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Nitrogen fixing shrubs advance the pace of
tall-shrub expansion in low-Arctic tundra
Aiden I. G. Schore 1✉, Jennifer M. Fraterrigo2, Verity G. Salmon 3, Dedi Yang4 & Mark J. Lara 1,5✉

Tall deciduous shrubs are critically important to carbon and nutrient cycling in high-latitude

ecosystems. As Arctic regions warm, shrubs expand heterogeneously across their ranges,

including within unburned terrain experiencing isometric gradients of warming. To constrain

the effects of widespread shrub expansion in terrestrial and Earth System Models, improved

knowledge of local-to-regional scale patterns, rates, and controls on decadal shrub expansion

is required. Using fine-scale remote sensing, we modeled the drivers of patch-scale tall-shrub

expansion over 68 years across the central Seward Peninsula of Alaska. Models show the

heterogeneous patterns of tall-shrub expansion are not only predictable but have an upper

limit defined by permafrost, climate, and edaphic gradients, two-thirds of which have yet to

be colonized. These observations suggest that increased nitrogen inputs from nitrogen-fixing

alders contributed to a positive feedback that advanced overall tall-shrub expansion.

These findings will be useful for constraining and projecting vegetation-climate feedbacks in

the Arctic.
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H igh-latitude regions are warming nearly four times faster
than the global average1, leading to widespread shifts in
tundra vegetation2–4. One of the earliest observed and

most ubiquitous of these shifts is the expansion of tall deciduous
shrub canopies5–7, particularly in alder, birch, and willow shrubs
(Alnus spp., Betula spp., and Salix spp., respectively). These shrubs
are strong competitors for resources, able to outcompete prostrate
and low-statured plant types for light via tall canopy
architecture8, increase soil insulation and moisture via snow
accumulation9, and efficiently acquire nutrients via mycorrhizal
associations2, which together contribute to rapid expansion
rates2,10. Alder shrubs have the additional advantage of a sym-
biotic relationship with nitrogen-fixing bacteria, increasing the
local availability of nitrogen in soils11. The widespread success
and increased dominance of deciduous shrubs across many
tundra regions contribute to accelerating regional warming by
altering surface energy balance (i.e., decreased albedo)2,6,10 and
positive trends in ecosystem productivity and greenness across
the pan-Arctic10,12–14

Observations of shrub expansion (often termed shrubification)
are prevalent across Alaska15,16, Canada17,18, Russia19,20, and
northern Europe21,22, where the rate and direction of shrub cover
change vary with and modify a suite of environmental variables.
Soil moisture and water availability have been shown to regulate
the kinetics of reactions involved with shrub growth2, leading to
increased shrub expansion in moist soils but limited expansion in
saturated soils due to anoxic conditions23–25. Forced and passive
warming experiments have demonstrated positively enhanced
shrub height and width8, similar to that observed in long-term
monitoring plots in response to climate warming26. Warmer
summer temperatures have also been linked with increased pro-
ductivity (i.e. normalized difference vegetation index and above-
ground biomass)14. Disturbances including frost heave,
permafrost thaw, and wildfire may expose mineral soils and/or
deepen the active layer (i.e. seasonally thawed soil layer), also
promoting shrub recruitment10. In contrast, thermokarst (surface
subsidence from permafrost thaw) may facilitate the transition
from well-drained to poorly drained terrain, drowning shrubs
with increased soil inundation15,20. Due to the complex ecological
dynamics that govern the rate and direction of shrub cover
change at local to regional scales, our ability to anticipate patch-
scale patterns of vegetation change across space and time remains
limited. Minimizing uncertainties in key biogeophysical feedback
processes in response to projected climate and environmental
change, however, relies on understanding patch-scale shrubifi-
cation dynamics.

As climate and environmental conditions change, shrubs will
likely continue to thrive in warmer and longer growing seasons2,
propagating across the landscape14,27. However, shrubs cannot
expand homogeneously, even within similar gradients of
warming3,4,15. While our understanding of the factors that
influence shrub dynamics is increasing2,6,10,14,27, our ability to
predict the spatially heterogeneous patterns of shrubification
across the Arctic remains limited. Here we develop a dynamic
shrub patch-scale suitability model capable of predicting the
present and projected ceiling (i.e. maximum spatial extent) of tall-
shrub and alder-specific expansion. Using 68 years of optical data
acquired from uncrewed aerial systems (UAS), aerial photo-
graphy, and spaceborne observations, we mapped and modeled
fine-scale patterns of shrub patch dynamics within a topo-
graphically and environmentally heterogeneous region within the
continuous-discontinuous permafrost zone. The study region
experienced similar rates of warming throughout, ranging from
0.25 to 0.29 °C y−10 as compared to 0.16 to 0.40 °C y−10 for the
entire tundra region of Alaska. Specifically, we (1) quantify the
patch-scale patterns and rates of change in alder, birch, and

willow shrubs, (2) model the spatial extent of present and pro-
jected shrub expansion, and (3) upscale field observations of
nitrogen fixation via alder root nodules to evaluate the spatially
explicit impact of increased nitrogen availability on shrub-to-
shrub interactions across space. Results provide new evidence to
support a positive feedback between alder expansion and overall
tall-shrub expansion while providing new methods to constrain
the dynamic advancement of tall shrubs across vast regions of the
Arctic.

Results and Discussion
Shrub Patch Dynamics. Tall-shrub canopies were segmented
using high-resolution (<3 m) aerial and satellite imagery across a
16,000 km2 region in the central Seward Peninsula of Alaska
(Fig. 1a). Three subregions with a total area of 2240 km2 (Fig. 1b-
d) were used to represent various environmental and biophysical
properties (Table 1) that are known to influence shrub dynamics.
We selected our subregions within disparate topographic and
moisture gradients, which included subregions that were low-
lying and inundated, within well-drained uplands, and a medley
of both conditions. Using seamless PlanetScope orthomosaics of
two phenoperiods (peak-biomass and senescence) we were able to
classify tall shrubs with 94.7% accuracy. As alder leaves senesce
later than those of other tall shrubs28, we were able to dis-
criminate between canopies dominated by alder versus a willow
and birch shrub complex (henceforth willow-birch). High-
resolution shrub mapping indicated shrub extent varied with
edaphic conditions within and among subregions (Tables 1, 2).

Tall shrubs expanded heterogeneously over 68 years, with a
substantially faster rate along hillslope water tracks, floodplains,
and on rocky outcrops. These expansion patterns are consistent
with prior studies29, likely due in part to the large initial shrub
extent and the increased likelihood of seed dispersal. For example,
within the central Floodplains/Foothills subregion (Fig. 1d), we
identified a 119% (+5.25 km2 y−10) increase in new alder area
and 142% (+6.04 km2 y−10) increase in the area of willow-birch,
comprising 89 and 38.5% of the total alder and willow-birch
expansion in all three subregions, respectively, despite the
subregion’s small size (554 km2, 24.7% of the total subregion
area). Across our three subregions (Table 2), willow-birch patch
area increased 63 km2 (82%) between 1950 and 2018, by laterally
expanding and infilling gaps within shrub patches at a rate of ~7
m2 ha−1 y−1 (Supp. Fig. 1). Over the same time period, alder
increased by 83%, covering a total area of 48 km2 in 2018.

Nodule biomass per unit area on the Seward Peninsula and
North Slope of Alaska was synthesized and used to fit an
allometric relationship between alder height and nodule biomass
(Supp. Fig. 2). Based on the allometric relationship between alder
height and patch size, we estimate that the increase in cover of tall
alders increased root nodule biomass by 41.2 kg y−1. Overall,
shrubs expanded nearly 130% in the central Floodplains/Foothills
subregion (Supp. Fig. 1c), 84% in the western Coastal subregion
(Supp. Fig. 1b), and 34% in the eastern Upland Hillslope
subregion (Supp. Fig. 1c), the latter of which was comparable to
the 40% increase in tall shrubs identified within the upland
Kougarak Hillslope site on the southern boundary of our study
domain7.

We determined the spatial controls on shrub-patch dynamics
using a logistic-form equation and a suite of factors that describe
local-to-regional environmental heterogeneity (Table 1). The
most important predictor variables (i.e. relative importance,
henceforth RI) required to model the probability of tall-shrub
expansion based on the likelihood of pixels having new shrub
canopies, included permafrost probability (i.e. modeled likelihood
of finding near-surface permafrost30), summer air temperature,
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maximum annual surface temperature, and distance from water-
bodies (Figs. 2, 3). We find the correspondence between observed
and predicted patterns of shrub-patch expansion was ~87%, in
line with our independent model validation accuracy of ~65%
across subregions. In addition, we ran a separate model for the
expansion of alder alone and found that the highest RI values
included permafrost probability, maximum annual surface
temperature, air temperature, topographic aspect, and distance
from waterbodies (Fig. 2).

Our identified controls on shrub expansion are not only able to
predict fine-scale patterns of shrub cover change across
environmentally distinct subregions but are well-supported by
our current understanding of shrub dynamics (Figs. 2, 3),
highlighting the applicability of our model at scale. Our findings
provide quantitative support for previously described relation-
ships between shrub expansion and temperature, soil moisture,
topography, and shrub-snow dynamics. For example, enhanced
shrub growth is widely reported in passive and forced warming
experiments8,22 and other observations14,16, confirming the
strong linkage (RI: 0.77) with air temperature in our model.
We found that maximum annual surface temperature has a
negative relationship with shrub expansion (RI: 0.71), likely due
to evaporative cooling in the highly productive wetter floodplain
regions31. In fact, many of our modeled drivers are linked to the
water content of the soil. For example, the model used the
topographic wetness index (TWI), distance from waterbodies, the
recency of lake drainage, and a lower likelihood of permafrost
presence, all of which are associated with active layer depth and
soil water content2,22,30. Previous studies have established that
where water availability does not limit plant growth, soil
inundation and anoxic conditions may reduce shrub productivity
and expansion20,23,25. Our negative relationships with TWI24 (RI:

0.34), distance from waterbodies25 (RI: 0.53), and recency of lake
drainage32 (RI: 0.24) illustrate that inundated soils are not
conducive to shrub expansion. Demonstrating the relationship
between topographic position and shrub expansion, our model
found a negative relationship between shrub expansion and
elevation (RI: 0.46) and greater expansion in uplands than
lowlands (RI: 0.18). These findings align with prior work that
found shrubs to perform better on mid-hillslopes23. Finally, our
model supports findings that the increased snow packing
surrounding tall shrubs insulates the soil and promotes soil
decomposition leading to further expansion9, given that shrub
expansion increased the later in the year the snow melted
(RI: 0.09).

Spatial limits on shrub expansion. In contrast to coarse-scale
dispersal models33 unable to resolve fine-scale shrub-patch
dynamics, our models find dispersal limitation to only influence
local patch infilling, whereas environmental conditions were
strong predictors of both locally and regionally heterogeneous
patterns of shrub habitat and expansion. Therefore, we attribute
the difference in modeled shrub habitat and the present remotely
sensed shrub cover (Supp. Fig. 3) to the unrealized niche space of
tall deciduous shrubs. This ecological concept describes the geo-
graphic space that contains the necessary conditions for the
establishment of tall deciduous shrubs but has yet to be
occupied34. Given their well-known competitive advantages2,8,10,
it is likely shrubs will continue to advance and fill this space.
Therefore, our models describe the upper limit or ceiling on the
area of potential shrub expansion as defined by the fundamental
niche and current environmental conditions. Analysis comparing
the environmental conditions of new shrub colonized terrain with
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Fig. 1 Study area maps. Map of our study region on the central Seward Peninsula of Alaska, including the full area (a), the western Coastal subregion
extending north from Port Clarence Bay to the York Mountains and containing terrain that gradually shifts from low-lying floodplains to sloping uplands as
the elevation increases (b), the eastern Upland Hillslope subregion, defined by low water availability, sloping topography, and a mix of volcanic and upland
soils, with shrub patches largely confined to drainage networks known as water tracks (c), and the central Floodplains/Foothills subregion, defined by low-
lying floodplains, though also comprising a section of the foothills of the Kigluaik Mountains to the south, where shrubs expanded in large clusters (d). The
teal triangle marks the location of Mary’s Igloo, Alaska, and the violet square marks the location of the NGEE Arctic Kougarok Hillslope study site. All
background images are courtesy of ESRI ArcGIS’s ‘Imagery’ Basemap.
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that of the overall terrain indicates the characteristics are fun-
damentally different (Supp. Table 1), further supporting that
environmental variables define the range of suitable habitat. The
environmental variables found to be most important in our
model remained relatively consistent over time, perhaps under-
standable as we did not consider burned terrain, which have been
shown to be hotspots of thermokarst35 and rapid shrub
expansion15,36. Therefore, considering two time-periods likely

well-represented the gradual patterns of tall-shrub propagation
across our study region, however due to limited observation
frequencies we were unable to evaluate potential nonlinear
change over time. Though biotic interactions other than dispersal
are not considered, importantly, these spatial drivers are not static
and are projected to change with the climate and environmental
conditions35,37,38, thus, so too will the amount and location of
suitable tall-shrub habitat.

Though we estimate tall shrubs on the central Seward
Peninsula of Alaska to currently only occupy ~33% of their
present-day fundamental niche space, disturbance processes such
as permafrost thaw/degradation and wildfire frequency may
further influence local environmental conditions and thus, the
distribution of new shrub habitat15. Therefore, we estimate the
likely role of such disturbances on 21st-century shrub expansion,
by considering three scenarios, (1) shrub expansion will linearly
increase with historical rates (i.e. no consideration for wildfire or
permafrost degradation), (2) the probability of near-surface
permafrost proportionally decreases, expanding the area con-
sidered suitable habitat, and (3) shrub-wildfire interactions
increase the rate of shrub expansion at burned sites. At current
rates of shrub expansion on the central Seward Peninsula
(10.3 km2 y−1 within suitable habitat), by the end of the century
~49% of the suitable habitat would be occupied by tall shrubs, but
it would take until the year 2377 for tall shrubs to fully realize
their niche space. As the climate continues to warm, the
permafrost – our most important driver – will continue to
degrade beyond a depth of 1 meter by 210039,40. Based on
projections of permafrost degradation by the year 210040, if we
assume the probability of permafrost degrades by a uniform 10%
compared to the current conditions, 1139 km2 of new area
becomes suitable habitat for tall shrub species. The area increases
another 2391 km2 if permafrost probability decreases by 30%,
representing a 62% increase from the current area of suitable
habitat (Fig. 4). Due to the well-established impact of tundra fires
on the magnitude and rate of shrub recruitment15, by using
regionally estimated rates of shrub expansion in response to
wildfire15, we estimate the rate of shrub expansion in the central
Seward Peninsula to increase 70% to 17.85 km2 y−1, leading to
59% of the suitable shrub habitat being occupied by 2100. These
scenarios illustrate the key uncertainties underlying the dynamic
ceiling on tundra shrub expansion, where interactions between
permafrost thaw and wildfire frequency and severity remain an
active research frontier across the tundra biome41–43

Shrubification and nutrient cycling. Many biological processes
in the tundra are nitrogen-limited, which reduces the rate of
carbon turnover. Alder shrubs, however, change this dynamic by
fixing atmospheric nitrogen in soils, relaxing nutrient limitation
and increasing rates of plant productivity and organic matter

Table 2 Subregional shrub patch area.

Subregion (Total area)

Western Coastal (918) Eastern Upland Hillslope (769) Central
Floodplains/
Foothills (554)

Total (2241)

1950 Alder Cover 4.15 5.73 16.3 26.2
2018 Alder Cover 5.84 6.47 35.7 48
Alder Expansion 1.69 0.74 19.4 21.8
1950 Willow-Birch Cover 30.65 28.57 17 76.22
2018 Willow-Birch Cover 58.06 39.63 41.1 138.79
Willow-Birch Expansion 27.41 11.06 24.1 62.57

Estimated alder and willow-birch shrub patch area for each time period and subregion. All units are in km2. Bold rows denote the difference between the two above rows.
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decomposition7,44,45. Our study occurs in a region with homo-
geneous warming patterns to control for climatic trends, effec-
tively isolating the important environmental controls
underpinning the heterogeneity of tundra shrubification. With
edaphic conditions as the only remaining variables, in locations
without water limitations, the primary determining factors for
shrub expansion were explicitly linked to nutrient availability
increasing the rates of productivity and carbon turnover.

Our analysis describes new ecological interactions between tall-
shrub species that propagated overall shrub expansion over
multiple decades in northwestern Alaska. Willow-birch expanded
on average over four times more in areas with alder (μ= 3889 m2

km−2, n= 1441) than in terrain without alder (μ= 872 m2 km−2,
n= 233). This interaction was exemplified by the positive
relationship between alder and willow-birch expansion (Fig. 5,
Supp. Fig. 4), likely benefiting from the increased nitrogen
fertilization (Table 2). Outside of water tracks in water-limited
upland regions, new shrub canopies were primarily found in
localized patches (Fig. 3. & Supp. Fig. 3) which had lower
permafrost probability in our edaphic model and greater amounts
of alder than outside the patches. Unfrozen, active soils (i.e. those
without permafrost) and those with nitrogen-fixing alder present
are both likely to have higher soil nutrient availability than other
tundra soils2,7,11. Taken together, the relationship between alder

presence and willow-birch expansion, the differential amounts of
species-specific expansion, and the environmental conditions in
new shrub patches all point towards increased nutrient
availability as an important mechanism for shrub expansion in
this region, which is consistent with findings for white spruce
trees (Picea glauca) in the boreal forest46 and hypotheses
generated by leaf litter decomposition experiments in the
tundra47.

Current process-based models used to project carbon and
nutrient feedbacks to the climate commonly use vegetation
categories (e.g. biome, plant community, or plant functional type)
to parameterize the important biological processes that drive
multiple elemental cycling within Arctic regions48. We show that
foreknowledge of functionally important tall-shrub species/genus
(i.e. Alnus spp.) may be a readily observable (via remote sensing)
precursor for identifying hotspots of elevated nutrient cycling and
advanced rates of shrub expansion, creating positive feedbacks to
widespread environmental change. Our multi-scale optical
remote sensing approach provides a roadmap to readily constrain
the spatially heterogeneous patterns of tall-shrub expansion and
the ceiling, or upper limit, to the area in which shrubs are able to
establish, useful in various field sampling designs, ecological
remote sensing, and/or terrestrial and Earth System Modeling
applications. Importantly, this dynamic ceiling can be readily
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Fig. 3 Shrub change and drivers. Illustrations of the change in shrub canopy extent at selected locations in each subregion (a) and the corresponding
climate and environmental drivers included in our shrub model (b). All values in panel (b) are displayed from low (black) to high (white), with the
exception of the Upland/Lowland dataset, displayed in gray and black, respectively.
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updated by future changes in permafrost, climate, and edaphic
factors and be reapplied or retrained for other low-Arctic regions
for tracking when tall shrubs may fill their fundamental niche
space. Improved field observations characterizing nitrogen

fixation, mineralization, and assimilation among tall-shrub
species, and how these parameters vary across gradients of
climate, topography, and moisture, will provide greater mechan-
istic knowledge describing patterns of shrub expansion across
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Fig. 4 Future shrub expansion scenarios.Modeled suitable habitat for tall deciduous shrubs. Scenarios represent suitable habitat under current permafrost
conditions, with a homogeneous decrease in permafrost probability of 10%, and with a homogeneous decrease in permafrost probability of 30%. Inset
shows shrub area versus unfilled suitable habitat in three scenarios: the 2018 climate and environmental conditions, the 2100 conditions assuming current
expansion rates, and the 2100 conditions including a third of the study area burned with moderate severity between 2018 and 2100. Background image is
courtesy of ESRI ArcGIS’s ‘Imagery’ Basemap.
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space and time. Our analysis provides evidence to suggest that (i)
while shrub expansion will continue to increase in the future, it is
a finite process that can be readily constrained with a dynamic
ceiling scalable across the pan-Arctic, and (ii) increased nitrogen
availability from alder shrubs contributes to a novel, positive
feedback that advances overall tall-shrub expansion within
northwestern Alaska and beyond.

Methods and Materials
Site selection. Our study region is located within a continuous-
discontinuous permafrost region on the central Seward Peninsula
of Alaska (Fig. 1a). The Seward Peninsula has an area of
approximately 50,000 km2, spanning 400 km from west-to-east.
The site selected represents an area of approximately 14,000 km2

with homogeneous regional warming patterns to control for cli-
matic trends, effectively isolating the important environmental
controls underpinning the heterogeneity of tundra shrubification.
Environmental conditions are variable, ranging in topography
from drainage basins below sea level to mountain ranges up to
elevations of 1900 m.a.s.l.49, near-surface permafrost from absent
to continuous30, average July air temperatures from 1.2 °C to 14.8
°C50, and soil moisture from 0.01 to 0.53 cm3 cm−3 (i.e., volume
of water per volume of soil)51. This combination of factors makes
the site an ideal area to study the controls on shrub expansion.
Within the site, we identified three subregions representing the
full range of environmental variation to use for analysis (Fig. 1b-
d). Depending on the data source, the long-term annual pre-
cipitation in the region varies from 300-500 mm, which is com-
parable to much of the low-Arctic tundra in Alaska52. Given the
relative importance of environmental factors related to water
availability (Fig. 2), tundra regions with different precipitation
regimes (such as those in the high-Arctic tundra) may respond
differently to the same conditions.

Multi-scale tall-shrub mapping. Decadal tall-shrub expansion
was estimated using high resolution 1 m spatial resolution
declassified 1950 US Navy aerial photographs (project coded
SEW00) and 3m-resolution PlanetScope satellite surface
reflectance data acquired across our study domain. Historical
air photos were downloaded from USGS Earth Explorer
(choosing the earliest available dates) and PlanetScope imagery
from Planet’s repository (https://www.planet.com). To ensure
the compatibility of the two data types (Supp. Fig. 5), we
resampled 1 m air photos to 3 m spatial resolution. To create
three seamless mosaics of each of our subregions, 210 air photos
were processed to remove the border from scanned 229 ×
229 mm film, remapped pixel values from all photographs to
span the same range53, and ran two low-pass filters to remove
widescale illuminance errors caused by camera position54.
Processed photographs were orthorectified in Agisoft Meta-
shape and mosaicked using Whitebox Tools to remove seam-
lines not removed by Metashape. The resulting mosaics for each
subregion were georeferenced in ESRI ArcMap to the Planet-
Scope imagery. In addition, 193 PlanetScope scenes from 2017-
18 were used to fully cover our study domain, during both
peak-biomass (4-6 of July 2018) and mid-senescent (4-5 of
September 2017) phenoperiods. We excluded ~3% of the Pla-
netScope imagery due to cloud cover.

We performed a supervised classification on each mosaic using
visual (R,G,B) and near-infrared (NIR) bands to identify shrub
presence or absence. Classification accuracy was evaluated
following best practices, i.e. using finer scale observations than
the classified imagery55. Therefore, we used high-resolution
submeter (0.3 − 0.5 m) resolution WorldView series and GeoEye
images acquired between 2014 and 2019 from Maxar/

DigitalGlobe to evaluate classification accuracies. We evaluated
our shrub classifications using contingency tables using 700
randomly selected points across Planet mosaics. The overall
classification accuracy and kappa coefficient (κ) was 97.4% and
0.908, respectively. The user’s and producer’s accuracies for the
shrub class were 94.7% and 90%, respectively. Because alder
senesces later than birch or willow28, we used the senescent
phenoperiod to differentiate alder from willow-birch. In addition
to contingency tables derived from regional observations, we
qualitatively compared our alder classification to that of local-
scale alder mapping at the next-generation ecosystem experi-
ment’s (NGEE–Arctic) Kougarok hillslope site (lat: 65.171006,
long:−164.837755), finding 82.5% overlap between alder
classifications7.

Similar to others5,29, we next implemented a supervised
classification on the 1950 monochrome aerial mosaics. Prior to
classification, we masked fires that occurred between 1950 and
2018 to minimize observations of (1) shrub dieback associated
with biomass combustion and coincident thermokarst
formation15,35, and (2) elevated post-fire rates of shrub
recruitment15. In addition, to ensure that dark pixels (i.e.
shadows or water) did not cause an overestimation of the
1950 shrub extent, we used the 2018 PlanetScope classification
as a maximum boundary of the 1950s shrub classification. This
approach assumes areas that were classed as shrub in 1950 but
not in 2018 were erroneous due to dark pixels. Thus, this
approach represents a conservative estimate of shrub cover
expansion. We differenced the two 3 m spatial
resolution classifications to create our shrub expansion map.
These differences do not necessarily guarantee that entirely
new shrub canopy has grown, as small enough shrubs may not
have appeared on the aerial imagery, but in most cases,
some expansion is likely to have occurred alongside the size
increase.

Patch-scale shrub modeling. Gridded data is useful for historical
comparisons, using multiresolution datasets, and increasing
computational efficiency56. Therefore, to allow us to compare our
shrub expansion map to environmental data products, we found
the areal proportion of a 15 x 15 m grid that experienced shrub
expansion. The fractional cover within these 25-pixel grids were
used within our regression analysis. The predictor variable
datasets were similarly gridded using the Zonal Statistics function
in ArcMap. We aggregated the information from the three sub-
regions into a single dataset that was used for modeling in its
entirety.

We selected fifteen predictor variables shown to influence shrub
expansion (Table 1). We ran a measure of variance inflation factor
(VIF) and found that the variables had low enough covariance to
use together (all VIF < 5). Due to the non-normality of the data and
the presence of both continuous and factorial predictors, we
selected a quasi-logistic regression, as our response variable
measured a proportion rather than a binary variable.

We split the data into groups that did and did not experience
shrub expansion and then used ten-fold validation (splitting the
data into tenths, ensuring each fraction has the same proportion
of shrub expansion to non-expansion pixels as the full dataset,
and using nine of the groups for training and one for testing the
performance) to evaluate the quasi-logistic regression based on
the correspondence between the observed and predicted values
when run against the testing group. We established a binary
presence/absence testing framework, counting any shrub
expansion within our observation grids as presence and using
a ranked probability cutoff based on observed proportions for
predicted shrub expansion, defining expansion as predicted to
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occur in any pixels above the percentile corresponding to 1.5
times the observed proportion of pixels with shrub expansion
(the multiplicative factor added for model uncertainty). To
avoid overfitting the data, we used a top-down model selection
approach that iteratively removes variables from the models,
keeping only those models that improved the correspondence
while reducing the number of predictors, then repeating the
process iteratively on the new models until no more variables
could be removed without reducing the accuracy of the model.
We then evaluated the output list of models across the entire set
of training data to find the one that best predicted the testing
data. We used the varImp function from the R caret package to
calculate the importance of each variable and removed any
variables that had an importance of less than 5 when the range
of values was rescaled from 0 to 100. Equation (1) & (2) give the
probabilities of shrub expansion derived from this study. (See
Table 1 for variable abbreviations. FUpLow= 1 if Lowland or
1.26 if Upland; FGeol= 1 for undivided surficial deposits, varies
from 0.108 to 1.09 for other surficial geologies; P = Probability
of shrub expansion.)

β ¼ �321:7� 0:027PFP þ 1:328AT � 0:193ST þ 0:0002WD

�0:003Ev � 0:073TWI � 0:451LDþ 0:009SFD

ð1Þ

P ¼ FUpLow ´ FGeol ´
eβ

1þ eβ
ð2Þ

This modeling framework was repeated for alder expansion,
using a map generated by assuming no change in the dominant
species of shrub and considering any 1950 shrub pixels classified
as alder in 2018 to also have been alder in 1950, leading to Eq. (3)
& (4) with a 93% correspondence between observations and
predictions (See Table 1 for variable abbreviations. FUpLow= 1 if
Lowland or 2.06 if Upland; FGeol= 1 for undivided surficial
deposits, varies from 0.039 to 0.39 for other surficial geologies; P
= Probability of alder expansion.).

β ¼ �281:7� 0:044PFP � 0:193ST þ 1:234AT þ 0:675A

þ0:0004WD� 0:1TWI � 0:003Ev � 1:626SM

þ37:99VC � 0:387LD

ð3Þ

P ¼ FUpLow ´ FGeol ´
eβ

1þ eβ
ð4Þ

Environmental variables are often autocorrelated across a
landscape, so we investigated whether the data points in our
gridded analysis were sufficiently independent. To avoid bias due
to spatial autocorrelation, we calculated Moran’s I, but the
number of data points made it infeasible in application across our
study domain. Therefore, we split the area into 1000 subsets and
calculated Moran’s I of the residuals of the model for each,
repeating the test 10 times to ensure the splitting was not affecting
the results. The results were statistically significant but small
(range 0.02–0.04). There is a known issue of reduced p-values
with large sample sizes57, such as our n of 600,000 per group, and
spatial autocorrelation effects increase as the magnitude of
Moran’s I moves farther from zero58. Our values were very near
zero, indicating limited autocorrelation, so we concluded that the
points were sufficiently independent. To ensure the size of the
split was not artificially lowering autocorrelation values, we
repeated the process with groups twice as large and found that
residual Moran’s I decreased with increasing numbers of data
points per group, suggesting that it would further approach 0
with the entire dataset.

Using environmental predictors, we expanded the model from
the subregions to the entire study area. We used 10 additional
1950 images for use in an independent validation of the model
results and processed them using the 1950 aerial image protocols
previously described (Supp. Fig. 6). The images were selected to
maximize the representation of spatial heterogeneity across our
study region (Fig. 1a). The same classification protocols
(described above) were applied to these aerial photographs and
a shrub change product was generated for each. We found the
model to have an accuracy of 65%, indicating that if we applied
the same model to an independent dataset, it will correctly predict
the presence or absence of shrub expansion in 65% of the area.

To determine the influence of dispersal limitation on our shrub
extent model output (only used edaphic predictors), we tested
whether shrubs failed to expand across our study domain due to
limits on propagation rather than environmental factors. We
added an omnidirectional minimum distance from existing shrub
canopy metric by using the Google Earth Engine distance
function on the 1950 classification, which served as a proxy for
dispersal limitation, as seed propagation decreases with
distance33. Although this simplified approach was necessary to
contextualize the relative importance of our results, under-
standably, it does not account for the complexities of shrub-
specific sexual or asexual reproduction that can modify the spatial
patterns of dispersal limitation that varies with environmental
conditions59. The new model considering dispersal outperformed
our edaphic parameter model at very fine scales (Supp. Fig. 3),
typically at the edges of patches or where infilling occurred, but in
areas where completely new shrub canopy grew the environ-
mental model corresponded better with observed expansion. This
indicates that while dispersal is important for determining exactly
how shrub patches will respond at local scales as patches become
more fragmented at their edges, it does not play a major role in
where new patches may establish, which is controlled by climate
and environmental conditions (Fig. 2).

Statistics and Scenarios. To verify that the predicted suitable
habitat was characteristically distinct from the overall study
domain, we ran a Kolmogorov-Smirnoff test for each of the
continuous variables present in the model, both within and
outside the suitable habitat (Supp. Table 1). We found the
maximum difference in the cumulative distribution functions,
which indicates the degree of divergence of the values of each
variable between the full study area and the suitable habitat.
Because of the relatively low area of drained lakes to the land
surface, we repeated the test for recency of lake drainage while
excluding land area. For the categorical variables, which cannot
be evaluated by Kolmogorov-Smirnoff testing, we compared the
proportion of the data that fell into each category for both sets
of data.

We conducted a sensitivity analysis to determine how changing
environmental conditions over time would impact our calculated
suitable habitat. Our baseline scenario was the 2018 map of
suitable habitat as determined by our edaphic model. For our
second scenario, we evaluated the effects of wildfire on shrub
expansion. We calculated that one-third of the land area burned
over the course of our study period using fire maps from the
Alaska Interagency Coordination Center (https://fire.ak.blm.gov/)
then we assumed that another third would burn by the century’s
end and that low and high severity fires average out to moderate
severity, letting us use the rates from Chen & Lara (2021) to
calculate the rate of shrub expansion with wildfire as
17.85 km2 y−1. Our final scenarios evaluated the effects of
changing permafrost by rerunning the shrub expansion model
once with the permafrost probability reduced by a flat 10% and
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once with a flat 30% reduction and calculating the new amount of
suitable habitat in these scenarios (Fig. 4).

Species-specific interactions and upscaling nitrogen data.
Because of the unique influence alder has on soil nitrogen, we
examined the impacts of expanding alder canopies on root nodule
biomass. We used all available data on alder nodule biomass, col-
lected from extensive field surveys in logistically challenging tundra
environments in Alaska. Root nodule data were collected via soil
cores in 2017 at the NGEE Arctic Kougarok Hillslope study site
(Fig. 1a) and along the Dalton Highway within the Brooks Range
and Foothills of the Brooks Range. See the published datasets60,61

for the full methodology. Due to different collection methods (i.e.
different size plots, different size cores, and different sampling
depths), the nodule biomass data was standardized by the total
sampling effort at each plot. We used the proportion of the plot’s
total soil volume that was sampled to represent the measurement
effort irrespective the collection methods. The strongest correlation
with nodule biomass was found between the effort-standardized
biomass per unit area and the maximum height of the alder shrub
(Eq. (5), R2= 0.2115, p= 0.014; Brn = Root nodule biomass, h =
height). Therefore, we used this relationship for upscaling from
UAS to shrub classifications.

Brn ¼ 0:262 ln h� 1:071 ð5Þ
We leveraged 5 cm very high spatial resolution UAS RGB imagery
and canopy height models (CHMs) from the NGEE Arctic Kou-
garok Hillslope study site (located within the central Floodplains/
Hillslope subregion) acquired in 201962 to estimate area-height
relationships. The CHMs were computed using structure-for-
motion photogrammetric techniques63. We used UAS RGB ima-
gery to visually delineate all alder individuals within four 10 × 10
Planet pixel grids which varied in alder cover (Supp. Fig. 6). We
used this data to calculate alder density and area within each Pla-
netScope pixel, resulting in an average density of 2.336 individuals
per pixel in pixels classed as alder. Based on these calculations, we
computed an allometric relationship between aerial alder cover and
maximum alder height (Eq. (6), R2= 0.612, p < 0.001; h = height,
AA = aerial area).

h ¼ 30:721lnAA� 227:6 ð6Þ
To relate that back to our full study site, we used this estimate

of alder patch cover in our study region and divided it by the
average density of 2.336 per pixel to calculate the number of
individual alder shrubs that occupy each pixel, which we used
with Eq. 5 to find the average maximum height of alder shrubs.
We estimated nodule biomass per unit area using estimated
height to determine the total nodule biomass in 1950 and 2018.

Data availability
All sources of environmental data used in the habitat suitability model can be found in
Table 1 with appropriate accession citations. The root nodule biomass datasets can be
found via public repositories at https://doi.org/10.5440/1493669 and https://doi.org/10.
15485/1631262. UAS and CHM data are available via the NGEE-Arctic repository at
https://doi.org/10.5440/1906348. Shrub classifications and model results are archived at
the Arctic Data Center and can be accessed at https://doi.org/10.18739/A28911S58.

Code availability
R and Google Earth Engine code used in the analysis may be provided by Aiden I. G.
Schore upon request. See provided correspondence details.
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