) [15] by generating a contour map from CGLS tree fCover to extract the
contour line of tree fCover = 0.3 as the corresponding timberline.

To understand the tree encroachment status over the past two decades, we compared
our mapped timberlines with the CAVM treeline [13] and the TTEs [11,12]. The CAVM
treeline compiles an ensemble effort of worldwide experts and the source data in mapping
treeline ranges from ecoregion and vegetation maps to personal experience [13,32], which
has been widely used as a “gold standard” to mark the spatial domain (southern limit)
of the TTE mapping [11,12]. The TTE product [12] was mapped from a 5-year composite
of MODIS vegetation continuous field (VCF) imagery (2000-2005) using thresholding-
based approaches and linearly adjusted using Quickbird-derived high-quality tree fCover
samples. The entire TTE zone was divided into two classes: (1) class 1: TTE core areas
with a 0.05-0.2 mean adjusted tree fCover, and (2) class 2: TTE transitional areas with
mean tree fCover < 0.05 and standard deviation > 0.05. Here, class 2 marks the transitional
areas between continuous forests and class 1. Finally, the updated TTE product [11] was
developed based on thresholding the Landsat-derived tree fCover in year 2010 [19,33] as
well as its local spatial gradient (abruptness), which categorizes the entire TTE region into
abrupt, diffuse, and uniform patterns of tree cover that characterize spatially heterogeneous
forest structures. This product provides two non-forest edge classes representing the
transitional areas between forests and non-forests as an approximation of the associated
treeline. Note that the treeline and TTE products are intrinsically connected yet different
from our mapped timberline. Nevertheless, an advancement of timberline in comparison
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(b) [

Timberline (fCover-line0.3) Timberline (proposed)

with the treeline reveals the regional-scale tree encroachment over the past two decades
given the time frames of these products. Moreover, our initial timberlines primarily mark
the outermost boundaries of continuous forest patches, which are not directly related to the
other products. We identified the northern limit per longitude from the mapped timberlines
as the latitudinal timberline, i.e., Arctic timberline, to enable a clearer comparison with the
CAVM treeline.

3. Results
3.1. Timberline Delineation

The mapped timberlines based on our method and the fCover-line0.3 approach for the
zoomed areas in Figure 2 in Siberia and Alaska are illustrated in Figure 4. All timberlines
spatially align well with the observed forest patterns in Landsat imagery. However, the
timberline delineated by the fCover-line(.3 exhibits high spatial variability with canopy
gaps. This spatially detailed timberline might be beneficial if the research objective were to
understand the densifying patterns of forest cover, whereas it could complicate the regional-
scale analysis of forest expansion/recession if the aim was to delineate the frontiers of
continuous forests. Overall, our proposed timberline delineation approach appears to
produce simplified timberlines that still effectively capture the outermost boundaries of
large, spatially connected continuous forest patches while minimizing the spatial variability
of delineated timberlines at forest canopy surfaces.

Figure 4. Comparison between the timberlines delineated by the fCover-line0.3 approach (white
solid lines, [15]) and by our proposed method (red dashed lines) at the zoomed-in areas (Figure 2) in
the (a) West Siberian Plain and (b) Alaska sites overlaid on top of the Landsat imagery.
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On the other hand, timberlines delineated from sub-meter-resolution satellite images
at almost all test areas (Sites A—H) reveal more spatial details than can be resolved using
medium-resolution Landsat-based products (Figure 5). While forest growth in high-latitude
regions is generally slow, local disturbances or regrowth may occur and accumulate over
4-5 years, particularly near the advancing forest edge. Given the differences in both spatial
resolution and acquisition dates between the source CGLS tree fCover (2019) and the very-
high-resolution imagery (2023-2024), it is likely that some of the additional forest pixels
observed near the forest boundary reflect real forest growth in the intervening years, in
addition to higher image resolution. This highlights an inherent source of temporal uncer-
tainty in our validation and underscores the importance of co-temporal, high-resolution
tree cover datasets for future benchmarking and accuracy assessments. Nonetheless, given
the use of fractional tree cover and conservative thresholds, our method remains struc-
turally robust for delineating the stable frontiers of continuous forests. In this context,
the timberlines derived from the medium-resolution CGLS product tend to yield more
conservative estimates of forest extent, especially in ecotonal zones where expansion is
gradual. This conservative nature is supported by the observed offset between automated
and manually delineated timberlines, with average boundary distances ranging from 32.22
to 103.88 m (Table 2).

Table 2. Distance statistics calculated between the mapped timberline and the reference counterparts,
reported in meters.

Test Areas Minimum Maximum Median Standard Deviation
Site A 4.93 96.02 46.58 23.17
Site B 25.95 189.93 103.88 46.39
Site C 2.70 172.49 54.73 38.85
Site D 0.32 341.49 68.00 53.32
Site E 0.31 144.56 38.15 30.35
Site F 1.27 216.48 51.41 45.29
Site G 0.71 115.35 32.22 29.32
Site H 0.35 175.22 37.01 48.37

3.2. Comparison of the Delineated Timberline with the CAVM Treeline, the TTE Mapped by Ranson
etal. (2011) [12], and the Non-Forest Edge Classes Mapped by Montesano et al. (2020) [11]

The comparison among our delineated latitudinal timberline, CAVM treeline [13], TTE
product [12], and non-forest edge classes [11] for all of Siberia and Alaska (Figures 6 and A1)
suggests that our delineated timberline aligns well with the observed frontiers of major
continuous forests visually identified from the satellite imagery (Figure 6). However, it
is essential to recognize that these products are based on different ecological definitions
and mapping objectives. The CAVM treeline delineates the northernmost occurrence of
individual trees or sparse tree stands—effectively representing a tree presence threshold.
In contrast, our delineated timberline represents the frontier of structurally continuous
forest cover, derived from stable, spatially aggregated tree fractional cover. Given this
distinction, the treeline is expected to lie north of the timberline, and any direct one-to-one
comparison between the two may be misleading if the underlying ecological meanings are
not considered.
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(a) NW: -161.16W, 65.05N (b) NW: -161.26W, Lat 65.06N (c) NW: -161.15W, 65.64N

(h) NW: 65.58E, 66.55N

Figure 5. Comparison between the mapped (red dotted line) and reference (blue dashed line)
timberline (manual delineation) overlaid on top of sub-meter-resolution Maxar images at Sites A-H,
respectively (please refer to Figure 2 for locations of Sites A-H). All paired points are linked by white
solid lines.
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EZZZ2 TTE class 1 N
TTE class 2 A ;
CAVM treeline

Latitudinal timberline |

Figure 6. Regional-scale comparison among the latitudinal timberline mapped by the proposed
method, the CAVM treeline by Walker et al. [13], and the TTE product by Ranson et al. [12] in the
(a) West Siberian Plain and (b) Alaska region displayed by Landsat imagery. (c) compares Landsat
historic images (years: 1988, 2000, 2009, 2020) with the CAVM treeline to demonstrate the forest
change status at the white-outlined area in (a). Specifically, the latitudinal timberline (northern limit
of continuous forests per longitude) of our proposed method and CAVM treeline are colored in red
dotted and orange solid lines, respectively. Classes 1 and 2 of the TTE product are colored magenta
and blue in stripe and lattice patterns, respectively.

That said, localized cases where our mapped timberline extends beyond the CAVM
treeline—such as on the western flank of the Polar Ural Mountains (Figure 6a, white box)—
may reflect real forest infilling or expansion since the early 2000s. Still, this interpretation
must be tempered by the structural nature of our method and the conservative thresh-
olding applied. Historical Landsat imagery (Figure 6c) confirms that the boundaries of
continuous forest in this region have remained relatively stable since 1988, suggesting that
the divergence from the CAVM product likely reflects definitional and methodological
differences rather than rapid ecological change.

Compared to the other benchmark products, the non-forest edge classes [11] are
effective at smoothing boundary noise within large forest patches but yield more spa-
tial variability outside these zones, likely due to Landsat-derived fCover uncertainties
(Figure Al). The TTE product by Ranson et al. [12], although based on multi-year MODIS
composites (2000-2005), appears fragmented and difficult to interpret, especially due to the
ambiguity between its core and transitional zones. These differences further highlight the
advantage of a structurally defined, region-growing approach like ours, which provides a
more coherent delineation of continuous forest boundaries at regional scales.
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4. Discussion
4.1. Tree Encroachment at Regional Scales

Tree encroachment, which has been mostly studied at plot scales [34-36], strongly
affects energy and carbon transfer processes at local to regional scales. Our findings indicate
that tree encroachment at regional scales may not be as rapid and extensive as reported
previously (e.g., [9]) due to the differences in forest definition and mapping data sources.
When referring to the specific mapped products, though the differences among timberline,
treeline, and TTE have been clarified in previous papers [8,37], these products were still
generalized in terms of their meaning. For instance, the “treelines” mapped in [14,15]
are essentially timberlines that represent the frontiers of continuous forests rather than
individual trees. The treeline and TTE were even redefined in [9], in which treeline was
moved to the center of the TTE rather than to the frontiers of forests, and the TTE was
narrowed down to exclude the transition areas to continuous forest and tundra. Mixed uses
of forestline and treeline are also found in [38,39], even the Alpine treeline zone (similar
to TTE in the Arctic region) was identified as treeline in [40]. Inconsistency in the forest
definitions throughout existing thresholding-based studies (Table 1) causes difficulties in
cross-study comparisons as the mapped products may correspond to different land covers.

Our finding about the inconsistency between the CAVM treeline and Landsat his-
torical images suggests that the resolution of the image sources used for delineating the
CAVM treeline may not be sufficient for detecting trees present in high-resolution satellite
imagery. The accuracy of the mapped treeline indicating the past tree growth limit in
the Arctic region remains uncertain. Caution is needed when using the CAVM treeline
as a reference to deduce recent tree encroachment status [9]. Moreover, there is a lack of
rigorous validation of the mapped regional-scale products in previous mapping efforts
that involve different data sources [9,11,12]. Specifically, Ranson et al. [12] used 5-year
composite MODIS VCF imagery to map a pan-Arctic TTE zone to address the tree f{Cover
estimate uncertainties in the original product. Walther et al. [9] used inter-annual time
series statistics computed from satellite products of vegetation and climate to synthetic
aperture radar polarization bands when predicting the recent TTE and treeline locations.
Montesano et al. [11] also employed a thresholding-based approach to map the TTE but
changed the tree fCover sources to Landsat GFCC products. The distinct spatial configura-
tions among different data sources (MODIS or Landsat) may render the mapped products
incomparable. For the purpose of understanding the tree encroachment status in the Arctic
region, we recommend using consistent terminology regarding treeline/timberline/TTE
and employing consistent mapping strategies to enable cross-comparison. Rigorous valida-
tion of the mapped products using high-resolution images can improve the comparability
of the mapped products.

For clarity, we reiterate that in this study, timberline refers to the outer boundary
of structurally continuous forest cover, as delineated by spatially aggregated, stable tree
fCover. In contrast, treeline represents the most poleward (in the Arctic context) extent of
individual trees, and the taiga—tundra ecotone (TTE) denotes the broad transitional zone
between these two boundaries. While these terms are sometimes used interchangeably
in the previous literature, we consistently apply them according to these structural and
ecological definitions throughout our analysis.

4.2. Quality of the Source Tree fCover Data in Timberline Mapping

Tree fCover was selected in this study to experiment with our proposed timberline
delineation method given that tree fCover contains fewer noises than original spectral
bands. We find that the mapped timberline accurately captures the frontiers of continuous
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forests at medium-resolution scales. Yet, the timberline mapping accuracy relies heavily on
the quality of the source tree f{Cover product.

Other publicly accessible long-term tree fCover products with medium-to-coarse
spatial resolutions not covered by the CGLS domain have been widely applied in forest
gain/loss studies [19,41] including the MODIS VCEF (yearly product since 2000) [17] and
the Landsat GFCC (discrete observations every 5 years from 2000 to 2015) [18,19]. We then
proceeded to map the timberlines using the VCF and GFCC tree cover products, employing
the timberline delineation approach (Figure 7). Figure 7 clearly shows that the GFCC-
derived continuous forests’ tree fCover (outlined by the CGLS-derived timberline with tree
fraction < 0.4) is substantially underestimated compared to CGLS and VCF tree fCover,
concurring with previous findings for Subarctic Western and Central Canada [42]. When
lowering the thresholds (fCovermean, f{Covergy) for both GFCC and VCF (i.e., forests), the
continuous forest patches were modified to fCovermean > 0.15 with fCovergy < 0.05 and
fCovermean > 0.1 with fCovergy < 0.1 for GFCC and VCF, respectively. The criteria for
merging forest pixels on the edge were also modified in accordance with the modified
fCoverpean thresholds.

GFCC

R .

Tree fCover

[ ]o.0-02

[ ]o2-04

[ ]o4-06
[ 06-08
Bl os-1.0

Figure 7. The delineated timberlines (red lines) displayed over Landsat imagery based on our
proposed method and tree fCover data provided by CGLS (variable: “tree-coverfraction”; spatial
resolution: 100 m; year: 2019), Landsat GFCC (variable: “tree_canopy_cover”; spatial resolution:
30 m; year: 2015), and MODIS VCF (variable: “Percent_Tree_Cover”; spatial resolution: 250 m; year:
2020) at the white-outlined area in Figure 6a, (a) with or (b) without tree fCover overlaid. Transparent
pixels mean no tree f{Cover information was encoded in CGLS product or tree fCover = 0 in Landsat
GFCC or MODIS VCF products.

With the modified tree fCover thresholds, our proposed timberline delineation method
remains effective in capturing the exterior boundaries of major continuous forest patches
for both VCF and GFCC while reducing the spatial variability (Figure 7). Although VCF
tree fCover seems more accurate than GFCC, the former product contains more noises
(Figure 7a), causing the omission errors of continuous forests in timberline delineation.
In contrast, CGLS and GFCC appear more reliable in preserving the spatial patterns of
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continuous forests, likely because of higher spatial resolutions. Note that the GFCC dataset
also significantly underestimates the tree cover of the study domain (Figure 7) compared to
the CGLS dataset. Despite this discrepancy, the proposed timberline delineation approach
is able to capture the boundaries of all major continuous forests observed in the satellite
imagery by adjusting the tree cover thresholds. GFCC can be used as a great supplement or
alternative for the CGLS product in large-scale and long-term timberline delineation given
its expanded spatial coverage and extended study period.

Some land cover products, such as the Dynamic World land cover product [22], offer
annual observations on tree classification, where Dynamic World additionally reports
near real-time class probability at 10 m resolution. Its fine spatial resolution and proba-
bilistic framework make it a promising tool for certain forest applications, especially in
heterogeneous landscapes. However, it is important to note that Dynamic World does
not provide continuous fractional estimates of tree cover, but rather the probability that
a pixel belongs to the “tree” class at a given time. This makes it fundamentally different
from products like MODIS VCF, GFCC, GLOBMAP FTC, or CGLS, which quantify the
proportion of canopy cover as a continuous variable. For analyses focused on delineating
the structural timberline—where the continuity and density of tall trees must be evaluated
over multiple years, class probability data alone are insufficient. The temporal instability of
class probabilities and lack of a continuous fractional metric complicate its integration into
a region-growing segmentation approach. Nonetheless, with further refinement, Dynamic
World may serve as a valuable complementary dataset or as a training source for the
high-resolution downscaling of fractional tree cover in the future.

Additionally, we found that finer-scale satellite images (e.g., sub-meter-resolution
imagery) are needed for more accurate timberline delineation. Accurate timberlines with
forest cover and height products enables a better characterization of different TTE forms
(“abrupt” or “diffuse” patterns of forest cover) for understanding forest-climate feedback
at ecotone scales [11,43]. Since low-statured shrubs with shorter growing seasons often
grow faster than trees in the Arctic region [44], the developed methodology of timberline
delineation will be extended to shrubline mapping for understanding short-term vegetation
responses to climate changes.

5. Conclusions

This study presents a scalable, automatic approach for delineating the timberline—
defined as the boundary of structurally continuous forest cover—using seeded region-
growing segmentation applied to satellite-derived tree fractional cover. Our method
minimizes spatial variability in mapped boundaries and captures the frontiers of continuous
forest with greater coherence than thresholding-based alternatives. Through sub-meter-
scale validation and comparisons with historical and existing treelines and TTE products,
we found that tree encroachment at regional scales is more conservative than previously
reported. This discrepancy stems in part from inconsistent definitions and mapping
strategies in prior studies. This work highlights the importance of consistent terminology—
distinguishing between timberline, treeline, and TTE—and the need for rigorous validation
using high-resolution imagery to support reliable assessments of forest change in climate-
sensitive transition zones. Our mapping framework is broadly applicable to ecotonal
mapping beyond Arctic regions and may be extended to delineate shrublines, offering
insights into short-term vegetation dynamics and climate responses across boreal and
tundra landscapes.
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Appendix A

CAVM treeline

=== Latitudinal timberline

Figure A1. Regional-scale comparison among the latitudinal timberline mapped by the proposed
method, the CAVM treeline of Walker et al. (2005) [13], and the non-forest edge classes of the TTE
product (colored in magenta, Montesano et al. (2020) [11] in the (a) West Siberian Plain and (b) Alaska
region displayed by Landsat imagery.
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