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The carbon sinks of North American boreal forests have been threatened by global warming and forest distur-
bances in recent decades, but knowledge about the carbon balance of these forests in recent years remains un-
known. We tracked annual aboveground carbon (AGC) changes from 2016 to 2021 across the forest regions of
NASA’s Arctic Boreal Vulnerability Experiment (ABoVE) core study domain, using Vegetation Optical Depth
derived from low-frequency passive microwave observations. The results showed that these forests showed a net

AGC increase of + 28.49 Tg C/yr during the study period, with total AGC gains of + 219.34 Tg C/yr counter-
acting total AGC losses of —190.86 Tg C/yr. Forest degradation (-162.21 Tg C/yr), defined as a reduction in the
capacity of forest to provide goods and services, contributes 5 times more to the total AGC loss than forest cover
loss (-28.65 Tg C/yr), defined as the complete removal of tree cover. This indicates that degradation has
dominated AGC loss in the region.

1. Introduction

North American boreal forests have attracted particular attention
due to their critical role in regulating the global carbon budget (Gauthier
et al., 2015). Global warming, forest disturbances and degradation have
significant negative impacts on the carbon budget of these forests (Kurz
et al., 2008b). Yet, global warming may also have the potential to in-
crease the productivity of these forests (Wang et al., 2023). Thus,
whether North American boreal forests have acted as a carbon sink or
carbon source in recent years remains uncertain.

In recent decades, a large variation in carbon estimates has been
noted in North American boreal forests: +50 Tg C/yr using ecosystem
models (positive values represent a net carbon sink) (Stinson et al.,
2011); —53 Tg C/yr using forest inventories (Pan et al., 2011); +14 Tg
C/yr using optical remote sensing data (Wang et al., 2021); and —6 Tg
C/yr using high-frequency passive microwave remote sensing data (Liu
et al., 2015). These discrepancies in carbon estimates have resulted in a
limited comprehension of the carbon budget in North American boreal
forests.

The carbon budget of North American boreal forests is threatened by
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forest cover loss and degradation (Kurz, 2010). Forest cover loss, such as
stand-replacing fires, clear-cutting and severe insect outbreaks, results
in the elimination of living aboveground biomass and photosyntheti-
cally sequestered carbon from the atmosphere (Hansen et al., 2013).
During 2000-2012, the carbon loss caused by forest cover loss in
western North American boreal forests was 22.3 Tg C/yr (Yu et al.,
2023). Forest degradation leads to carbon loss without completely
removing the living aboveground biomass, including partial mortality
from non-stand-replacing disturbances (e.g., wildfires, selective logging
and droughts) (Gao et al., 2020). In recent decades, non-stand-replacing
insect outbreaks were estimated to have caused a carbon loss of 13.5 Tg
C/yr in Canada (Kurz et al., 2008a). However, due to challenges in
separating forest degradation from forest cover loss, most studies on
forest carbon loss tend to focus primarily on either forest cover loss or
degradation. Thus, the relative contributions of forest cover loss and
degradation to carbon loss in North American boreal forests remain
unknown.

Previous studies showed that the forest carbon sink is affected by
forest age and tree species (Gao et al., 2016; Rogers et al., 2015). Forest
age affects light-use efficiency and the capacity of biomass accumulation
in forests (Besnard et al., 2018). A previous study revealed that the
maximum carbon sink occurs primarily in forests aged 30-120 years,
and the carbon sink of forests older than 120 years is generally reduced
(Pregitzer and Euskirchen, 2004). In addition, diverse tree species
exhibit unique capacities to withstand disturbances, which can signifi-
cantly impact the carbon sink in forests (Hermosilla et al., 2022). For
instance, pine species are prone to infestation by the mountain pine
beetle (Kurz et al., 2008a) and aspen species are vulnerable to high in-
tensity crown fires (Shinneman et al., 2013). Therefore, exploring the
carbon changes of different forest ages and tree species is vital for
gaining insight into the carbon dynamics of North American boreal
forests.

Previous estimates of the carbon dynamics of North American boreal
forests relied primarily on forest inventory data (Stinson et al., 2011),
atmospheric CO, observations inversion models (Hayes et al., 2012),
and satellite optical data (Wang et al., 2021). Yet, estimates from in-
ventory data and atmospheric inversion models can exhibit high un-
certainty due to sparse observation networks and uncertainties in the
inversion models (Gurney et al., 2004). Using optical remote sensing
data to infer biomass changes can be hindered by clouds, aerosols, and
saturation effects in areas with dense vegetation (Myers-Smith et al.,
2020). High-frequency passive microwave remote sensing data are least
affected by atmospheric and cloud influences, but tend to saturate in
forested regions and are generally regarded as unsuitable for accurate
biomass carbon monitoring (Brandt et al., 2018a). The Global Ecosystem
Dynamics Investigation (GEDI) data are highly promising for above-
ground carbon (AGC) estimation (Xiao et al., 2019). However, the
limited coverage between 51°N and 51°S latitudes restricts its applica-
tion in estimating AGC for North American boreal forests, and inferring
AGC changes requires models to combine GEDI data with time series
from other instruments (Dubayah et al., 2020; Shendryk, 2022).

The low-frequency Vegetation Optical Depth data at L-band (1.4
GHz) (L-VOD), retrieved from passive microwave satellite observation,
exhibits high sensitivity to vegetation aboveground biomass and does
not saturate in dense forests (Frappart et al., 2020; Li et al., 2022; Fan
et al,, 2022). This makes it a good alternative for estimations of
aboveground biomass (Yang et al., 2023). The availability of L-VOD data
for multiple years allows us to accurately estimate aboveground biomass
in North American forests, and thereby infer AGC change over time.

In this study, L-VOD products were used to estimate AGC stocks and
changes over the western North American boreal forests for 2016-2021.
The aims were to: (1) represent the spatial patterns of AGC, (2) inves-
tigate AGC dynamics from 2016 to 2021, related to forest ecoregions,
forest age and tree species, and (3) quantify AGC loss caused by forest
cover loss and degradation.
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2. Materials
2.1. The study region

The forest regions within NASA’s Arctic Boreal Vulnerability
Experiment (ABoVE) core study domain, spanning from 100°W to
168°W and 52°N to 74°N and encompassing the western provinces of
Canada and the state of Alaska in the USA (Loboda et al., 2019), were
selected as the study region (Fig. 1). Based on the Environmental Pro-
tection Agency’s (EPA) Level 2 Ecoregions for North America (Omernik
and Griffith, 2014), the study region was divided into eight eco-regions,
including the Alaska boreal interior, the Western cordillera, the Taiga
cordillera, the Taiga plain, the Softwood shield, the Taiga shield, the
Boreal cordillera and the Boreal plain eco-regions (Fig. 1). Eco-regions
such as the Marine West Coast Forest, the Tundra and the Temperate
Prairies that had limited overlap with the study region were excluded.

2.2. Land cover map

We used the CCI land cover map in 2016 (Defourny et al., 2017) to
identify forest regions (Fig. 1). The spatial resolution of this map (300 m)
was aggregated to 0.25 degree using the majority rule. This involved
recording the land cover type that had the largest number of 300 m
native spatial resolution pixels within each 0.25 degree pixel. The
aggregated 0.25 degree CCI land cover map contains forest, shrubland,
grassland, sparse vegetation, cropland, bare area, and water (Table S1).
Non-forest land cover types were masked as we mainly focused on AGC
dynamics in forest regions.

2.3. Aboveground biomass benchmark map

The updated version of Saatchi et al. (2011) aboveground biomass
(AGB) benchmark map, which is a static AGB map of global forests with
1 km spatial resolution in 2015, was used to calibrate L-VOD. This
updated map was produced by combining the satellite datasets from the
Shuttle Radar Topography Mission (SRTM) with Landsat data and
Advanced Land Observing Satellite (ALOS) data (Carreiras et al., 2017).
The original unit of this AGB density data was Mg/ha, which we con-
verted to AGC density (Mg C/ha) by multiplying it by a factor of 0.5
(Brandt et al., 2018b). This map was aggregated to 0.25 degree by using
a simple averaging method.

2.4. L-VOD

The SMOS-SMAP-INRAE-BORDEAUX L-VOD Version 1 product
(SMOSSMAP-IB, V1) (Li et al., 2022), derived from the Soil Moisture and
Ocean Salinity (SMOS) and the Soil Moisture Active Passive (SMAP)
satellites, was used to estimate AGC changes. This SMOSSMAP-IB
product provides global-scale daily L-VOD data with 0.25 degree
spatial resolution from 1 April 2015 to 31 December 2021. The SMAP-IB
retrieval algorithm, a mono-angular retrieval algorithm, was used to
retrieve these L-VOD data (Li et al., 2022; Wigneron et al., 2007). In this
retrieval algorithm, the merged brightness temperature observations
from both the SMOS and SMAP sensors were used as input data (Li et al.,
2022). The study period was from 2016 to 2021, which was limited by
the short coverage time of the SMOSSMAP-IB product.

To restrict the study to the best quality data, the daily L-VOD pixels
associated with frozen conditions, water bodies and strong topography
were excluded. We produced monthly L-VOD by calculating the mean of
all high-quality daily L-VOD data within each month. Considering that
VOD data are often affected by frozen and snowy conditions, the yearly
L-VOD was calculated as the average of the monthly L-VOD from June to
September in a year.
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Fig. 1. The distribution of forest regions and the EPS’s Level 2 Eco-regions. The background shows the forest regions that were obtained from the European Space

Agency’s Climate Change Initiative (CCI) for the year 2016.

2.5. Forest age data

The forest age data across Canada provides a distribution of forest
age with 30 m resolution circa 2019 (Maltman et al., 2023). This map
was generated from Landsat and MODIS remote sensing data. The
methods employed to determine forest age included the ‘disturbance
approach’, ‘recovery approach’ and ‘allometric approach’. Using a
simple average method, this forest age map was aggregated to 0.25
degree spatial resolution. The aggregated map encompasses forest age
spans from 10 to 130 years and was divided into six 20-year age class
bins: 10-30, 30-50, 50-70, 70-90, 90-110, >110 years (Figure S1).

2.6. Tree species data

The tree species data was obtained from Hermosilla et al. (2022). 37
tree species were mapped at 30 m resolution in this map, representing
the conditions of 2019. This dataset was produced by integrating Can-
ada’s national forest inventory data, spectral information derived from
Landsat imagery and ancillary information (e.g., climate data, elevation
data, and phenology data) using the Random Forests machine learning
algorithm. The tree species map was aggregated to 0.25 degree spatial
resolution using the majority rule, which involves recording the tree
species with the largest number of 30 m native spatial resolution pixels
within each 0.25 degree pixel. There are 10 tree species in this aggre-
gated map (i.e., Subalpine fir, White birch, Tamarack, Engelmann
spruce, White spruce, Black spruce, Jack pine, Lodgepole pine, Balsam
poplar, Trembling aspen). We categorized the species based on their
genus (i.e., Engelmann spruce, White spruce, and Black spruce were
grouped as spruce, Jack pine and Lodgepole pine were grouped as pine).
Also, we calculated the area fraction of each tree species within the
study region, and the tree species with an area fraction less than 1 % (i.
e., White birch, Tamarack and Balsam poplar) were excluded. The 0.25
degree tree species map used in this study included four tree species:
spruce, fir, pine and aspen (Figure S2).

2.7. Forest cover loss data

The forest cover loss data (version 1.9) was obtained from Hansen
et al. (2013), providing annual forest cover loss from 2000 to 2021 at 30
m resolution. Forest cover loss refers to the transition from forest to non-
forest. The “lossyear” layer of this dataset records the year when forest
cover loss occurred, representing the loss of forest detected during
2000-2021. The forest cover loss data for 2016-2021 used in this study
was aggregated to 0.25 degree by summing the forest cover loss area
within each L-VOD grid cell.

2.8. Active fire dataset

The active fire data originated from MOD14A2 (Version 061) (Giglio

et al., 2016). This dataset is an eight-day composite fire-mask at 1 km
resolution. According to the quality layer included in each MOD14A2
file, pixels with nominal and high confidence were selected as the mask
to identify the good-quality active fire observations. The forest cover
loss data for 2016-2021 used in this study were aggregated to 0.25
degree resolution using the summing method, which refers to sum up the
forest cover loss area within each 0.25 degree pixel.

2.9. Stand-replacing fire

We used the MOD14A2 active fire data and the forest cover loss data
from Hansen et al. (2013) to identify stand-replacing fires. First, the
forest cover loss map (30 m) was aggregated to 1 km by recording the
dominant year of forest cover loss within each MOD14A2 active fire grid
cell. Second, the MOD14A2 active fire data was overlapped with the
forest cover loss map for each year from 2016 to 2021 at 1 km spatial
resolution to identify the yearly stand-replacing fire pixels. At last, the
stand-replacing fire pixels from 2016 to 2021 were aggregated to 0.25
degree by calculating the sum area of stand-replacing fires within each
L-VOD grid cell.

3. Methods
3.1. L-VOD derived annual AGC dynamics

Annual AGC was calculated from L-VOD using the method proposed
by Liu et al. (2015) and Fan et al. (2019). The four-parameter function
was used to calibrate the relationship between L-VOD and AGC:

arctan(b x (VOD — ¢) ) — arctan(—b X ¢)

AGC=a x arctan(b x (Inf — c) ) — arctan(—b x c)) e v

where a, b, ¢ and d are the fitted coefficients, Inf was set to 10'°. We used
the Saatchi AGC benchmark map and L-VOD in 2016 to calibrate Eq. (1).
Using Eq. (1), yearly L-VOD from 2016 to 2021 was converted into
yearly AGC density (Mg C/ha). The AGC stock was then calculated by
multiplying the AGC density by the area of the corresponding pixel. The
year used for calibration proved to have little impact on the calibrated
curves. The calibrated relationships between L-VOD from 2016 to 2021
and the Saatchi AGC benchmark map were calculated, showing very
similar correlations (r: 0.71-0.73) from 2016 to 2021 (Figure S3).

We conducted a bootstrap cross-validation (sampling rate = 80 %,
iterations = 1000) method to evaluate the calibration errors for the year
2016 (Fan et al., 2019). The cross-validation results showed high cor-
relation values (r = 0.75) and low root mean square difference values
(RMSE = 0.04 Pg C) between the benchmark AGC map and the boot-
strapped AGC estimates (Table S2), suggesting that errors caused by
sampling and calibration are limited. Furthermore, the retrieved AGC
displays a small 95 % bootstrap confidence interval, suggesting limited



L. Yuetal

errors stemming from the process of sampling and calibration
(Table S2).

To quantify the accuracy of the AGC derived from L-VOD, we
compared the L-VOD AGC with the Saatchi AGC benchmark map. A high
correlation value (r = 0.74) was achieved when comparing the esti-
mated AGC with the Saatchi AGC benchmark map (Figure S4).
Furthermore, in order to conduct the temporal validation, we used
multi-year AGC maps from CCI to validate the AGC changes derived
from L-VOD for 2017-2020 (Zhao et al., 2023). A significant correlation
(r = 0.86, p < 0.01) was observed between the AGC changes derived
from L-VOD and those obtained from CCI data (Figure S5), and the grid
cells with lower uncertainty of AGC changes in the CCI data (lighter
color in Figure S5) are closer to the 1:1 line.

3.2. AGC loss caused by forest cover loss and degradation

Forest cover loss and degradation dominate the total AGC loss in a
grid cell (Fan et al., 2022). All mechanisms that do not result in forest
cover loss were defined as forest degradation in this study. To conduct a
simple estimate of the AGC loss resulting from forest cover loss and
degradation, the method introduced by Harris et al. (2012) and Qin et al.
(2021) was adopted in this study. First, the total AGC loss (AGCiyqioss) at
0.25 degree spatial resolution was calculated using Eq. (2). Second, the
AGC loss caused by forest cover 1oss (AGCpyresicoverioss) Was computed by
multiplying the total area of forest cover loss during 2017-2021
(Arealossoqr) by the AGC density in 2016 (AGCdensity,,¢) using Eq. (3).
The total area of forest cover loss (Arealoss,y,;) was computed by sum-
ming the forest loss area from 2017 to 2021 at 0.25 degree resolution
using the Hansen et al. (2013) forest cover loss data. Third, we calcu-
lated the difference between the total AGC loss (AGCiysaioss) and the AGC
loss from forest cover 10ss (AGCforestcoverioss) as the AGC loss from degra-
dation (AGCgegradation)> @s shown in Eq. (4).

AGCoitors = ¥ _(AGCiyy — AGC), with (AGCiy; — AGC; < 0) )
AGCiresicoseriors = Y (Arealossia x AGCdensityyq) 3
AGCdegmdmion = AGClola[[axs - AGC[m‘e.&/coverlo.ss (4)

where i represents the year from 2016 to 2020.

The total AGC loss cause by forest cover loss was subsequently
divided into components stemming from stand-replacing fires and other
stand-replacing processes (e.g., clear-cutting, severe insect outbreaks,
and drought) (Fan et al., 2022). The AGC loss from stand-replacing fires
(AGCp;r) was calculated by multiplying the gross area of stand-replacing
fire during 2017-2021 (Arealosss,) by the AGC density in 2016
(AGCdensity,, ) using Eq. (5), in which Arealoss;. was calculated as the
sum of stand-replacing fire area from 2017 to 2021 over each 0.25 de-
gree resolution pixel. At last, the AGC loss from other stand-replacing
processes (AGCymers) Was computed as the difference of the AGC loss
from forest cover 10ss (AGCforestcovertoss) and the AGC loss from stand-
replacing fires (AGCg.) using Eq. (6) (Fan et al., 2022).

AGCpye =Y _ (Arealossy,. x AGCdensity,;q) (5)

AGCoers = AGCforc:lcoverlo:s - AGCﬂrﬂ (6)

3.3. Statistical analysis

To analyze the spatial patterns of AGC density, we calculated vari-
ations in AGC density based on forest age, eco-region, and tree species. A
one-way analysis of variance (ANOVA) method was employed to test for
significant differences (p < 0.05) in AGC density among different forest
ages, eco-regions, and tree species. In addition, we used the standard
deviation to represent the uncertainties of AGC change for different
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forest ages and tree species, which was calculated based on the bootstrap
cross-validation method (sampling rate = 80 %, iterations = 1000).

4. Results
4.1. Spatial patterns of AGC

Over the study period (2016-2021), the average AGC density derived
from L-VOD across the study region was 23.72 Mg C/ha (Fig. 2a). AGC
density varied substantially by latitude, forest age, eco-region, and tree
species. The AGC density exhibited a decreasing trend as latitude
increased from 52°N to 70°N (Fig. 2a, Fig. 2b). The highest AGC density
was found around 52°N (34.37 Mg C/ha), and the lowest AGC density
was mainly distributed around 70°N (11.93 Mg C/ha) (Fig. 2b). These
results suggest that there is a large latitudinal gradient in the distribu-
tion of AGC density.

AGC density increased with increasing forest age across the six forest
age classes averaged over the 0.25 degree pixels (Fig. 3a). The highest
AGC density, reaching 31.39 Mg C/ha, was observed in forests aged
90-110 years old, for then to level out in forests that were older than
110 years old (Fig. 3a). The lowest AGC density was observed in forests
aged 10-30 years old at 10.89 Mg C/ha (Fig. 3a).

In terms of tree species, fir had the largest AGC density (34.50 Mg C/
ha), followed by aspen (26.11 Mg C/ha) and pine (25.68 Mg C/ha),
while spruce showed the lowest AGC density (22.02 Mg C/ha) (Fig. 3b).
Regarding eco-regions, the Western cordillera eco-region had the largest
AGC density (38.45 Mg C/ha) (Fig. 3c), while the Softwood shield eco-
region had the lowest AGC density (8.28 Mg C/ha) (Fig. 3c).

4.2. AGC dynamics from 2016 to 2021

AGC estimates for Western North American boreal forests using L-
VOD showed a net increase of 28.49 Tg C/yr from 2016 to 2021 in the
study region (Fig. 4a). This net AGC increase reflects a balance between
total AGC gains of 4+ 219.34 Tg C/yr and total AGC losses of —190.86 Tg
C/yr (Table S3). With regard to the spatial pattern of AGC change, a
widespread net increase was observed over 63 % of the study region
(Fig. 4b). The most pronounced net AGC increase was observed in the
Boreal cordillera and the Alaska boreal interior eco-regions (Fig. 4b).
About 37 % of the study region exhibited a net AGC decrease, primarily
in the Taiga plain and the Boreal plain eco-regions (Fig. 4b).

In terms of eco-region, the Boreal cordillera eco-region showed the
largest AGC increase (+18.09 Tg C/yr) (Fig. 5g), followed by the Alaska
boreal interior eco-region (+13.17 Tg C/yr) (Fig. 5a). In contrast, the
Taiga plain eco-region and the Boreal plain eco-region showed a net
AGC decline of —4.44 Tg C/yr (Fig. 5¢) and —3.05 Tg C/yr (Fig. 5f),
respectively. The Taiga cordillera eco-region and the Western cordillera
eco-region had a net AGC increase of + 3.44 Tg C/yr and 4 1.19 Tg C/yr,
respectively (Fig. 5b, Fig. 5h). The Taiga shield eco-region and the
Softwood shield eco-region had a nearly neutral AGC balance (Fig. 5d,
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Fig. 2. Spatial distribution of AGC density based on L-VOD. (a) Averaged AGC
density for the period from 2016 to 2021. (b) Variation of AGC density
with latitude.
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Fig. 5e).

During the study period, there was a considerable decline in AGC in
2019 (-312.21 Tg C) (Fig. 4a). The Boreal cordillera eco-region
contributed the largest AGC decline (-159.57 Tg C) (Fig. 5g), followed
by the Boreal plain eco-region (-69.72 Tg C) (Fig. 5f), Taiga cordillera
eco-region and Alaska boreal interior eco-region were ranked 3rd
(-41.27 Tg C) (Fig. 5b) and 4th (-26.87 Tg C) (Fig. 5a) in terms of
contribution to this decrease, respectively. This is partly because of the
increase in forest cover loss in 2019 (Figure S6). In 2019, Hansen et al.
(2013) documented an increase of 199 % in forest loss (2.8 x 10° ha)
compared with 2018 (1.4 x 10° ha) (Figure S6). Forest cover loss in
2019 mainly occurred in the Alaska boreal interior eco-region (Fig. 5a),
the Boreal plain eco-region (Fig. 5f) and the Boreal cordillera eco-region
(Fig. 5g).
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Forests aged 50-70 years old had the maximum net AGC increase
(+16.59 Tg C/yr) (Fig. 6a). This increase represented 59 % of the net
AGC increase in the study region, suggesting that forests at this stage
have the greatest capacity for AGC sequestration. Forests aged 30-50
years old also showed a small AGC increase (+1.99Tg C/yr) (Fig. 6a).
Forests older than 70 years showed a decrease in AGC (Fig. 6a), pri-
marily due to an increase in disturbances. The forests aged 10-30 years
old was also found to be close to AGC neutrality (Fig. 6a). Regarding tree
species, both spruce- and pine forests were the primary contributors to
the forest’s net AGC increase, representing a net increase of + 9.26 Tg C/
yr and + 7.95 Tg C/yr from 2016 to 2021, respectively (Fig. 6b). In
contrast, aspen forests were found to experience a net AGC decrease
(-4.68 Tg C/yr) (Fig. 6b).

4.3. AGC loss resulting from forest cover loss and degradation

We estimated AGC loss resulting from forest cover loss and degra-
dation, respectively (Fig. 7a). Our results showed that 85 % of the total
AGC loss was attributed to forest degradation (-162.21 Tg C/yr), with
the remaining 15 % attributed to forest cover loss (-28.65 Tg C/yr),
indicating that forest degradation contributes significantly more to AGC
loss than forest cover loss in North American boreal forests. The major
contributors to the total AGC loss from forest cover loss were the Boreal
plain eco-region (-9.24 Tg C/yr), the Alaska boreal interior eco-region
(-5.53 Tg C/yr), and the Boreal cordillera eco-region (-5.29 Tg C/yr)
(Fig. 7a). The collective AGC loss in these three eco-regions constituted
70 % of the total AGC loss attributed to forest cover loss. Additionally,
the total AGC loss resulting from degradation was primarily found in the
Taiga plain eco-region (-53.72 Tg C/yr), the Boreal plain eco-region
(-44.66 Tg C/yr) and the Boreal cordillera eco-region (-39.21 Tg C/yr)
(Fig. 7a). In sum, AGC loss in these three eco-regions contributed to 85 %
of the total AGC loss resulting from degradation.

The total AGC loss from forest cover loss was subdivided into con-
tributions from stand-replacing fires and other stand-replacing processes
(e.g., clear cutting, severe insect outbreaks, and drought). Stand-
replacing fires (5.2 x 10° ha), covering 44 % of the forest cover loss,
contributed 47 % (-13.40 Tg C/yr) of the total AGC loss, with other
stand-replacing processes contributed 53 % (-15.25 Tg C/yr) (Fig. 7b).
This result suggests that the contribution of stand-replacing fire to AGC
loss is comparable to the total AGC loss from all other stand-replacing
processes in the study region. The AGC loss from stand-replacing fires
was mainly distributed in the Boreal plain eco-region (-3.85 Tg C/yr),
the Alaska boreal interior eco-region (-3.09 Tg C/yr) and the Boreal
cordillera eco-region (-2.34 Tg C/yr) (Fig. 7b). The Boreal plain eco-
region (-5.39 Tg C/yr) also exhibited the largest AGC loss from other
stand-replacing processes in the study region, followed by the Boreal
cordillera eco-region (-2.95 Tg C/yr) and the Alaska boreal interior eco-
region (-2.44 Tg C/yr) (Fig. 7b).

5. Discussion
5.1. AGC dynamics from 2016 to 2021

Over the period 2016-2021, the average AGC density within the
study region was 23.72 Mg C/ha, which is similar to the estimated
values using remote sensing method, indicated by 21.36 Mg C/ha for
1984-2014 (Wang et al., 2021); 26.16 Mg C/ha for 2010 (Spawn and
Gibbs., 2020), and 27.23 Mg C/ha for 2020 (Santoro, 2023). Note that
the AGC density derived from remote sensing methods in the study re-
gion (from 21.36 Mg C/ha to 27.23 Mg C/ha), including the AGC density
derived from L-VOD (23.72 Mg C/ha), is approximately half lower than
the values reported by the forest resource assessment in Canada (45.22
Mg C/ha) (FAO, 2020) and the study based on national forest inventory
in Canada (41.3 Mg C/ha) (Sothe et al., 2022). The lower AGC estimates
from remote sensing studies (e.g., our study) could be partly explained
by the coarser spatial resolution (0.25 degree) of the L-VOD data, which
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Fig. 5. Annual AGC changes in the eight eco-regions, expressed as the difference from 2016 values. (a) Alaska boreal interior eco-region. (b) Taiga cordillera eco-
region. (c) Taiga plain eco-region. (d) Taiga shield eco-region. (e) Softwood shield eco-region. (f) Boreal plain eco-region. (g) Boreal cordillera eco-region. (h)
Western cordillera eco-region. The yellow bars in (a)-(h) represent the forest loss area. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 6. AGC net change for different forest ages (a) and tree species (b). Error bars represent the standard deviation (std).

incorporates non-forest vegetation and potentially results in an under-
estimation of AGC density. To further analyze the impact of the coarser
spatial resolution (0.25 degree) on the underestimation of AGC density,
the tree cover data from Hansen et al. (2013) was used to calculate the
average tree cover of our study region, which is 49 % (Figure S7). Also,
this 49 % tree cover in our study region could be the reason for our AGC
estimation being half lower than national forest inventory.

Our results showed that there was a net AGC increase of + 28.49 Tg
C/yr in the study region from 2016 to 2021, which contrasts with pre-
vious studies reporting AGC declines of about —53.00 Tg C/yr for
2000-2007 (Pan et al., 2011) and —6.42 Tg C/yr for 1993-2012 (Liu
et al., 2015). These results partly indicate that North American boreal
forests may have transitioned from a state of AGC loss to gain from the
late 2000 s to the late 2010 s. It is generally considered that the AGC in
North American boreal forests has been declining due to the increasing
disturbances in past decades (Kurz et al., 2013). This transition from

AGC loss to gain may be due to the high sensitivity of tree growth to the
higher temperatures caused by global warming. The increase in AGC
from tree growth caused by global warming may have offset the AGC
loss from the increase in disturbances in North American boreal forests
(Wang et al., 2023). In addition, non-disturbance effects, such as CO5
fertilization and nitrogen (N) deposition can also serve as significant
contributors to forest growth in North American boreal forests (Chen
et al., 2000).

By comparing our estimated AGC change over 2016-2021 with that
of Xu et al. (2021) over 2000-2019, we found that our estimated net
AGC change (4+28.49 Tg C/yr) is larger than those of Xu et al. (2021)
(+10.00 Tg C/yr). The possible explanation for this result could be the
saturation observed in the optical remote-sensing data used in the esti-
mation of Xu et al. (2021) over the forest regions, resulting in the high
uncertainties in estimates of forest AGC changes (Huete et al., 2002).
Relative to optical remote sensing data, L-VOD is less affected by
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saturation influence and more correlated with stem-branch AGC (Fan
etal., 2019). Thus, L-VOD is likely to provide a more accurate estimation
of AGC changes in forests than optical or high-frequency remote sensing
datasets.

The total carbon loss across the study region was higher than that
estimated by Harris et al. (2021) (-190.86 Tg C/yr vs —123.80 Tg C/yr).
The underestimation in Harris et al. (2021) compared to our result can
be attributed to the fact that the total carbon loss in Harris et al. (2021)
was from stand-replacing disturbances and did not account for the car-
bon loss from degradation.

5.2. Relationships of AGC change with forest age and tree species

Forest age has a direct impact on its ability to absorb carbon from the
atmosphere (Besnard et al., 2021). Our results revealed that the net AGC
gain peaked in forests aged 50-70 years old, supporting previous finding
that forests at this age have the largest carbon sequestration ability
(Kolari et al., 2004). This is due to the fact that boreal forests at this
stand age (50-70 years old) are typically characterized by closed can-
opies, and their leaf area index (LAI) generally reaches maximum values
(Goulden et al., 2011). Since leaves serve as the primary location for
photosynthesis in plants, the photosynthetic capacity of vegetation im-
proves with an increase of LAI (Chen et al., 2019). During this stage
(50-70 years old), vegetation respiration is typically weak (Goulden
et al., 2011), resulting in a rapid accumulation of vegetation AGC. Our
results showed a shift in the net AGC change from an increase to a
decline as the forest age exceeded 70 years. This result differs from
previous study that suggested old-growth forests uaually function as
carbon sinks (Luyssaert et al., 2008). The decline in net AGC change in
forests older than 70 years may be attributed to the forest area loss
caused by disturbances. By analyzing AGC loss in forests older than 70
years, it was found that AGC loss occurred mainly in the Taiga plain and
Boreal plain ecoregion, which shown the greatest forest area loss ac-
cording to Hansen et al. (2013) (Figure S8). This result suggests that as
forests continue to age, they become more vulnerable to disturbances
(Kurz et al., 2008b), ultimately resulting in forest AGC loss.
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Our results also showed that aspen was a carbon source over the
study period. This could be partly due to the weak resistance of aspen to
fire (Shinneman et al., 2013). In Canada, crown fires were found to be
the predominant forest fire regime (de Groot et al., 2013). Aspen, due to
their vulnerability to crown fires, is particularly affected by this type of
fire (Shinneman et al., 2013). The thin bark of aspen renders it vulner-
able to mixed- or high-severity effects even from low-intensity fires.
Furthermore, surviving aspen trees often experience post-fire stress and
are highly susceptible to secondary mortality agents (i.e., drought, insect
outbreaks and pathogens) (Baker, 2009).

5.3. AGC loss caused by forest cover loss and degradation

Our results showed that AGC loss due to forest degradation is 5 times
greater than AGC loss due to forest cover loss. This is partly because we
attributed degradation to mechanisms not causing forest cover loss.
Forest degradation resulting from selective logging (Wang et al., 2021),
insect outbreaks (Kurz et al., 2008a), wildfire (Phillips et al., 2022), and
drought (Wu and Chen, 2013) can have severe impacts on carbon sinks
in North American boreal forests. According to our estimate, the
considerable AGC loss stemming from forest degradation should be
explicitly factored into carbon budget assessments in North American
boreal forests.

We estimated that almost half of the AGC loss due to forest cover loss
comes from stand-replacing fire, supporting the primary role of stand-
replacing fire in causing carbon loss in this region. Fire stands out as
the foremost factor causing stand-replacing disturbance in North
American boreal forests, attributed to the vulnerability of tree species to
crown fires (Rogers et al., 2015). This type of fire completely burns the
aboveground biomass, leading to substantial carbon loss (Zhang et al.,
2016). In addition, our results showed that more than half of the AGC
loss resulting from forest cover loss comes from other stand-replacing
processes (e.g., clear-cutting, severe insect outbreaks and drought),
indicating that the role of these processes cannot be ignored in esti-
mating carbon loss in North American boreal forests. In recent years,
under the influence of global warming, stand-replacing processes have
become increasingly severe (Zhang et al., 2022). The impact of these
processes should be emphasized in future estimates of the carbon bal-
ance of boreal forests.

5.4. Limitations of this study and prospects

The coarse spatial resolution (0.25 degree) of the L-VOD data used in
this study limited its capacity to estimate AGC dynamics at a finer scale
(Fan et al., 2022). Constrained by the spatial resolution of L-VOD data,
both tree species and forest age data were aggregated to 0.25 degree
spatial resolution to explore the spatial-temporal variation of AGC
across different tree species and forest ages. Yet, the tree species data at
0.25 degree spatial resolution could lead to the loss of some tree species.
Thus, the aggregated tree species data only reflects AGC variation for the
major tree species. Furthermore, at a spatial resolution of 0.25 degrees,
the forest age data could neglect the spatial variability of forest age
within a pixel scale, resulting in the underestimation of age in old-
growth forests and the overestimation of age in young forests. Thus,
future studies should consider finer spatial resolution L-VOD data to
accurately estimate AGC and analyze AGC dynamics for finer-scale tree
species and forest ages.

The study period from 2016 to 2021 is not long enough to monitor
the AGC dynamics over a longer time series. The current retrieval of L-
VOD from merged SMOS and SMAP satellite data mainly focuses on
improving the accuracy of the algorithm (Li et al., 2022). In the future,
studies should concentrate on retrieving longer time series of SMOSS-
MAP L-VOD products to estimate the AGC dynamics over a longer time
period in North American boreal forests.

This study only concentrated on the live aboveground biomass, and
did not address dead wood biomass (e.g., coarse woody debris) and
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belowground biomass (e.g., root materials, soils, peatlands, and lakes).
A previous study revealed that stand-replacing disturbances or degra-
dation not only cause immediate CO, release but also increase carbon
stocks in dead wood, leading to delayed CO; emissions from decaying
debris and litter (Fan et al., 2022). Furthermore, belowground biomass
(e.g., root materials, soils, peatlands, and lakes) accounts for 93 % of the
terrestrial carbon pool (Scharlemann et al., 2014), playing a crucial role
in determining whether North American boreal forests function as a
carbon sink or a carbon source, which is not considered in this study.
Thus, future studies that include assessments of live aboveground
biomass, dead wood biomass, and belowground biomass will enable a
comprehensive assessment of the contribution of North American boreal
forests to global carbon dynamics.

6. Conclusion

Estimating AGC based on L-VOD provides new insights into how the
AGC of western North American boreal forests changes. This study used
L-VOD to estimate AGC in western North American boreal forests from
2016 to 2021 and analyzed the spatial-temporal variations of AGC. By
combining EPS’s Level 2 Ecoregions data, forest age data, and tree
species data, we explored AGC changes for different eco-regions, forest
age, and tree species. According to the global forest cover loss data, we
further estimated the total AGC loss caused by forest cover loss and
degradation. Our results showed that the average AGC density in the
study region was 23.72 Mg C/ha, and variations observed based on
latitude, forest age, eco-region, and tree species. Annual AGC changes
indicated that western North American boreal forests experienced a net
AGC increase of + 28.49 Tg C/yr from 2016 to 2021, suggesting that
these forests acted as a net AGC sink during the study period. Forests at
intermediate stand ages (50-70 years old) contributed the most to the
AGC increase, followed by forests aged 30-50 years. Yet, forests older
than 70 years showed a net AGC decrease. Additionally, both spruce-
and pine forests showed a net AGC increase, while aspen forests were
found to have a net AGC decrease. Our result also showed that AGC loss
due to forest degradation is 5 times greater than AGC loss due to forest
cover loss. These results suggest that forest degradation is an important
process driving AGC loss in North American boreal forests. Therefore,
more attention should be paid to forest degradation in future forest
management to protect these forests as a sustainable AGC sink.
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