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Abstract: Previous studies on global carbon emissions from forest loss have been marked by great
discrepancies due to uncertainties regarding the lost area and the densities of different carbon pools.
In this study, we employed a new global 30 m land cover dynamic dataset (GLC_FCS30D) to improve
the assessment of forest loss areas; then, we combined multi-sourced carbon stock products to enhance
the information on carbon density. Afterwards, we estimated the global carbon emissions from forest
loss over the period of 1985-2020 based on the method recommended by the Intergovernmental
Panel on Climate Change Guidelines (IPCC). The results indicate that global forest loss continued to
accelerate over the past 35 years, totaling about 582.17 Mha and leading to total committed carbon
emissions of 35.22 + 9.38 PgC. Tropical zones dominated global carbon emissions (~2/3) due to their
higher carbon density and greater forest loss. Furthermore, global emissions more than doubled in
the period of 20152020 (1.77 £ 0.44 PgC/yr) compared to those in 1985-2000 (0.69 £ 0.21 PgC/yr).
Notably, the forest loss at high altitudes (i.e., above 1000 m) more than tripled in mountainous regions,
resulting in more pronounced carbon emissions in these areas. Therefore, the accelerating trend of
global carbon emissions from forest loss indicates that great challenges still remain for achieving the
COP 26 Declaration to halt forest loss by 2030.

Keywords: forest loss; carbon emissions; land cover; tropical rainforest; mountainous forest

1. Introduction

Forests cover nearly one-third of the world’s land, and they occupy 77% of global
vegetation carbon stocks, about 662 PgC [1]. Forest loss is the primary form of global
land-cover change [2], which can re-release most of the carbon that has been fixed by
photosynthesis into the atmosphere and substantially reduce the carbon sink capacity of
terrestrial ecosystems [3,4]. The resulting carbon emissions from global forest loss have
been an important driver of rising atmospheric CO, concentrations and accelerating global
warming [5]. Over the period of 1850-2000, forest loss has contributed about 30% of
anthropogenic carbon emissions [6], and the emissions in some hot-spot regions have not
slowed as expected in the 21st century [7,8].

Many studies have advocated the application of remote sensing-based datasets to
quantify the global carbon emissions from forest loss [9-11]. This is because they are able
to provide spatially explicit information on forest loss and carbon density in a globally
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consistent way, which is key to estimating carbon emissions from forest loss [9,12], and
they can enrich information in region/countries with limited capacity to conduct detailed
inventories. Nevertheless, a recent study evaluated the potential of remote sensing-based
datasets to support the Global Stocktake Process, known as the ESA-CCI RECCAP?2 pilot
project [13]. The researchers concluded that these current coarse-resolution maps were in-
sufficient for accurately estimating carbon emissions from global forest loss (e.g., HYDE [14],
LUH2 [15], FAOSTAT [16]). They emphasized the need to use fine-resolution (10-30 m)
LULCC and biomass remote sensing datasets, as a result of their ability to enhance forest
loss information and reduce the uncertainty and bias in the density values of various carbon
pools [17].

In terms of the forest loss area, due to large amounts of fragmented forest [18-20]
and the increasing small-scale forest loss [21,22], coarse-resolution maps are no longer
suitable for capturing forest loss. They tend to attribute the subgrid-scale forest loss
to forest degradation in heterogeneous areas [12]. In contrast, fine-resolution maps can
represent the spatiotemporal patterns of forest loss more accurately. However, to our
knowledge, these currently available fine-resolution remote sensing-based products are not
adequate for accessing spatiotemporal information on global forest loss for various reasons:
FROM-GLC [23] has a short time span, covering only 2015 and 2017; GlobeLand30 [24]
suffers from geometric registration issues stemming from its diverse satellite data sources,
making it not suitable for assessing the gross forest loss on fine scales, such as 30 m,
when comparing maps between periods [25]; GLanCE [26] lacks information on several
crucial land use categories (e.g., cropland) that have great impacts on forest loss because of
its coarse classification system, which includes only water, ice/snow, developed, barren,
trees, shrubs, and herbaceous; and the Global Forest Cover Change (GFCC) [27] dataset
is produced using inconsistent algorithms before and after 2010, which makes it difficult
to establish the forest loss trend by making comparisons between periods [28]. Recently,
a new global 30 m land cover product named GLC_FCS30D was generated by coupling
continuous change detection and time series Landsat imagery; it contains 35 land cover
types and spans the period of 1985-2020 [29,30]. Considering the advantages of a leading
mapping strategy, fine classification system, and long time span, it is more suitable than
these above products for evaluating the spatiotemporal dynamics and drivers of global
forest loss during 1985-2020.

Regarding information on carbon density, biomass and soil are the two main carbon
pools, as the carbon stocks of dead wood and litter are usually derived from biomass [31,32].
For the biomass carbon pool, current studies often obtain carbon density through products
based on a single type of data, such as light detection and ranging (LiDAR), synthetic aper-
ture radar (SAR), and field inventories [33-35]. These products have different limitations
due to the constraints of each data source, such as high uncertainty in regions with above-
ground biomass (AGB) > 250 Mg~ha_1 [35], poor spatial representation in eastern Asia [33],
and typically failing to accurately describe the global distribution of biomass. Nevertheless,
many researchers have indicated that the integration of products from multiple sources
allows for more representative information on biomass, and this practice is now widely
used [36-38]. For the soil carbon pool, organic carbon is the primary component and is most
commonly considered in carbon emissions resulting from land use change [31]. Given that
the soil organic carbon (SOC) pool can be easily affected by various factors (e.g., tempera-
ture, precipitation, and land cover change) and tends to vary significantly over time [39],
dynamic SOC information is crucial for accurately estimating the carbon emissions between
different periods. Instead of the widely used static maps [40,41], Xie et al. [42] created a
time series SOC dataset covering 1981-2018, providing strong support for addressing
this need.

Therefore, the objectives of our study were (1) to derive the amount of global forest
loss and resulting carbon emissions during 1985-2020 based on a novel fine-resolution
land cover dataset and multi-sourced carbon stock products; and (2) to clarify the spatial
distribution and temporal dynamics of global carbon emissions.
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2. Materials and Methods
2.1. Materials
2.1.1. Global Land Cover Dataset

The GLC_FCS30D dataset was developed by employing all available Landsat imagery
on the Google Earth Engine platform in a new land cover mapping scheme that couples
continuous change detection and dynamic updates [29,43-45]. It has a fine classification
system comprising 35 land cover types and provides global land cover information at a
30 m resolution throughout this study period. The assessed results from a global validation
dataset indicated that it achieved an overall accuracy of 80.88% (40.27%) for the year
2020 for ten major land cover types, and two regional time series validation datasets also
demonstrated its strong performance in time series accuracy, achieving a mean overall ac-
curacy of 79.50% (40.50%) across the contiguous United States and 81.91% (£0.09%) across
the European Union. However, owing to the sparse or even absent satellite observations
before the year 2000 (only Landsat 5 acquired single-satellite data) [46], the GLC_FCS30D
is available at five-year intervals during 1985-2000, and its credibility for this period still
needs to be improved; additionally, false detection of changes at the interannual scale can
occur due to various factors, such as fluctuations in climatic conditions [29]. Consequently,
we finally chose to acquire information on global forest loss for five periods: 1985-2000,
2000-2005, 2005-2010, 20102015, and 2015-2020.

2.1.2. Global Biomass Datasets

Considering the importance of different data sources in accurately obtaining biomass
information and the great spatial heterogeneity of carbon density, this study utilized five
global biomass products from various sources with fine resolution; these are hereafter
referred to as “GFW” [28], “Gibbs and Ruesch” [34], “GLASS” [47], “GlobBiomass” [35],
and “GEDI-L4B” [48] (detailed information is shown in Table 1). Specifically, GFW was
created by integrating ground measurements, the spaceborne LiDAR observations from the
Geoscience Laser Altimeter System (GLAS), and variables derived from satellite products.
Gibbs and Ruesch was generated by remapping the default values of regional biomass
stocks provided by the IPCC Guidelines to grid level using a GIS-based approach. GLASS
was produced by modeling the relationships among regional LIDAR-based AGB products,
a suite of high-level satellite products (gross primary production, leaf area index, etc.),
and other auxiliary datasets. GlobBiomass was generated by using multiple satellite
observations of SAR backscatter to estimate the density of growing wood volume, from
which AGB was then computed. GEDI-L4B was created primarily through a closed-form
statistical estimation approach called hybrid inference, which used all the GEDI (Global
Ecosystem Dynamics Investigation) Level 4A footprint AGB predictions in each 1 km grid
to estimate the mean AGB density for that grid.

Table 1. Detailed information of biomass datasets used in this study.

Dataset Name

Data source Spatial Resolution Year Carbon Pools

(D Ground-measured biomass plots
@ GLAS-based observations

GEW (® Variables of Landsat imagery and several vegetation 30m 2000 AGB
indexes such as NDVI, NDI], etc.
Gibbs and Ruesch Field measurements 1 km 2000 AGB, BGB
@ LiDAR-based AGB datasets
GLASS @ High-level satellite products 1 km 2005 AGB
®Auxiliary datasets, including GLAS-based canopy height
GlobBiomass Observations of SAR backscatter from ALOS PALSAR 100 m 2010 AGB

and Envisat ASAR
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Table 1. Cont.

Dataset Name

Data source Spatial Resolution Year Carbon Pools

GEDI-L4B

(@D GEDI-based observations
@ Field measurements 1 km 2020 AGB
(® Simulated GEDI waveforms

Note: belowground biomass (BGB).

2.1.3. Global SOC Dataset

A long time series SOC dataset [42] was selected in this study to capture the dynamics
of organic carbon in topsoil (0-30 cm), a depth defined by the Tier 1 method in IPCC
Guidelines [31]. It was created by combining the process-based RothC model and a geo-
graphically weighted regression kriging method, achieving a root-mean-squared accuracy
of 27.76 tC/ha. It includes the annual SOC stocks from 1981 to 2018, and it spans all
latitudes from 90°N to 90°S and longitudes from 180°W to 180°E, with a spatial resolution
of about 5 km.

2.1.4. Other Data

The third version of the Advanced Spaceborne Thermal Emission and Reflection
Radiometer Global Digital Elevation Model (ASTER GDEM) was used to supply elevation
information [49,50]; this product has a 30 m spatial resolution with great coverage between
83°N and 83°S. The Global Mountain Biodiversity Assessment (GMBA) inventory data
V1.2 were chosen to obtain the distribution of mountainous regions [51]. Administrative
boundary data and a global forest ecological zone map [52] were used to provide boundary
information on countries and ecological zones.

2.2. Methods

Figure 1 illustrates the flowchart of the proposed method for estimating global carbon
emissions from forest loss and quantifying their uncertainty. It comprises four main steps:
First, we divided the global land into approximately 2.4 million 0.1 x 0.1° grids; within
each grid, we established the lookup table (LUT) of carbon density for five carbon pools in
different types of forests, including AGB, BGB, SOC, dead wood, and litter [31]. Second,
by overlaying land cover maps from different periods, we calculated the area that has
been converted to other land cover categories for different types of forests within each
0.1° grid. Third, we assessed the carbon emissions within each 0.1° grid by combining the
forest conversion area with the LUT of carbon density, and we quantified the uncertainty of
carbon emissions by utilizing the five biomass products. Finally, we employed the GMBA
and the ASTER GDEM V3 to clarify the carbon emissions in mountainous regions and
investigate their trends regarding altitude.

2.2.1. Establishing the LUT of Carbon Density

Considering the fact that forest carbon density has great spatial heterogeneity, i.e., it
varies noticeably across regions and forest types, as well as the spatial resolution variations
among different products (ranging from 30 m to 1 km), we chose to establish the LUT of
carbon density for different forest types at each 0.1° grid [53]. For the carbon density of AGB,
BGB, dead wood, and litter in the LUT, we used the combination of five global biomass
products, which helps reduce bias and quantify the uncertainty. Taking the calculation
of AGB carbon (AGBC) density in the LUT as an example, we first derived the AGBC
maps from these five biomass products, assuming that the carbon fraction of biomass was
0.5 [54]. Then, we resampled all five AGBC maps to 30 m spatial resolution by using the
nearest-neighbor method to match the land cover dataset. For each resampled AGBC map,
we overlaid it with the land cover map at the corresponding time (Table 1) to obtain the
AGBC information of all forest pixels with AGBC values greater than 0; then, we calculated
the mean AGBC value for different types of forests within each 0.1° grid. Finally, we got five
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mean AGBC values from these five AGBC maps for each forest type within the 0.1° grid;
and following the approach of Feng et al. [55] and Friedlingstein et al. [5], we took the mean
and standard deviation value of them as the AGBC density and its uncertainty for each
forest type in the LUT, respectively. The same process was carried out for calculating the
carbon density of BGB, dead wood, and litter in the LUT: for biomass products containing
only AGB, the BGB was calculated based on the shoot-to-root ratio according to the IPCC
Guidelines [31]; and the carbon stocks of dead wood and litter pools were determined based
on their relationships with AGB pool [32], with detailed information shown in Table A2. In
addition, for the SOC density in the LUT, we chose the average of the SOC density for each
five-year period as the basic data, and we conducted the same calculations as described
above to generate a dynamic LUT; but we did not quantify the uncertainty, since only one
SOC product was used in this study. These were calculated in each 0.1° grid as follows:

=n
mean;jx = %Z}E’:l carbonfj/k (1)
LUT_mean; = £Y/=] mean; j 2)
. 1yi=5 z
LUT_uncertainty;, = 517 (meani,j,k - LUT_meanj,k> (3)

where Carbon}[,)j’k is the carbon value of the pth pixel belonging to the ith biomass product, forest
type j, and carbon pool type k within each 0.1° grid. LUT_mean;c and LUT_uncertainty;
represent the carbon density value and its uncertainty for forest type j and carbon pool type
k in the LUT, respectively.

Establishing the Lookup Table for Carbon Density Quantification and analysis of Carbon Emissions
Data 7T oegrd | | I Bmissions = ) Areax LUTmean i
Time series of Filtering | ) ’ I N IpccC B :

. I I 1
, roducts y Met gy
SOC products and. : LUT;, for AGB and : : ethodolog) Uncertainty = JZ(Area x LUT_Uncertainty)? :
Averaging ! BGB ! . T N&e |
I I
I
Deriving : LUT;; for SOC : 1 : The pattel.'n an.d it.s ch?nges in :
Multi-sourced Other | | | I : Spatial Distribution :
Biomass maps(i) pools Based : LUT;; for Dead Wood : Total : I
on AGB : and Litter : | L :
e —— | Carbon —P: The characteristics of Temporal Trends |
I
i I
T Emissions I :
Multi-epoch Select the : The proportions of carbon emission for :
r Land Cover —> Matching ——»| Forest Type(j) : Different Conversions |
Dataset Epoch P —————————
A 4
(a). GMBA [m—————— e — e~ ——— |
_ﬂl The features distributed along Altitude in |
Tabulating the Loss Area for different Conversion types (b). ASTER | moutainous regions !
GDEMV3 | "~ TT T T T T T T T
Overlaying data of adjacent time epochs

I
I
i |
{ : Forest- (. [ Forest- I :
: ! : I | 1 Settlements 1
I

Figure 1. Flowchart for quantifying and analyzing global carbon emissions from forest loss.
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2.2.2. Assessing the Area of Forest Converted to other Land Cover Categories

Forest loss is defined as a stand-replacement disturbance or the complete removal
of the tree cover canopy [27]. This can be presented as the transition of land cover type
from forest to non-forest in GLC_FCS30D. By comparing the land cover products in each
study period, we tabulated the area that was converted to other land cover categories
for different types of forests within each 0.1° grid. Further, to better clarify the varied
impacts of different conversion types (e.g., forest converted to cropland or settlement)
on carbon emissions, we adopted the classification system used in the IPCC Guidelines
and reclassified the 35 land cover types into six land use categories (cropland, forest land,
grassland, wetlands, settlements, and other land); the specific relationships are shown in
Table Al.

2.2.3. Quantifying Carbon Emissions Due to Forest Loss and Associated Uncertainties

We followed the definition of committed emissions and attributed the carbon emissions
to the period in which forest loss occurred [56]. Moreover, we only focused on the carbon
emissions during forest loss, without considering the variations in carbon stock in different
land cover types after forest loss. Specifically, we assumed the complete loss of all carbon
pools except the SOC [54], and we determined the percentages of SOC loss for different
conversion types [57,58]; details about the proportions of loss are shown in Table Al. The
carbon emissions and their uncertainty within 0.1° grid were calculated as follows:

Emission = Zj,c Areaj X (LUT_meanj’k:soc X percent_ + Zk LUT_meanj/k#Soc) 4)

2
2
Uncertainty = 4 | ¥ (Areaj,C X \/ Yk (LUT_uncertaintyj’k #SOC) > ()

where j,c, and k represent the forest type, conversion type, and carbon pool type, respec-
tively; Area; is the forest loss area; LUT_mean; ks is the SOC density; LUT_mean; i 4soc
and LUT _uncertainty; | . are the carbon density and its uncertainty of carbon pool type
that belongs to AGBC, BGBC, dead wood, and litter, respectively; percent_ is the percentage
of SOC loss.

2.2.4. Determining the Variation in Carbon Emissions with Altitude in Mountainous Regions

Since the increased intensity of human activities at high altitudes leads to great forest
loss [59,60], we employed the GMBA V1.2 to present the carbon emissions in mountain-
ous regions; then, we combined the ASTER GDEM to investigate the trend in resulting
emissions with altitude. Considering the elevation accuracy of the DEM product [61], as
well as the computational efficiency, we chose 10 m as the interval to calculate the carbon
emissions at different altitudes.

Emissionsy, = Emissions,) UGMBA (6)

Emissions? 10 = EmissionsmLJDEMﬂJrlO (7)

where Emissions,;; and Emissionsy, represent global carbon emissions from forest loss oc-
curring in global and mountainous regions, respectively; n is the serial number of altitudes
with intervals of 10 m; and Emissionsh " ®represents carbon emissions in mountainous
regions whose altitude belong to intervals of [n,n + 10] m. The uncertainty was calculated

using Equation (5).
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3. Results
3.1. Characteristics of Global Forest Loss over the Past 35 Years

A large amount of forest loss, about 582.17 Mha, occurred during 1985-2020. This
was mainly in South America, Asia, Africa, and North America, which accounted for
24.20%, 23.38%, 19.83%, and 18.19% of the total, respectively (Figure 2). Regarding the
spatial distribution, most of the forest loss over the past 35 years has taken place in
the tropical regions of the Southern Hemisphere, characterized by the Amazon Basin,
Southeast Asia, and the Congo Basin, as well as in the temperate regions of the Northern
Hemisphere, exemplified by the Gulf Rim of Mexico in North America, and the boreal
regions, represented by Russia and Canada (Figure 2).

" 120°W 60°W 0° 60°E 120°E ’&
b= T T T T T
N
> ﬁ»«/;g
% F North America 2 B E
<t 2
| g
. () o j
115.46 Mha L. 136.11 l\;[ha,
..19.83% ; 23.38%
Elp ¢, " . i
) 4 °_‘fm§§\\\
South America - J\ ~t
140.91 Mha .
9. 24.20% Oce;:l%i;”GJ &37
2 - 26.81 Mha by
) 4.61%
Forest Loss in 0.05°%0.05° grid(unit: ha)
I I I [ I [ I [ .
0 100 200 400 500 600 700 800 1000 1200 1500
S 1 1 1 { |
()}

Figure 2. Spatial distribution and continent-wise proportions of total forest loss during 1985-2020.

The rate of global forest loss continued to accelerate during this period, with all
continents showing obviously increasing trends except for Oceania (Figure 3a). Specifi-
cally, Africa and Asia had the top-two rises in forest loss rates, with similar increases of
4.66 and 4.32 Mha/yr, respectively. The former only saw the most rapid increase across
continents after 2010, and the latter showed a continuous increase. The forest loss rate in
South America returned to an increasing trend after a brief decline during 2005-2010, while
in North America, it kept growing. As for specific ecological zones, tropical zones such as
moist deciduous forest and rainforest still dominated the growth in the global forest loss
area, and there were also obvious increases in other zones outside tropical areas such as
boreal coniferous forest and temperate continental forest (Figure 3b).
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Rates of forest loss (unit: Mha/yr)
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Figure 3. Rates of forest loss in different (a) continents and (b) ecological zones. Note: the dots in
Figure 3a represent study periods, from left to right, 1985-2000, 20002005, 2005-2010, 2010-2015,
and 2015-2020.

3.2. Patterns of Global Carbon Emissions during the Period 1985-2020
3.2.1. Spatial Distribution of Global Carbon Emissions

The total carbon emissions from global forest loss in 1985-2020 were 35.22 £ 9.38 PgC,
and their spatial distribution is illustrated in Figure 4. In general, the carbon emissions
notably occurred within three tropical rainforest regions: the Amazon Basin, Southeast
Asia, and the Congo Basin. Specifically, the regions with the highest emission densities
were located in the Malay Peninsula and Sumatra in Southeast Asia, and the famous
“arc of deforestation” of South America; the carbon emissions near the Congo Basin were
characterized by a widespread distribution. There were also huge areas of relatively low
emission intensity at high latitudes, such as in boreal countries like Russia and Canada.

A

N

Carbon Emissions in 0.05°%0.05° grid(unit:GgC)

90°

45°N

0°

45°S

60

I I I I I .
5 20 40 70 120 170 250 480
1 1 1 I 1 S
3 ° 120°W 60°W 0° 60°E 120°E <

Figure 4. Spatial patterns of total global carbon emissions from forest loss between 1985 and 2020.
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The distribution of the total carbon emissions along the latitude and longitude di-
rections was also assessed, and the results are shown in Figure 4. It can be seen that the
distribution of carbon emissions in the Western Hemisphere was concentrated between
50°W and 65°W, accounting for approximately 40% of the total emissions in this hemi-
sphere. Carbon emissions in the Eastern Hemisphere were higher near 30°E and 100°E. In
terms of latitude, emissions were clearly concentrated at low latitudes, mainly between
20°S and 15°N, accounting for about 50% of global emissions. There was also a small peak
of carbon emissions at high latitudes near 50°N in the Northern Hemisphere.

By counting carbon emissions on a continental scale, we found that South America,
Asia, and Africa were the dominant regions, accounting for about 76% of global emissions.
Specifically, South America ranked first, with 11.13 £ 3.81 PgC over the 35-year period.
This was followed by Asia (10.56 + 3.19 PgC), Africa (5.22 £ 1.41 PgC), and North America
(4.83 & 1.06 PgC). Europe and Oceania had much lower emissions, totaling 2.30 & 0.70 PgC
and 1.18 + 0.21 PgC, respectively.

We further analyzed the changes in the spatial distribution of carbon emissions from
forest loss, mainly in these three tropical rainforest regions (the Amazon Basin, Southeast
Asia, and the Congo Basin), considering their dominant roles in global carbon emissions.
The results showed that carbon emissions in the famous “arc of deforestation” have declined
notably, while an obvious increase has occurred in the adjacent northern areas; this indicates
that regions with the highest emissions in Brazil have gradually moved northward. In
addition, countries in the northern Amazon Basin, such as Colombia and Venezuela, also
experienced a great increase in carbon emissions (Figure 5a). Regions in Southeast Asia
have all seen rapid growth in carbon emissions, most notably in the southern island of
Sumatra, which has come to be the region with the largest emissions. There was also a
clear increase in carbon emissions in Kalimantan Island, the Philippines, and countries
in the Central South Peninsula (Figure 5b). In the Congo Basin, carbon emissions have
continued to be concentrated in the Democratic Republic of the Congo, Angola, Tanzania,
and Zambia, with all four countries showing a large growth in emissions. It is worth noting
that increasingly dramatic carbon emissions occurred in the northwestern and central
regions of the Democratic Republic of the Congo over the past 35 years (Figure 5c).

3.2.2. Temporal Trends in Global Carbon Emissions

Global carbon emissions have been accelerating over the past 35 years, more than
doubling from 0.69 + 0.21 PgC/yr in 1985-2000 to 1.77 £ 0.44 PgC/yr in 2015-2020
(Figure 6a). The loss of AGB dominated global carbon emissions throughout the whole
study period, accounting for 63.37% (22.32 & 6.93 PgC) of the total; BGB, SOC, dead wood,
and litter pools accounted for only 19.12% (6.73 + 1.99 PgC), 13.27% (4.67 PgC), 2.98%
(1.05 £ 0.35 PgC), and 1.26% (0.45 = 0.13 PgC), respectively (Figure 6a). Furthermore, when
merging these 21 ecological zones into 4 climate zones (tropical, subtropical, temperate, and
boreal; see Table A2), we concluded that the tropical zones dominated the global carbon
emissions, accounting for 64.79%; this was followed by the temperate, subtropical, and
boreal zones, with 13.97%, 11.26%, and 9.98%, respectively (Figure 6b). All of these also
experienced great increases in their carbon emissions: in the tropical and subtropical zones,
the emissions almost tripled, increasing from 402.54 & 132.95 to 1160.93 & 317.16 TgC/yr
and from 75.08 £ 16.81 to 205.88 £ 36.00 TgC/yr, respectively; in temperate zones, the
emissions showed stability from 1985 to 2005 but subsequently more than doubled, growing
from 110.35 & 31.76 TgC/yr to 238.63 & 69.01 TgC/yr; and in boreal zones, the emissions
declined between 1985 and 2005, after which they more than doubled, increasing from
97.75 £ 38.23 to 168.91 £ 68.11 TgC/yr.
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Figure 6. Rates of carbon emissions over time and global share in different (a) carbon pools and
(b) climate zones.

3.3. Contributions of Various Forest Conversion Types to Global Carbon Emissions

Figure 7 presents the amount and composition of carbon emissions within each eco-
logical zone in terms of different forest conversion types. We can observe that grassland
and cropland were the two most common land use types following forest loss, which
dominated the global carbon emissions and accounted for about 45.86% and 49.46% of the
total, respectively. Conversion of forest to the other types of land use occupied less than 5%
(Figure 7a). The spatial distribution of carbon emissions from different conversion types
was also clearly characterized. For example, the encroachment of cropland into forests
typically occurred in ecological zones with a higher carbon intensity, such as tropical rain-
forest and subtropical humid forests. This results in it contributing a larger share of global
carbon emissions compared to its share of the loss area (49.46% vs. 42.55%) (Figure 7a,b). In
contrast, in mountainous and boreal zones, such as tropical mountain systems and boreal
coniferous forests, carbon emissions caused by the replacement of forests by grassland
usually dominated the overall emissions (Figure 7b).

We further compared the proportions of carbon emissions for conversion to cropland
and grassland among countries. The results exhibited obvious regional characteristics. In
most Asian countries, such as Indonesia and India, forests were more often encroached on
by cropland than by grassland (Figure 8a); this was mainly due to the high land demand for
arable use and for agroforestry crops arising from population growth and the development
of plantation economies [62]. A similar situation also occurred in some European countries
such as France and Ukraine (Figure 8c), which are important regions for grain exports.
However, in Africa, the replacement of forests by grassland almost completely determined
the carbon emissions from forest loss (Figure 8d). This was a result of a widely used
method of acquiring arable land called “shift cultivation”, which usually involves burning
forests and woodlands to create clear land for agricultural purposes [21]. In North America,
the conversions of forests to cropland and grasslands were almost equally important in
the United States, but cropland accounted for a higher share in Mexico and Guatemala
(Figure 8b). A similar situation occurred in South America, where most countries, such as
Paraguay and Argentina, experienced more cropland expansion into forest than grassland;
while in Brazil, the two kinds of conversion contributed almost equally to carbon emissions
(Figure 8e). It is also worth noting that in regions where forest wildfires are frequent, the
replacement of forests by grassland usually dominated the carbon emissions; for example,
in Australia and Canada, the emissions induced by conversion to grassland were more
than twice as large as those produced by conversion to cropland (Figure 8b,f).
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3.4. Trends of Carbon Emissions in Mountainous Regions during 1985-2020

From 1985 to 2020, forest loss in mountainous regions worldwide resulted in total
carbon emissions of approximately 7.38 £ 2.04 PgC. This displayed a continuous accelerat-
ing trend, rising from 155.60 + 45.54 TgC/yr during 1985-2000 to 362.49 + 94.11 TgC/yr
during 2015-2020. We further investigated the amounts of forest loss and resulting car-
bon emissions at different altitudes in mountainous regions during 1985-2020. Figure 9a
shows that the forest loss at all altitudes in the mountainous regions experienced obvious
increases, which was more serious at higher altitudes. Specifically, forest loss occurring
at altitudes above 1000 m more than tripled. In some lower areas, such as altitudes below
200 m, forest loss also increased greatly, approximately doubling. For the resulting carbon
emissions, regions at low altitudes dominated the global total throughout the study period
(Figure 9a); and in the last five years, carbon emissions at high altitudes became more
noticeable globally (Figure 9b).
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Figure 9. (a) The increase in mountainous forest loss area from 2015 to 2020 compared to that from
1985 to 2000 in different altitude intervals (blue line and left y-axis) and the global share of carbon
emissions between 1985 and 2020 in different altitude intervals (red bar chart and right y-axis).
(b) Rates of carbon emissions at different altitude intervals in mountainous regions.

4. Discussion
4.1. Comparisons with Previous Estimations

Many studies have focused on the global carbon emissions that are induced by forest
loss, and their estimations vary widely due to differences in methodology, forest activity
data, and carbon density parameters, among other factors [63]. The three Bookkeeping
(BK) models adopted by the Global Carbon Project, namely, BLUE [64], H&N2017 [65],
and OSCAR [66], all supply estimations of global carbon emissions from forest loss in the
form of “legacy emissions,” which contain the contribution of carbon emissions due to
historical forest loss. Conversely, the result herein was provided in the form of “committed
emissions”, and it was lower compared to the average result of these three BK models
(1.23 £0.32 PgC/yr vs. 1.85 £ 0.32 PgC/yr) over the period of 2000-2020 (Table 2). More-
over, despite the increasing trend of forest loss during 2000-2020 that was observed by both
Hansen et al. [27] and our study, the BK models’ results did not show either an increasing
or even decreasing trend in the associated carbon emissions [5]. This is mainly due to the
fact that the BK models rely on the land cover dataset derived from Food and Agriculture
Organization statistics [15], which cannot accurately reflect the temporal dynamics of forest
loss and lack spatially explicit information about forests in which a high carbon density
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is found; meanwhile, this is not a problem for the GLC_FCS30D dataset, which has high
spatial and temporal resolutions.

Table 2. Carbon emissions from global forest loss under different methodologies (unit: PgC/yr).

Period Previous Studies This Study
2012-2021 Legacy 1.8 4 0.4 [67] 1.54 + 0.39
1.96 [64]
Legacy 1.41 [65]
2000-2020 2.17 [66] 1.23 +0.32
Committed 221 + 0.68 [28]
ommitte 1.7 *[53] 0.80 4 0.24 *

* These results only include carbon emissions from biomass pools.

We also compared our results with the most up-to-date national greenhouse gas in-
ventory (NGHGI) database [68], which was established by integrating annual greenhouse
gas inventories and a series of reports (e.g., national communications, biennial update
reports, nationally determined contributions, etc.). Due to a lack of information on carbon
emissions in several countries in this NGHGI database (e.g., China and India), the top-70
countries in terms of total carbon emissions during 2000-2020 were used for comparison,
which accounted for about 93% of global emissions. The results showed good consistency
between our estimates and the NGHGI database in most regions, including several domi-
nating countries such as Brazil and Indonesia, with an overall R? value of approximately
0.79 (Figure 10a). We further calculated the relative error in each country, which was de-
fined as the absolute difference between our estimates and the NGHGI, divided by the
NGHGI value. Figure 10b shows that the relative errors were mainly distributed around
0, especially for countries with high carbon emissions. There were also some countries
whose relative error was much larger, particularly in countries with lower carbon emissions.
This can be attributed to the accuracy of the products that were used in this study and the
NGHGI database.
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Figure 10. Comparison of results for major countries in terms of total emissions: (a) the scatterplot of
our estimates against the NGHGI database; (b) the histogram of relative errors (ratio of the absolute
difference between our estimates and NGHGI relative to NGHGI). Note: the purple bubbles represent
the carbon emissions of each country whose relative error fell into each bin of the histogram.

Some researchers have also applied remote sensing-based methods to estimate the
committed carbon emissions from forest loss. For example, Xu et al. [53] suggested that
global forest loss contributed a biomass carbon loss of 1.7 Pg per year during 2000-2019,
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which was mainly assessed by overlaying the annual global AGB maps at 10 km grid
cells and the GFCC products. Harris et al. [28] also estimated the global greenhouse gas
emissions induced by forest loss by combining GFCC maps, a global AGB product, and
parameters such as carbon removal factors from the IPCC Guidelines. However, both of
their conclusions are higher than ours (Table 2).

These discrepancies can be attributed to two reasons. First, the overestimation of forest
loss area has always existed in the GFCC dataset [69]. For example, oil palm plantations
in Malaysia and Indonesia have undergone substantial establishment and abandonment,
and even the net increase was up to about 13.46 Mha during 2000-2016 [70]; such agricul-
tural rotation activities are identified as forest loss in the GFCC dataset. Conversely, the
GLC_FCS30D dataset, which has a fine classification system, successfully distinguishes
these agricultural tree crops from forests [29]. Second, different carbon stock datasets
were applied in the estimation process. The 10 km gridded biomass products used by
Xu et al. [53] were too coarse to capture the spatial details of AGB compared to the fine-
spatial-resolution datasets that were used in our study, especially in heterogeneous regions.
Harris et al. [28] directly used the carbon removal factors recommended by the IPCC to
characterize the dynamics of biomass carbon pools, which introduced considerable un-
certainty into the final estimations. Furthermore, considering the limited accuracy at the
pixel scale for these existing coarse biomass products, direct overlaying of the biomass
data and forest loss maps can yield inaccurate results [71]. Therefore, we chose to estab-
lish the LUT of carbon density for different forest types at each 0.1° grid by co-locating
high-spatial-resolution biomass data with land cover maps.

4.2. Limitations and Uncertainties

In this study, we focused on the carbon emissions induced by global forest loss, while
there are also various carbon emissions from fire, agriculture, shipping, etc. For example,
carbon emissions due to fire ranged from 1.6 to 1.7 PgC/yr over the period of 2013-2022 [5];
international aviation and shipping collectively accounted for 17.16 TgC/yr in global
carbon emissions during 1985-2020 [72]; and shift cultivation—an agricultural activity
that is prevalent in the tropical regions—led to 0.8 PgC/yr of carbon emissions over the
period of 2013-2022 [5]. These sources are closely linked to forest loss, which is evident in
phenomena like the frequent encroachment of agricultural expansion into forests [62] and
the accelerating forest wildfires [73]. Therefore, it is worthwhile to clarify their relationships
and combined impacts on carbon emissions in our future studies.

Concerning the uncertainties in our study, we derived the global forest conversion
area through overlaying land cover maps across multiple periods and constructing the
land cover transfer matrices [2,10,11,60,74]. This practice is susceptible to classification
errors in land cover maps from different periods, which can lead to inaccurate estimation
of the forest conversion area. However, quantifying the uncertainty of forest conversion
areas derived from a land cover dataset and obtaining an unbiased estimation is always
difficult and challenging, especially on a global scale and at fine spatial resolutions such as
30 m. For example, Olofsson et al. [75] proposed a method that combines land cover maps
and validation samples to provide an unbiased estimation of the land cover change area,
while there is currently a lack of publicly available global validation datasets at such a high
spatial resolution. Thus, in the future, it will be worth designing and constructing a set of
validation samples for testing the accuracy of the forest cover change [76], so as to achieve
an unbiased estimation of the global forest conversion area and reduce its impact on the
uncertainty of carbon emissions.

Furthermore, constrained by the current lack of time series data on SOC at the global
scale, and the absence of an uncertainty layer in the SOC data used for this research, we did
not incorporate the uncertainty of SOC emissions in the final results. Meanwhile, consider-
ing that SOC emissions constitute less than 14% of the total carbon emissions, this omission
has little impact on our conclusions. In addition, given that the annual changes in the
global forest carbon stocks are negligible relative to their total [53], we ignored the temporal
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variation in forest biomass in each 0.1° grid due to its limited interference with the final
results. And with the development of new high-spatial-resolution satellite missions such
as BIOMASS, numerous repeated measurements will enhance our understanding of the
temporal trends in forest biomass and significantly contribute to reducing their uncertainty.

4.3. Implications for Slowing Global Carbon Emissions from Forest Loss

The results of this study show that carbon emissions in tropical zones have not declined
as expected, and they still dominate the global carbon emissions from forest loss due to
increasing forest loss and a high carbon density. Past efforts to reduce forest loss in tropical
zones have not been maintained, and there is still a need for sustained attention and
regular monitoring and assessment in the future. Moreover, in mountainous regions,
where ecosystems are often more fragile than in the plains, our results indicate that the
carbon emissions from forest loss have also experienced a doubling acceleration, and the
emissions at high altitudes have become more obvious than before. Considering forests’
important role in mountainous ecosystems, large forest loss will result in the destruction of
ecosystem barriers and cause habitat fragmentation for many plants and animals, posing
a threat to biodiversity. It will also cause soil erosion, alter the local climate, and finally,
increase the likelihood of forest biomass being destroyed [77]. Therefore, forest conservation
measures should be urgently implemented throughout all mountainous regions, especially
at high altitudes.

5. Conclusions

This study quantified the global carbon emissions from forest loss during 1985-2020
based on the method that is recommended by the IPCC Guidelines. This was achieved by
improving the estimation of the forest loss area based on a novel fine-resolution global land
cover product and enhancing the information about the densities of different carbon pools
using multi-sourced carbon stock maps. Over these 35 years, we observed a continuous
acceleration of global forest loss, about 582.17 Mha in total, which led to total committed
carbon emissions of about 35.22 £ 9.38 PgC. The tropical zones dominated the global carbon
emissions (~2/3) due to their higher carbon density and greater forest loss. Moreover,
global emissions have also experienced a doubling growth, rising from 0.69 £ 0.21 PgC/yr
in 1985-2000 to 1.77 = 0.44 PgC/yr in 2015-2020. As the top-two land use types following
forest loss, grassland and cropland accounted for about 45.86% and 49.46% of the total
emissions, respectively, and cropland usually invaded forests of higher carbon densities.
Furthermore, the loss of mountainous forest has also increased rapidly, particularly in
areas above 1000 m in altitude, where forest loss has more than tripled, and the resulting
carbon emissions are more pronounced than before. This new estimation of global carbon
emissions suggests that more efforts are needed to reduce forest loss, especially in tropical
rainforests and mountainous regions.
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Appendix A

Table A1. Relationship between land cover types in the GLC_FCS30D and IPCC categories and the
percentage of SOC emissions for different conversion types.

Fine-Resolution Classification System Land Cover Code  IPCC Category PerceEnt;'ige? of SOC
missions
Rainfed cropland 10
Herbaceous cover 11
Tree or shrub cover (Orchard) 12 Cropland 20%
Irrigated cropland 20
Open evergreen broad-leaved forest 51
Closed evergreen broad-leaved forest 52
Open deciduous broad-leaved forest (0.15 < fc < 0.4) 61
Closed deciduous broad-leaved forest (fc > 0.4) 62
Open evergreen needle-leaved forest (0.15 < fc < 0.4) 71 o
Closed evergreen needle-leaved forest (fc > 0.4) 72 Forest land 0%
Open deciduous needle-leaved forest (0.15 < fc < 0.4) 81
Closed deciduous needle-leaved forest (fc > 0.4) 82
Open mixed leaf forest (broad-leaved and needle-leaved) 91
Closed mixed leaf forest (broad-leaved and needle-leaved) 92
Shrubland 120
Evergreen shrubland 121
Deciduous shrubland 122
Grassland 130
Lichens and mosses 140 Grassland 11%
Sparse vegetation (fc < 0.15) 150
Sparse shrubland (fc < 0.15) 152
Sparse herbaceous (fc < 0.15) 153
Swamp 181
Marsh 182
Flooded flat 183
Saline 184 Wetlands 5%
Mangrove 185
Salt marsh 186
Tidal flat 187
Impervious surfaces 190 Settlements 20%
Bare areas 200
Consolidated bare areas 201
Unconsolidated bare areas 202 Other land 5%
Permanent ice and snow 220

Water body 210
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Table A2. The 21 FAO ecological zones and their climate types and the relationships between dead
wood and litter carbon stock and AGB carbon stock in each ecological zone.

Code Name Climate Zone Ratio of Dead Wood to AGB Ratio of Litter to AGB
1 Polar 8% 4%
2 Boreal tundra woodland 8% 4%
3 Boreal coniferous forest Boreal 8% 4%
4 Boreal mountain system 8% 4%
5 Water - -
6 Temperate oceanic forest 8% 4%
7 Temperate mountain system 8% 4%
8 Temperate continental forest Temperate 8% 4%
9 Temperate steppe 8% 4%

10 Temperate desert 8% 4%
11 Subtropical dry forest 2% 4%
12 Subtropical mountain system 7% 1%
13 Subtropical humid forest Subtropical 1% 1%
14 Subtropical steppe 2% 4%
15 Subtropical desert 2% 4%
16 Tropical desert 2% 4%
17 Tropical moist deciduous forest 1% 1%
18 Tropical shrubland Tropical 2% 4%
19 Tropical dry forest 2% 4%
20 Tropical mountain system 7% 1%
21 Tropical rainforest 6% 1%
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