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Abstract

Anthropogenic climate change has driven an increase in the frequency, size, and severity of fires at high latitudes. Recent
research shows that increasing fire severity in the subarctic is altering the trajectories of forest succession, but to date, research
on the effect of fire severity on tundra succession has been limited. In this study, we investigated short-term recovery of shrub
tundra communities following fire in the Tuktoyaktuk Coastal Plain and Anderson River Plain ecoregions of the Northwest
Territories. To understand the effects of fire severity, we documented vegetation and permafrost recovery within moderately
burned, severely burned, and unburned portions of six tundra fires that burned in 2012. We found that vegetation structure at
moderately and severely burnt sites recovered rapidly toward pre-fire levels, but that differences in community composition,
characterized by a decrease in shrub and lichen cover as well as an increase in abundance of ruderals and graminoids, persisted
at severely burned sites. The persistence of thermal changes and increased thaw depth indicate that while biotic recovery can

occur promptly, severe fire may have long-term impacts on belowground conditions.
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1. Introduction

Over the past half century, the length of the fire season in
Canada has increased by approximately 2 weeks and the na-
tional trend in annual area burned has increased threefold
(Hanes et al. 2019). Fire activity has increased most rapidly
in boreal regions of northern Canada (Brown and Johnstone
2011; Walker et al. 2019), where air temperatures are warm-
ing at three times the global rate (Vincent et al. 2015; Bush
and Lemmen 2019). High-latitude tundra fires have histor-
ically been constrained by low biomass, making them less
common and severe than boreal forest fires (Wein 1976;
Viereck and Schandelmeier 1980). However, warming Arctic
temperatures (Vincent et al. 2015) and the proliferation of de-
ciduous shrubs (creating surface fuels) (Ropars and Boudreau
2012a; Lantz et al. 2013; Frost and Epstein 2014; Moffat et al.
2016) are projected to increase the probability of fire in the
tundra biome by the end of the 21st century (Moritz et al.
2012), and alter the fire return interval from over 800 years
to less than 200 years (Higuera et al. 2008; Rocha et al. 2012).
In the past half century, Low Arctic tundra regions of Alaska
(Sae-Lim et al. 2019; Masrur et al. 2022), Canada (Veraverbeke
et al. 2017), and Siberia (Moskovchenko et al. 2020) have seen
increases in the number of ignitions, demonstrating that fire
regimes are already changing in some areas of the circumpo-
lar north.

In the northern boreal, where spruce forests typically re-
spond to fire by regenerating pre-fire community structure
on decadal time scales, high severity fire can favour alterna-
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tive successional trajectories dominated by deciduous trees
(Johnstone and Chapin 2006; Johnstone et al. 2010, 2020;
Hollingsworth et al. 2013; Baltzer et al. 2021). In tundra
ecosystems, it is possible that climate-driven increases in fire
severity will also facilitate alternate successional trajectories
(Heim et al. 2021; Jandt et al. 2021; Miller et al. 2023), but
additional research is needed to assess the influence of fire
severity on recovery, and to characterize post-fire succession
(Frost et al. 2020; Gaglioti et al. 2021; Hollingsworth et al.
2021).

Most research in tundra ecosystems indicates that veg-
etation structure can recover quickly following fire. In
Alaska, tussock tundra ecosystems approach pre-fire vegeta-
tion cover levels within 5-10 years (Racine et al. 2004; Jones
et al. 2009; Bret-Harte et al. 2013), while shrub tundra ecosys-
tems typically require several decades to recover (Lantz et al.
2010; Jones et al. 2013; Frost et al. 2020; Gaglioti et al. 2021;
Heim et al. 2021). Past studies also show that the recovery of
community composition is a much slower process with some
species or functional groups remaining below pre-fire levels
for long periods (Frost et al. 2020; Heim et al. 2022; Miller et
al. 2023).

In tussock tundra communities fire typically initiates rapid
recovery and dominance of tussock-forming sedges (Eriopho-
rum vaginatum L.), but in some cases severe fire can increase
shrub abundance (Racine et al. 2004). Studies from the Tuk-
toyaktuk Coastlands in the Northwest Territories (Lantz et
al. 2013; Travers-Smith and Lantz 2020), the Brooks Range in
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Alaska (Racine et al. 2004, 2006; Gaglioti et al. 2021; Miller
et al. 2023), the Alaska North Slope (Jones et al. 2013), and
the Yamalo-Nenets Autonomous Okrug in Siberia (Heim et al.
2022) have also shown that fire can facilitate the landscape-
scale proliferation of upright shrubs. In tussock-tundra, the
recovery of vascular species is predominantly driven by re-
sprouting of individuals, and seedling establishment and suc-
cess is typically limited because fire typically does not expose
new seedbeds (Gartner et al. 1986; Bret-Harte et al. 2013; Frost
et al. 2020). Though the leaves of E. vaginatum are destroyed
by severe fire, the rhizomes and meristems can survive and
resprout rapidly within the moist tussock core, where it is
enclosed and protected (Bret-Harte et al. 2013). The below-
ground stems of deciduous and evergreen shrub species can
also survive fire, but the recovery of aboveground biomass
following fire in shrub tundra is slower, and does not usually
reach or surpass pre-fire conditions until at least a decade af-
ter fire (Racine et al. 2004; Narita et al. 2015). Recent research
on the Seward Peninsula of Alaska also indicates that more
frequent and severe fire can promote the recruitment and
persistence of grasses (Hollingsworth et al. 2021).

Identifying how variation in tundra burn severity can af-
fect successional trajectories is critical to understand how in-
creasing tundra fire frequency and severity will impact re-
gional and global ecological processes. Changes to tundra
vegetation structure can increase snow depth (Jia et al. 2009)
and evapotranspiration (Zhang and Walsh 2006; Swann et al.
2010), and alter wildlife habitat (Jandt et al. 2008; Joly et al.
2009; Gustine et al. 2014; Fauchald et al. 2017). At a circum-
polar scale, more widespread boreal and tundra fire is pre-
dicted to cause a fourfold increase in fire-driven global car-
bon flux by 2100 (Mack et al. 2011; Abbott et al. 2016; Walker
et al. 2019), with model projections suggesting the relative
increase in carbon emissions from tundra fire will be up to
two times higher than from boreal fires (Abbott et al. 2016).
Permafrost thaw and thermokarst subsidence (Myers-Smith
et al. 2008; Jones et al. 2015) can also be triggered by severe
fire and can remain evident for decades (Racine et al. 2004;
Jafarov et al. 2013; Jones et al. 2015).

To date, most research on multi-year and decadal recov-
ery following tundra fire has focused on individual distur-
bances (Racine et al. 2004; Frost et al. 2020). To our knowl-
edge, only a few studies have evaluated recovery patterns
across gradients of burn severity at multiple fires (Rocha and
Shaver 2011; Tsuyuzaki et al. 2017). The objective of this study
was to evaluate the recovery of tundra ecosystems to burn
severity across a range of spatial scales. Recovery refers to
the process by which ecosystems return a pre-disturbed refer-
ence state and can be evaluated using a number of indictors
(Parker and Wiens 2005; Lotze et al. 2011). In this analysis,
we explore three aspects of ecological recovery: (1) structural
(total vegetation cover and height), (2) compositional (diver-
sity and abundance of plants), and (3) edaphic (soil chem-
istry, thaw depth, and ground temperature). To accomplish
this, we employed a remotely sensed vegetation index to clas-
sify burn severity (Allen and Sorbel 2008) and used plot and
Remotely Piloted Aerial System (RPAS) surveys, and Landsat-
derived Normalized Differenced Vegetation Index (NDVI) data
to measure vegetation structure and community composi-
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tion, soil conditions and terrain properties at six tundra fires
that burned in the Northwest Territories in 2012.

2. Methods

2.1. Study area

We conducted this study within the Tuktoyaktuk Coastal
Plain and Anderson River Plain Ecoregions, in the North-
west Territories (Fig. 1). This area is located within the con-
tinuous permafrost zone, where soils can be ice-rich, and
the rolling landscape is characterized by hummocky up-
lands and lowlands frequently occupied by polygonal peat-
lands (Ecosystem Classification Group 2012). These ecore-
gions span the forest-tundra ecotone with landscapes in the
southern part of the study area dominated by tall shrubs
(Salix spp., Alnus alnobetula subsp. fruticosa (Ruprecht) Raus,
and Betula glandulosa Michaux) and scattered spruce wood-
lands (Picea glauca (Moench) Voss (Timoney et al. 1992; Travers-
Smith and Lantz 2020)). The northern part of the study area
is characterized by dwarf shrub and graminoid dominated
tundra (Hernandez 1973; Kokelj et al. 2017). The tundra
fires sampled in this study burned primarily in upland ar-
eas where vegetation was dominated by shrub tundra com-
munities comprised of tall (Alnus spp., Betula spp., Salix spp.)
and dwarf (Rhododendron spp., Empetrum spp., Vaccinium spp.)
shrubs and graminoids (Carex spp., Eriophorum spp., Calama-
grostis spp., Arctagrostis spp.). Although much less common,
tussock-dominated patches comprised mainly of Eriophorum
spp. and other graminoids were also present at these sites.

The regional climate of this area is characterized by long
cold winters and short summers (Rampton 1998). Mean an-
nual temperatures (MATs) from 1981 to 2010 in Inuvik and
Tuktoyaktuk were —8.2 and —10.1 °C, respectively. Annual
precipitation was approximately 240 mm in Inuvik and
160 mm in Tuktoyaktuk (Environment Canada 2018). Be-
tween 1926 and 2019, mean annual and mean summer tem-
perature increased by 3.5 °C (0.38 °C/decade) and 1.9 °C (0.20
°C/decade), respectively (Travers-Smith and Lantz 2020). Con-
tinuous permafrost in this region is ice rich and thermokarst
landforms (thaw slumps, thermokarst lakes, polygonal ter-
rain) are common (Ecosystem Classification Group 2012). In-
creasing MAT has been observed across all weather stations in
the western Canadian Arctic over the past half century (Burn
and Kokelj 2009; Vincent et al. 2015) and warming has driven
an increase in ground temperatures and thaw depths in re-
ceent decades (Burn and Kokelj 2009; Kokelj et al. 2017).

2.2. Site selection

To examine the effects of burn severity on tundra land-
scapes, we used Landsat false colour imagery to locate and
identify six tundra fires that burned in 2012 (Table 1). To map
spatial variation in the severity of each fire, we determined
the approximate dates of ignition and downloaded pre- and
post-fire Landsat scenes, which were used to calculate the
Normalized Burn Ratio (NBR) (Garcia and Caselles 1991; Key
and Benson 1999) (Appendix A). The NBR is a modified ver-
sion of the NDVI, which uses the shortwave infrared (SWIR)
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Fig. 1. Map of study area showing the area of the six tundra fires examined in this study including: Noell Lake (NL), Sandy Hills
(SH), Husky Lakes (HL), Tuktoyaktuk (TK), Crossley Lakes (CL), and Anderson River (AR). The dashed line shows the position of
the forest tundra transition as mapped by Timoney et al. (1992). Inset map in the upper right shows the location of the study
area in northwestern Canada. This map was created in ArcGIS Pro (version 2.7) using publically available data layers.
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Table 1. Size and estimated timing of the six fires sampled in this study.

Fire name Size (km?) Start date End date Pre-fire scene Post-fire scene

Crossley Lakes (CL) 60.3 24 June 2012 10 July 2012 LT05_L1TP_059012_20110623_ LE07_L1TP_060011_20130627_
20161008_01_T1 20161124 _01_T1

Anderson River (AR) 392.7 24 June 2012 19 July 2012 LE07_L1TP_060011_20110622_ LE07_L1TP_060011_20130627_
20161208_01_T1 20161124_01_T1

Tuktoyaktuk (TK) 0.63 04 June 2012 20 June 2012  LT05_L1TP_064011_20110626_ LE07_L1TP_064011_20130607_
20161008_01_T1 20161124_01_T1

Husky Lakes (HL) 3.5 22 June 2012 24 July 2012 LE07_L1TP_062011_20110620_ LE07_L1TP_061012_20130618_
20161208_01_T1 20161123_01_T1

Sandy Hills (SH) 36.0 27 June 2012 13 July 2012 LT05_L1TP_063012_20110619_ LE07_L1TP_065011_20130614_
20161008_01_T1 20161123_01_T1

Noell Lake (NL) 53.0 13 June 12 9 August 2012 LT05_L1TP_063012_20110619_ LE07_L1TP_061012_20130618_

20161008_01_T1 20161123_01_T1

Note: Landsat scenes used to calculate the severity of each fire are shown in the last two columns.

and near infrared (NIR) bands to identify burned areas:

NIR — SWIR

NBR= ——
NIR 4 SWIR

Unburned vegetation has high NIR reflectance and low
SWIR reflectance and burned vegetation has low NIR and
high SWIR reflectance (Keeley et al. 2008). Differenced NBR
(dNBR) is calculated by subtracting post-fire NBR from pre-fire
NBR to estimate burn severity and the magnitude of post-fire
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surface change (Chen and Huang 2008), with higher values of
dNBR indicating higher fire severity. The six fires we studied
burned in June 2012 and Landsat scenes for dNBR calcula-
tion were selected based on proximity to the anniversary of
the burn date pre-fire (June 2011) and post-fire (June 2013) us-
ing the method described by Key and Benson (2006). Top of
Atmosphere Landsat Thematic Mapper, Enhanced Thematic
Mapper Plus (ETM+), and Operational Land Imager (OLI) im-
ages were downloaded from the United States Geological Sur-
vey Earth Resources Observation and Sciences Center Science
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Processing Architecture for fire mapping. Burn severity calcu-
lations and classifications were performed in R (R Core Team
2018). To derive gapless ANBR calculations where Landsat im-
ages were affected by the Scan Line Corrector failure, OLI
reflectance values were transformed and calibrated to cor-
respond with ETM+ values using the “calc” function in the
“raster” package in R (Hijmans 2023).

Fire severity classes were delineated by adapting the dNBR
thresholds from the US Forest Service’s Fire Effects Monitor-
ing and Inventory System. Specifically, we defined our severity
classes as: (1) unburned (dNBR < 100), (2) moderate severity
(dANBR > 100 and <400), and (3) high severity (dANBR > 400)
(Appendix B). This approach was designed for forest monitor-
ing in the contiguous United States, but has also been used
in northern boreal regions (Epting et al. 2005). We did not
apply atmospheric correction to calculations of the NBR, as
previous studies have found that the effects of atmospheric
scattering are limited in the NIR and SWIR wavelengths used
in this calculation (Miller et al. 2009). Atmospheric correction
can also introduce errors when using imagery from multi-
ple dates that likely differ in atmospheric effects (Miller et al.
2009; Fang and Yang 2014).

2.3. NDVI trends

To assess vegetation recovery dynamics among severity
classes at each fire scar from 1998 to 2018, we used Google
Earth Engine to calculate NDVI trends using the Landsat com-
posite time-series application (Braaten 2021). NDVI is a vege-
tation index strongly related to leaf area and phytomass and
commonly used as a proxy for productivity (Riedel et al. 2005;
Raynolds et al. 2012). Annual composite surfaces were created
from the mean NDVI between July 1 and September 1 for each
year between 1998 and 2018. To extract NDVI values, we ran-
domly selected 50 points within each fire severity class (mod-
erately burned, severely burned, and unburned). Unburned
areas were at least 10 m beyond the mapped boundary of
each fire, and showed no evidence of recent fire, but have
likely all burned in the last 200-1000 years. At each of the six
fires, this yielded 150 points. These points were used to cal-
culate the mean summer NDVI value for each severity class
in each year. A sample size of 50 points per severity class was
chosen to adequately capture intra-annual variation in veg-
etation productivity at the largest of the six fires. Unburned
areas were selected in areas that matched pre-burned terrain
conditions by inspecting pre-fire Landsat imagery. To express
the magnitude of the difference in post-fire NDVI relative to
annual variation in NDVI levels in unburned areas, we calcu-
lated the annual NDVI Departure by subtracting mean NDVI
in unburned areas from mean NDVI in each burned sever-
ity class. Negative values of this index indicate that post-fire
greenness remains below reference levels and positive val-
ues suggest that post-fire NDVI exceeds levels at undisturbed
sites.

2.4. RPAS surveying

RPAS surveys were conducted from 3 July to 30 July 2018 at
each fire site. We used a DJI Phantom 4 Advanced quadcopter
and the built-in camera to fly surveys in unburned, moder-
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ately burned, and severely burned regions of each fire site.
DJI Ground Station Pro was used to create flight plans that
had 80% overlap between successive images (end overlap) and
flightlines (side overlap). Surveys were flown at an altitude of
40 m, which yielded a ground resolution of 1.5 cm. Overall,
we surveyed between 1-3 patches of approximately 180 m? in
each severity class at each fire (n = 32). Images were shot at 4:3
aspect ratio with an 84° field of view. Markers for ground con-
trol points (GCPs) were placed in the southwest corner of the
sample plots described in the next section and were used to
orthorectify RPAS images. The precise locations of the mark-
ers were identified using two Emlid Reach Global Navigation
Satellite System receivers. The base receiver logged continu-
ously over the duration of each survey (approximately 2-3 h)
and the second receiver was set to log the location of each
GCP for 5-10 min. Five GCPs were distributed across each
survey, coinciding with sampling plots. Emlid data were pro-
cessed using RTK Post software suite to derive precise coor-
dinates for each GCP. Imagery from RPAS surveys was pro-
cessed using Structure-from-Motion photogrammetric image
sequencing in Agisoft Photoscan. Orthomosaics were com-
posited for each survey and used to create digital surface
models, digital terrain models, and canopy height models us-
ing the approach detailed in Fraser et al. (2016). Survey im-
ages were orthorectified by manually identifying and placing
GCPs for each survey.

2.5. Field sampling

To compare ecological recovery among fires and severity
classes, we conducted field sampling from 3 July to 30 July
2018 to describe vegetation structure, community composi-
tion, and soil and permafrost conditions within unburned
reference areas and moderately and severely burned regions
of the six fires mentioned in the previous sections. We mea-
sured species abundance, shrub height, thaw depth, electri-
cal conductivity (EC), organic layer depth, and soil moisture
at each burned site (table 2.1; fig. 2.1) and unburned refer-
ence sites adjacent to each fire. We used randomized strat-
ified sampling to select sites using the dNBR burn severity
classes defined above. At each fire we randomly selected two
sites in moderately burned areas, two sites in severely burned
areas, and two sites in unburned areas outside of the burn
perimeter for a total of six sites. All unburned sites were lo-
cated at least 10 m beyond the perimeter of the fire. At each
site of these 36 sites, five sampling plots were randomly se-
lected for a total of 180 plots across the study area. To mea-
sure vegetation structure and composition at each plot, we
used a nested quadrat approach. A single quadrat with an
area of 4 m? was used to visually estimate the percent cover
of upright shrubs and trees and to measure tree or shrub
canopy height using a tape measure. We estimated the per-
cent cover of dwarf shrub, graminoid, herbaceous dicot, and
non-vascular species, and the percent litter (dead, unburned
plant material) by placing a single 0.25 m? quadrat inside the
southeast corner of each 4 m? quadrat. Percent cover esti-
mates were made by a single observer at the species level,
except for graminoids, lichens, and mosses, which were esti-
mated at the family (graminoids) or functional group (mosses
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and lichens) level. Species names and authorities follow the
Database of Vascular Plants of Canada (Brouillet et al. 2010).

Soil properties including thaw depth, volumetric soil mois-
ture, and organic layer depth were measured at the center
and corners of each 4 m? quadrat (n = 5). Volumetric soil wa-
ter content was estimated in the field at the top of the min-
eral soil horizon using a Delta ThetaProbe Soil Moisture Sen-
sor and HH2 moisture meter. Thaw depth was measured by
depressing an active layer probe to the depth of refusal. To
standardize thaw depth measurements made throughout the
thaw season we estimated maximum thaw depth by adding
0.2 cm day~! (Ovenden and Brassard 1989) for measurements
made before 1 August. A shovel was used to dig a small hole
exposing upper soil layers and a small ruler was used to mea-
sure organic depth. At each plot we collected a single soil
sample from the center of the plot. These samples, which
consisted of the top 10 cm of the soil matrix below the lit-
ter and organic horizon, were placed in plastic bags, labeled,
and frozen until they were prepared for lab analysis.

To measure air and ground temperature at our sites, we in-
stalled thermistors at one severely burned and one unburned
control site within each fire (n = 12). To measure near surface
and top-of-permafrost temperature we drilled shallow bore-
holes (100 cm) and attached thermistors to a plastic pipe,
which was positioned in the borehole at depths of 5 and
100 cm. To measure air temperature thermistors were posi-
tioned at 1.5 m above the ground inside RS1 solar radiation
shields (Onset Computing Corporation, Pocasset, MA, USA).
We used Hobo Pro U23-003 data loggers with our thermistors,
which have accuracy and precision of £0.21 and 0.02 °C. Log-
gers were set to continuously record measurements every 2
h until downloaded the following summer.

2.6. Lab analysis

In late August 2018, thawed soil samples were homoge-
nized and used to estimate soil moisture and to prepare pore
water extracts used to measure the concentration of major
ions, conductivity, and pH. Samples were weighed before and
after being oven dried at 45 °C for 5-7 days to calculate gravi-
metric water content as:

Mass of water (g)
Mass of oven dry soil (g)

Samples for pore water extracts were air-dried, passed
through a 2 mm sieve and used to create a 1:5 solution of soil
to deionized water (He et al. 2012; Klaustermeier et al. 2016).
Soil solutions were agitated continuously for 10 s bihourly
for a total of 12 h, then left to settle for 12 h, agitated again
for 10 s, and centrifuged at 8000 rotations per minute for
30 min. The temperature-corrected EC and pH of the super-
natant were measured using an ExStik PH100 pH meter (Ex-
tech Instruments, Waltham, MA, USA) and a TDSTestr 3 con-
ductivity meter (Oakton Instruments, Vernon Hills, IL, USA).
After pH and EC were measured, we filtered the supernatant
using 45 um syringe filters, placed the samples into vials, and
shipped them to Taiga Labs in Yellowknife, NT for major ion
analysis using Inductively Coupled Plasma Mass Spectrome-

try.
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2.7. Data analysis

To assess differences in community composition among
severity classes, we conducted a non-metric multidimen-
sional scaling (NMDS) ordination using the “vegan” package
(Oksanen et al. 2024) in R. NMDS is an ordination technique
that helps to visualize differences in multivariate species
composition data. A matrix of species and functional group
cover data was log (x + 1) transformed prior to calculating
a Bray—Curtis distance matrix used in the ordination plots.
We visualized differences in community composition among
severity classes with ordination plots and used the envfit and
bioenv functions in vegan to test for significant relationships
among environmental variables and NMDS scores. An Analy-
sis of Similarity (ANOSIM) (Clarke and Gorley 2001) was per-
formed to test for significant differences in community com-
position among severity classes (severe burn, moderate burn,
and unburned). This analysis is similar to a one-way Analysis
of variance (ANOVA), but uses ranked Bray-Curtis dissimilar-
ities to test for significant differences in species composition
between groups (Legendre and Legendre 1998). The null hy-
pothesis of our ANOSIM was that there is no difference in av-
erage rank dissimilarity between severity classes. The Ranosim
statistic produced by this analysis provides a measure of dis-
similarity between site types; with values close to zero in-
dicating similarity in species composition and values close
to 1 indicating complete lack of overlap in species compo-
sition (Clarke and Gorley 2001). To identify the species that
made the largest contribution to dissimilarity between sever-
ity classes we used the SIMPER (similarity percentage) func-
tion. This analysis calculates the percent contribution of each
species to the Bray—Curtis distances among pairs of site types
(Clarke and Gorley 2001).

To test for significant differences in RPAS-derived canopy
height estimates among severity classes within a fire we used
the lme4 package in R to construct mixed model ANOVAs,
which treated fire severity as a fixed effect and sample plots
(RPAS surveys) within each fire as a nested random effect
(Bates et al. 2015). To ensure that models were consistent with
the assumptions of linear mixed effects modeling, we used
the DHARMa-package to generate plots of fitted versus resid-
ual values.

3. Results

3.1. Landscape scale responses (Landsat and

RPAS analyses)

NDVI data from 2013 to 2018 show that vegetation at all
fires showed increased productivity during the first 6 years
following fire (Fig. 2). Pre-fire NDVI departures were similar
among most severity classes and study fires indicating that
burned sites were similar to reference sites before fire. Dur-
ing the year of burn NDVI departures declined rapidly (Fig.
2). After the initial decline, moderately burned sites showed
rapid increases in NDVI departure, and were typically closer
to NDVI values at nearby unburned sites than at severely
burned areas. In severely burned areas at four sites (Ander-
son River, Crossley Lakes, Husky Lakes, and Noell Lake) post-
fire NDVI departures remained below pre-fire levels after 6
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Fig. 2. Departure in the average Normalized Differenced Vegetation Index (NDVI) in moderately and severely burned areas
of six tundra fires. NDVI Departure was calculated by subtracting the mean of a random sample of 50 points in an adjacent
unburned area from the mean of a random sample of 50 points from within each severity class at each fire. The dashed vertical
line shows the year of fire (2012) and the points to the left of this line show pre-fire NDVI Departure from 1998 to 2011.
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years (Fig. 2). NDVI departures at the Anderson River site also
indicate that more severely burned sites were more produc-
tive pre-fire compared to moderately burned sites. Although
canopy height was elevated in burned areas compared to con-
trols at several sites (Noell Lake and Sandy Hills), a mixed
model ANOVA revealed that there were no significant differ-
ences in canopy height between severity classes (Fig. 4).

3.2. Field-based responses

Field measurements revealed that community composition
also showed significant recovery six years post-fire (Fig. 3A).
A one-way ANOSIM showed that plant community composi-
tion at moderate and unburned control sites (Ranosiv = 0.063)
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and moderate and severely burn sites (Ranosiv = 0.083) could
not be clearly distinguished. Plant community composition
at severely burned sites was moderately distinct from un-
burned control sites (Ranosiv = 0.221). Differences in plant
community composition between severely burned sites and
controls were driven by lower abundance of deciduous and
evergreen shrubs and lichen and an increase in the cover of
bryophytes, grasses (Poaceae), mosses and litter at severely
burned sites (Table 2; Fig. 3B). Areas impacted by high severity
fire were also characterized by increased abundance of rud-
erals (Chamaenerion angustifolium (L.) Scopoli, and Tephroseris
palustris (L.) Reichenbach) and graminoids (Carex spp., Poaceae
spp.) and decreased cover of shrubs (B. glandulosa, V. vitis-idaea
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Fig. 3. Non-metric multidimensional scaling (NMDS) ordina-
tion plot of plant community composition based on Bray-
Curtis dissimilarity. Points represent sample plots and are
coloured by burn severity class. Vectors in the upper panel
(A) show correlations between edaphic variables and NMDS
scores. Vectors in the lower panel (B) show correlations be-
tween percent cover of individual species or species groups
and NMDS scores. CHM is canopy height model and NBR is
the differenced Normalized Burn Ratio. The NMDS ordination
had a final stress of 0.22 after 50 iterations. Clarke and War-
wick (2001) state a stress around 0.2 to be within the range
for useful 2D interpretations.
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L) and lichen (Fig. 3B). Unburned sites were typically dom-
inated by deciduous (Betula glandulosa, Vaccinium uliginosum
L., Salix spp.) and evergreen (Empetrum nigrum, Vaccinium vitis-
idaea) shrubs, and sedges (Carex spp., Eriophorum spp.) and
grasses (Poaceae) (Table 2; Fig. 3B). Our multivariate analy-
sis showed that higher fire severity was associated with in-
creased thaw depth and micronutrient concentration (SO4-,
Mg?+) and decreased organic depth (Fig. 3A).
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Indicators of disturbance such as bare ground and rem-
nants of burned vegetation persisted in moderately burned
and severely burned sites 6 years after fire (Fig. 3). Bare
ground was observed in 47 out of 80 burned sites but only
3 out of 40 unburned sites.

Average soil temperature at 5 cm below the surface was
generally higher at severely burned sites compared to un-
burned control sites (Fig. 5A). This difference was largest in
late June, when average temperature across severely burned
sites was up to approximately 1.2 °C higher than adjacent
unburned control sites (Fig. 5A). Severely burned sites also ex-
hibited an early increase in spring temperature at the ground
surface and the top of permafrost compared to controls (Fig.
5). Differences in soil temperatures between burned and un-
burned sites were also apparent at 1 m below the surface
during the early winter (Fig. 5B). The date of freezeback at
severely burned sites was between 2 weeks and 3 months
later compared to unburned controls (Table 3).

4. Discussion

Our multiscale analysis shows that shrub tundra vegeta-
tion structure recovers within 6 years following fire, but
suggests that community composition remains distinct on
decadal scales. Remotely sensed NDVI trends and estimates
of canopy height revealed that most study sites returned to
pre-fire levels within 6 years following fire (Figs 2 and 4). This
is consistent with previous tundra fire recovery studies show-
ing that aboveground primary productivity returns to pre-fire
levels a few years after moderate and severe burning (Racine
et al. 2004; Bret-Harte et al. 2013; Yeung and Li 2018). Past
studies have shown that rapid recovery is driven by the ex-
pansion of near-surface buds, a common life-history strategy
for tundra species, following disturbance (Wein et al. 1973;
Bret-Harte et al. 2013; Yeung and Li 2018).

Our observation that the recovery of shrubs, and lichens
was more limited is also consistent with previous research
showing that the recovery of these functional groups can take
decades (Vavrek et al. 1999; Racine et al. 2006; Jandt et al.
2008; Jones et al. 2013; Gaglioti et al. 2021; Heim et al. 2022).
Although shrub cover at our sites had not returned to pre-fire
levels 6 years following fire, moderate cover of shrubs from
vigorous re-sprouting of Betula glandulosa suggests that shrubs
are likely to return to pre-fire levels in several years. Above-
ground biomass of deciduous shrubs such as Betula glandulosa
and Vaccinium uliginosum is typically destroyed by fire, but can
recover quickly via re-sprouting and exceed pre-fire levels of
abundance (Wein et al. 1973; Dyrness and Norum 1983; Groot
and Wein 2004). Sprouting can occur from dormant buds on
root crowns and rhizomes (Zasada 1986; Groot 1998) on these
species, which facilitates rapid regeneration after fire, even
when burning is severe (Groot and Wein 2004).

Previous research in the subarctic, indicates the domi-
nance of herb and graminoid understories in early suc-
cessional stages after fire can accelerate nutrient cycling,
which limits organic layer development and promotes the
development of deciduous shrub communities that are bet-
ter adapted to shallow organic layers (Chapin et al. 1996;
Johnstone et al. 2010; Gibson et al. 2016). Tundra shrubs, par-
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Table 2. SIMPER analysis showing the top 10 species or species groups with the greatest contribution to Bray-Curtis dissimi-

larity between burn severity classes.

Site types Site type 1 abundance (%)  Site type 2 abundance (%) Dissimilarity Cumulative dissimilarity (%)
Control and severely burned

Bryophytes 19.12 36.36 15.76 15.76
Litter 22.82 30.12 12.48 28.24
Betula glandulosa 16.27 11.00 7.7 35.94
Vaccinium vitis-idaea 16.48 6.53 7.59 43.53
Lichen 13.22 2.74 6.93 50.46
Eriophorum spp. 7.12 4.38 5.6 56.06
Rhododendron tomentosum 11.27 6.03 5.49 61.55
Empetrum nigrum 9.53 2.31 5.41 66.96
Poaceae spp. 1.33 7.64 4.77 71.73
Salix spp. 5.63 4.59 3.64 75.37
Moderately burned and severely burned

Bryophytes 22.05 36.36 16.82 16.82
Litter 25.16 30.12 12.75 29.57
Eriophorum spp. 11.95 4.38 8.08 37.65
Vaccinium vitis-idaea 11.98 6.53 6.79 44.44
Betula glandulosa 12.62 11.00 6.69 51.13
Rhododendron tomentosum 11.55 6.03 6.13 57.26
Poaceae spp. 3.64 7.54 6.02 63.28
Vaccinium uliginosum 2.38 4.66 4.31 67.59
Empetrum nigrum 4.25 2.31 3.63 71.22
Salix spp. 3.33 4.59 3.48 74.70
Control and moderately burned

Bryophytes 19.12 22.05 12.41 12.41
Litter 22.82 25.16 11.87 24.28
Eriophorum spp. 7.12 11.95 9.18 33.46
Vaccinium vitis-idaea 16.48 11.98 8.49 41.95
Betula glandulosa 16.27 12.62 8.16 50.11
Lichen 13.22 3.91 7.56 57.67
Rhododendron tomentosum 11.27 11.55 6.66 64.33
Empetrum nigrum 9.53 4.25 6.13 70.46
Rubus chamaemorus 3.40 4.44 3.79 74.25
Salix spp. 5.63 3.33 12.41 77.78

Note: Site type 1 and 2 correspond to the sites listed in the pair-wise comparisons noted in the first column. Each comparison group is ordered by the species or species

group making the largest contributions to dissimilarity.

Table 3. Date of freezeback (2018-19) at severely burned sites
and control in the study area.

Freezeback— Freezeback—
Fire control severe burn
Tuktoyaktuk 16 September 4 October
Crossley Lake 16 September 21 December
Anderson River 15 September 24 December
Husky Lakes 1 October 8 December
Noell Lake No data 29 May (2019)
Sandy Hills No data 29 September

Note: The date of freezeback was defined as the date when ground surface tem-
peratures were 0 °C or below for 3 days in a row and ground temperatures at
100 cm below the ground surface were colder than —0.5 °C.
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ticularly Betula glandulosa, Alnus alnobetula subsp. fruticosa, and
Salix spp., have also shown increased stem biomass, density,
and dominance over graminoid species (Racine et al. 2004;
Gaglioti et al. 2021) in response to increased thaw depth, pH,
and nutrient availability (Ca2+, SO4—) in later successional
stages following disturbance (Schuur et al. 2007; Lantz et al.
2009). Greenhouse treatments that increase below and above-
ground temperatures also drive similar responses in dwarf
birch (Bret-Harte et al. 2001, 2004; Shaver et al. 2001). Pre-
vious studies have also shown that tundra disturbances that
reduce or remove organic soils can promote the dominance
of deciduous shrubs (Landhausser and Wein 1993; Racine et
al. 2004; Lantz et al. 2009, 2010, 2022; Johnstone et al. 2010;
Gibson et al. 2016). Our observations of community composi-
tion and soils in areas where tundra burning was severe show
that shrub tundra has been recovering rapidly and suggests
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Fig. 4. Boxplots of canopy height data among severity classes at each fire scar based on an Remotely Piloted Aerial System-
derived Canopy Height Model. The line shows median canopy height, the box shows the interquartile range, and the whiskers

show the 10th and 90th percentiles of samples.
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that ongoing succession may promote shrub dominance in a
manner similar to observations in other areas (Racine et al.
2004; Higuera et al. 2008; Jones et al. 2009, 2013; Gaglioti et al.
2021; Miller et al. 2023). Ultimately, however, ongoing mon-
itoring is required to track successional change and test this
prediction. Future studies in this region should also evaluate
recovery trajectories in areas dominated by tussock tundra.
Our observation that changes in community composition
and soil conditions were greatest in areas of severe burn-
ing indicates that the nature of tundra recovery is a func-
tion of disturbance severity. Despite the return of NDVI and
canopy height to pre-fire levels, our field sampling showed
that recovery of community composition may take longer
on severely burned sites. This is likely driven by the success
of different regeneration strategies at different fire severi-
ties. Deciduous and evergreen shrub cover was comparatively
more limited in moderate and severely burned sites than in
adjacent unburned sites (Table 2). This is consistent with pre-
vious research showing that shrubs are slower to respond
than graminoids following fire (Racine 1981; Bret-Harte et al.
2013). Our field sampling suggests that remotely sensed in-
creases in productivity in moderate and severely burned sites
were driven primarily by increased abundance of graminoids,
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which can recover quickly from belowground buds undam-
aged by fire (Wein et al. 1973; Racine 1981; Gaglioti et al.
2021). Graminoids, as well as several early successional herbs
such as Chamaenerion angustifolium and Tephroseris palustris
(Pavek 1992; Lantz et al. 2009; Lantz 2017), recovered rapidly
and were common on burned sites 6 years after fire. Although
short-term recovery at severely burned sites differed from ar-
eas of moderate fire, our observations suggest that the fires
scars we sampled were not severe enough to facilitate the
development of alternative successional trajectories as has
been observed in the subarctic (Landhausser and Wein 1993;
Johnstone et al. 2010; Lantz et al. 2010; Hollingsworth et al.
2013).

The persistence of thermal changes 6 years following fire
also indicates that severe tundra fire can initiate positive
feedbacks that influence abiotic conditions. Higher ground
temperatures at severely burned sites can be attributed to
increased ground heat flux in the summer (Nossov et al.
2013) following the partial combustion of the soil organic
layer. Higher burn severity and the loss of surface cover and
organics were also associated with increased thaw depth,
and extended thaw season (Fig. 5; Table 3). Increases in
thaw depths are noteworthy because they may exacerbate
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Fig. 5. Mean daily temperatures measured using thermistors
at severely burned sites (red line) and unburned control sites
(blue lines) between July 2018 and August 2019. The upper
panel (A) shows that the ground surface temperature (5 cm
below surface) and the lower panel (B) shows the temperature
at the top of permafrost (100 cm below surface).
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long-term carbon loss by accelerating decomposition rates
(Racine et al. 2004; O’Donnell et al. 2011). Thermal recov-
ery can take decades following tundra fire (Jiang et al. 2015),
and when the disturbance is severe, it can also facilitate
thermal erosion (Chipman and Hu 2017), and thermokarst
development (Mackay 1995; Jones et al. 2015) with long-
term effects on abiotic conditions. Increased thaw depth at
severely burned sites was also associated with higher concen-
trations of soluble nutrients (SO4—, Mg2+), which has been
linked to rapid increases in aboveground biomass of decid-
uous shrubs (Wein et al. 1973; Lantz et al. 2009; Hu et al.
2015).

Predicted decreases in the tundra fire return interval to less
than 200 years highlight the importance of understanding
post-fire vegetation succession (Young et al. 2017). Many re-
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cent studies suggest that increasing burn severity will likely
facilitate the expansion of upright shrubs (Lantz et al. 2010,
2013; Jones et al. 2013; Gaglioti et al. 2021; Miller et al.
2023). Palynological studies indicate that during the mid-
Holocene shrub tundra landscapes dominated by Betula glan-
dulosa burned as frequently as modern black spruce land-
scapes in the northern boreal (~144 years) (Higuera et al.
2008, 2011). However, some studies indicate that increas-
ing burn severity may lead to the long-term replacement of
shrub tundra by graminoid tundra (Higuera et al. 2008, 2011;
Barrett et al. 2012; Hollingsworth et al. 2013). It is also possi-
ble that an increase in the frequency of fires with a range of
severities and differing potential for recruitment from seed
will lead to a mosaic of fire-adapted tussock tundra in some
areas and the proliferation of upright shrub tundra in others
(Gaglioti et al. 2021).

Given the potential impacts of widespread changes in tun-
dra vegetation structure on regional and global ecological
processes, such as hydrology (Drake et al. 2019), future fire
regimes (Higuera et al. 2008; Gaglioti et al. 2021), global car-
bon storage (Schuur et al. 2015; Christiansen et al. 2018), per-
mafrost dynamics (Wilcox 1998; Blok et al. 2010), and wildlife
habitat (Jandt et al. 2008; Joly et al. 2009) additional research
on the long-term effects of tundra fire is critical. The limited
availability of reliable data on tundra wildfire has made it dif-
ficult to document the effects of severe fire on tundra. Remote
sensing and plot-based monitoring should be used to assess
how landscapes will change in the decades following distur-
bance. Fine-scale variation in tundra ecosystems also high-
lights the importance of using very high spatial resolution
data in future research. The emergence of hyperspectral re-
mote sensing and very-high resolution platforms, such as mi-
crosatellites and unmanned aerial systems (Fraser et al. 2017),
which can quantify high resolution burn severity provides an
exciting opportunity to examine landscape-scale successional
responses following tundra fire and other disturbances.
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