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Regional fire–greening positive feedback 
loops in Alaskan Arctic tundra

Dong Chen    1  , Cheng Fu    2,3,4, Liza K. Jenkins5, Jiaying He    6, 
Zhihao Wang    1, Randi R. Jandt    7, Gerald V. Frost    8, Allison Bredder1, 
Logan T. Berner    9 & Tatiana V. Loboda    1

Arctic tundra has experienced rapid warming, outpacing global averages, 
leading to significant greening whose primary drivers include widespread 
shrubification. Here we confirm that a fire–greening positive feedback 
loop is evident across the Alaskan tundra, and evidence suggests that this 
feedback loop is dominated by the fire–shrub interactions. We show that 
tundra wildfires, especially those with higher severity, play a critical role 
in boosting the overall greening of the tundra, often by enhancing upright 
deciduous shrub growth or establishment but sometimes by inducing 
increases in other vascular biomass. In addition, fire–greening interactions 
vary greatly within different tundra subregions, a likely consequence of the 
spatial heterogeneity in vegetation composition, climatic and geophysical 
conditions.

The circumpolar Arctic tundra experienced the highest rate of warm-
ing on land, with a magnitude of nearly three times the global average1. 
Rapid warming has led to extensive changes in Arctic tundra, includ-
ing a widespread increase in vegetation biomass, termed ‘greening’2. 
A primary driver of Arctic greening is shrubification, which includes 
increases in the abundance, cover and biomass of tall deciduous 
shrubs3–5. Field studies3,6 and satellite observations2,7 indicate that 
shrubification is underway across the circumpolar tundra, which has 
implications for the carbon cycle, energy budget and other ecosystem 
properties8–11. It is thus crucial to understand the factors that affect 
shrubification in the context of climate change, including wildfires.

Wildfire is an important tundra disturbance that is capable of 
causing substantial climatic (for example, boosting the releases of 
greenhouse gases12 and lowering surface albedo13) and ecological 
(for example, affecting soil microbial composition and, thus, vegeta-
tion dynamics14) impacts. Palaeorecords show that tundra fires were 
more frequent at points in the past two millennia, which may have 
been fuelled by the higher dominance of deciduous shrubs15. Given 

such historical data and recent Arctic warming and shrubification, 
present-day tundra may be approaching a tipping point where fire 
activity may intensify16,17. There is mounting evidence for a positive 
feedback loop between deciduous shrubs and wildfires in the Alaskan 
Arctic18–20. Fires can lead to increased shrub cover and biomass com-
pared with unburned sites by creating favourable conditions for shrub 
establishment and growth, including increased mineral soil exposure6, 
improved drainage21, higher nutrient availability22,23 and deeper active 
layers6. Resulting deciduous shrub communities represent a more 
complex fuel matrix due to their substantially higher biomass and 
woodiness compared to tundra herbaceous and non-vascular plants. 
As such, they support longer residence time for flaming fires as well 
as residual smouldering burning24,25. A larger deciduous shrub frac-
tion in vegetation composition is, therefore, likely to lead to more 
spatially extensive and deeper burns18,24, forming a positive feedback 
loop. The existence of this fire–shrub positive feedback loop has been 
shown in several local-scale studies19,20, but it is unclear whether this 
feedback loop operates more widely across the Alaskan tundra. Thus, 
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by field data that we collected over a 3-year period (2016–2018) across 
a chronosequence of burns in Noatak and Seward tundra. The goal 
was to assess post-fire vegetation succession during the first five dec-
ades using a space-for-time substitution approach; thus, we collected 
detailed measurements of vegetation composition across a large num-
ber of burns of different ages. The dataset includes assessments of 
shrub fractional cover, shrub species, stem count and stem diameter 
measurements on 1 m × 1 m plots. We found in both Noatak and Seward 
that post-fire tundra had higher shrub cover than the unburned sites 
(Fig. 2a), albeit with different magnitudes and durations, as discussed 
in the following section. Field data indicated that shrub dynamics in 
both regions were driven by deciduous shrub species, specifically 
dwarf birch (Betula nana) in Noatak and willows (Salix spp.) in Seward 
(Extended Data Fig. 5). Overall, both our field and remote-sensing 
analyses suggest an increased abundance of deciduous shrubs several 
decades after fire, which is probably an important aspect of the fire–
greening feedback loop.

Even though post-fire greening was evident across the Alaskan 
tundra as a whole, we found that the magnitude of the effect varied 
substantially both within and among subregions. The most notable 
difference in the fire–greening relationship was between Noatak and 
Seward, the two tundra subregions with very active recent histories 
of burning33 and of similar erect-shrub tundra physiognomic type 
(according to the Circumpolar Arctic Vegetation Map34 (CAVM)). In 
Noatak, at the majority of burned sites, the post-fire NDVImax was signifi-
cantly higher than that of unburned control sites within several years 
of burning (Fig. 1). Higher NDVImax lasted for several decades until the 
end of the study period. In contrast, the Seward region high-severity 
burned sites did not show a statistically significant increase in post-fire 
NDVImax (Fig. 1), in any of the three main physiognomic types (that is, 
erect-shrub tundra, graminoid tundra and wetland; Extended Data 
Fig. 6). Except for a few years immediately after fire, the post-fire NDVI-
max of Seward burn scars was practically indistinguishable from that of 
unburned sites.

Our Noatak and Seward field data provided unique insights into 
this NDVI disparity. We found that, in Noatak, shrub biomass increased 
steadily after fires, whereas, in Seward, shrub biomass experienced a 
minor increase in the second decade after the fires then decreased to 
the unburned level by the fifth decade (Fig. 2b). In addition, in Noa-
tak, shrub biomass initially recovers through rapid reestablishment 
of shrubs, co-dominated by dwarf birch and bog Labrador tea (Rho-
dodendron groenlandicum) (Extended Data Fig. 7a). As the shrubs 
mature, in the second decade, the total number of individual stems 
decreases, but their diameter, shrub height and shrub cover continue 
to grow (not shown) with the overall dominance of dwarf birch (Betula 
nana) (Extended Data Fig. 7a). Bog Labrador tea and willow appeared 
to wane slowly as dwarf birch increased and, by the fifth decade, had 
almost disappeared at the burned sites that we visited (Extended Data 
Fig. 7a). In Seward, we observed a nearly identical pre-fire shrub bio-
mass (Fig. 2b) but a different post-fire trajectory that results in no 
discernable increase in shrub cover, shrub height and total biomass 
over time (not shown). Although Betula shrubs are present, in Seward, 
shrub biomass is dominated by willows (Salix spp.), whose biomass 
increases almost continuously with stand age (Extended Data Fig. 7b). 
Our fine-scale plot data thus suggest that the divergent post-fire shrub 
pathways observed in the two subregions may be at least partly driven 
by pre-existing differences in PFT and shrub species dominance.

Tundra wildfires have received less attention from the scientific 
community and general public because of their relative infrequency 
and low direct impacts on human populations. However, the expected 
increases in fire extent, frequency and severity16,35, coupled with the 
crucial role of circumpolar tundra in global climate change, render 
understanding tundra fires an urgent and strategically important 
matter. Previous studies documented a local-scale fire–shrub positive 
feedback loop in the tundra19,20. Our results, by linking field-measured 

our understanding of the present-day ecosystem-wide fire regimes 
and our ability to develop future projections are strongly linked to our 
understanding of the tundra-wide patterns of the fire–shrub relation-
ship beyond local-scale observations.

In this study, we examined the relationship between wildfires and 
tundra vegetation succession across the Alaskan Arctic using four 
decades of Landsat satellite observations and field data. Specifically, 
we quantified changes in tundra greenness using the annual maximum 
normalized difference vegetation index (NDVImax), which tends to 
positively correlate with deciduous shrub growth and aboveground 
biomass2,26. We focused on four tundra subregions that span gradients 
of climate, permafrost conditions and wildfire regime in Arctic Alaska: 
the Noatak River Valley (hereafter referred to as Noatak), the Seward 
Peninsula (Seward), the North Slope and the Southwest (Extended Data 
Fig. 1). We quantified NDVImax anomaly trajectories for burned areas 
across the four subregions using Landsat data from a large random 
sample of points located within and adjacent to historical wildfire 
perimeters (Extended Data Fig. 2). In all four tundra subregions, we 
found that NDVImax was generally higher several decades after wildfire 
compared with unburned tundra, particularly at sites that experienced 
high-severity burns (Fig. 1). In high-severity burns, the initial decrease 
in NDVImax, associated with consumption of aboveground biomass and 
deposition of char and ash on the surface, tended to dissipate within 
the first five years after fire. Beyond the first five years, the post-fire 
NDVImax of severe burns exceeded that of unburned control sites, show-
ing a statistically significant difference throughout our tracking period 
of ~30 years after a fire event (α = 0.01, t-test). In Seward, however, the 
apparent increases in NDVImax anomaly were not statistically significant 
(Fig. 1). In contrast with high-severity burns, sites with low-severity 
burns exhibited limited changes in post-fire NDVImax compared with 
unburned tundra. Except for the initial post-fire periods in the North 
Slope and Noatak, the NDVImax of low-severity burns was practically 
indistinguishable from that of the unburned tundra. As expected, 
moderate-severity burns show post-fire NDVImax patterns that are 
intermediate.

Our analysis also revealed that the pre-fire NDVImax of most 
high-severity burns was notably higher than that of unburned tundra 
in all four subregions (Fig. 1). This indicates that the severity of a fire 
event is linked to the pre-fire vegetation conditions, potentially the fuel 
load. The NDVImax patterns shown during the pre- and post-fire stages, 
taken together, indicate that a fire–greening positive feedback loop 
may exist in at least three of the four subregions of the Alaskan tundra, 
excluding Seward. Burn severity is driven by pre-fire biomass (green-
ness) and drives its magnitude post-fire, completing the fire–greening 
positive feedback loop.

Deciduous shrub growth and abundance have been found to be 
strongly correlated with NDVI by previous studies27,28, although low 
correlations have also been previously reported at local scales29. In addi-
tion, NDVI can reflect the presence of graminoids2, which also play an 
important role in tundra ecosystems and are usually the dominant veg-
etation type during the early recovery stage of post-fire tundra sites30,31. 
To better understand the relative contributions of plant functional 
types (PFTs) to greening in our study area, we examined correlations 
between NDVImax and tundra vegetation cover across the Alaskan tundra 
by comparing Landsat NDVImax with field measurements of fractional 
deciduous shrub, evergreen shrub and graminoid cover from the Alaska 
Vegetation Plots Database (AKVEG)32, which is the largest collection of 
in situ species-level vegetation cover data across the Alaskan tundra 
that we are aware of (Extended Data Fig. 3). The results (Extended Data 
Fig. 4) showed that NDVImax is almost always significantly (P < 0.01) 
and positively correlated with deciduous shrub cover, but generally 
not significantly (P < 0.01) correlated with evergreen shrub cover and 
graminoid cover at the regional level.

Our hypothesis that deciduous shrubs are one of the dominant 
drivers of the fire–greening positive feedback loop is further supported 
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shrub presence with NDVI, indicate that this phenomenon exists at 
a regional scale across the Alaskan tundra. In addition, we show that 
tundra wildfires, especially those with higher severity, often lead to 
long-term increases in tundra greenness and deciduous shrub domi-
nance, which, in turn, provide higher fuel loads and could increase the 
probability of subsequent severe fires. This has important implications 
for climate change. Under current Arctic warming, much of the Arctic 
tundra biome is experiencing substantial greening and shrubs are a 
major contributor to this process2,36. Even though both warming and 
wildfire have been suggested to boost shrubification, our results show 
that during the 21-year period between 2001 and 2021, the increases 
in NDVImax at the high-severity burned sites (indicated by the red lines 
in Extended Data Fig. 8) are often similar to or larger than the mean 
NDVImax differences as observed between the high-severity burned sites 
and the background sites (indicated by the blue lines in Extended Data 
Fig. 8) (except in Noatak, where no statistically significant increasing 
trends were identified in either burned and background sites). This 
means that, at least in recent decades, high-severity fires may have 

promoted the shrubification process at a magnitude that is on par 
with that of the warming-induced shrubification, allowing severely 
burned sites to green up much faster than the background greening 
rate that was already substantial. Considering future projections of 
increases in wildfire occurrence, extent and severity in the high north-
ern latitudes17,35, the strong boosting effect of high-severity fires on 
shrubification as we have shown is likely to translate into substantial 
impacts on the species composition and successional trajectory of 
tundra ecosystems towards an accelerated shrubification of this biome. 
Our findings also underscore the heterogeneity in wildfire–vegetation 
interactions throughout the Alaskan tundra. This, combined with our 
limited comprehension of wildfires’ impacts on tundra ecosystems 
compared with those in other biomes, necessitates intensified and 
systematic data synthesis and acquisition efforts. Recently, there have 
been several projects, including the Synthesized Alaskan Tundra Field 
Database37, that synthesized existing field data collected in the Arctic 
tundra. Additional efforts should encompass field campaigns and 
remote-sensing data acquisitions conducted systematically across the 
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Fig. 1 | The post-fire NDVImax anomaly trajectories generated using Landsat 
data. a–d, The trajectories were calculated based on sample points from the 
North Slope (a), Noatak (b), Seward (c) and the Southwest (d). The points marked 
by crosses represent the YSF values when the NDVImax of the burned sites was 

statistically different from that of the unburned sites on the basis of paired two-
tailed t-tests (P < 0.01). The error bars denote ±1 standard error, with the centres 
being the mean NDVImax anomaly values. The sample size for each point, as well as 
the P values from the t-tests, are provided in Supplementary Table 1.
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Arctic tundra allowing us to monitor fire–vegetation dynamics across 
different tundra gradients.

Methods
NDVImax versus fractional cover of shrubs and graminoids
Our primary aim is to confirm that the common satellite-based obser-
vation of vegetation greenness (NDVImax) is representative of vegeta-
tion composition in relation to deciduous shrub cover in the Alaskan 
tundra and can be used reliably to assess ecosystem-wide changes 
and make inferences about vegetation composition. We adopted the 
AKVEG32, which, to our knowledge, is the largest field database that 
contains species-level vegetation cover data for Alaska. We extracted 
the vegetation cover data for all field sites (which are 12.5-m-radius 
circles, following the field data collection protocol38 developed by the 
Vegetation Working Group of the Alaska Geospatial Council) across the 
Alaskan tundra (Extended Data Fig. 3), and for each site, we grouped 
the vegetation cover values from all plants into a few PFTs, including 
evergreen shrub, deciduous shrub and graminoid. NDVImax for each 
field plot of the newly compiled dataset was then extracted on Google 
Earth Engine (GEE) based on the Landsat surface reflectance data for 
June–August in the corresponding year. For example, NDVImax for 2012 
was extracted for field plot A if the in situ data at field plot A were col-
lected in 2012. NDVImax and observed (according to AKVEG) shrub and 
graminoid cover for all four subregions were compared using simple 
linear regression (Extended Data Fig. 4).

Extraction of NDVImax and NDVImax anomaly trajectories
For our domain-wide analysis, annual NDVImax time series were pro-
duced for randomly generated sample points across the Alaskan tun-
dra. Three types of random sample points—burned, unburned and 
background—were created. Burned sample points were generated 
within areas that have experienced burning between 1985 and 2017 as 
reported by the Monitoring Trends in Burn Severity (MTBS) product39. 
We adopted MTBS because it provides not only human-guided identi-
fication of burned areas within burn scars that are larger than 400 ha 
in Alaska, but also the burn severity levels (that is, low, moderate and 
high) of burn areas within the scars. It is worth noting that the severity 

levels provided by MTBS are somewhat subjective as the severity level 
thresholds were determined by analysts visually39. While this inevita-
bly introduces uncertainties, we still chose MTBS because (1) it is the 
only large-scale burn severity dataset that is consistently produced 
and covers our study area, and (2) it adopts a series of quality-control 
measures, including cross-calibration among a team of interpret-
ers and thresholding based on not just differenced normalized burn 
ratio (dNBR) but also ‘relativized’ dNBR (RdNBR40) as well as pre- and 
post-fire satellite imagery39.

Areas that experienced more than one fire during 1985–2017 were 
excluded to minimize the compounding effect that repeated burns may 
have on the post-fire vegetation recovery. Unburned sample points were 
generated within the buffered zone (determined as the areas between 
two buffer distances—50 m and 1,000 m—from each burn scar) of the 
burn scars. Each unburned point was matched to a burned point from the 
same burn scar (to allow for NDVImax anomaly calculation). Background 
sample points were generated within the areas across the four tundra 
subregions that are below 300 m above sea level (our previous unpub-
lished results showed that less than 7% of burned areas since the 1940s in 
Alaskan tundra occurred above the 300 m line). For each burned point, 
an unburned point (from the same burn scar) and a background point 
were matched, resulting in a three-point trio. Overall, we generated 5,000 
trios for each subregion, leading to a total of 60,000 sample points for 
the entire Alaskan tundra (shown in Extended Data Fig. 2).

Before being used to extract NDVImax on GEE, the random sample 
points were checked against a water mask produced on the basis of 
the 30 m Global Surface Water dataset41. To minimize the negative 
influence of water on NDVI calculation, we intentionally created a 
very liberal water mask. To that end, we buffered all water pixels with 
>50% of water occurrence as identified by Global Surface Water for 
90 m (three Landsat pixels). If any one of the three sample points of 
the same trio was found to overlap with the water mask, the entire 
trio was excluded from subsequent analyses. The remaining sample 
points were used to estimate annual NDVImax based on all Landsat 5, 7 
and 8 surface reflectance data collected during the summer between 
1985 and 2021. The sensors on these Landsat satellites have different 
spectral properties2; therefore, we calibrated surface reflectance data 
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from Landsat 5 and Landsat 8 to Landsat 7 using a machine learning 
algorithm in the LandsatTS package for R42, after which we estimated 
annual NDVImax based on a phenological modelling approach also 
implemented in LandsatTS.

The NDVImax data included more than 1 million unique NDVImax 
retrievals and were subjected to two analyses. The first analysis centred 
on the establishment of the NDVImax anomaly trajectories. Specifically, 
for each burned sample point, its NDVImax anomaly for a given year (that 
is, any year between 1985 and 2021) was calculated by subtracting the 
NDVImax value of its matched unburned point for the same year from 
its NDVImax value. For example, if the NDVImax values of burned sample 
point A and its matched unburned sample point B for the year 1985 were 
0.622 and 0.543, respectively, the NDVImax anomaly value for point A 
in 1985 was 0.079. An NDVImax anomaly trajectory was created for each 
subregion by calculating and plotting the average NDVImax anomaly 
values of the burned points for each year since fire (YSF) value, calcu-
lated as Yearobservation − Yearfire. We considered burn severity, landscape 
and physiognomic types in the trajectory establishment. Specifically, 
burned samples were grouped by burn severity level (that is, high, 
moderate and low, as indicated by the MTBS dataset), landscape types 
(that is, upland and lowland, according to Muller, et al.43; Extended Data 
Fig. 7) and physiognomic types (that is, graminoid tundra, erect-shrub 
tundra and wetland, as indicated by the 1 km CAVM raster dataset44) 
and calculated NDVImax anomalies separately for each of the categories.

The second analysis compared post-fire increases in greenness 
against background warming-induced greening across the tundra over 
the past decades. We located all burned sample points that experienced 
burning between 1985 and 2000 (according to MTBS) and calculated 
their NDVImax trajectories during 2006–2020. A 5-year gap between 
2001 and 2005 was implemented intentionally because our NDVImax 
anomaly trajectories showed that most post-fire decreases in NDVImax 
tend to disappear within 5 years. We also calculated the 2006–2020 
NDVImax trajectories of unburned and background sample points paired 
with each burn point. These trajectories were plotted together to 
highlight their similarities and differences.

Field data collection
We conducted field measurements during three field campaigns to the 
Alaskan tundra between July and August of 2016–2018, with two visits 
to Noatak and one visit to Seward. The field sites were identified before 
our field trips on the basis of a stratified randomized scheme taking 
into account a combination of factors including drainage (calculated 
on the basis of the US Geological Survey interferometric synthetic 
aperture radar digital elevation model data) and year since the last fire 
(calculated on the basis of the Alaska Large Fire Database45). A surplus 
of potential field sites was generated during the planning stage, and it 
was up to the field team to determine which sites to visit based on the 
time limit and accessibility of the sites when they were in the tundra. 
The field team also decided the locations of the unburned sites, that is, 
sites that shared similar surface conditions as the burned sites but had 
not experienced known fires. Eventually, a total of 137 sites (Noatak: 
83 burned + 22 unburned; Seward: 21 burned + 11 unburned) that were 
confirmed to have burned only once since the 1970s were visited during 
the three campaigns. At each site, the field team conducted measure-
ments for a series of vegetation-related parameters at a 1 m × 1 m plot 
within which we estimated the shrub cover and counted the number of 
shrub species as well as the number of stems of each species. We also 
estimated the biomass of the shrubs found within the 1 m × 1 m plot 
by applying the allometric equations developed by Smith and Brand46 
that relate basal diameters to biomass. In addition, mean shrub height 
and per cent shrub cover were measured and estimated, respectively.

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

Data availability
All data used in this paper are publicly accessible. The field data that 
our team collected are available through the Oak Ridge National Labo-
ratory Distributed Active Archive Center (ORNL DAAC) at https://doi.
org/10.3334/ORNLDAAC/1919. The AKVEG is available at https://akveg.
uaa.alaska.edu/. The MTBS product is available at https://www.mtbs.
gov/. The CAVM dataset is available at https://www.geobotany.uaf.edu/
cavm/. The LandsatTS package for R is available via GitHub at https://
github.com/logan-berner/LandsatTS. Visualizations in this paper were 
implemented using ArcGIS Desktop (v10.6), and R (v3.5.1). Data analy-
ses were carried out using R (v3.5.1), Python (v2.7.14), IDL (v8.5) and GEE.
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Extended Data Fig. 1 | Distribution of field sites and the four tundra 
subregions. The boundary of the Arctic tundra is delineated based on the 
Circumpolar Arctic Vegetation Map34 (CAVM). Historical fire perimeters (red) are 

based on the Alaska Large Fire Database45 from 1940 to 2021. Field data  
in Seward and Noatak were collected by our team, which are available at  
https://doi.org/10.3334/ORNLDAAC/1919.
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Extended Data Fig. 2 | Distribution of random sample points generated across the Alaskan tundra. Red, green, and blue points represent burned, unburned, and 
background sites, respectively. Panel (a) shows an overall view across the Alaskan tundra, while panels (b) and (c) offer close-up views of two specific locations.
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Extended Data Fig. 3 | The distribution of AKVEG field points. The distribution of the tundra field points that the Alaska Vegetation Plots Database (AKVEG)32 contains.
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Extended Data Fig. 4 | Scatterplots of field-measured shrub and graminoid 
cover and NDVImax by years since fire based on Landsat imagery on GEE. 
a–l, Panels correspond to tundra subregions North Slope (a–c), Noatak (d–f), 
Seward (g–i), and Southwest (j–l). m–o, Panels correspond to all of the Alaskan 

tundra. Symbols ‘*’ and ‘**’ after the correlation (R) values correspond to p < 0.01 
and 0.001, respectively. Field data were from AKVEG. DS: deciduous shrub; ES: 
evergreen shrub; GD: graminoid.
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Extended Data Fig. 5 | Mean biomass of four dominant shrub species for each 
stand age group calculated based on 1 x 1m plots in Noatak (a) and Seward (b). 
YSF: year since fire. Birch: Betula nana; Blueberry: Vaccinium uliginosum; Ledum: 
Rhododendron groenlandicum (bog Labrador tea); Salix: Salix spp. Error bars 

denote ±1 standard error. Crosses represent the values of the mean biomass. The 
actual data, including the numbers of observations, are listed in Supplementary 
Table 2.
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Extended Data Fig. 6 | Post-fire NDVImax anomaly trajectories for different 
physiognomic types and for high severity level burned points. Post-fire 
NDVImax anomaly trajectories for different physiognomic types (according to  
the 1 km CAVM raster dataset44) and for high severity level burned points.  
a–d, Tundra subregions North Slope (a), Noatak (b), Seward (c) and Southwest 

(d). Error bars denote ±1 standard error. The pie charts on the right show the 
relative proportions of the different physiognomic types among all high severity 
burned points in the corresponding subregion. The actual data, including the 
numbers of observations, are listed in Supplementary Table 3 (the trajectories) 
and Supplementary Table 4 (the pie charts), respectively.
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Extended Data Fig. 7 | Proportions of mean total biomass of four dominant 
shrub species for each stand age group calculated based on 1 x 1m plots in 
Noatak (a) and Seward (b). YSF: year since fire. Birch: Betula nana; Blueberry: 
Vaccinium uliginosum; Ledum: Rhododendron groenlandicum (bog Labrador 

tea); Willow: Salix spp. Error bars denote ±1 standard error. Crosses represent 
the values of the mean biomass. The actual data, including the numbers of 
observations, are listed in Supplementary Table 5.
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Extended Data Fig. 8 | NDVImax trajectories between 2001 and 2021 based on matching burned and background sample points. a–d, Panels correspond to tundra 
subregions North Slope (a), Noatak (b), Seward (c) and Southwest (d). Error bars denote ±1 standard error. The actual data, including the numbers of observations, are 
listed in Supplementary Table 6.
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