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Northern expansion is not compensating for
southern declines in North American boreal
forests

Ronny Rotbarth 1 , Egbert H. Van Nes 1, Marten Scheffer 1,
Jane Uhd Jepsen 2, Ole Petter Laksforsmo Vindstad3, Chi Xu 4 &
Milena Holmgren1

Climate change is expected to shift the boreal biome northward through
expansion at the northern and contraction at the southern boundary respec-
tively. However, biome-scale evidence of such a shift is rare. Here, we used
remotely-sensed tree cover data to quantify temporal changes across the
North American boreal biome from 2000 to 2019. We reveal a strong north-
south asymmetry in tree cover change, coupled with a range shrinkage of tree
cover distributions. We found no evidence for tree cover expansion in the
northern biome, while tree cover increased markedly in the core of the biome
range. By contrast, tree cover declined along the southern biome boundary,
where losseswere related largely towildfires and timber logging.We show that
these contrasting trends are structural indicators for a possible onset of a
biome contraction which may lead to long-term carbon declines.

Boreal forests areoneof the largest terrestrial biomes on Earth, storing
one-third of the global terrestrial carbon above and below-ground1,2

and acting as a critical tipping element of the climate system3. Boreal
regions have warmed twice as fast as the global average4. Conse-
quently, the integrity of the boreal biome is increasingly undermined
by climate change5. Rising temperatures can directly affect plant
growth, mortality, and recruitment6. In addition, there is increasing
evidence that climate change alters natural disturbance regimes.
Droughts, wildfires, and insect outbreaks have increased in extent,
frequency, and severity7–11. Although these disturbances are an inher-
ent and vital part of boreal forests, intensifying disturbance regimes
and human activities could undermine boreal forest resilience,
resulting in tree cover loss6,12–14. The interactions between these direct
and indirect effects of climate change may determine the future
health5 and distribution range of boreal forests15.

It is generally assumed that the boreal biome, as a whole, will
expand northward as climate warming progresses16 (Fig. 1). At the
northern biome boundary, trees may recruit, grow, and survive better
under longer and warmer growing seasons13,17. As a result, trees are

expected to expand their range into current Arctic shrub and tundra-
dominated areas where tree growth has been formerly temperature-
limited18. Widespread expansion of woody species into Arctic tundra
has indeed already been observed19–25. Improved growing conditions
can also speed up forest recovery following disturbances, such as
wildfires or timber logging, and may facilitate forest expansion in the
north. In contrast, at the southern boreal distribution boundary, boreal
forests may become increasingly stressed as climate change pro-
gresses. Warmer and drier conditions may lead to reduced growth in
cold-adapted boreal tree species26,27. Reductions in growth rates indi-
cate declines in vitality and can considerably increase the risk of
mortality28, a processwhichmay already occur at low rates of warming
along the southern boreal boundary27. At the same time as boreal
forest tree species experience growth reductions, broadleaf tree spe-
cies associated with temperate forests benefit from warming
temperatures27. As a result, temperate species may become more
dominant in the south, leading to shifts in species compositions29. In
addition, more frequent wildfires and insect outbreaks under warmer
and drier conditions could increase tree mortality in the southern
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boreal. In combination with slower post-disturbance recovery from
reduced growth rates, this could further facilitate the expansion of
temperate forests26,27,29 or steppe-grasslands30,31 into today’s southern
boreal forests.

Crucially, the processes affecting the northern and southern
boreal distribution boundary may also occur at very different rates.
The northwards migration of boreal trees into Arctic tundra depends
on seed dispersal and successful recruitment of trees in suitable
microsites. This process will likely be relatively slow and spatially
heterogeneous. It is therefore unlikely that the expansion rate of trees
is able tomatch current rates of climate niche shifts24,32. In contrast, the
forest contraction along the southern distribution boundary may be
relatively fast as increasingly hotter and drier growing conditions and
intensifying disturbance regimes accelerate treemortality events. This
asymmetry of slow boreal forest expansion in the north and faster
boreal forest contraction in the south would result in a temporary
disequilibrium33 between the distribution of tree cover and its clima-
tically determined niche, thus causing a transient overall contraction
of the boreal biome. Whether and to what extent a transient contrac-
tion will continue, depends on multiple factors related to the rates of
future climate change, northern expansion processes, and southern
retreat. Consequently, a boreal biome contraction could follow dif-
ferent trajectories: (1) a failure to compensate by northern biome
expansion, especially when non-analogous systems establish in the
north or when drivers leading to biome loss in the south accelerate, (2)
a compensation by an acceleration of northern biome expansion that
matches the pace of southern biome loss and (3) a compensation by a
recovery of the biome along the southern margin, if drivers of biome
loss decrease in magnitude. Which of these trajectories the boreal
biome will ultimately follow and over what timescales trajectories will
take place is highly uncertain. Nonetheless, models to predict such
biome changes are often based on very long-term dynamics towards a
system’s equilibrium which may fail to detect transient processes that
could be more important over timescales relevant for humanity34.

A boreal biome contraction could have substantial consequences
for the functional characteristics of the biome, for example, the ability
of carbon storage and sequestration. The boreal biome stores vast
amounts of carbon in the biomass of forests and even more carbon in
the often permanently frozen soils2. A contraction of the distribution
of forests may release parts of this carbon pool, if stress and
disturbance-induced carbon losses are not compensated by additional
warming-induced carbon gains. A resulting release of carbon would
further accelerate climate warming. A change in forest distributionwill
likely also lead to a change in albedo, i.e., the amount of reflected solar
radiation35. Forest expansion may reduce albedo which would lead to
an increase in local and regional surface warming. Contrarily, a forest
reduction or a shift from darker coniferous to lighter-coloured
broadleaf tree species can increase albedo and have a cooling effect.
As warming and cooling effects of albedo can interact with effects
from changes in the carbon balance36, it is crucial to understand boreal
forest dynamics with regards to a shift and possible contraction of
the biome.

A biome contraction through the loss of associated ecosystems
may play out over very long time periods. The direct detection of such
slow processes may therefore be difficult. Moreover, the observation
of an ongoing contraction may limit possible mitigation measures.
However, dynamics in forest structural properties can be quantified on
a biome scale. Depending on the spatial distribution changes of such
dynamics over time, they can serve as indicators for whether and to
what extent tendencies towards a biome contraction exist.

Multiple studies have investigated boreal forest dynamics
through the use of vegetation indices as a measure of
productivity21,37–39.Most of these studies conclude that spatial variation
in productivity trends was high but that productivity increased across
large parts of the boreal biome, mainly in the north, and decreased at
the warmer southern biome margin37,39. However, to observe a possi-
ble shift and transient contraction of the boreal forest distribution,
interpretable rates of change are necessary. In this respect, changes in

Fig. 1 | Conceptual overview of hypothesised biome distribution changes. Each
panel represents the latitudinal distribution of the temperate, boreal, and tundra
biomes from south (bottom) to north (top). A Representation of the current dis-
tributions of biomes. B The boreal biome is expected to move northward with
climate change (purple arrows). In the south, the boreal distribution boundary
moves northward through tree mortality and reduced recruitment, owing to
deteriorating growing conditions. The northern boundary is expected to migrate

through dispersal and colonisation into the warming Arctic shrubland and tundra.
C Observed shift through changes in tree cover: Tree cover loss in the south is
amplifiedby timber harvests andwildfires. In the north, tree coverwithin the boreal
biome increases by infilling of open areas. However, tree cover expansion into the
Arctic is slow. D Over time, the fast tree cover losses in the south and the slow
expansion in the north lead to a transient contraction of the boreal biome.
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vegetation indices are often challenging to interpret because signals of
productivity change from ground vegetation and canopy forests can-
not easily be distinguished, even though spectral greenness indices
have been related to field-based observations37. In addition, combined
spectral greenness data frommultiple sensors may create false signals
from calibration38,40. Hence, the physical characteristics of forests may
be better measures of forest distribution changes.

We, therefore, use satellite-based, annual time series of tree cover
from the Moderate Resolution Imaging Spectroradiometer (MODIS)41

to quantify changes in the distribution of the boreal biome across
North America (Canada and Alaska) over the past two decades
(2000–2019). Tree cover is linked to various functional characteristics,
such as biomass, carbon storage, albedo, and forest structure42. As a
physical metric of forest extent, changes in tree cover are also more
easily interpretable in the context of biome distribution changes than
spectral greenness indices. We evaluate tree cover changes with
respect to their relative distance to the northern and southern boreal
biome boundaries5 and assess how these dynamics at the edges of the
distribution range depend on the interactions between climatic
conditions43 and local disturbances (wildfire44 and timber harvest44,45)
for different land cover types46.

We aim at testing the following three specific hypotheses: (1)
Contrasting tree cover changes occur at the northern and southern
boundaries of the boreal biome, consistent with a northward boreal
biome shift. We expect these differences to be characterised by rela-
tively slow tree cover gains at the boreal-tundra boundary and rela-
tively fast losses at the southern boundary. This mismatch would also
be coupled to a spatial range shrinkage of tree cover distributions in
the south. (2) The extent of tree cover change depends on local dis-
turbance regimes (wildfires and timber harvest) and land cover types.
We expect disturbances to accelerate tree cover losses and that these
losses are stronger in the southern than in the northern boreal regions.
We expect needleleaf forests in the south to sustain greater tree cover
losses than broadleaf or mixed forests, as the latter has been shown to
perform better under warming conditions than needleleaf species27.
(3) Tree cover changes are related to temperature and precipitation
and their trends across the past decades. We expect that tree cover
gains tend to occurmore in cold,moist regions and tree cover losses in
warm, dry regions. Changes towards warmer and drier conditions will
accentuate tree cover losses. We demonstrate an asymmetry in tree
cover change between the northern and southern boreal forests,
leading to a range shrinkage of tree cover distributions. We interpret
these dynamics as an onset of a potential biome contraction.

Results
Tree cover changes across the boreal forest biome
We calculated both absolute tree cover changes and changes relative
to the mean tree cover of all years between 2000 and 2019
(Tree coverrel =

Tree cover change
Mean tree coverð2000�2019Þ, see Methods for details). Both

approaches revealed an asymmetry in tree cover changes at the
northern and southern boreal forests in North America (Fig. 2). Our
analysis of ~13,000 sample plots along south-north transects across
the North American boreal region (see Methods) showed that across
the North American boreal biome tree cover increased, albeit with a
high variation (mean change of 0.12% ±0.40% standard deviation SD
per year). We found considerable regional variability in how tree cover
has changed over the past two decades. Tree cover loss was the
dominant trend around the southern boreal boundary (mean tree
cover loss of 0.13% ±0.39% SDper year).Whenmoving northwards, we
observed a clear tendency towards tree cover gains of gradually
increasing magnitude. These tree cover gains were strongest in the
northern half of the boreal interior with a mean increase of
0.22% ±0.4% SD per year. At and beyond the current northern
boundary, tree cover changes were low, with a 0% ±0.07% SD per year
change northof the boundary. The biome-wide tree cover increasewas

mainly driven by increases in the northern interior of the current dis-
tribution range. The observed regional changes in tree cover resulted
in a range shrinkage of tree cover distributions and a reduction in treed
area around the boreal biome boundaries (Supplementary Figs. 1–5
and Supplementary discussion). Thus, North American boreal forests
declined in latitudinal distribution range driven by southern losses but
became denser due to the tree cover gains in the northern interior.

The north-south asymmetry was also observable in tree cover
changes in different ecozones. We used the latest map of ecozones
from theCanadianEcological Framework47 and calculatedmean trends
for each ecozone based on our sample plots (Supplementary Fig. 6).
Ecozones located in the southern boreal biome or at the boreal-
temperate transition zone either lost tree cover or had net-zero
change, e.g., −0.1% ± 0.39% SD per year in the Montane Cordillera,
0% ±0.5% SD per year across the Boreal Shield or +0.02% ±0.43% SD
per year on the Boreal Plains. Contrarily, northern and boreal interior
ecozones or those of higher elevations had the highest tree cover
increases, e.g., Taiga Plains with 0.27% ±0.39% SD per year or the
BorealCordillerawith0.26% ±0.37% SDper year. Ecozones beyond the
boreal boundary did not change much, e.g., the Southern Arctic had a
mean tree cover change of 0% ±0.09% SD per year. Across Alaskan
boreal forests, tree cover increased slightly by 0.08% ±0.37% SD
per year.

Because the patterns of absolute and relative tree cover change
are similar (Supplementary Fig. 7), we hereafter focus the presentation
and discussion of results on absolute tree cover changes.

Tree cover dynamics of disturbance regimes and
vegetation types
North American boreal forests are subject to strongdisturbances, both
natural and anthropogenic5,48. On a continental scale, the dominating
sources of disturbance arewildfires and timber harvest49.We therefore
compared tree cover changes in areas affected by wildfire44,50,51 and
areas that were harvested for timber since 1985 (timber harvest only
for Canada)44. We hereby considered the year when disturbances
occurred and distinguished between disturbances occurring within
(2000–2019) and prior to (1985–1999) our study period. These were
contrasted to areas with no documented disturbance after 1985.

Disturbances had a marked impact on tree cover change across
the boreal biome (Fig. 3) and were associated with most observable
tree cover losses. In the absence of fire and harvest since 1985, boreal
tree cover increased across most of the boreal distribution range with
a mean change of +0.16% ±0.24% SD per year. This increase was lower
in the south than in the north (+0.04% ±0.28% SD per year at the
temperate-boreal transition zone and +0.24% ±0.25% SD per year in
the northern interior, Fig. 3b and Supplementary Fig. 6 for ecozones).
Where wildfire and timber harvest occurred since 2000, tree cover
decreased across most of the study area (Fig. 3). These losses were
higher in areas affected by timber harvest than by wildfire, with mean
changes of −0.15%±0.43% SD and −0.05%±0.48% SD per year,
respectively. Losses of tree cover indisturbed areaswerehighest in the
southern boreal where wildfires and harvests overlap in extent (Fig. 3
and Supplementary Fig. 5). In the temperate-boreal transition zone,
harvests dominated tree cover losses (−0.3% ±0.42% SD per year
compared to −0.12% ±0.33% SD per year from fires), while wildfires
caused higher losses in the southern interior (−0.13% ±0.5% SD per
year compared to −0.06% ±0.36% SD per year, also compare Supple-
mentary Fig. 6 for ecozones). Interestingly, tree cover in northern
boreal forests increased in our sample plots despite the occurrence
and greater extent ofwildfires in theseparts compared to the southern
boreal (Fig. 3, Supplementary Fig. 5; also Supplementary Fig. 6 for
ecozones). Areas disturbed between 1985 and 1999 were associated
with the highest rates of tree cover gains over the past two decades. In
particular, burnt areas showed the highest tree cover increase across
all disturbance categories with a mean 0.4% ±0.35% SD increase per
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year. Tree cover gains in areas logged between 1985 and 1999 were
lower than in areas that burned during the same period
(+0.16% ±0.41% SD per year). At the temperate-boreal transition zone,
tree cover losses occurred under timber logging (−0.04% ±0.34% SD
per year) and, to aminor extent, under wildfire (−0.01% ±0.24% SD per
year, Fig. 3b).

The patterns of tree cover change along the boreal distribution
gradient may differ across vegetation types, as needleleaf, broadleaf,
and mixed forests may respond differently to climatic conditions and

climatic changes. In this context, we compared tree cover changes
across different vegetation types52, dominated by non-woody vegeta-
tion (herbaceous plants and mosses), shrubs, needleleaf, broadleaf,
and mixed forests. We found the asymmetry in tree cover changes
along south-north gradients to be persistent across many vegetation
types and disturbance types (Fig. 4). Hereby, vegetation type deter-
mined at which location within the boreal interior tree cover gains
peaked. Needleleaf forests, for example, gained most tree cover in the
northern boreal, while trees growing within areas of non-woody
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Fig. 2 | Absolute tree cover changes of North American boreal forests from
2000–2019. a Tree cover changes based on the MODIS VCF tree cover product of
13,000 sample plots along 69 south-north transects (see Methods). Tree cover
change was calculated using Theil-Sen’s slope estimations. The horizontal lines
indicate the northern and southern boreal boundary based on Gauthier et al. 20155.
Standardised boundary positions were calculated for each sample plot based on its
relative position within the boreal boundaries. For better visualisation, tree cover
changes are shown as running means along boundary distances with bins of 0.025

(original results in Supplementary Fig. 7). bMapped tree cover changes across the
entire North American boreal forest biome, extending 120 km around the boreal
biome boundary (black solid line, based on Gauthier et al. 20155). The dashed line
represents the halfway positions between the northern and southern boreal biome
boundary (comparable to a standardised boundary distance of 0 in a). For a better
visibility, themap is of coarser resolution than theMODISdata set (~1000m instead
of 250m, rescaling was done through cell aggregation using means).
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vegetation or shrubs had the strongest increases in the interior. In
mixed or broadleaf forests, tree cover changed approximately linearly
along boreal boundary distances, characterised by tree cover gains
towards the north and losses with closer proximity to the south. This is
with the exception of mixed forests which were logged prior to 2000
and which peaked in tree cover gains in the southern boreal.

Tree cover dynamics along climatic and other environmental
gradients
We further analysed how tree cover changes were related to mean
annual temperatures, mean annual precipitation, and their trends
across two time periods (1980–2019 and 2000–2019). We also con-
sidered elevation and mean tree cover (2000–2019) in these analyses
as climate patterns and trends change with elevation and changes in
tree cover may be related to initial tree cover. We performed model
fitting separately for eachdisturbance type (i.e., undisturbed areas and
areas affected by wildfires and logging), as disturbances may alter the
underlying relationship between tree cover change and climate. For
example, some areas may have favourable climatic conditions for tree
cover increases but experience tree cover losses due to fireoccurrence
or timber harvests. As we used a Canadian dataset of disturbances, we
restricted our analyses to the Canadian boreal forests.

The humpback pattern in tree cover change along standardised
boundary distances (Fig. 3b) was also evident along climatic and tree
cover gradients: Considerable tree cover gains occurred in areas with
moderate mean tree cover (~20–40%, Fig. 5a), intermediate

temperature ranges (~7–0 °C, Fig. 5b) and low tomoderate amounts of
precipitation (~400–1000mm, Fig. 5c), all of which correspond to the
interior and northern interior of the boreal biome distribution (Sup-
plementary Fig. 8). In contrast, open and dense forests, very cold and
very warm areas, as well as dry and wet areas, either lost tree cover or
experienced little change. These patterns of tree cover change were
persistent across disturbance regimes and disturbance timing. Tree
cover also increased considerably in areas that are undisturbed since
1985 and which also experienced moderate long-term and short-term
warming (~0.04 °C annual warming since 1980 or ~0.1 °C annual
warming since 2000, Supplementary Fig. 9e, g). Neither recent nor
long-term trends in precipitation showed clear relationships with tree
cover change (Supplementary Fig. 9f, h). Elevation had little effect on
absolute tree cover changes (Supplementary Fig. 9b, but comparewith
Supplementary Fig. 10c).

Discussion
Our continental-scale analysis revealed that North American boreal
forests have experienced a marked north-south asymmetry in tree
cover changes over the past two decades, characterised by slow gains
at the tundra-forest boundary and fast losses at the boreal-temperate
boundary (Fig. 2). This suggests that thenorthernexpansion rate of the
boreal biome has, so far, been unable to keep up with the rates of
forest decline in the southern edge of the biome distribution. This
indicates that climate change has induced a state of disequilibrium33

between the potential and realised distribution of tree cover in the
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Fig. 3 | Tree cover change of North American boreal forests between
2000–2019 by disturbance type. a Tree cover changes by disturbance type
expressed as running means along south-north boundary distances with bins of
0.025 (original results in Supplementary Fig. 16a). Boundaries were derived from
Gauthier et al. 5. b Fitted tree cover changes from generalised additive mixed-
effectsmodels. Data are presented asmodel fits ± standard errors around the fitted
lines. Standardised boundary distancewas included asfixed smoothed explanatory

variable in the model and fitted using disturbance type as interaction term. Tree
cover changes were calculated as described in Fig. 2. Disturbances by wildfire and
timberharvest cover theperiods 1985–1999 and 2000–2019andwerederived from
the CANLaD data set (see Methods for details). Undisturbed forests are defined as
areas unaffected by fire and harvest since 1985. Relative tree cover changes by
disturbance type are shown in Supplementary Fig. 16b. Fittedmodel lines including
raw data points are shown in Supplementary Fig. 7.
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North American boreal biome, opening up the potential for a transient
biome contraction. While our study period is too short to detect a
direct loss of the boreal biome associated with a contraction, the
mismatch between a lack of tree cover expansion in the north and the
decline in the south are structural indicators for a possible onset of
such a contraction. This is supported by additional lines of evidence
showing a clear range shrinkage of tree cover distributions along the
biome boundaries (see Supplementary Figs. 1–5 and Supplementary
discussion). We also highlighted that this shrinkagemay occur despite
our observation that forests became denser, especially in the northern
interior (Supplementary Fig. 1). Thismeans that the overall biomemay

have increased in surface area through infilling of available space in the
northern boreal but declined their latitudinal distribution range.

The absence of tree cover expansion at the boreal-tundra
boundary could stem from a lag in tree responses to climate
change33,53 which may be related to dispersal limitations, the influence
of disturbances (such as Arctic fires or water logging from permafrost
collapse), poor nutrient availability54,55, slow adaption or herbivory56.
Lags are likely to be present at the boreal-temperate boundary as well,
despite the higher rates of change (i.e., losses) compared to the
northern boundary. A delay in mortality of long-lived species such as
trees, genetic adaptations to changes in climate, or anthropogenic
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Fig. 4 | Relationsbetween treecover change,disturbances, andvegetation type
between the southern and northern boreal forest biome boundaries. Tree
cover changes are visualised along standardised boundary distances from south
(−1) to north (1) as model fits ± standard errors around the fitted lines from a
generalised additive mixed-effects model (see Supplementary Fig. 17b for relative
tree cover change). We included standardised boundary distance as fixed smooth
explanatory variable in the model. We further included interaction effects within

the smoothing term considering 30 different combinations of disturbances (panel
columns and colours) and vegetation types (panel rows). We accounted for spatial
correlation in the model and treated sample transects as random effects. Hor-
izontal dashed lines represent the southern, interior, and northern boreal forest
boundaries. Fitted model lines including raw data points are shown in Supple-
mentary Fig. 17a.
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influences (e.g., through tree planting) can obscure even higher rates
of tree cover losses than we report here53.

Our results add to research showing a boreal biome shift from
changes in spectral vegetation greenness37. Results on trends of
greenness indices suggest a northward shift of the boreal biome, with
browning trends more dominant in the south and greening trends in
the north. While these results are consistent with ours, by using tree
cover as a physical measure of forest characteristics, changes in tree
cover we observed are interpretable in the context of a biome shift. By
adding themagnitude of change, wewere also able to demonstrate the
marked differences in rates of change between the northern and
southern boreal biome. We interpret these differences as a range
shrinkage of tree cover distributions and an indicator for a possible
future biome contraction. Future trajectories of these transients will
strongly depend on the speed of climate change and its effects on tree
growth and disturbance regimes. Long transients34 may thus also be
possible, meaning that compensation of southern forest loss by
northern forest expansion would not happen over human timescales.

Wildfires and timber harvests were associatedwith themagnitude
and direction of tree cover changes across most of the boreal biome
distribution (Fig. 3). Especially in the southern parts of the boreal
biome, tree cover losses were highest in regions affected by dis-
turbances over the past two decades. Our results are in line with other
research identifying the considerable contribution of disturbances to
forest loss21,57,58. Our observations also indicate that forests in the
southern boreal biome did not recover from wildfire and timber har-
vests within the 20-year study period57–59. Although southern boreal
forests were exposed to fewer and smaller wildfires than northern
forests (Supplementary Fig. 11), tree cover losses were larger here than
at the boreal interior. These observations suggest slower recovery of

southern boreal forests following wildfire perturbations in the
south59–61. This is further supported by the lower tree cover gains in
areas of the southern boreal which burned prior to our study period
between 1985 and 1999 and those with an unknown disturbance prior
to 1985 (Fig. 3b). We, therefore, suggest that observed declines in
growth rates of boreal tree species in the southern biome26,27 lead to a
considerably reduced post-disturbance recovery ability. In contrast,
tree cover increased in the northern interior range of the boreal dis-
tribution despite more frequent and larger wildfires in the north than
those occurring in the southern boreal range (compare Fig. 3 and
Supplementary Fig. 10). These tree cover gains in the presence of
recent wildfires seem counter-intuitive. However, as burnt areas rarely
covered our sample plots completely but were rather localised
patches, tree cover gains in undisturbed areas surrounding those
patches could have compensated the losses incurred by fire. In
addition, faster post-fire recovery in the northern interior may
have accelerated such compensation. Our results suggest that
such compensating processes may have occurred in the boreal
interior but not in the southern boreal where tree cover losses
prevailed. Similarly, tree cover gains in areas that have burned
between 1985–1999 in northern regions were higher than in the
south, indicating a much faster recovery57–59. This faster post-fire
recovery in northern regions may result from several processes.
Here, climate change may have made growing conditions more
benign for post-disturbance tree growth than in the southern
distribution range. Alternatively, faster recovery may be driven by
post-fire changes in species composition, from slow-growing
coniferous to fast-growing deciduous species62. These composi-
tional changes may partly be reflected in the tree cover gains we
observed following fires in the northern boreal interior.
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Fig. 5 | Relationships between tree cover (TC) change 2000-2019 across North
American boreal forests and environmental conditions. a Mean tree cover
2000–2019. b Mean annual temperatures (MAT). c Mean annual precipitation
(MAP). Relationships are shown as model fits ± standard errors around the fitted
lines for different disturbance categories (colours).Model fits were generated from
generalised additivemixed-effectsmodels. Eachpredictor of tree cover changewas
included in a separate model due to correlations between predictors. Transects
were used as random effects in the models. Additionally, tree cover change was

fitted by disturbance type and assuming an exponential spatial correlation struc-
ture. Other environmental conditions are shown in Supplementary Fig. 9. Fitted
model lines including rawdata points are shown in Supplementary Fig. 18. Absolute
tree cover changewas calculated through Theil-Sen’s slope estimationmethod and
is expressed in absolute terms (see Supplementary Fig. 19 for relative TC change).
Climatic variables were taken from the ERA5 Monthly Averaged data set and cover
the period 1980–2019 and 2000–2019.
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Tree cover changes were also related to timber harvests (Fig. 3).
Logging operations are concentrated at the southern boreal interior
and the boreal-temperate boundary63,64 (Supplementary Fig. 11), con-
tributing to the tree cover losses we report over the past two decades
Similar to wildfire, tree cover in logged areas increased when moving
northward which could be a result of the lower harvest extent in these
parts. Changes in tree cover for areas harvested between 1985 and
1999 showed similar patterns as forwildfirewith lower tree cover gains
in the south than in the north. However, the successional trajectories
which determine the recovery from disturbance likely differ strongly
between wildfire and timber harvest. Forest management of areas
under timber logging in Canada have to ensure forest regeneration
through either natural regeneration or active planting of tree seed-
lings. Hereby, replanting pre-determines the recovery of forests after
logging and therefore may have affected the dynamics in tree cover
change we observed. Despite the similar patterns we found for tree
cover changes in the southern andnorthernboreal inburnt and logged
areas, the underlyingmechanisms governing these dynamics are likely
different. Regarding pre-harvest recovery, our results mean that
assisted regeneration of forests through planting may nevertheless be
equally affected by changing growing conditions as areas recover from
wildfire. To what extent regeneration success from replanting after
logging differs between southern and northern logging areas is
beyond the scope of our study.

Our results highlight that disturbances are linked to the observed
range shrinkage of tree cover distributions. Boreal forests at their
southern boundary may be limited in their ability to recover from
disturbances compared to their northern distribution. In particular,
where wildfire occurrence and timber harvests overlap (Supplemen-
tary Fig. 11), the interaction of these disturbance types could amplify
tree cover loss11 and erode forest resilience to future climate change
and to intensified disturbances65. This is particularly concerning, as
wildfires are expected to increase in magnitude, intensity, and fre-
quency in boreal landscapes with further climate change59–61. They
could thus not only lead to greater tree cover losses but also further
offset or stall recovery processes66,67, eventually amplifying the biome
contraction.

In addition to disturbances, we found associations between tree
cover changes and climate, indicating that climate and climate change
may be a driver of tree cover dynamics over the past decades. Tree
cover gainswere highest in areas of intermediate temperature and tree
cover, typically associated with the boreal interior. These gains could
represent an infilling of available spaces by already established trees.
Trees in these higher latitudes and higher altitudes may benefit from
lifting growth limitations18 and from shifting climatic niches towards
the optimal range for boreal tree species26. Our observations are in line
with results from previous studies showing improved growing condi-
tions and productivity of northern boreal forests as a result of
warming21,26,37,38,68, albeit with large regional variability in growth
responses which can occur due to differences in water availability69.

In contrast to the boreal interior, tree cover gains at the cold
boreal-tundra boundary were slow. The non-linear relationship
between tree cover change and temperatures may suggest processes
leading to a disequilibrium between boreal biome distribution and
shifting climatic niches. Studies on northward forest expansions have
shown that forests do not consistently follow their climatic niche
everywhere along the northern boundary19,24,70,71. Tree recruitment and
growth are very slow processes at high-latitude ecosystems. Forest
expansion can be locally slowed down by seed dispersal limitation.
However, field experiments show that once tree seedlings germinate,
their survival strongly depends on the facilitative effects of shrubs
ameliorating the harsh abiotic conditions of the far north72. Although
there is limited evidence that climate warming has facilitated north-
ward shrub expansion73 and this could further pave theway for trees to
follow, climate warming has also increased permafrost collapse. Field

and remote sensing observations show that surface water accumula-
tion from permafrost collapse leads to the browning of shrubs and
forests74,75 and may thus limit forest expansion75.

In the southern boreal, we observed a tendency towards tree
cover losses in areas of warm temperatures even in the absence of
wildfires and logging over the past four decades. Our results indicate
that deteriorated growing conditions may have reduced tree cover at
the warm biome margin, consistent with previous research using
greenness indices37. Exceeding temperature thresholds under con-
tinued warming can lead to growth reductions of various tree
species26,27. As these thresholds are likely to be reached earlier at the
warm edge of the southern boreal biome than in the north, warming
could lead to elevated mortality27,76 and explain the tree cover losses
we report here.

Some of the losses at the southernmargin could be compensated
by an expansion of temperate forests into the boreal biome15. We
expected that differences in tree cover change between broadleaf and
needleleaf forest types would be indicative of a future climate-induced
shift in dominance of these groups29,77–79. However, we did not find
sufficient evidence to support this expectation. Mixed and broadleaf
forests generally lost tree cover at the southern boundary similar to
needleleaf forests (Fig. 4). While trees growing in areas dominated by
shrubs, non-woody vegetation, and needleleaf forests maximised tree
cover gains at different locations within the biome, we did not observe
suchdifferences formixed and broadleaf forests.Whether andwhere a
temperate forest expansion into the current boreal biomewill occur is
still unclear but is unlikely to occur rapidly53.

The observed tree cover changes have implications for carbon
storage, regional and global climates, biodiversity, and people’s live-
lihoods and could initiate or alter feedbacks to other tipping elements
of the Earth system3. If changes in tree cover can broadly be associated
with above-ground carbon storage of boreal forests, our results sug-
gest carbonuptake in the interior ofNorthAmericanboreal forests and
a release of biomass carbon in the south over the past 20 years. The
infilling of available space by tree cover in the northern interior out-
weighed the losses in the south and led to an overall increase in treed
area and thus biomass carbon. This is consistent with observed overall
biomass accrual across Canadian boreal forests over the past three
decades58.

We stress, however, that the short-term increases in biomass
carbon based on our resultsmay not be indicative of the long-term net
carbon balance of boreal forests, especially under a biome contraction
scenario. A reduced recovery ability of boreal forests fromdisturbance
at the southern margin could prolong the time until carbon losses are
compensated by carbon gains80 andmay lead to non-linear transitions
and sudden loss of tree cover and carbon65. Further increases in
anthropogenic pressure from future climate-induced expansions of
population densities81 and agricultural areas82 into the southern boreal
zone may accentuate a boreal contraction. Additionally, the loss of
southernboreal carbondue to climate change anddisturbances and its
potential replacement by low-carbon systems (e.g., shrublands or
grasslands) could outweigh carbon gains in the north83. The latter may
happen at the expense of thawing permafrost and an associated
release of carbon from the extensive permafrost carbon pools2,84.
Finally, the extent to which biomass carbon can increase in the
northern boreal biome is limited by the available space and will
eventually saturate over time, while a retreat of the southern biome
boundary may continue. Whether biome carbon gains can outpace
carbon losses is outside the scope of our study. The uncertainty sur-
rounding this question, however, highlights the importance of long-
term monitoring coupled with accurate predictions from climate or
dynamic vegetation models.

Tree cover changes additionally impact albedo and can alter
regional warming and interact with permafrost processes17. The tree
cover gains we report here for the northern interior are likely to
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decrease albedo which may lead to additional warming85 and a
reduction of the climate effect through carbon uptake36. Contrarily,
losses of tree cover in the southern boreal biome or a replacement of
conifers by broadleaved trees can increase albedo and may have a
cooling effect86. Whether and how a contraction of the boreal biome
causes warming and cooling and to what extent these effects can
influence global climate is subject to future research.

While satellite-derived tree cover data have enabled a biome-wide
study on a continental scale over the past two decades, tree cover
change, especially close to the forest-tundra boundary, may not be
captured by the MODIS tree cover data due to the inherent limitations
in terms of the applied tree height threshold87. A validation of remote
sensing data with field-based observations (e.g., from forest inven-
tories) is needed to correct for these limitations. In addition, new
remote sensing data (e.g., radar, lidar, and hyperspectral sensors) with
higher spatial resolutions are promising tools for understanding
biome-wide changes in tree cover and other forest characteristics in
high-latitude ecosystems88. While their temporal or spatial coverage is
still insufficient to replicate our analysis, they may provide valuable
insights in the interpretation of the results we presented here, espe-
cially with respect to cross-sensor validation.

While wildfire and timber harvest are the most important drivers
of boreal forest change inNorthAmerica49, regional disturbances, such
as insect outbreaks, have been shown to cause considerable carbon
losses89. These disturbances may become more prevalent in the
future90 and could have amplifying effects, when they occur in com-
bination with other disturbance types11,91. Accurate estimations of
forest damage by these additional disturbances on biome scales are,
however, still rare.

Lastly, we argued that our observations of tree cover change may
be evident of transient dynamics of the boreal biome. However, data
on tree cover dynamics spanningmore than the relatively short period
of 20 years of theMODIS dataset would highly increase the confidence
in the transient nature of observation. Hence, longer-termmonitoring
of remotely-sensed changes in tree cover and other biome structural
characteristics are crucial to identify transient dynamics over decadal
and centennial timescales which may differ greatly form their equili-
brium state33. This is particularly relevant, when long transients prevail
in biomes that are subject to slow processes or repeated
disturbances34. The identification of transient dynamics can correct
model predictions of future climate change and vegetation shifts.

In summary,wehave presented evidence for an asymmetry in tree
cover change between the southern and northern distribution
boundaries of North American boreal forests over the past two dec-
ades. This mismatch in rates of tree cover change could indicate a
tendency towards a possible transient biome contraction. In addition,
disturbances and temperatures were strongly related to the observed
range shrinkage in tree cover distributions. As disturbance pressure
and warming in the boreal biome are unlikely to decline in magnitude
in the future, the asymmetry in tree cover change may ultimately lead
to a replacement of the southern boreal biome by other systems, e.g.,
temperate forests or grasslands. The variability in tree cover dynamics
highlights that a potential future biome contraction will likely vary
considerably in space. It is crucial to understand these future biome
dynamics, as a boreal contraction would influence a diversity of eco-
logical processes that affect carbon storage. Our results contribute to
the idea that climate change may lead to shifts of entire biomes and
that such shifts may not match their climatic equilibrium, leading to
transient dynamics. The rate and duration of these shifts are hereby a
crucialmeasure to better predict vegetation and climate change. Long-
term studies, combining remote sensing and field observations, are
needed to evaluate the trajectories of the entire boreal biome at the
northern and southern boundaries and the implications for carbon
balance, climate feedbacks and biodiversity.

Methods
Study area and sampling design
We conducted our research on a continental scale in North American
boreal forests. This region of the global biome distribution has been
well-studied and data on climate, disturbances, vegetation, and bio-
mass storage are available.While the boreal biomecanbe separated by
distinct ecoregions based on a broad range of climatic and vegetation
conditions, tree cover is located along a distinct south-north tem-
perature gradient, with moderate to high tree cover at higher mean
annual temperatures in the south, and a decline in tree cover with
declining temperatures poleward48. We used this gradient to inform
our sampling design.

We collected data within sample plots of 0.05° × 0.05° in size. The
plots were located along 69 randomly selected south-north transects
(Supplementary Fig. 12). Transect locations were, however, restricted
by a minimum distance between them to account for spatial auto-
correlation between transects (see Data Analysis for more details).
Transects were drawn in such a way that they crossed the northern-
most and southernmost boreal biome boundaries and extended
beyond them by 20 sample plots (i.e. ~120 km). We defined the boreal
biome boundary following the delineation by Gauthier et al.5. As this
definition is based on a combination of climatic conditions, topo-
graphy, vegetation classes, and forest extent, areas that may not
strictly be defined as forest fall within these boundaries, e.g., sparse
tundrawoodlands. These areas, togetherwith forests, areof interest to
our research aims. Consequently, we deemed this data set more
appropriate than tree line estimations or forest masks.

Within each plot, we calculated means of all variables which
enabled a meaningful comparison of all data based on a single-size
unit. To avoid inclusion of tree cover signals from non-natural or
mainly unvegetated sources, we excluded pixels classified as urban,
cropland, wetlands, bare ground, water, and snow/ice (see Methods
for information on classifications). We also excluded all plots in which
the aforementioned vegetation types covered the largest area, leaving
plots of six main vegetation types: Non-woody vegetation (including
herbaceous vegetation, mosses, and lichen), shrubs, needleleaf for-
ests, mixed forests, broadleaf forests, and unknown forests. We
extracted data from the remaining 12,954 plots, covering an area of
26.3 million ha (~7% of North American boreal forest extent48). We
ensured that our sampling design is representative of the disturbance
extent and spatial coverage (Supplementary Fig. 13 and Supplemen-
tary Table 1).

Tree cover estimates and change
We used remotely sensed tree cover data from the MODIS Vegetation
Continuous Field (VCF) version 6 product for the years 2000–2019
with a spatial resolution of 250m41,87 (Supplementary Table 2). We
calculated tree cover changes over this period and for each sample
plot through Theil-Sen’s slope estimation using the zyp package in R
(version 0.10-1.1)92. To account for potential temporal autocorrelation
in annual tree cover estimations, we followed Yue-Pilon’s pre-
whitening method within this package93. The output of this analysis
is an annual rate of absolute tree cover change expressed in % year−1.
We found that absolute change depended on mean tree cover across
our study period. To account for this dependency, we additionally
calculated relative tree cover change by dividing the absolute value by
mean tree cover of all years between 2000 and 2019, which resulted in
a change expressed as %−1 year−1. Absolute and relative tree cover
change have separate implications for boreal biome change. Absolute
values can be an indicator of biomass change (although both may not
always be correlated), while relative values indicate a change with
respect to initial conditions. We, therefore, included both measures in
our study and performed analyses separately for absolute and relative
change. As our main aim was to gain a complete picture of tree cover
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changes across the North American boreal biome, we included trend
values irrespective of their statistical significance.

Environmental data
We related observed tree cover changes to disturbance types, vege-
tation classes, climatic, and other environmental data using several
sources summarised in Supplementary Table 2 and shown in Supple-
mentary Fig. 14.

Disturbance data. We extracted disturbance data from two datasets
covering the period 1985–2019: (1) CanLaD dataset of Canadian wild-
fire and timber harvest44 and (2) MTBS dataset of Alaskan wildfires50,51.
Both datasets include the occurrence and year of disturbance with a
spatial resolution of 30m. To relate disturbance types to our sample
plots, we calculated percentage disturbed area within each plot for
wildfire and harvest (only for the Canadian dataset). We then classified
plots as either Fire or Harvest based on largest disturbed area and
recorded the year of that disturbance. Hereby, we classified disturbed
sample plots whenever there was any sign of either wildfire or timber
harvest, irrespective of its spatial extent within the plots. We then
distinguished between disturbances of the following five categories:
(1) wildfire within our study period (2000–2019), (2) timber harvests
2000–2019, (3) wildfire 1985–1999, (4) timber harvest 1985–1999 and
(5) areas that were either undisturbed or disturbed prior 1985.

Vegetation classification. We used the Copernicus Global LandCover
version 2.0.2 map (GLC) with a spatial resolution of 100m for the year
2015 for vegetation classification46. Thismap canbe considered a static
land cover map, in which temporary changes in land cover (for
example, from forest to herbaceous vegetation afterfire) are excluded,
unless they remain permanent. Static maps have commonly been used
to attribute boreal forest characteristics or change to land cover types
and vegetation functional groups21,37,65, as permanent land cover
changes (such as deforestation from agricultural expansion) are very
rare in boreal landscapes. We reclassified and condensed the original
23 classes into 14 land cover types (Supplementary Table 3) and
determined the most dominant class for each sample plot. We used 6
main vegetation types in our analyses (see Study area and sampling
design).

Climate data. Climatic variables were derived from the ERA5 monthly
average climate data set with a spatial resolution of 0.25 decimal
degrees43 (Supplementary Table 2). We extracted data on monthly
temperatures and precipitation for the past 40 years (1980–2019). We
then calculated the annual mean metrics of these variables. We also
quantified trends of annual temperatures and annual precipitations
following the same approach as for tree cover change estimation. We
considered climatic trends across two periods: One over the full-time
range 1980–2019 and onewhich cover the period of tree cover change
2000–2019. Both periods are potentially relevant for changes in tree
cover across the boreal biome. The long-term trend covers a period of
time in which climatic changes became increasingly more observable
in high latitudes and may have therefore influenced biome processes
resulting in potential long-term effects on tree cover changes. The
more recent time period is likely to have directly impacted tree cover
changes within our study period.

Elevation data. We extracted elevation data from the USGS Global
Terrain Elevation model with a spatial resolution of 250m94 (Supple-
mentary Table 2).

Data analysis
Data extraction. We used the ArcPro geographical information soft-
ware (version 2.8.3) for generating the random sample plots and for
extracting raster data to our sample plots.

Spatial analyses. The location of transects was informed by spatial
autocorrelation of MODIS tree cover changes. We first created 10,000
random points across our study area and extracted MODIS-derived
tree cover changes. We then tested for spatial autocorrelation of tree
cover changes and described the best fit for the spatial variogram
function by building linear mixed-effects models for the null model
and a Gaussian, exponential, and spherical variogram function. We
found that spatial autocorrelation was present (the null model per-
formed worse than the spatially corrected models) and that an expo-
nential function described this relation best. We created the spatial
variogram by calculating variances in tree cover changes between
points of equal distance from each other. We fitted an exponential
variogram function to the data and identified the range, i.e., the dis-
tance at which variances level off (Supplementary Fig. 15). Transects
were randomly selected while adhering to this minimum distance
of 133 km.

Standardisation of transect locations. We comparedmean tree cover
changes of sample plots along all transect locations. Due to the geo-
graphic position of theNorthAmericanboreal biome,wedid not deem
a definition of transect locations by latitude the best variable. That is
because some latitudes are associated with both the northern and
southern boundaries of the boreal. In these parts, the identification of
potential patterns in tree cover changes would be confounded. We,
therefore, standardised transect locations for each sample plot by
considering different transect lengths in the following way: We
assigned values of −1 and 1 to the intersections of each transect with
the southernmost and northernmost boreal boundary, respectively.
We then calculated the positionof eachplot along a transectwithin the
−1 to 1 range based on the total number of plots between the south and
north. This means that a plot at a location of 0 is halfway between the
southern and northern boundary. All plots extending beyond boreal
boundaries were assigned values up to −1.5 and 1.5 for the south and
north, respectively. This way, irrespective of latitude or transect
length, plots are characterised by their relative distance to each
boundary. We use the term Standardised boundary distance (SBD) to
refer to this distance.

Statistical analysis of tree cover changes and environmental con-
ditions. We assessed the relationship between tree cover changes and
environmental conditions through a general additive mixed-effects
model (GAMM) using the mgcv package version 1.8-40 in R95. GAMMs
can deal with the non-linearity that we expected between tree cover
change and explanatory variables. We considered the following
explanatory variables: SBD, mean tree cover 2000–2019, elevation,
mean annual temperature, mean annual precipitation, changes in
mean annual temperature, and changes in mean annual precipitation
(each for the periods 1980–2019 and 2000–2019).

Prior to model fitting, we performed a principal component
analysis using the stats package version 4.2.0 in R96 to explore
correlations between tree cover change and explanatory variables.
We found high correlations between most explanatory variables
(Supplementary Fig. 8). We, therefore, built models for each
explanatory variable separately and performed model fitting with
absolute and relative tree cover changes as separate response
variables. We defined explanatory variables as fixed smooth terms
and included interactions with all five disturbance types within the
smoothing term to evaluate how the relationship between tree
cover change and explanatory variables is modified by different
disturbances. We treated individual transects as random effects. As
the spatial analysis revealed spatial autocorrelation within trans-
ects, we included an exponential spatial correlation structure in the
model. We validated all models visually using observed values, fit-
ted values, and model residuals to check for heterogeneity and
normality of residuals, patterns in model fits vs observed data, and
any remaining random effects (see R script for details97).
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We followed the same modelling process to quantify the rela-
tionship between tree cover change and vegetation types under dif-
ferent disturbances. We were interested in how tree covers changes
with respect to the biome boundary for forests embedded in different
vegetation types. We, therefore, included the interaction of all 30
combinations of vegetation types (n = 6) and disturbance types (n = 5)
within the smoothing term of standardized boundary distance and
fitted this model to the observed tree cover changes. All GAMMmodel
results are listed in Supplementary Data 2.

All analyses described above were performed in R (version 4.2.0)
usingRStudioVersion 1.1.46398. The accompanyingR script is provided
online97.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Tree cover data extracted from MODIS VCF, Version 6 is available via
the Application for Extracting and Exploring Analysis Ready Samples
(AρρEEARS). An updated CanLaD disturbance dataset on wildfire and
timber harvest from 1985 to 2020 was kindly provided by Dr. Luc
Guindon and will soon be available on the Government of Canada
website. ERA5 climatic data on surface temperatures and precipitation
are available on the Copernicus website, https://doi.org/10.24381/cds.
f17050d7. Elevation data is available on the USGS website (https://doi.
org/10.5066/F7J38R2N) following the link to the GMTED2010 Viewer.
The global land cover map is available on Zenodo, https://doi.org/10.
5281/zenodo.3243508. Boreal forest boundary data is available upon
request to Sylvie Gauthier and Dominique Boucher. The map of tree
cover trends produced by this study is available on an Zenodo, https://
doi.org/10.5281/zenodo.752032299. All source data are provided with
this paper (Supplementary Data 1).

Code availability
All codes used for the analyses are publicly archived on the lead
author’s GitHub97.

References
1. Pan, Y. et al. A large and persistent carbon sink in the world’s for-

ests. Science 333, 988–993 (2011).
2. Bradshaw,C. J. A.&Warkentin, I. G.Global estimatesofboreal forest

carbon stocks and flux. Glob. Planet Change 128, 24–30 (2015).
3. Lenton, T. M. et al. Tipping elements in the Earth’s climate system.

Proc. Natl. Acad. Sci. 105, 1786–1793 (2008).
4. Post, E. et al. The polar regions in a 2 °C warmer world. Sci. Adv. 5,

1–12 (2019).
5. Gauthier, S., Bernier, P., Kuuluvainen, T., Shvidenko, A. Z. & Sche-

paschenko, D. G. Boreal forest health and global change. Science
349, 819–822 (2015).

6. McDowell, N. G. et al. Pervasive shifts in forest dynamics in a
changing world. Science 368, eaaz9463 (2020).

7. Lindner, M. et al. Climate change impacts, adaptive capacity, and
vulnerability of European forest ecosystems. Ecol. Manag. 259,
698–709 (2010).

8. Chapin, F. S. III et al. Global change and the boreal forest: thresh-
olds, shifting states or gradual change? Ambio 33, 361–365 (2004).

9. Reyer, C. P. O., Rammig, A., Brouwers, N. & Langerwisch, F. Forest
resilience, tipping points and global changeprocesses. J. Ecol. 103,
1–4 (2015).

10. Allen, C. D., Breshears, D. D. &McDowell, N. G. On underestimation
of global vulnerability to tree mortality and forest die-off from
hotter drought in the Anthropocene. Ecosphere 6, 1–55 (2015).

11. Seidl, R. et al. Forest disturbances under climate change.Nat. Clim.
Chang 7, 395–402 (2017).

12. Mann, D. H., Rupp, T. S., Olson, M. A. & Duffy, P. A. Is Alaska’s boreal
forest nowcrossing amajor ecological threshold?Arct. Antarct. Alp.
Res. 44, 319–331 (2012).

13. Settele, J. et al. Terrestrial and inland water systems. in Climate
Change 2014: impacts, adaptation, and vulnerability. Part A: Global
and Sectoral Aspects. Contribution of Working Group II to the Fifth
Assessment Report of the Intergovernmental Panel on Climate
Change (ed. Field, C. B., et al.) 271–359 (Cambridge University
Press, 2014).

14. Wolken, J. M. et al. Evidence and implications of recent and pro-
jected climate change in Alaska’s forest ecosystems. Ecosphere 2,
124 (2011).

15. Gonzalez, P., Neilson, R. P., Lenihan, J. M. & Drapek, R. J. Global
patterns in the vulnerability of ecosystems to vegetation shifts due
to climate change. Glob. Ecol. Biogeogr. 19, 755–768 (2010).

16. Larsen, J. N. et al. Polar Regions. in 2014: Climate Change 2014:
impacts, adaptation, and vulnerability. Part B: regional aspects.
Contribution of Working Group II to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change (ed. [Barros, V. R.,
et al.) 158–165 (Cambridge University Press, 2014).

17. IPCC. Climate Change and Land: an IPCC special report on climate
change, desertification, land degradation, sustainable land man-
agement, food security, and greenhouse gas fluxes in terrestrial
ecosystems. https://doi.org/10.4337/9781784710644 (2019).

18. Boisvenue, C. & Running, S. W. Impacts of climate change on nat-
ural forest productivity - evidence since the middle of the 20th
century. Glob. Chang Biol. 12, 862–882 (2006).

19. Harsch, M. A., Hulme, P. E., McGlone, M. S. & Duncan, R. P. Are
treelines advancing? A global meta-analysis of treeline response to
climate warming. Ecol. Lett. 12, 1040–1049 (2009).

20. Myers-Smith, I. H. et al. Shrub expansion in tundra ecosystems:
dynamics, impacts and research priorities. Environ. Res. Lett. 6,
045509 (2011).

21. Sulla-Menashe, D., Woodcock, C. E. & Friedl, M. A. Canadian boreal
forest greening and browning trends: an analysis of biogeographic
patterns and the relative roles of disturbanceversus climatedrivers.
Environ. Res. Lett. 13, 014007 (2018).

22. Myers-Smith, I. H. et al. Complexity revealed in the greening of the
Arctic. Nat. Clim. Chang 10, 106–117 (2020).

23. Berner, L. T. et al. Summer warming explains widespread but not
uniform greening in the Arctic tundra biome. Nat. Commun. 11,
1–12 (2020).

24. Rees, W. G. et al. Is subarctic forest advance able to keep pace with
climate change? Glob. Chang Biol. 26, 3965–3977 (2020).

25. Mekonnen, Z. A. et al. Arctic tundra shrubification: a review of
mechanisms and impacts on ecosystem carbon balance. Environ.
Res. Lett. 16, 28 (2021).

26. D’Orangeville, L. et al. Beneficial effects of climate warming on
boreal tree growthmay be transitory.Nat. Commun. 9, 3213 (2018).

27. Reich, P. B. et al. Even modest climate change may lead to major
transitions in boreal forests. Nature 608, 540–545 (2022).

28. Wyckoff, P. H. & Clark, J. S. The relationship between growth and
mortality for seven co-occurring tree species in the southern
Appalachian Mountains. J. Ecol. 90, 604–615 (2002).

29. Wang, J. A. et al. Extensive land cover change across Arctic–Boreal
Northwestern North America fromdisturbance and climate forcing.
Glob. Chang Biol. 26, 807–822 (2020).

30. Tchebakova, N. M., Parfenova, E. & Soja, A. J. The effects of climate,
permafrost and fire on vegetation change in Siberia in a changing
climate. Environ. Res. Lett. 4, 045013 (2009).

31. Frelich, L. E., Montgomery, R. A. & Reich, P. B. Seven ways a
warming climate can kill the Southern Boreal Forest. Forests 12,
560 (2021).

32. Corlett, R. T. & Westcott, D. A. Will plant movements keep up with
climate change? Trends Ecol. Evol. 28, 482–488 (2013).

Article https://doi.org/10.1038/s41467-023-39092-2

Nature Communications |         (2023) 14:3373 11

https://doi.org/10.24381/cds.f17050d7
https://doi.org/10.24381/cds.f17050d7
https://doi.org/10.5066/F7J38R2N
https://doi.org/10.5066/F7J38R2N
https://doi.org/10.5281/zenodo.3243508
https://doi.org/10.5281/zenodo.3243508
https://doi.org/10.5281/zenodo.7520322
https://doi.org/10.5281/zenodo.7520322
https://doi.org/10.4337/9781784710644


33. Svenning, J.-C. & Sandel, B. Disequilibrium vegetation dynamics
under future climate change. Am. J. Bot. 100, 1266–1286 (2013).

34. Hastings, A. et al. Transient phenomena in ecology. Science 361,
1–9 (2018).

35. Webb, E. E., Loranty, M. M. & Lichstein, J. W. Surface water, vege-
tation, and fire as drivers of the terrestrial Arctic-boreal albedo
feedback. Environ. Res. Lett. 16, 084046 (2021).

36. Betts, R. A. Offset of the potential carbon sink from boreal fores-
tation by decreases in surface albedo. Nature 408, 187–190
(2000).

37. Berner, L. T. & Goetz, S. J. Satellite observations document trends
consistent with a boreal forest biome shift. Glob. Chang Biol 1–18
https://doi.org/10.1111/gcb.16121 (2022).

38. Ju, J. & Masek, J. G. The vegetation greenness trend in Canada and
USAlaska from 1984–2012 Landsat data.Remote Sens. Environ. 176,
1–16 (2016).

39. Beck, P. S. A. & Goetz, S. J. Corrigendum: Satellite observations of
high northern latitude vegetation productivity changes between
1982 and 2008: ecological variability and regional differences.
Environ. Res. Lett. 7, 029501 (2012).

40. Sulla-Menashe, D., Friedl, M. A. & Woodcock, C. E. Sources of bias
and variability in long-term Landsat time series over Canadian
boreal forests. Remote Sens. Environ. 177, 206–219 (2016).

41. DiMiceli, C. et al. MOD44B MODIS/terra vegetation continuous
fields yearly L3 global 250m SIN Grid V006. https://doi.org/10.
5067/MODIS/MOD44B.006 (2015).

42. DiMiceli, C., Townshend, J., Carroll, M. & Sohlberg, R. Evolution of
the representation of global vegetation by vegetation continuous
fields. Remote Sens. Environ. 254, 112271 (2021).

43. Hersbach, H. et al. ERA5 monthly averaged data on single levels
from 1979 to present. https://doi.org/10.24381/cds.f17050d7
(2019).

44. Guindon, L. et al. Missing forest cover gains in boreal forests
explained. Ecosphere 9, e02094 (2018).

45. Guindon, L. et al. Annual mapping of large forest disturbances
across Canada’s forests using 250mMODIS imagery from 2000 to
2011. Can. J. For. Res. 44, 1545–1554 (2014).

46. Buchhorn M. et al. Copernicus Global Land Service: Land Cover
100m: version 2 Globe 2015: Product User Manual (Version Dataset
v2.0, doc issue 2.20). (2019).

47. CCEA. Canadian Ecological Framework. https://ccea-ccae.org/
ecozones-downloads/ (2014).

48. Brandt, J. P., Flannigan, M. D., Maynard, D. G., Thompson, I. D. &
Volney,W. J. A. An introduction toCanada’s boreal zone: Ecosystem
processes, health, sustainability, and environmental issues1.
Environ. Rev. 21, 207–226 (2013).

49. Curtis, P. G., Slay, C. M., Harris, N. L., Tyukavina, A. & Hansen,
M. C. Classifying drivers of global forest loss. Science 361,
1108–1111 (2018).

50. Finco, M. et al. Monitoring trends and burn severity (MTBS): mon-
itoring wildfire activity for the past quarter century using landsat
data. In: Forest Inventory and Analysis (FIA) symposium 2012 (2012).

51. Picotte, J. J. et al. Changes to theMonitoring Trends in Burn Severity
program mapping production procedures and data products. Fire
Ecol. 16, 16 (2020).

52. Buchhorn, M. et al. Copernicus global land service: land cover
100m: epoch 2015: globe (Version V2.0.2). https://doi.org/10.5281/
zenodo.3243509 (2019).

53. Jump, A. S., Mátyás, C. & Peñuelas, J. The altitude-for-latitude dis-
parity in the range retractions of woody species. Trends Ecol. Evol.
24, 694–701 (2009).

54. Sullivan, P. F., Ellison, S. B. Z., McNown, R. W., Brownlee, A. H. &
Sveinbjörnsson, B. Evidence of soil nutrient availability as the
proximate constraint on growth of treeline trees in northwest
Alaska. Ecology 96, 716–727 (2015).

55. Ellison, S. B. Z., Sullivan, P. F., Cahoon, S. M. P. & Hewitt, R. E. Poor
nutrition as a potential cause of divergent tree growth near the
Arctic treeline in northern Alaska. Ecology 100, 1–18 (2019).

56. OLOFSSON, J. et al. Herbivores inhibit climate-driven shrub
expansion on the tundra. Glob. Chang Biol. 15, 2681–2693 (2009).

57. Matasci, G. et al. Three decades of forest structural dynamics over
Canada’s forested ecosystems using Landsat time-series and lidar
plots. Remote Sens. Environ. 216, 697–714 (2018).

58. Wulder, M. A., Hermosilla, T., White, J. C. & Coops, N. C. Biomass
status anddynamicsoverCanada’s forests: disentanglingdisturbed
area from associated aboveground biomass consequences.
Environ. Res. Lett. 15, 094093 (2020).

59. de Groot, W. J., Flannigan, M. D. & Cantin, A. S. Climate change
impacts on future boreal fire regimes. Ecol. Manag. 294,
35–44 (2013).

60. Bowman, D. M. J. S. et al. Vegetation fires in the Anthropocene.Nat.
Rev. Earth Environ. 1, 500–515 (2020).

61. Seidl, R. et al. Globally consistent climate sensitivity of natural
disturbances across boreal and temperate forest ecosystems.
Ecography 43, 967–978 (2020).

62. Mack, M. C. et al. Carbon loss from boreal forest wildfires offset by
increased dominance of deciduous trees. Science 372,
280–283 (2021).

63. Martin, M., Grondin, P., Lambert, M., Bergeron, Y. & Morin, H.
Compared to wildfire, management practices reduced old-growth
forest diversity and functionality in primary boreal landscapes of
eastern Canada. Front. For. Glob. Change 4, (2021).

64. Boucher, Y., Perrault-Hébert, M., Fournier, R., Drapeau, P. & Auger, I.
Cumulative patterns of logging and fire (1940–2009): con-
sequences on the structure of the eastern Canadian boreal forest.
Landsc. Ecol. 32, 361–375 (2017).

65. Scheffer, M., Hirota, M., Holmgren,M., VanNes, E. H. &Chapin, F. S.
Thresholds for boreal biome transitions. Proc. Natl Acad. Sci. 109,
21384–21389 (2012).

66. Brown, C. D. & Johnstone, J. F. Once burned, twice shy: repeat fires
reduce seed availability and alter substrate constraints on Picea
mariana regeneration. Ecol. Manag. 266, 34–41 (2012).

67. Johnstone, J. F., Hollingsworth, T. N., Chapin, F. S. & Mack, M. C.
Changes in fire regime break the legacy lock on successional tra-
jectories in Alaskan boreal forest. Glob. Change Biol. 16,
1281–1295 (2010).

68. Bonney, M. T., Danby, R. K. & Treitz, P. M. Landscape variability of
vegetation change across the forest to tundra transition of central
Canada. Remote Sens. Environ. 217, 18–29 (2018).

69. Girardin,M. P. et al. Nogrowth stimulation ofCanada’s boreal forest
under half-century of combined warming and CO2 fertilization.
Proc. Natl Acad. Sci. 113, E8406–E8414 (2016).

70. Boisvert-Marsh, L., Périé, C. & de Blois, S. Divergent responses to
climate change and disturbance drive recruitment patterns
underlying latitudinal shifts of tree species. J. Ecol. 107,
1956–1969 (2019).

71. Boisvert-Marsh, L., Périé, C. & de Blois, S. Shifting with climate?
Evidence for recent changes in tree species distribution at high
latitudes. Ecosphere 5, 1–33 (2014).

72. Limpens, J. et al. Shrubs and degraded permafrost pave theway for
tree establishment in subarctic peatlands. Ecosystems https://doi.
org/10.1007/s10021-020-00523-6 (2020).

73. Myers-Smith, I. H. & Hik, D. S. Climate warming as a driver of tundra
shrubline advance. J. Ecol. 106, 547–560 (2018).

74. Magnússon, R. Í. et al. Rapid vegetation succession and coupled
permafrost dynamics in arctic thaw ponds in the Siberian Lowland
Tundra. J. Geophys. Res. Biogeosci. 125, 1–20 (2020).

75. Li, J., Holmgren, M. & Xu, C. Greening vs browning? Surface water
cover mediates how tundra and boreal ecosystems respond to
climate warming. Environ. Res. Lett. 16, 104004 (2021).

Article https://doi.org/10.1038/s41467-023-39092-2

Nature Communications |         (2023) 14:3373 12

https://doi.org/10.1111/gcb.16121
https://doi.org/10.5067/MODIS/MOD44B.006
https://doi.org/10.5067/MODIS/MOD44B.006
https://doi.org/10.24381/cds.f17050d7
https://ccea-ccae.org/ecozones-downloads/
https://ccea-ccae.org/ecozones-downloads/
https://doi.org/10.5281/zenodo.3243509
https://doi.org/10.5281/zenodo.3243509
https://doi.org/10.1007/s10021-020-00523-6
https://doi.org/10.1007/s10021-020-00523-6


76. Taccoen, A., Piedallu, C., Seynave, I., Gégout-Petit, A. & Gégout, J.
Climate change-induced background tree mortality is exacerbated
towards the warm limits of the species ranges. Ann. Sci. 79,
23 (2022).

77. Evans, P. & Brown, C. The boreal-temperate forest ecotone
response to climate change. Environ. Rev. 25, 423–431 (2017).

78. Boulanger, Y. et al. Climate change impacts on forest landscapes
along the Canadian southern boreal forest transition zone. Landsc.
Ecol. 32, 1415–1431 (2017).

79. Mekonnen, Z. A., Riley, W. J., Randerson, J. T., Grant, R. F. & Rogers,
B. M. Expansion of high-latitude deciduous forests driven by inter-
actions between climate warming and fire. Nat. Plants 5,
952–958 (2019).

80. Kurz, W. A. et al. Carbon in Canada’s boreal forest — a synthesis.
Environ. Rev. 21, 260–292 (2013).

81. Xu, C., Kohler, T. A., Lenton, T. M., Svenning, J.-C. & Scheffer, M.
Future of the human climate niche. Proc. Natl Acad. Sci. 117,
11350–11355 (2020).

82. King,M. et al. Northward shift of the agricultural climate zone under
21st-century global climate change. Sci. Rep. 8, 7904 (2018).

83. Koven, C. D. Boreal carbon loss due to poleward shift in low-carbon
ecosystems. Nat. Geosci. 6, 452–456 (2013).

84. Hugelius, G. et al. Large stocks of peatland carbon and nitrogen are
vulnerable to permafrost thaw. Proc. Natl Acad. Sci. 117,
20438–20446 (2020).

85. Forzieri, G., Alkama, R., Miralles, D. G. & Cescatti, A. Satellites reveal
contrasting responses of regional climate to the widespread
greening of Earth. Science vol.356 https://www.science.org (2017).

86. Duveiller, G., Hooker, J. & Cescatti, A. The mark of vegetation
change on Earth’s surface energy balance. Nat. Commun. 9,
679 (2018).

87. Hansen, M. C. et al. Global percent tree cover at a spatial resolution
of 500 meters: first results of the MODIS vegetation continuous
fields algorithm. Earth Interact. 7, 1–15 (2003).

88. Duncan, B. N. et al. Space‐based observations for understanding
changes in the arctic‐boreal Zone. Rev. Geophys. 58, 1–95 (2020).

89. Kurz, W. A. et al. Mountain pine beetle and forest carbon feedback
to climate change. Nature 452, 987–990 (2008).

90. Pureswaran, D. S., Roques, A. & Battisti, A. Forest insects and cli-
mate change. Current Forestry Reports 4, 35–50 (2018).

91. Anderegg, W. R. L. et al. Climate-driven risks to the climate miti-
gation potential of forests. Science 368, 9 (2020).

92. Bronaugh, D. & Werner, A. zyp: Zhang + Yue-Pilon Trends Pack-
age. (2019).

93. Yue, S., Pilon, P., Phinney, B. & Cavadias, G. The influence of auto-
correlation on the ability to detect trend in hydrological series.
Hydrol. Process 16, 1807–1829 (2002).

94. Danielson, J. J., Gesch, D. B. Global Multi-resolution Terrain Eleva-
tion Data 2010 (GMTED2010). U.S. Geological Survey Open-File
Report 2011–1073 http://eros.usgs.gov/#/Find_Data/Products_and_
Data_Available/GMTED2010 (2011).

95. Wood, S. Mixed GAM computation vehicle with automatic smooth-
ness estimation. https://doi.org/10.1201/9781315370279 (2021).

96. R Core Team and contributors worldwide. The R Stats Pack-
age. (2021).

97. Rotbarth R. et al. R script - Boreal biome contraction. Zenodo
https://doi.org/10.5281/zenodo.7886582 (2023).

98. The R Core Team. R: A language and environment for statistical
computing. http://www.r-project.org/ (2018).

99. Rotbarth R. et al. MODIS tree cover change of North American
boreal forests 2000-2019. Zenodo https://doi.org/10.5281/zenodo.
7520322 (2023).

Acknowledgements
We express our deepest gratitude to Logan Berner for discussing our
results and for putting them in perspective to his work on greenness
indices, Sylvie Gauthier and Dominique Boucher for providing data on
boreal forest biome boundaries, and Luc Guindon for an updated dis-
turbance dataset for Canada. This work was carried out under the pro-
gram of the Netherlands Earth System Science Centre (NESSC, grant
number T5-WUR-MS-PhD1 awarded toM.S.),financially supportedby the
DutchMinistry of Education, Culture and Science (OCW), with additional
support from the Research Council of Norway (grant number 301922).

Author contributions
R.R., M.H., M.S., E.v.N., J.U.J., and O.P.L.V. created and discussed the
idea and study design. R.R. and C.X. were involved in data collection.
R.R. performed data analyses. All authors discussed the results. R.R.
wrote the manuscript. All authors revised and edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39092-2.

Correspondence and requests for materials should be addressed to
Ronny Rotbarth.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-39092-2

Nature Communications |         (2023) 14:3373 13

https://www.science.org
http://eros.usgs.gov/#/Find_Data/Products_and_Data_Available/GMTED2010
http://eros.usgs.gov/#/Find_Data/Products_and_Data_Available/GMTED2010
https://doi.org/10.1201/9781315370279
https://doi.org/10.5281/zenodo.7886582
http://www.r-project.org/
https://doi.org/10.5281/zenodo.7520322
https://doi.org/10.5281/zenodo.7520322
https://doi.org/10.1038/s41467-023-39092-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Northern expansion is not compensating for southern declines in North American boreal forests
	Results
	Tree cover changes across the boreal forest biome
	Tree cover dynamics of disturbance regimes and vegetation�types
	Tree cover dynamics along climatic and other environmental gradients

	Discussion
	Methods
	Study area and sampling design
	Tree cover estimates and change
	Environmental data
	Disturbance data
	Vegetation classification
	Climate data
	Elevation data
	Data analysis
	Data extraction
	Spatial analyses
	Standardisation of transect locations
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




