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Characterizing Fire-Induced Forest Structure and
Aboveground Biomass Changes in Boreal Forests

Using Multitemporal Lidar and Landsat
Tuo Feng , Laura Duncanson , Steven Hancock , Paul Montesano , Sergii Skakun , Michael A. Wulder ,

Joanne C. White , David Minor, and Tatiana Loboda

Abstract—Wildfire is the dominant stand-replacing disturbance
regime in Canadian boreal forests. An accurate quantification
of postfire changes in forest structure and aboveground biomass
density (AGBD) provides a means to understand the magnitudes
of ecosystem changes through wildfires and related linkages with
global climate. While multispectral remote sensing has been
extensively utilized for burn severity assessment, its capacity for
postfire forest structure and AGBD change monitoring has been
more limited to date. This study evaluates the interactions among
burn severity, forest structure, and fire-return intervals for two
representative sites in the western Canadian boreal forest. We
adopted burn severity measurements from Landsat to characterize
the heterogeneity of wildfire effects, while vertical forest structure
information from Lidar was utilized to inform on realized forest
changes and carbon fluxes associated with fire. Dominant trees
in biomass-rich stands showed higher tolerance to low- and
moderate-severity wildfires, while understory vegetation in these
same stands showed a severity-invariant response to wildfires
indicated by high vegetation mortality regardless of burn severity
levels. Compared to a site without previous burn, canopy height and
AGBD experienced lower magnitudes of change after subsequent
wildfires, explained by a negative feedback between high frequency
wildfires and biomass loss (ΔCanopy Heightsingle wildfire

= 3.03 m; ΔCanopy Heightsuccessive wildfire =
2.47 m; ΔAGBDsingle wildfire = 8.40 Mg/ha;
ΔAGBDsuccessive wildfire = 6.69 Mg/ha). This study provides
new insights into forest recovery dynamics following fire
disturbance, which is particularly relevant given increased
fire frequency and intensity in boreal ecosystems resulting from
climate change.
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I. INTRODUCTION

W ILDFIRE is a common and natural disturbance agent in
Canadian forests [1], impacting an average of 2.25 MHa

of boreal forest annually [2]. These fires play an integrative role
in influencing boreal species diversity, shaping the landscape
patterns, and regulating biogeochemical cycling [3]. However,
a rapidly increasing trend of fire-induced carbon emissions has
been witnessed in the last few decades, and this trend is further
predicted to escalate and exacerbate global climate change [4],
[5]. Fire-induced carbon emissions can serve to increase CO2

concentration in the atmosphere and thus enhance global warm-
ing trends which in turn have been shown to result in extended
fire seasons, as well as increases in frequency and severity of
wildfires [6]. A positive feedback loop is expected to further
contribute to greenhouse gas emissions and global warming [7],
[8], [9].

Burn severity, defined as the magnitude of ecological changes
through wildfires [10], is a critical measurement to understand
the effect of fires on vegetation succession processes and terres-
trial carbon cycle [11]. Substantial variability of burn severity
is expected to have different ecological consequences. Low-
severity wildfire is defined as surface fires with less than 20%
of overstory trees or basal area killed as the cumulative fire
effects [12]. In boreal forests, low-severity burned areas are
featured with scorched or lightly charred surfaces with mini-
mal organic matter consumption and overstory mortality [13].
Combustion of understory vegetation through low-severity fires
enables penetration of sunlight to the forest floor and supports
the growth of seedlings and saplings. Conversely, the occurrence
of high-severity fire can shift the successional trajectories of
dominant species [14], and catalyze conversions from forested
to nonforested landscapes [15].

Multispectral remote sensing has been widely recognized as
an efficient technique to evaluate wildfire effects in a spatially-
explicit and consistent manner [16], [17]. The normalized burn
ratio (NBR) is a spectral index first introduced by Key and
Benson [10] for remotely sensed burn severity mapping. This
index was developed based on the concept that the near-infrared
(NIR; 0.76–0.90 µm) and shortwave infrared (SWIR; 2.08–2.35
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µm) channels from Landsat 5 Thematic Mapper (TM) demon-
strated sensitive but inverse responses to mesophyll structure and
surface moisture content. NBR can capture the heterogeneity
of postfire effects and several studies have integrated NBR
from air- and space-borne optical sensors for the assessment
of burn severity levels at regional [18], national [19], and global
scales [20], [21]. Delta NBR (dNBR; [10]) and relative dNBR
(RdNBR; [22]) were further constructed by combining NBR
measurements pre- and postfire to reflect the magnitudes of
changes through wildfire relative to prefire conditions. In par-
allel with multispectral burn severity indices, composite burn
index (CBI) was also developed by Key and Benson [10] as a
standard field-based protocol for burn severity assessments. CBI
is measured through a visual assessment of change of multiple
factors (e.g., soil charring, vegetation consumption, etc.) across
five height strata and within a 30 m × 30 m sample plot, thereby
providing a comprehensive evaluation of fire effects on forest
change [23], [24]. Varying levels of success have been achieved
in establishing linkages between CBI and remotely sensed burn
severity indices in boreal forests [25], [26], [27], [28], [29].
For example, Allen and Sorbel [25] assessed the correlation
between dNBR and CBI for 10 wildfires that occurred in the
Alaska boreal regions. R2 values were found to range between
0.45 and 0.88 with the strength of correlation dependent upon
species types, burn severity levels, and date of field assessment.
The dNBR-CBI correspondence was also evaluated in western
Canadian boreal forests and the robustness of linkages was found
to vary with respect to driving variables including fuel type
and statistical models established [27]. Although burn severity
measurements from multispectral imagery have demonstrated
potential for capturing the variability of postfire effects [13],
[30], the uncertainties associated with CBI remain, primarily due
to difficulty deconvolving the potential variety of fire impacts on
a single grid cell measurement. Interpretation of burn severity
indices from multispectral imagery is also tenuous due to the
lack of biometric definitions associated with them [31]. Due to
this challenge, a connection between remote sensing-based burn
severity measurements and forest structural changes enables our
quantitative evaluation of forest losses and aboveground biomass
fluxes through fires.

An accurate characterization of fire-induced forest above-
ground biomass density (AGBD) change is important to unveil
the relationships between wildfire and forest carbon dynamics
[32]. However, the remoteness and low accessibility of large
swaths of Canadian boreal forests prohibit the development of
field inventory with broad spatial and temporal extents, thereby
limiting our direct assessments of the fire-induced structural
and AGBD dynamics. Previous studies have found strong as-
sociations between AGBD and forest structure parameters (e.g.,
canopy height, cover, etc.) directly retrieved from Lidar (light
detection and ranging) observations [33], [34]. Therefore, mon-
itoring the three-dimensional (3-D) structure change with Lidar
could by a means to deliver reliable assessments of fire-induced
aboveground carbon loss.

Lidar is a popular technology for forest structure and biomass
mapping [35], [36], [37], [38]. In the context of wildfire ef-
fects assessment, multitemporal Lidar measurements have been

primarily adopted to capture the variation of vegetation structure
through the change of various Lidar-derived structural metrics.
For example, Karna et al. [39] employed bi-temporal airborne
discrete-return Lidar (DRL) to monitor the forest structural
change through fire and they found significant decreases in
canopy height and cover. Although some efforts have been made
to explore forest structure response to wildfires with Lidar, most
studies either focused on a single wildfire without considering
previous fire disturbance history [9], [40], [41], [42] or ex-
cluded regions with high-intervals fires to avoid the compound
effect from previous burns [43]. However, the interactions be-
tween successive wildfires, and their compound effects on forest
change can provide additional insights into ecosystem resilience
and terrestrial carbon budgets. Some pioneering studies have
been conducted to analyze interactions between successive wild-
fires and their joint effects on the ecological changes, as mea-
sured by burn severity [24], [44], [45]. However, results found in
those studies were mixed suggesting the effects of previous and
high-frequency fires on burn severity levels of subsequent wild-
fire can be either positive or negative contingent upon multiple
drivers (e.g., forest zone, regeneration rate, intervals between
successive fires, etc.) and their quantitative relationships are
largely unknown. Therefore, additional investigation is required
to understand the relationships between fire frequency, severity,
and biomass change. Here, we aim to provide a spatially explicit
characterization of forest vertical structure and AGBD changes
and analyze the drivers of the forest changes. The objectives of
this article are as follows.

1) To explore the relationship between burn severity, fire-
induced forest structure, and AGBD change at two study
sites in Canada’s boreal ecosystem.

2) To understand how prefire forest structure and AGB con-
tents impact the magnitudes of height change and carbon
fluxes through fire.

3) To evaluate the impacts of fire-return interval on the mag-
nitude of forest losses through wildfires.

II. STUDY AREA

The Canadian boreal ecosystem constitutes an area of ∼552
million ha, with ∼270 million ha of treed lands [46]. These
forest ecosystems encompass broad ecological and environmen-
tal gradients and play a fundamental role in climate mitigation
and biodiversity conservation [47], [48] The first study site of
this work straddles the border of Northwest Territories and
Saskatchewan, at southwestern edge of Taiga Shield ecozone
[49]. This region is categorized as a subarctic climate [50] with
January and July mean temperature of −20.4 °C and 16.9 °C,
respectively [51]. Evergreen needleleaf forests are widely dis-
tributed across the site with dominant species including black
spruce (Picea mariana) and jack pine (Pinus banksiana) [52].
No previous fire has been recorded at this location from available
records within the Canadian Large Fire Database except the one
that occurred between June 2nd and July 12th of 2011 with
burned areas of approximately 64184 ha [53]. The second site is
in northern Saskatchewan and within the Boreal Shield ecozone
[49]. Tree species within our second site are more homogeneous
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Fig. 1. Geographical domain of study sites and fire perimeters. Postfire Landsat imagery was acquired on May 20th, 2013 (Site 1; Landsat 5 TM shown as Band
4, 3, 2 composite) and May 21st, 2015 (Site 2; Landsat 8 OLI shown as band 5, 4, 3 composite).

with black spruce (Picea mariana) dominating. Subdominant
species include jack pine (Pinus banksiana) and trembling aspen
(Populus tremuloides). We consider this site as an example of a
short-interval fire, given two wildfires occurred within the past
25 years (1995 and 2013) with 87 398 ha and 113 895 ha burned,
respectively. The geographic domains of both study sites are
shown in Fig. 1.

III. DATA AND METHOD

A. Airborne Lidar Data

The multitemporal airborne Lidar acquired pre- and postfire
were incorporated to observe the magnitude of fire-induced
forest structure and biomass changes. The first airborne Lidar
campaign was carried out during the summer of 2010 resulting
in 34 transects with a total length of 24 286 km [54]. The
small-footprint discrete return data were collected by an Optech
ALTM 3100 laser scanner equipped on a fixed-wing aircraft with
the flying altitude of∼1200 m above ground level [55]. Operated
at a 70 kHz pulse rate and 1064 nm wavelength, the sensor has
a scan angle of ±15° from nadir and a nominal pulse density of
∼2.8 returns/m2 was yielded with an expected nominal footprint
size of ∼30 cm [54].

The postfire Lidar data were acquired by land, vegetation,
and ice sensor (LVISs) during June–August 2019 across north-
ern Canada and Alaska as part of the NASA’s Arctic-Boreal
Vulnerability Experiment airborne campaign [56]. The LVIS

instruments (i.e., LVIS-Classic; LVIS-Facility) are large-
footprint full-waveform laser ranging systems operated with
a wavelength centered at 1064 nm and with a pulse width of
5 nm. The nominal footprint diameters of LVISs are ∼10 m
(LVIS-Facility) and ∼25 m (LVIS-Classic), respectively. The
laser altimeters were aboard the NASA Gulfstream V plane
with a flight altitude of ∼8 km and scanning angle of ±8°
around nadir [57] yielding a nominal swath width of ∼2.5 km.
LVIS-facility with its smaller footprint is more directly compa-
rable to the discrete return 2010 Lidar. In this work, we adopted
LVIS-Facility Level 1B [58] and Level 2 [59] datasets containing
footprint-level geolocated return energy waveforms and height
metrics describing terrain elevation and vertical structure of
forest canopy, respectively.

B. Landsat

Landsat imagery representing conditions present pre- and
postfire were adopted to generate burn severity measurements.
We adopted the image selection strategies proposed in [60] to
extract high-quality Landsat scenes in term of

1) minimum amount of cloud and cloud shadows contami-
nation within the burned scars,

2) combinations of Landsat sensors for pre- and postfire
imagery acquisition (i.e., TM-TM, OLI-OLI), and

3) preference of close acquisition date during the growing
season given similar phenology conditions.
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Since the wildfire in our first site occurred months before
the failure of Landsat 5 TM (November 2011), whereas the
second one soon after the operation of Landsat 8 OLI (February
2013), the availability of image pairs are limited. Despite that,
cloud-free imagery with the closest date of acquisition was cho-
sen at both sites. We selected image pairs (Path 42, Row 18) from
Landsat 5 TM pre- (June 23rd, 2008) and postfire (July 18th,
2011) across the first study site, and bi-temporal Landsat 8 OLI
data (Path 39, Row 20) pre- (May 31st, 2013) and postfire (May
21st, 2015) to characterize the change of surface conditions
through fire at the second study site. All Landsat imagery was
processed to Collection 2 surface reflectance product through
USGS ESPA.1

C. Ancillary Data

This study used national burned area composite (NBAC) to
independently capture fire perimeters across our two study sites.
NBAC consists of the spatially-explicit representation of the
extent, duration, and frequency of burned areas in Canada on
an annual basis since 1986 [53]. Since two wildfires occurred at
the second site in 1995 and 2013, we further classified the fire
perimeters based on fire-return intervals with areas burned once
and twice categorized as low- and high-fire frequency regions,
respectively.

D. Waveform Simulation and Structural Metrics Extraction

In order to facilitate the direct measurement of fire-induced
forest structural change, a waveform simulation procedure was
first carried out to convert the 2010 DRL within each LVIS-
Facility footprint to a simulated waveform through the GEDI
simulator [57], which is dependent upon the original algo-
rithm developed in [61]. Since small- and large-footprint Lidar
adopted in this study has unique sensor characteristics (e.g.,
footprint diameter, pulse length; intensity, etc.), a conversion
from DRL to the pseudo-LVIS waveform is a prerequisite for
making the multitemporal Lidar datasets directly comparable.
The DRL point cloud acquired from the 2010 airborne campaign
was extracted per LVIS-Facility footprint and simulated to the
waveform through footprint-level convolution [62] given the
energy contribution of individual discrete return points along
and across the laser beam following the Gaussian distribution.
Since the footprint diameter of LVIS-Facility is highly variable
and dependent upon the flying altitude during data acquisition,
discrete-return datasets were moved along an error surface based
on a preset horizontal and vertical offsets to find the best affine
transformation and footprint size [57]. Note that the full collec-
tion of along-track footprints is shifted together, and individual
footprints are not shifted independently. The postfire footprint-
level structural metrics stored in LVIS Level 2 files were em-
ployed and paired with prefire metrics extracted from simulated
waveforms for our change analysis. First, we calculated the
average bias and root mean squared error (RMSE) of terrain
height from multitemporal Lidar to ensure both datasets were
properly collocated. The differences in Lidar attributes were

1[Online]. Available at: https://espa.cr.usgs.gov/

then obtained to characterize the magnitude of forest structure
change through a wildfire. That includes multiple relative height
(RH) metrics (i.e., RH98; RH90; RH80; RH60; RH50) repre-
senting the proportion of waveform energy occurring relative to
ground. The RH98 was used in this work to represent canopy
height due to its reduced sensitivity to noise [57]. In addition,
we estimated footprint-level AGBD through the generalized
boreal-wide LVIS biomass model calibrated by field inventory
data throughout North America boreal [63], which generally
followed the methods developed for NASA’s Global Ecosystem
Dynamics Investigation mission [36], but with field and airborne
Lidar collected for boreal forests. These models are generalized
based on continent and broad vegetation classes (deciduous and
needleleaf forests), and a boreal-wide model was applied for
this study that predicts aboveground biomass as a function of
waveform metrics, in this case RH98 (maximum height) and
RH70.

E. Burn Severity Measurements

The spectral indices from multitemporal Landsat imagery
were utilized to characterize burn severity for the two study sites.
We calculated the three most widely used burn severity indices:
NBR, dNBR, and RdNBR through the following equations:

NBR = (BandNIR−BandSWIR2.1) / (BandNIR+ BandSWIR2.1)

(1)

dNBR = NBRprefire − NBRpostfire (2)

RdNBR = dNBR/
√

ABS (NBRprefire) (3)

where BandNIR and BandSWIR2.1 denote surface reflectance of
NIR and shortwave-infrared (SWIR 2) channels from Landsat
data. Taking the absolute value of prefire NBR allows our cal-
culation of the square-root in the denominator without changing
the sign if the original dNBR dropped to negative [22]. All the
spectral indices were scaled up by a factor of 10 000 to improve
the interpretability of burn severity gradients.

F. Geospatial Analysis

Patch-level analysis was adopted in this study to evaluate
the relationship between forest changes and burn severity lev-
els. To achieve this, we segmented the Normalized Difference
Vegetation Index (NDVI, [64]) from postfire Landsat imagery
using mean shift image algorithm [65], [66]. The mean shift is
an image segmentation technique that clusters pixels within a
searching radius based on mathematical morphological theories
for region growths. The algorithm uses a kernel function to
specify the weight of nearby points to iteratively estimate the
mean of the clusters. We used the ArGIS implementation of
the mean shift algorithm, which included a Gaussian kernel
function. We set up both the spatial and spectral detail parameters
to 10 (range from 1.0 to 20.0) for equalized contributions from
spatial and spectral information to the segmentation results
[67], [68]. Each segment represents an individual analysis unit
occupied by a homogeneous forest layer while all the pixels

https://espa.cr.usgs.gov/
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Fig. 2. Methodological workflow for this study.

within a single patch are characterized by strong spectral and
spatial similarities. The mean of postfire Lidar attributes (e.g.,
AGBD, Canopy Height, dNBR, etc.), and the magnitude of
attribute changes (i.e., Absolute change: Prefire metrics–Postfire
metrics; Relative changes: (Prefire metrics–Postfire metrics)
/ Prefire metrics) were calculated within each homogeneous
patch and correlated with segment-level burn severity indices
from pre- and postfire Landsat imagery. We adopted the linear
regression model to assess spectral–structural relationships with
the strength of correlation measured by Pearson correlation
coefficient. It should be noted, however, that the majority of
segments spatially overlap both short- and long-interval fire
perimeters, which constrained our use of patch-level analysis
to assess the effects of fire frequency on forest damages. To
address this issue, per-pixel analysis was adopted in the last step
to further quantify the interactions among fire-return intervals,
burn severity, and magnitude of forest change through fire.
Specifically, the pre-, postfire, and absolute change of Lidar
attributes were gridded to 30 m spatial resolution and spatially
matched with classified burn severity maps. The burn severity
maps were categorized as low-, moderate- and high-severity
based on the dNBR thresholds developed in [27] suitable for
postfire effect characterizations across Canadian boreal forests
(i.e., Low severity: 410 < dNBR < 2830; Moderate severity:
2830< dNBR< 5130; High severity: dNBR> 5130). The Lidar
attributes and classified burn severity maps were further masked
by fire frequency perimeters, yielding two sections with wildfires
burned once and twice respectively. We adopted an independent
two-sample t-test to evaluate the strength and significance of
forest structure and AGBD change with respect to fire-return
intervals and burn severity levels. The methodological workflow
of this study is shown in Fig. 2.

IV. RESULT

Overall, multitemporal Lidar transects comprised 292 and 653
ha of burned area within the first and second study sites. Site
1 is characterized by higher prefire forest canopy and AGBD,

along with more vegetation occupying the understory (see
Table I). This can be attributed to the effects of low-frequency
wildfires in site 1, which provides sufficient time for forest
regrowth postdisturbance. Fig. 3 summarizes the comparison
of footprint-level terrain elevation and canopy height from
multitemporal Lidar. High coincidence of terrain elevation was
found across two sites pre- and postfire (RMSEsite 1 = 0.54 m;
biassite 1 = 0.25 m; RMSEsite 2 = 0.28; biassite 2 = 0.13 m),
indicating both datasets were properly collocated for subsequent
change analysis. For an illustration of canopy height change [see
Fig. 3(b) and (d)], we filtered out footprints with RH98 lower
than 1.37 from the original scatterplots [see Fig. S1(a) and (b)].
This process is to remove all non-forest footprints through this
threshold broadly used to discern trees from shrubs in boreal
forest [69], and further highlight the post-fire effects as described
by the dramatic decrease of canopy height. Overall, 86% (site
1) and 83% (site 2) of footprints experienced a height decrease
associated with wildfires, with mean height loss of 3.14 m and
2.61 m, respectively. This decrease in canopy height is primarily
attributed to the dominance of some evergreen conifer species
(e.g., Black Sprice; Jack Pine, etc.) across our two study sites,
which are highly flammable and less resistant to wildfires. These
conifer-dominated stands would experience high mortality rates
through fires, and even being fully removed, demonstrated as
the stand-replacing effect.

The distribution of burn severity indices inside and outside
NBAC fire perimeters, as shown in Fig. 4, described the wild-
fire effects on land surface change captured by multitemporal
Landsat. We observed significant differences in all burn severity
indices with the presence and absence of fire across both study
sites, given burned areas displaying much higher dNBR against
regions of absence of fire (see Table I). In site 2, the burn
severity indices across different fire frequency classes were
compared through an independent two-sample t-test. Marked
differences (p<0.0001) were found for all burn severity indices
within short- and long-interval fire regions, which indicates the
presence of previous and short-interval wildfires on burn severity
variabilities of subsequent burns.
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TABLE I
SUMMARY OF FOREST AND FIRE CHARACTERISTICS ASSOCIATED WITH TWO STUDY SITES

A. Correlations Between Structural and Spectral Attributes

Through implementations of the mean shift segmentation
algorithm (ArcMap 10.6) on postfire NDVI, we derived 249
(site 1) and 122 (site 2) segments, respectively. Each seg-
ment represents a homogeneous forest layer characterized by
strong spectral and spatial similarities. The correlations between
structural and spectral metrics, as illustrated in Tables II and
III, varied in direction, magnitude, and significance. In site 1,
dNBR demonstrated a strong correlation with both absolute and
relative changes of Lidar attributes, primarily those describing
structural characteristics of upper canopy layers (i.e., RH98;
RH90, RH80). Postfire NBR and RdNBR showed reasonable
linkages with absolute and relative changes of AGBD as well as
those high RH metrics (0.338 < |r| < 0.641). Conversely, we
observed weak relationships between burn severity indices and
lower RH metrics (0.016 < |r|< 0.538). This contrasting result
can be attributed to the limited capacity of multispectral imagery
on understory change detection, particularly in multilayered
forest with complex vertical structures. The dNBR demonstrated
robust linkages with relative changes of AGBD and high RH
metrics (i.e., RH98; RH90, RH80) in our second site (0.731< |r|
< 0.838). We also noticed strong correlations (pearson’s r > 0.5
and p < 0.001) among all spectral indices and low RH metrics

(i.e., RH70; RH60, RH50) acquired from postfire Lidar. This
contrasting performance of burn severity indices on understory
change detection could be attributed to the differences in vertical
complexity between the two study sites, particularly given site
two experienced short-interval wildfires, along with limited time
for recovery postdisturbance.

B. Impacts of Prefire Structure on Forest Losses

Fig. 5 illustrates the postfire AGBD and canopy structure
with respect to the prefire condition and burn severity gradients,
as described by dNBR. At both study sites, we observed a
consistent pattern regarding the forest structure and biomass
responses to wildfire. Segment-level mortality varies across tree
height gradients with taller and more mature stands showing low
levels of mortality in low-severity fire and high level of mortality
in high-severity sections of the burn. In contrast, mortality of
short vegetation (immature trees and other understory species)
appears to be burn-severity insensitive given the higher strength
of AGBD and structure changes relative to prefire conditions.
In short, lower RH metrics (low vegetation) are more sensitive
to low-severity fires, while high RH metrics are relatively in-
sensitive to low-severity fires but sensitive to high-severity fires.
It should be noted that, due to differences in Lidar platforms
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TABLE II
SEGMENT-LEVEL LINEAR CORRELATION (PEARSON CORRELATION COEFFICIENT (R) AND P-VALUE) BETWEEN LANDSAT-DERIVED SPECTRAL INDICES AND LIDAR

ATTRIBUTES IN SITE 1

TABLE III
SEGMENT-LEVEL LINEAR CORRELATION BETWEEN LANDSAT-DERIVED SPECTRAL INDICES AND LIDAR ATTRIBUTES IN SITE 2
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Fig. 3. Footprint-level comparison of terrain elevation (a; c) and canopy height (b; d) between 2010 ALS and 2019 LVIS-Facility across site 1 (a; b) and site 2
(c; d). Site 1 (a; b) was burned in 2011 (June 2nd–July 12th) and site 2 (c; d) was burned in 1995 (May 29th–July 6th) and 2013 (July 4th - Sep 8th).

adopted for pre- and postfire data acquisitions, slight discrepan-
cies existed when comparing changes in Lidar attributes through
fire. Particularly, the RH of understory vegetation (RH50; RH60)
within some segments was found to be negative at pre- or postfire
stage. This can be attributed to the loss of canopy cover through
the fire, thereby altering the shapes of waveform with RH50
dropped below the mean elevation of the lowest detected mode
(ZG).

C. Effects of Fire-Return Interval on Magnitude of Forest
Damages

The pre-, postfire, and absolute change of Lidar attributes
across short- and long-interval fire regions in site 2 were com-
pared, as illustrated in Table IV. Overall, 6780 and 12 030

LVIS footprints fall within the perimeters of short- and long
-interval wildfires, occupying burned areas of 103 ha and 188
ha respectively. At the prefire stage, Lidar attributes describing
structural characteristics of overstory (RH90) and understory
(RH60; RH50) were found to be significantly different relative
to fire-frequency, as reflected by short-interval burned areas
with lower RH values. These can be attributed to the effects of
previous and high-frequency wildfires, which limited the time of
forest recovery and fuel accumulation before subsequent burns.
Interestingly, we found all metrics postfire and change through
fire were significantly different (p < 0.05) with respect to the
presence and absence of previous burns. Among all attributes
considered, fire-return intervals demonstrated the most promi-
nent impacts on postfire and absolute change of AGBD and high
RH metrics (RH98; RH90) (4.80 < t < 7.33), while the strength
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Fig. 4. Distribution of scaled Landsat-derived post-fire NBR (a; b), dNBR (c; d) and RdNBR (e; f) in site 1 (a; c; e) and site 2 (b; d; f).

of this difference reduced for those low RH metrics (RH70;
RH60; RH50), as described by the t-value ranging from 2.28 to
4.78.

The magnitudes of AGBD and canopy height change across
prefire attribute gradients are illustrated in Fig. 6. Overall,
changes in AGBD and canopy height demonstrated consistent
trends with respect to fire-return intervals and burn severity
levels. Within the perimeter of low severity fire (430 < dNBR <
2830), the reburned areas experienced a lower degree of AGBD
and canopy height changes across prefire gradients, particularly
in high-biomass stands occupied by large trees (Mean Δ
AGBDHigh Fire Frequency and Prefire AGBD> 35 Mg/ha = 15.98
Mg/ha; MeanΔAGBDLow Fire Frequency and Prefire AGBD> 35Mg

/ha = 24.11 Mg/ha). Although an opposite trend was found in
high-severity sections of the burns (lower AGBD and canopy

height changes in short-interval fire regions), insignificant
differences (p > 0.05) were observed among samples with
respect to fire frequency, suggesting dominant roles of
high-severity fire on vegetation removal regardless of potential
differences relative to fire-return intervals.

V. DISCUSSION

In this research, multidate Lidar observations enabled a quan-
titative assessment of fire-induced forest structure and AGBD
changes relative to independently generated burn severity levels.
All the spectral indices (i.e., postfire NBR; dNBR; RdNBR) were
found to correlate with relative canopy height and AGBD losses.
Although the strength and significance of spectral-structural
correlation varied among sites and wildfire events, dNBR
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Fig. 5. Comparisons of AGBD (a; b) and multiple RH metrics (c; d; e; f; g; h; i; j; k; l; m; n) pre- and post-fire across a burn severity gradient.
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Fig. 5. (Continued.)
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Fig. 5. (Continued.)

TABLE IV
PIXEL-LEVEL COMPARISON OF PRE-, POST- AND ABSOLUTE CHANGE OF LIDAR METRICS WITHIN SITE 2 CHARACTERIZED BY LOW- AND HIGH-FIRE RETURN

INTERVALS

demonstrated a higher degree of correlations with fire-induced
forest structural and AGBD change for both study sites. Over
our two study sites in Canada, we observed that vegetation resis-
tance to wildfire is highly strata- and burn severity-dependent.
Within high-biomass stands with tall trees, the dominant trees
occupying the upper canopy layer showed a lower degree of
fire-induced loss (i.e., lower magnitude of change in AGBD and
Lidar height metrics), while understory vegetation was more
likely to experience full removal regardless of prefire condition
and burn severity levels. We further assessed the impact of fire-
return intervals on magnitudes of RH and AGBD changes, and
found the postfire, absolute changes of all Lidar attributes were
significantly different by site (fire frequency). The magnitudes

of forest structure and aboveground biomass losses with respect
to burn severity and fire-return intervals provide implications
for forest recovery processes and carbon dynamics in boreal
forests, a geographical domain with an accelerated prevalence
of high-frequency wildfires projected [70], [71].

A. Interpretation of Landsat-Derived Burn Severity Metrics

Cautious interpretation of burn severity measurements from
multispectral imagery has been recommended due to possible
limitations as a scale-invariant proxy for specific burn sever-
ity biometrics [9], [42], [72]. The results found in our study
supported this position, indicating the strength and significance
of spectral indices for forest structure characterizations vary
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Fig. 6. Median, 25th and 75th percentile of delta AGBD (a); (c); (e) and canopy height (b); (d); (f) across pre-fire gradient within the perimeters of low- (a); (b),
moderate- (c); (d) and high- (e); (f) severity fire.
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between study sites. This could possibly be attributed to the
substantial variability of species distribution [25], topography
[73], and date of image selection [74], which are all consid-
ered to impact dNBR values. Coincident with results reported
in [42], dNBR demonstrated stronger linkages with structural
attributes in our study sites, especially those Lidar metrics
representing the structural characteristics of upper canopy lay-
ers (i.e., RH98; RH90). RdNBR, the relative form of dNBR,
showed a lower degree of agreement with Lidar attributes in
both study sites. Through the analysis, we provided evidence
that the Landsat-derived burn severity indices have the potential
to characterize fire-induced forest structure change. The strong
linkages between changes in spectral and structural signals in
the wildfire examples theoretically support the extrapolation of
forest structure and AGBD changes across space and time. We
anticipated further efforts to integrate multispectral and Lidar
observations for large-scale fire-induced forest structure change
characterizations, which facilitates our direct assessments of
long-term wildfire effects on forest losses and carbon cycle
dynamics.

B. Multitemporal Lidar for Direct Assessment of Forest
Structure Changes

The availability of multitemporal Lidar enables direct assess-
ment of forest structure and AGBD changes through wildfire
[41], [42]. One novelty in this work is an integration of multi-
sensor Lidar for forest structure change observations pre- and
postfire. Through a conversion from DRL to pseudo-LVIS wave-
form, we found a strong agreement for footprint-level terrain
height pre- and postfire, as well as a sharp decrease of canopy
height, which demonstrated the heterogeneous postfire effects
on the forest canopy. The high coincidence of terrain elevation
(RMSEsite 1 = 0.54 m; biassite 1 = 0.25m; RMSEsite 2 = 0.28;
biassite 2 = 0.13 m) indicates the multitemporal Lidar data
were properly collocated and the associated data could be used
for change analysis. These results further support conclusions
found in [57] and [62], highlighting the potential for combining
multisourced and cross-platform Lidar for forest structure mon-
itoring and change analysis. It should be noted that the primary
methodological framework for the Lidar-based postfire effects
assessment is by means of comparison between paired metrics
pre- and postfire, thereby evaluating the wildfire effects on
forest structure change. The rapid increase of Lidar availability
acquired from air- and space-borne platforms provide further
opportunities for a standardization of postfire effects assessment
through the development of Lidar-based burn severity protocol.
Compared to the assessment strategies adopted in the CBI proto-
col, utilisations of multitemporal Lidar can offer highly objective
and detailed evaluations of wildfire effects on forest structure
and AGBD dynamics on the aboveground portions. While some
initial efforts have been made so far to incorporate multitemporal
Lidar for fire damage assessments, the approaches adopted in
previous studies either relied on correlations between CBI and
Lidar attributes [75] or used single Lidar metrics to repre-
sent the burn severity level [76]. We recommended further ef-
forts incorporating structural measurements across entire forest

vertical profiles for a comprehensive illustration of wildfire ef-
fects on forest damages. As airborne Lidar becomes more readily
available in boreal systems, e.g., through recent province-wide
collections in Ontario, forthcoming province-wide collections
in British Columbia, etc., there is an opportunity to assess
change over wide areas, but only if multiple differing Lidar
platforms can be directly compared. The approach presented
in this article illustrates one methodological approach to fire
damage assessment from disparate Lidar platforms that could
be adopted for wider areas given future data availability.

C. Prefire Forest Structure and Burn Severity Levels

The prefire fuel structure and density were found to play a
prominent role in fire behavior and subsequent postfire effects
regulation [77]. This interrelation has been evaluated through
prefire inventory and burn severity indices from multispectral
imagery [9], [78], [79]. While associations were identified be-
tween prefire structural attributes (e.g., canopy height, stem
density, AGBD, etc.) and spectral measurements (postfire NBR,
dNBR, and RdNBR), correlations are found to be idiosyncratic
to particular study sites and wildfire events. This can be attributed
to 1) differences in species compositions and characteristics in
terms of their fire tolerance levels, stand age, etcetera, and/or
2) limited usability of burn severity indices to characterize
fire-induced forest structure and AGBD losses. In addition, the
date of postfire Lidar survey can also impact the strength of this
association. The temporal window between the date of wildfire
(i.e., 2011 at the first site; 2013 at the second site) and postfire
Lidar acquisition (2019) allows an extended assessment of wild-
fire effects, whereas the initial assessment through Lidar survey
is prone to miss the standing dead residuals. Across both study
sites, strong consistency was found in terms of the magnitude of
forest structure and AGBD changes relative to burn severity and
vertical distributions of vegetation at the prefire stage. Particu-
larly, the strata-variant structural responses to wildfire provide
additional insights for postfire effects assessment across entire
forest vertical profiles. This finding also indicated the pressing
need to integrate high-resolution forest vertical structure data as
prefire inventory, in complement with optical-based measure-
ments already existing [80], to better assist our remotely sensed
wildfire effects evaluation and subsequent postfire recovery
analysis.

D. Impacts of Fire-Return Interval on Forest Change

The postfire effects, as captured by changes in spectral indices
and structural attributes, were identified to be significantly dif-
ferent across regions with short and long-interval fires. Compar-
atively, regions with previous burns demonstrated lower magni-
tudes of burn severity in subsequent wildfires, as depicted by the
distributions of multispectral indices (i.e., postfire NBR, dNBR,
and RdNBR). In parallel to the spectral analysis, we found the
same conclusion from a structural perspective, indicating that
areas with high-frequency wildfires were prone to experience
lower degrees of damage, primarily in the low-severity sec-
tion of the burns. This finding coincides with results found in
previous studies [45], [81], which rely on multispectral burn
severity measurements to evaluate the variabilities of postfire
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effects relative to return-return intervals. Notably, our efforts of
integrating multitemporal Lidar extend the scope of previous
work and provide quantitative evidence of interactions among
burn severity, fire-return intervals, and forest losses. We con-
sidered this variability of vegetation resistance to low-severity
fire with respect to fire-return interval primarily attributed to the
shift of conifer to deciduous-dominated successional trajectories
as a result of multiple burns in the past few decades [14]
while the fire-adapted black spruce that previously dominated
this site experienced a density reduction and was replaced by
trembling aspen given its rapid asexual regeneration strategies
and competitive abilities at early successional stage [82]. The
dominance of trembling aspen, along with its higher resistance
to wildfire is considered a potential explanation that stands
within short-interval fire perimeters displaying a lower canopy
height loss rate and biomass combustion completeness under
low-severity wildfire. Though this finding remains speculative
due to the lack of field inventories pre- and postfire, we demon-
strated the strong capacity of multitemporal Lidar to detect the
variabilities of forest structure and AGBD losses relative to
fire-return intervals and burn severity levels. We anticipate future
work with the integration of repeated and species-specific stem
measurements to further illuminate drivers of the interactions
among fire-return intervals, and the magnitude of canopy height
and AGBD changes.

VI. CONCLUSION

In this study, we examined the magnitudes of forest structure
and AGBD changes through wildfires across two sites in the
Canadian boreal forest. Burn severity indices from multitempo-
ral Landsat demonstrated limited capacity to characterize forest
structure change and the correlations between spectral indices
and structural attributes were found to be idiosyncratic in terms
of strength and significance. Magnitudes of forest structure and
AGBD losses were highly dependent upon prefire conditions and
burn severity. Specifically, tall trees in stands dominated by high
AGBD showed higher resistance to low- and moderate-severity
wildfires while understory vegetation occupying lower forest
layers was less fire-tolerant and highly flammable, regardless of
burn severity. We further explored the impact of fire-return in-
tervals on the magnitude of forest structure and AGBD changes.
Forests with the presence of previous burns were characterized
by lower magnitudes of both absolute and relative changes in
canopy height and AGBD), which were explained by impacts of
previous burns. This work illuminates the interactions between
fire-return intervals, burn severity, and heterogeneities of postfire
effects on 3-D forest structure. Particularly, multitemporal Li-
dar facilitated quantitative assessments of structure change and
carbon fluxes in a spatially explicit fashion. This study further
strengthens our knowledge about wildfire impacts on forest
structure dynamics and carbon feedback, which is of increasing
importance given the increasing fire activities in boreal forests
associated with climate change.
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