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The enduring world forest carbon sink

Yude Pan1 ✉, Richard A. Birdsey2, Oliver L. Phillips3, Richard A. Houghton2, Jingyun Fang4, 
Pekka E. Kauppi5,6, Heather Keith7, Werner A. Kurz8, Akihiko Ito9, Simon L. Lewis3,10, 
Gert-Jan Nabuurs11,12, Anatoly Shvidenko13, Shoji Hashimoto9,14, Bas Lerink11, 
Dmitry Schepaschenko13, Andrea Castanho2 & Daniel Murdiyarso15,16

The uptake of carbon dioxide (CO2) by terrestrial ecosystems is critical for moderating 
climate change1. To provide a ground-based long-term assessment of the contribution 
of forests to terrestrial CO2 uptake, we synthesized in situ forest data from boreal, 
temperate and tropical biomes spanning three decades. We found that the carbon 
sink in global forests was steady, at 3.6 ± 0.4 Pg C yr−1 in the 1990s and 2000s, and 
3.5 ± 0.4 Pg C yr−1 in the 2010s. Despite this global stability, our analysis revealed some 
major biome-level changes. Carbon sinks have increased in temperate (+30 ± 5%)  
and tropical regrowth (+29 ± 8%) forests owing to increases in forest area, but they 
decreased in boreal (−36 ± 6%) and tropical intact (−31 ± 7%) forests, as a result of 
intensified disturbances and losses in intact forest area, respectively. Mass-balance 
studies indicate that the global land carbon sink has increased2, implying an increase 
in the non-forest-land carbon sink. The global forest sink is equivalent to almost half 
of fossil-fuel emissions (7.8 ± 0.4 Pg C yr−1 in 1990–2019). However, two-thirds of the 
benefit from the sink has been negated by tropical deforestation (2.2 ± 0.5 Pg C yr−1  
in 1990–2019). Although the global forest sink has endured undiminished for  
three decades, despite regional variations, it could be weakened by ageing forests, 
continuing deforestation and further intensification of disturbance regimes1. To 
protect the carbon sink, land management policies are needed to limit deforestation, 
promote forest restoration and improve timber-harvesting practices1,3.

Atmospheric CO2 concentration surpassed 420 ppm in 2023 (ref. 4) and 
climate change is approaching potential tipping points that portend 
considerable future impacts1 unless urgent action is taken5,6. Humanity 
has converged on the goal of achieving net zero greenhouse-gas emis-
sions by 2050 (ref. 7). One of the most challenging elements is the need 
for large-scale ‘negative emissions’ of up to 6 Pg C yr−1 to compensate 
for the inability to eliminate all emissions from fossil fuels8. The land 
sector has the capacity to sequester and store more carbon because 
historically it has lost 180 Pg of stored carbon through changes in land 
use, and this former carbon reservoir can be restored to some extent5,9,10. 
Because forests are the dominant component of the land carbon sink11, 
we need to know how much atmospheric carbon the world’s forests 
have been sequestering, where it is stored and whether recent trends 
are consistent with the desired strengthening of Earth’s land sink.

Advances in remote sensing, modelling and computation can map 
and model Earth’s land sinks at high temporal and spatial resolution, 
but they have difficulty in generating long-term baselines and may 
diverge substantially in some regions and timeframes12. By contrast, the 
extensive ground-based and historical information from forest inven-
tories and ecological studies enables the analysis of forest dynamics 
(growth, harvest and mortality) by region or country, because they are 

all ultimately based on tree-by-tree measurement of size, species and 
biomass. Whether regional13 or global11

, these data provide a unique 
perspective on Earth’s forests and how they are changing, and are highly 
complementary to top-down or model-driven approaches. The length, 
quantity and consistency of such records now enable a three-decade 
perspective on Earth’s global and regional forest carbon balance and 
fluxes to span the entire period of land-use change, shifting forest 
dynamics and accelerating climate change since the first assessment 
report of the Intergovernmental Panel on Climate Change (IPCC) in 
1990 (ref. 14).

We analysed three decades of ground-based measurements by the 
global forest community (Supplementary Table 1), combined with for-
est area estimates based on remote sensing in national forest invento-
ries and other types of land survey, to evaluate the recent magnitude, 
trend, impact factors and locations of the global forest carbon sink. We 
constructed a global record of forest inventory measurements from 
1990 to 2019, supplemented with high-quality data from long-term 
ecosystem-monitoring sites. Our estimates of the forest land carbon sink 
are largely independent of other approaches, including atmospheric 
CO2 observations and inverse models15, dynamic global vegetation  
models (DGVMs)16 and mass-balance assessments2. The uncertainty 
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of our estimated global forest carbon sink is around 0.4 Pg C yr−1, 
whereas other estimated terrestrial sinks2 have uncertainties in the 
range 0.5–1.8 Pg C yr−1. We call for investment in specific research 
and monitoring priorities to reduce uncertainties in forest carbon  
assessments.

Global forest areas, carbon stocks and sinks
The world’s forest area declined by 5% from 1990 to 2020, from 
4,022 Mha to 3,812 Mha (−210 Mha) (Extended Data Table 1). This 
net decline in forest land is driven by losses in the tropics (−273 Mha, 
−13%). By contrast, temperate-forest area increased (+52 Mha, +7%) and 
boreal-forest area was stable (+12 Mha, +1%). In the tropics, 467 Mha 
(26%) of intact forest was lost but the area of regrowth forests expanded 
(+194 Mha, +56%).

The carbon stock in the world’s forests in 2020 was 870 ± 61 Pg C 
(Extended Data Table 2). In boreal, temperate and tropical regrowth 
forests, stocks increased by 74 Pg C over three decades. Meanwhile, 
deforestation reduced intact tropical-forest carbon stocks by 149 Pg, 
but remaining intact tropical forests sequestered 32 Pg C to make up 
some of the losses (Extended Data Fig. 1). Most of the 2020 global forest 
carbon stock is in live biomass (43%) and soils (45%), with smaller pro-
portions in dead wood (8%) and litter (4%). The fraction of total carbon 
in living biomass increases towards the Equator, but the proportion 
in soils shows the opposite pattern: boreal forests stored 20% of their 
carbon in living biomass and 64% in soils; temperate forests stored 38% 
in living biomass and 54% in soils; and tropical forests stored 57% in 
living biomass and 32% in soils. Total carbon stocks were highest in the 
tropics, lowest in temperate forest and intermediate in boreal forests.

The carbon density (Mg C ha−1) increased from 1990 to 2020 in each 
biome (Extended Data Fig. 2c). This indicates that global forests overall 
continued to gain carbon nearly everywhere, which is consistent with 
rising CO2 concentrations increasing photosynthetic rates globally17,18. 
Other factors, such as warmer temperatures and increased nitrogen 
deposition, may also enhance forest carbon densities regionally (Sup-
plementary Table 2). Nevertheless, the average global forest carbon 
density barely changed. This apparent paradox is due to the loss of 
high-density intact tropical forests and their partial replacement by 
much lower-carbon-density regrowth forests, resulting in the average 
global forest carbon density remaining almost constant despite density 
increases in each category (Supplementary Table 3).

The carbon sink in Earth’s forests was estimated to be 3.59 ± 0.34, 
3.57 ± 0.36 and 3.53 ± 0.41 Pg C yr−1 for the 1990s, 2000s and 2010s 
(Table 1), which is statistically stable over the decades (Supplemen-
tary Fig. 1). These stable global totals mask large biome-scale changes: 
an increased sink in temperate (+30%) and tropical regrowth forests 
(+29%) but a decline in boreal (−36%) and tropical intact (−31%) for-
est sinks. Furthermore, the carbon sink in global established forests 
(excluding tropical regrowth forests) declined by 19% from 2.32 ± 0.21 
to 1.89 ± 0.24 Pg C yr−1 over 30 years (Table 1). After accounting for 
carbon emissions from tropical deforestation, the net carbon sink 
(see the definition in Box 1) in Earth’s forests was still positive, being 
0.93 ± 0.63, 1.66 ± 0.56 and 1.39 ± 0.69 Pg C yr−1 in the 1990s, 2000s and 
2010s, respectively (Table 1).

Forest carbon sinks by region, biome and pool
Boreal forests
The boreal carbon sink declined from 508 ± 63 Tg C year−1 to 324 ± 41 
Tg C yr−1 from the 1990s to the 2010s (Extended Data Table 3) and was 
strongly affected by Asian Russian forests, which account for 57% of 
the boreal forest area (Extended Data Table 1). The carbon sink in Asian 
Russian forests declined by 42% over the three decades, with the great-
est reduction occurring in the late 2010s, primarily resulting from an 
increased severity of wildfires, insect outbreaks and increased logging, 
both legal and illegal19 (Fig. 1). Notably, living biomass contributed a 
large carbon sink in the 1990s (145 Tg C yr−1) but switched to being a 
source in the 2010s (−20 Tg C yr−1); meanwhile the dead-wood sink 
increased20 by 44%. Alaska Interior managed forests were a small carbon 
sink in the 1990s but reduced by 76% in the 2010s, probably because 
of soil warming and increasing wildfires21. Canadian managed forests 
were approximately carbon neutral in the 1990s and small sources in 
the 2000s and 2010s (Extended Data Table 3). The much greater source 
from living biomass in the 2000s (−55 Tg C yr−1) was caused by increased 
outbreaks of insects and wildfires22. In the 2010s, living biomass, dead 
wood and litter pools all became carbon sources and the soil sink was 
reduced by 35%, reflecting increased impacts of disturbances, warm-
ing and droughts22.

Unlike Canadian managed forests, which have become drier,  
European Russia and European boreal forests have become wetter 
over the past half-century23. The boreal forests of European Russia had 
a relatively stable multi-decadal carbon sink, with a slight increase in 

Table 1 | Global forest carbon sinks and sources (Pg C yr−1) over three decades from 1990 to 2019

Carbon sink and source in biomes 1990–1999 2000–2009 2010–2019 Mean 1990–2019 Total 1990–2019

Boreal forest 0.51 ± 0.06 0.49 ± 0.05 0.32 ± 0.04 0.44 ± 0.05 13.18 ± 0.29

Temperate forest 0.53 ± 0.04 0.59 ± 0.04 0.68 ± 0.05 0.60 ± 0.04 18.02 ± 0.24

Tropical intact forest 1.28 ± 0.20 1.03 ± 0.19 0.88 ± 0.24 1.07 ± 0.21 31.95 ± 1.15

Tropical regrowth forest 1.27 ± 0.26 1.46 ± 0.29 1.64 ± 0.33 1.46 ± 0.30 43.72 ± 1.62

Global forest gross carbon sink 3.59 ± 0.34 3.57 ± 0.36 3.53 ± 0.41 3.56 ± 0.37 106.88 ± 2.02

Global established forests (excluding tropical regrowth) 2.32 ± 0.21 2.11 ± 0.20 1.89 ± 0.24 2.11 ± 0.22 63.15 ± 1.21

Tropical intact forest 1.28 ± 0.20 1.03 ± 0.19 0.88 ± 0.24 1.07 ± 0.21 31.95 ± 1.15

Tropical regrowth forest 1.27 ± 0.26 1.46 ± 0.29 1.64 ± 0.33 1.46 ± 0.30 43.72 ± 1.62

All tropical forests 2.56 ± 0.33 2.49 ± 0.35 2.52 ± 0.41 2.52 ± 0.36 75.68 ± 1.99

Tropical deforestation gross emissions −2.66 ± 0.53 −1.91 ± 0.43 −2.13 ± 0.56 −2.24 ± 0.51 −67.05 ± 2.79

Global forest net carbon sink 0.93 ± 0.63 1.66 ± 0.56 1.39 ± 0.69 1.33 ± 0.63 39.83 ± 3.45

Equations for global forest carbon flux (F):

FGlobalForestGrossSink = FBoreal + FTemperate + FTropicalIntact + FTropicalRegrowth

FEstablishedForests = FBoreal + FTemperate + FTropicalIntact

FAllTropicalForests = FTropicalIntact + FTropicalRegrowth

FGlobalForestNetSink = FGlobalForestGrossSink + FTropicalDeforestationGrossEmissions

The definitions of forest biomes and carbon fluxes and equations refer to Box 1.
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the 2000s when agricultural lands that were abandoned in the 1990s 
returned to forest24, followed by a slight decrease in the 2010s, which 
was probably the result of increased harvesting and disturbances. How-
ever, our estimates show that the soil carbon sink decreased by 31% in 
the 2010s compared with the 2000s, possibly because of soil warming25. 
European boreal forests showed an increasing carbon sink over time, 
resulting from improved management and growth enhancements 
caused by CO2 fertilization and longer growing seasons26. The latest 
forest inventory updates from Finland27 and Sweden28 indicate a recent 
sink downturn, responding to a combination of drought, changes in 
stand age structure, reduced roundwood imports and intensive har-
vests (Supplementary Information).

Temperate forests
The carbon sink in temperate forests was 526 ± 37 Tg C yr−1 in the 1990s, 
increasing to 685 ± 50 Tg C yr−1 in the 2010s (Extended Data Table 3). The 
main driver was the increase in China’s forest area under national-scale 
afforestation and reforestation programmes during the late 1980s and 
early 1990s, when those new forests reached their highly productive 
stages in the 2000s and 2010s, increasing the sink by 86 Tg C yr−1 each 
decade29.

The carbon sink in US forests decreased by 10% in the 2000s com-
pared with the 1990s and remained at that level in the 2010s (Fig. 1). 
In the 2000s, US forests experienced increased natural disturbances 
and summer droughts30. Although the US forest carbon sink did not 
recover fully in the 2010s, the rate of decline was reduced. The carbon 
sink in European temperate forests declined by 12% from the 2000s to 
the 2010s (Extended Data Table 3), probably because large forest areas 
planted in the 1950s approached carbon saturation as they matured31. 
More recently, Central European forests suffered increasing damage 
from bark beetles, triggered by several years of droughts32, which could 
lead to forests becoming carbon sources at the national level, although 
droughts alone did not seem to reduce growth33.

In Japan, the carbon sink in living biomass decreased considerably in 
the 2010s, perhaps because of the ageing forests planted in the 1960s34 
(Extended Data Table 3). Australian forests were carbon sources in the 
1990s and 2000s and became merely neutral in the 2010s (Extended 
Data Table 3). This carbon source was due to extensive deforestation for 
agriculture, which declined in the recent decade because of legislative 

restrictions on clearing. Carbon was also lost from the harvesting of 
native, high-carbon-density forests, which were replaced by younger 
lower-carbon-density regrowth forests. Intensified droughts and wild-
fires in the 2000s and 2010s also contributed to increased net annual 
emissions.

Tropical intact forests
The carbon sink in tropical intact forests declined from 1,284 ±  
202 Tg C yr−1 in the 1990s to 881 ± 235 Tg C yr−1 in the 2010s (Extended 
Data Table 3), caused mainly by deforestation that reduced the remain-
ing intact forest area by 26%. The greatest losses proportionally 
occurred in Southeast Asia, with 53% loss of intact forests (101 Mha) 
in the past 30 years, largely because of the expansion of oil-palm  
plantations35. The greatest losses by area were in South America 
(187 Mha, 22%) and Africa (175 Mha, 29%) (Extended Data Table 1). The 
carbon contained in deforested lands (149 Pg C) had different fates: 
about 45% was rapidly emitted to the atmosphere, 17% was lost to  
processing harvested timber and the use of short-lived wood products 
such as paper, 2% was stored in long-lived wood products, such as con-
struction materials, and the remaining 36% continued to be stored on 
the land in the new land-use types, such as ranch-land soils (Extended 
Data Fig. 1).

Tropical intact-forest carbon sinks declined in Southeast Asia, Africa 
and South America by 25%, 17% and 42%, respectively (Extended Data 
Table 3). South America experienced the largest reduction because it 
lost most intact forest area and because Amazon droughts contrib-
uted to increased tree mortality and slowing of tree growth rates36–38. 
Consequently, the 2010s sink in South American intact forests was 
less than two-thirds of that in the 1990s (Fig. 1). The smallest decline 
in the forest carbon sink was in Africa, reflecting similar proportional 
losses of forest area but less impact of drought and warming on forest 
processes37. The decreased carbon sink in Southeast Asian forests was 
mainly driven by forest land losses.

Tropical regrowth forests
The carbon sink in tropical regrowth forests increased from 
1,273 ± 260 Tg C yr−1 in the 1990s to 1,640 ± 333 Tg C yr−1 in the 2010s. 
Despite occupying just 20% of the area of intact forest in the 1990s, 
these forests had a similar carbon sink (Extended Data Table 3) because 

Box 1

Definitions of forest lands, features and fluxes
Forest: the definition of forest varies slightly from country 
to country, but it generally follows the Food and Agriculture 
Organization of the United Nations (FAO) Global Forest Resources 
Assessment definition (see Supplementary Information). Our forest 
definition does not wholly conform to the “managed – unmanaged 
lands” distinction that is compulsory in reporting to the United 
Nations Framework Convention on Climate Change and used in 
global integrated assessment models because we cover a large 
portion of unmanaged forests.
Forest land remaining forest land: forests that do not undergo 
land-use change during the reporting period, including forests that 
are harvested and regenerate back to forest.
Afforestation: land that has changed from non-forest to forest.
Deforestation: land that has changed from forest to non-forest.
Boreal and temperate forests: forest land remaining forest 
land plus new forests (afforested land), including primary 
forests, secondary forests that have regrown back, either from 
harvesting historically or more recently, harvested forests that 

have temporarily lost tree cover, and land afforested from other 
non-forest land uses.
Tropical intact forest: tropical forest areas that have not been 
strongly modified structurally by human activities. Tropical intact 
forests include primary forests, as well as slightly modified forests to 
a maximum modification from low-intensity selective logging, and 
some long-established secondary forests.
Established forest: existing forests, including boreal, temperate 
and tropical intact forests.
Tropical regrowth forest: tropical forest regrowing on abandoned 
land that has previously been deforested or logged and used for 
agriculture or other non-forest land-use types. Although tropical 
regrowth and intact forests belong to the same biome, they have 
different characteristics of carbon dynamics. We therefore separate 
them into two types of forest.
Gross carbon sink: total carbon sequestered by forest (or land).
Net carbon sink: carbon gross sink minus carbon emissions from 
forest deforestation and degradation (or from land-use changes).
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their carbon-sequestration rates were about five times higher, reflect-
ing the early successional biomass accumulation phase of tropical 
forests. The regrowth carbon sink increased greatly in the 2000s 
and 2010s with expanded areas (Extended Data Table 1). Overall, the 
increasing tropical regrowth-forest carbon sink balanced the declin-
ing sink in intact forests across 1990 to 2020, resulting in a nearly 
constant tropical-forest carbon sink of around 2.5 ± 0.4 Pg C yr−1  
for three decades (Table 1). Although the carbon sinks in tropical 
intact and regrowth forests were large, high emissions resulting from  
deforestation and degradation counteracted nearly all of these 
remarkable sinks, making tropical forest lands almost carbon neutral 
(Extended Data Fig. 3), with a small net sink or source of between −0.1 and  
0.6 Pg C yr−1, fluctuating with deforestation intensities in different 
decades (Table 1).

Necromass and harvested-wood products
We include estimates of carbon stock and sink in different compo-
nents of forest necromass (non-living organic matter in standing and 
lying dead wood, litter and soils) to enable reporting of complete 
forest-ecosystem carbon budgets, even though estimation of these 
pools has greater uncertainty. Necromass accounted for an aver-
age of 58% of total forest carbon stocks (514 ± 52 Pg C), with propor-
tions smallest in tropical forests (45%, 226 ± 42 Pg C), intermediate 
in temperate forests (64%, 80 ± 9 Pg C) and greatest in boreal forests 
(80%, 207 ± 10 Pg C) (Extended Data Table 2). The fraction of the car-
bon sink in necromass was 30% (781 ± 154 Tg C yr−1) of that in living 
biomass globally, but varied greatly among biomes, averaging 184% 
(266 ± 48 Tg C yr−1) in boreal forests but just 26% and 20% in temperate 
(109 ± 16 Tg C yr−1) and tropical (406 ± 105 Tg C year−1) forests, respec-
tively (Extended Data Table 3).

Harvested-wood products (HWPs) are defined as a carbon sink, 
related to the amount of timber harvested and the portion that remains 
in use or in solid waste-disposal sites. Globally, only about 10% of the 
carbon in harvested timber is counted as HWP39 because about half of 

the wood is used for fuel and much of the rest is lost during processing 
into wood products, followed by losses when the products are discarded 
and decomposed3. The average half-life of pulp and paper products is 
only two years, whereas for sawn-wood products it is 35 years39. The 
annual HWP increased by 10% over three decades to 0.21 Pg C yr−1 in 
the 2010s, implying that more wood was harvested from forests. On 
average, HWP contributes only 6% of the global carbon sink (7%, 13% and 
4% in boreal, temperate and tropical forests, respectively) (Extended 
Data Table 3), although this estimate does not fully account for the 
effects of illegal logging on wood-harvesting fluxes.

Status of the global forest carbon sink
Our estimates show a large, long-term persistent sink of 3.56 ± 0.37 Pg 
C yr−1 in global forests since at least 1990, with a statistically insignificant 
change, based on Monte Carlo simulations and Cohen’s d (Supplemen-
tary Fig. 1). Although stable overall, the contribution to this carbon sink 
of different forest biomes has fluctuated greatly over time. In the tropics 
there has been a shift from equal contributions of intact and regrowth 
tropical forests in the 1990s to 65% of the sink being in regrowth forests 
in the 2010s, as the intact sink declined and the regrowth sink increased 
(Table 1). Boreal and temperate forests contributed similar carbon 
sinks in the 1990s, but by the 2010s the boreal sink had decreased to 
less than half of the temperate sink (Table 1).

Carbon stock densities (Mg C ha−1) in all forest biomes in all climate 
zones steadily increased (Extended Data Fig. 2c), indicating that forest 
ecosystems across the planet continuously sequestered carbon, imply-
ing that a universal growth factor, or several factors, was enhancing 
forest sinks on continental scales. A suite of multidisciplinary evidence 
indicates that the global carbon-sink persistence and carbon-density 
increases were in part the result of CO2 fertilization contributing to 
substantially increased photosynthesis17,18, as well as to longer grow-
ing seasons in temperate and boreal regions26. These factors may have 
outweighed the negative effects on forest carbon from global heating, 

1990–99

2000–09

2010–19

Established forest Boreal

Asian Russia

European Russia

Canada

Alaska interior

North Europe

Temperate

Continential United States 

Europe

China

Japan and Korea

Australia

New Zealand

Other temperate

Tropical

South Asia

Southeast Asia

Africa

Mexico and Central America

South America

Other

No data/other countries

0.205
0.184
0.182

0.023
0.025
0.035

0.194
0.183
0.182

0.129
0.139
0.131

0.345
0.335
0.199

0.079
0.164
0.251

0.056
0.064
0.050

0.118
0.098
0.089

0.013
0.010
0.011

0.236
0.314
0.365

0.097
0.026
0.043

0.022
0.006
0.006

0.476
0.451
0.398

0.439
0.516
0.561

0.561
0.427
0.325

0.032
0.029
0.027

0.178
0.171
0.170

0.398
0.453
0.538

0.005
0.001
0.001

0.000
–0.020
–0.048

–0.020
–0.014
0.003

Tropical regrowth
1990–99

2000–09

2010–19

Fig. 1 | Carbon sinks and sources in the world’s forests through the decades. 
Green bars represent established forests (boreal, temperate and tropical intact 
forests) and brown bars represent tropical regrowth forests. All values are in  
Pg C yr−1. Positive values (with downward bars) indicate carbon sinks and 
negative values (upward bars) show carbon sources. Detailed uncertainties  

of sinks and sources are shown in Extended Data Table 3. We grouped a few 
regions and countries together so there are fewer categories to prevent the 
graphic getting too cluttered. These include: Europe (Europe temperate and 
other Europe); Japan and Korea; South Asia (India and other South Asia); and 
Mexico and Central America (Extended Data Table 3).
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changing rainfall patterns and changes in the frequency and severity 
of natural disturbances in the remaining forests1,5.

Regional vulnerability of carbon sinks
The carbon sink in Earth’s forests is vulnerable to deforestation, degra-
dation and disturbances triggered or intensified by climate change. In 
intact tropical forests, the foremost threats remain ongoing deforesta-
tion and degradation, which are the primary causes of the declining 
carbon sink (Extended Data Fig. 1). More-intense and frequent droughts 
have also killed millions of trees, contributing to a weaker carbon sink 
in the Amazon37,40. Given that the combined sink in intact and regrowth 
forest is stable, the sign of the net sink for tropical forests as a whole is 
determined largely by the rate of deforestation emissions. Only reduc-
ing deforestation and degradation will keep stored carbon out of the 
atmosphere, and by protecting tropical forests we also protect their 
biodiversity and sink capacity in the future.

Boreal forests have experienced major impacts from climate change, 
including greater increases in temperature and variability than in the 
other regions41. Climate change has disrupted the carbon dynamics 
in vegetation and soils, and has exacerbated disturbances caused by 
wildfires, insect outbreaks and droughts. The high carbon stock and 
sink in boreal forest necromass are threatened by increased decom-
position rates and wildfires resulting from dry conditions42. These 
impacts made Canadian forests a carbon source22, and Asian Russian 

forests lost 42% of their sink strength over three decades, particularly 
in the late 2010s25. Future threats for boreal-forest carbon dynamics 
also include the northward shifting of bioclimatic zones that directly 
causes thawing of permafrost, triggering megafires such as one in 
2020–22, increased risk of large-scale pest outbreaks, and increased 
rates of legal and illegal logging, all of which result in the release of 
methane and CO2 (Supplementary Information).

Temperate forests include Earth’s most intensively managed forest 
ecosystems. The increased carbon sink resulted mainly from past tree 
planting in China29. Temperate forests that recovered on abandoned 
agricultural lands or heavily harvested forests in the early-to-mid twen-
tieth century are now approaching the age at which growth rates begin 
to decline, although growth trajectories and successional dynamics 
differ in the temperate forest biome31,34,43. Climate change has caused 
increases in the frequency and intensity of natural disturbances, trig-
gering intensified outbreaks of bark beetles after droughts in some 
European forests32. Furthermore, increasing temperate-zone tree har-
vests over the three decades (+17%) caused loss of stocks.

Although asynchronous regional dynamics ensured that the aggre-
gate carbon sink in Earth’s forests was almost constant, our analysis 
shows how biome- and continental-scale forest carbon sinks were sus-
ceptible to multiple environmental changes and timber harvesting. 
All these factors impact growth, mortality and stocks, and therefore 
future changes will affect the persistence and strength of the global 
forest carbon sink. With several strong positive and negative drivers 
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(Supplementary Table 4), each likely to develop differently among 
biomes and regions, the global forest carbon sink has an uncertain future.  
We therefore recommend carefully monitoring its future evolution.

Land sinks and the global carbon budget
Our estimates for forests can be placed in the context of terrestrial 
carbon sinks and sources estimated from the global carbon budget 
(GCB)2 (Fig. 2). Both the mass balance of the GCB and the mean of  
17 DGVM results estimated that the land gross carbon sink grew44, mean-
ing that the contribution of Earth’s total forest carbon sink (around 
3.6 Pg C yr−1) to the land gross sink has declined relatively from 75% in the 
1990s to 65% in the 2010s (Extended Data Table 4). This also indicates 
that non-forest lands have been progressively removing more carbon 
from the atmosphere (Fig. 2). Our results showing relatively stable 
global forest gross sinks contrast with most carbon model estimates, 
which show that carbon uptake is increasing in most forest biomes44. 
This means that the modelled future terrestrial carbon uptake by forests 
may be overestimated.

By contrast, over the three decades, the global forest net sink (1.3 Pg 
C yr−1) amounted to 91% of the land net sink (1.4 Pg C yr−1) (Fig. 2). The 
forest net sink we estimated is therefore similar to the land net sink 
independently estimated using DGVMs of 0.9, 1.2 and 1.5 Pg C yr−1 for 
the 1990s, 2000s and 2010s, respectively, and is broadly comparable 
with inverse model estimates and other methods44. Finally, although the 
magnitude of the global forest net sink is only 17% of that of fossil-fuel 
emissions, the forest gross carbon sink was of course much greater. 
The total three-decadal sink of 106.9 Pg C is equivalent to around 46% 
of fossil-fuel emissions. Even for the 2010s alone, the global forest 
carbon gain would have amounted to 37% of contemporary fossil–fuel 
emissions if deforestation had ceased (Extended Data Table 4).

Uncertainties and research priorities
Uncertainty of carbon stock-change estimates (that is, carbon sink 
or source) varied by biome, with the largest uncertainties in tropical 
(±27%) and boreal (±13%) biomes, and the smallest in temperate biomes 
(±7%) (Extended Data Table 3). Countries with well-established national 
forest inventories based on statistical sampling had the lowest reported 
uncertainty. Thus, more ground measurements and monitoring are 
needed, particularly in tropical biomes and countries that currently 
lack statistical sampling; in soils and dead wood globally; and in areas 
affected by natural disturbances and logging. For future global analyses 
based on bottom-up approaches, we recommend several research and 
monitoring priorities:
1. Increased sampling of below-ground biomass, dead wood, litter 

and soil carbon. These have much greater uncertainties than does 
above-ground biomass,  although they have smaller impacts on the 
total uncertainty, except for boreal forests. For instance, if we had in-
creased soil sink uncertainties to 100% in all biomes (Supplementary 
Table 5), globally it would increase uncertainty in the total carbon 
sink by only about 1% because sinks in living biomass are the domi-
nant components. Along with more field measurements, scaling up 
to the region and biome should use detailed maps of forest type to 
represent the distinct and variable forest conditions that make up 
the total forest area.

2. Increased research and sampling of under-represented tropical 
forests, such as Southeast Asian wetland forests and African dry 
forests. This could be combined with better maps of forest type to 
mitigate potential biases from uneven sampling. This would require 
broad-scale support and investment in long-term on-the-ground 
monitoring of tropical forest biomass, growth and mortality, distrib-
uted across all tropical forest types. The enhanced land monitoring 
would complement, and greatly leverage investment in, space-based 
forest monitoring, and reduce uncertainties in data about changes 

and climate sensitivities of Earth’s most productive and diverse  
biomes.

3. Better information about uncertainty in forest area estimates, 
which mostly rely on remote sensing or remote-sensing-based for-
est inventory statistics and are often reported without uncertainty 
information45. Uncertainty in forest areas is caused by inconsistent 
remote-sensing data processing methods and definitions of forests, 
and makes up a considerable proportion of the uncertainty in carbon 
sink estimates.

Sustaining the forest carbon sink
Our results indicate that the single most important action for sustain-
ing and increasing the forest carbon sink is to stop emissions from 
deforestation and degradation, along with protecting the large car-
bon stocks that have accumulated over centuries, such as in tropical 
forest biomass and in boreal forest soils. Recovery of functions by 
degraded forests and lands offers further opportunities for enhanc-
ing carbon sinks, with many additional benefits, such as protecting 
biodiversity46. The pathways for stopping global deforestation and 
degradation will rely on international cooperation, such as the United 
Nations REDD+ programme. Financial, legislative and other incentives 
are also needed, particularly in tropical countries. Deforestation-free 
supply chains and well-managed selective logging can all lower defor-
estation rates.

Our study demonstrates the considerable impacts of large-scale 
reforestation and afforestation on enhancing carbon sinks, through 
either natural recovery or mandated actions. Some countries, such as 
the United States, have lands suitable for afforestation or improved 
management but historically have low adoption rates (Extended 
Data Table 1). Tropical forest regrowth represents another important 
opportunity to accumulate more carbon on abandoned land. Declin-
ing carbon-sink strength caused by forest ageing has become more 
common in some temperate zones31,34, although most older forests 
maintain high carbon stocks in the absence of human disturbance, and 
some remain productive for very long periods43. In the future, manage-
ment intensity and its effects on forest age dynamics may determine 
the carbon sink trends of temperate forests.

Strategic planning will help to prioritize forest management 
approaches to minimize carbon emissions and maximize carbon 
uptake and its benefits. For instance, adaptive and climate smart for-
estry practices5, such as reduced-impact logging47, fuel management 
to increase resistance to wildfires48, optimizing tree species resilience 
after disturbances and restoring old-growth characteristics, can be 
highly effective49. Protecting carbon stocks is also essential. For exam-
ple, our data show that tropical regrowth forests have high rates of 
carbon sequestration, but recovering carbon density can take many 
decades to reach the level of intact forest. So replacing tropical intact 
forests with tropical regrowth forests, which have large carbon sinks 
but much lower carbon stocks and diminished biodiversity, is highly 
imprudent.

Long-lived HWPs store carbon but represent only around 10% of the 
carbon in harvested timber, so switching from short-lived products 
such as fuel wood or pulp wood to long-lived sawn-wood products could 
sequester more carbon, provided that the total harvested volume does 
not increase and reduce ecosystem carbon stocks. Improving wood 
processing technologies to reduce waste47, developing new long-lived 
materials and recycling more50 may benefit a sustainable and circular 
economy, as suggested by the IPCC5.

Our estimates indicate that 107 Pg of carbon has been sequestered 
from the atmosphere by global forests since 1990, which is equal to 
46% of fossil-fuel emissions. Although 63% of this uptake was negated 
by tropical deforestation emissions, the remaining forests helped to 
slow climate change. The global forest sequestration rate of around 
3.56 Pg C yr−1 (around 13 Gt of CO2-equivalent per year) for 1990–2019 
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provides a baseline for the IPCC’s ambitious assessment4 that agricul-
ture, forestry and other land-use sectors have a combined potential to 
mitigate an additional 8–14 Gt CO2-equivalent per year in 2020–2050. 
Mitigating and adapting to the climate crisis are defining challenges for 
humanity, and these goals cannot be achieved without both protecting 
the carbon stocks and sinks in Earth’s forests and reducing emissions 
from fossil fuels.
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Methods

Forest biomes and lands
Estimates of carbon stocks and stock changes are reported for forests 
partitioned into three biomes: boreal, temperate and tropical (includ-
ing subtropical); and by carbon component (living biomass, dead wood, 
litter, soil and harvested wood products). Forests in boreal and temper-
ate biomes include both ‘forest land remaining forest land’ and refor-
ested or afforested lands (collectively ‘new forests’), and tropical forests 
are separated into remaining forests (intact forests) and regrowth 
forests. The area of global forests used as a basis for estimating carbon 
stocks and sinks was around 4.0 billion hectares, representing 95% 
of global forested land51 (Extended Data Table 1 and Supplementary 
Table 6). The 5% not covered comprises some remote forest areas, 
including unmanaged forests in northern Canada and Alaska interior, 
and some areas of West and Central Asia with sparse forests where we 
lacked credible ground data. We did not include non-forested peatlands 
or wetlands, or coastal mangrove forests, which commonly contain 
high carbon in soil or sediments52.

Definitions of forest carbon pools and stocks
We generally followed the definitions in Table 3.1.2 of the IPCC’s good 
practice guidance53. Definitions of five main carbon pools are detailed 
in the Supplementary Information: living biomass, dead wood, litter, 
soil organic matter and harvested wood products.

Carbon stock is defined as carbon contained in different carbon 
pools or in all carbon pools.

Carbon stock change (or carbon flux) is defined as change in carbon 
stocks between time points, and can represent carbon gain (sink) or 
carbon loss (source).

Overview of data and calculation methods
Sources of data used in this study. This study covers three decades 
(the 1990s, 2000s and 2010s) using data from 1990 to 2020 (Sup-
plementary Table 1). Since our previous study (for 1990–2007)11, 
country-scale greenhouse gas inventories in temperate and boreal 
countries and regions have expanded to include more countries and 
have been updated. Networks of sample plots in tropical regions of 
the Amazon, Africa and Southeast Asia have expanded. Our data are 
not always consistent with what individual countries have reported to 
the FAO or IPCC (Supplementary Table 1). Unless more credible data is 
available, we use the FAO data reported in the Global Forest Resources 
Assessment 2020 (ref. 51) to establish the total forest area by country 
or region. These data are a credible source for trend information about 
forest area over decades and across geographies.

Accounting approaches for different forest regions/biomes. There 
are slightly different accounting approaches used in this paper because 
the available data have been developed and presented in different ways 
in inventories, country reports and the scientific literature. Estimates 
were harmonized between accounting systems by carefully defining 
land areas and matching these with the sources of data, and by adjusting 
reported estimates where necessary to account for known inconsist-
encies. Our calculation methods are summarized in Supplementary 
Table 1 and described in more detail in the Supplementary Information.

Either the ‘stock change’ or the ‘default’ approaches were used 
for boreal and temperate biomes, following the guidance from the 
IPCC53,54. The stock-change approach was also applied for several tropi-
cal countries or regions (only intact forests) including India, other 
South Asian countries, Mexico, Central America and the Caribbean. If 
there is no land-use change, the stock-change approach is nearly iden-
tical to estimating the land–atmosphere CO2 flux, with the exception 
of ‘lateral transfers’ of carbon, which primarily include river erosion, 
transport, outgassing and deposition, and harvested wood products. 
One exception is Canada, which reports carbon stock changes based 

on the ‘gain–loss’ approach. The default approach commences with a 
single forest inventory and then adds carbon gains from forest growth 
and losses from harvest, fires and decomposition without confounding 
estimates through carbon transfers between land-use categories53.

We accounted for HWPs but not for other lateral transport, which 
may be responsible for a substantial global carbon sink into coastal 
oceans from forests that is not reflected in the stock-change method. 
If there is land-use change, the stock-change accounting overestimates 
the carbon uptake by forests in proportion to the area of afforestation 
during the period of change, because existing carbon stocks on new 
forest land (primarily soil carbon) appear instantaneously in the forest 
carbon inventory, transferred from the previous land-use category. 
Conversely, the stock-change approach may underestimate carbon 
uptake by forests in proportion to the area of deforestation because 
existing soil carbon may be moved to a non-forest land category and 
appear as a loss of carbon from forest. We corrected for this apparent 
loss in our accounting.

For the tropics (Southeast Asia, Africa and South America), car-
bon sinks and sources (or net fluxes) were estimated using a ‘flow’ 
approach because most tropical areas lack the repeated national-scale 
forest inventories that are the basis for the stock-change approach. 
This approach is similar to the IPCC ‘tier 2’ methods53 that multiply 
region-specific estimates of carbon density or change in carbon density 
with the associated areas represented by the region-specific estimates. 
For intact tropical forests (not affected by land use or change), fluxes 
were estimated from measured carbon stock changes on permanent 
sample plots, which is nearly equivalent to forest–atmosphere carbon 
exchange except for river transport and deposition of carbon. The 
approach allows accounting for carbon gains in forests, including some 
impacts of forest degradation affecting rates of carbon gains, but not 
carbon losses resulting from deforestation because carbon stored 
in deforested areas is accounted for separately in our global budget 
(Extended Data Fig. 1).

The effects of land-use change and harvesting on carbon flux were 
estimated separately using a book-keeping approach55 that keeps track 
of ecosystem carbon emissions and harvested wood products from 
deforestation and logging, and ecosystem carbon uptake on regrow-
ing forests.

Estimates of carbon stock changes pertain to ‘forest land remaining 
forest land’ plus ‘afforested land’ for boreal and temperate forests. 
For tropical intact and regrowth forests of Southeast Asia, Africa and 
South America, and also for tropical regrowth forests of Mexico and 
Central America and the Caribbean, changes in carbon density times 
the associated areas were used. Estimates of carbon stocks for specific 
years (Extended Data Table 2) pertain to the total area of forest land 
in the given year and therefore include carbon stocks lost because 
of deforestation, which are not included in Extended Data Table 3. 
Thus, it is not possible to consistently match the estimates between 
these two tables, which is particularly true for tropical intact forests 
because they are the only biome that has lost substantial forest area 
(Extended Data Table 1).

Forest area and area change. Area estimates (Extended Data Table 1) 
are from country-level forest inventories or reports based on forest 
inventories. Forest inventories typically use remote sensing combined 
with ground observations to estimate forest area and area changes fol-
lowing FAO forest definitions, excluding ‘other wooded land’. Where for-
est inventory data direct from countries are lacking, particularly in the 
tropics, FAO statistics were used to estimate total forest area for 1990, 
2000, 2010 and 2020 (ref. 51). In some regions, particularly the trop-
ics and Russia, the quality of data reported to the FAO is poor and the 
protocols may be subject to change over time. Because tropical intact 
forests defined in this study are not the same as primary forests defined 
in FAO statistics (see the definition in Box 1), we used area estimates of 
tropical intact forests from published studies for Southeastern Asia, 



Africa and South America36. The difference between the total tropical 
forest area from the FAO51 and the area of tropical intact forest for these 
regions was assumed to be the area of tropical regrowth forest. We at-
tempted to establish good consistency between the change in reported 
areas from the years 1990, 2000, 2010 and 2020, and estimated areas 
of afforestation and deforestation from inventories, country reports 
and analyses of emissions from land-use changes.

Carbon stocks and carbon-stock changes. Where available, carbon 
stock and density estimates are from country-level forest inventories 
or reports based on national forest inventories. Most countries in tem-
perate and boreal zones have established national forest inventories 
with repeated measurement of permanent sample plots. Generally, 
sample plots are randomly located across all areas of the country and 
measurements taken on those plots that are located on forest land. 
Thus, the inventory is an unbiased sample of the population of trees 
in the country, and the precision of estimates may be calculated. The 
re-measurement interval is typically between five and ten years. At 
each sample plot, individual trees were selected for measurement of 
diameter, height, species and condition. Re-measurement determines 
the basic tree population dynamics: growth, mortality and harvest. 
Extra measurements may be taken to include understorey vegetation, 
woody debris, litter and soils. For some temperate or boreal countries 
where direct access to inventory data is not available, we used a ‘biomass 
expansion factor’ approach, which converts estimates of growing stock 
volume to estimates of biomass or carbon stocks. The measured data 
may be used to estimate the carbon stocks and carbon-stock changes 
using a variety of country-specific methods (Supplementary Infor-
mation), but generally following guidelines provided by the IPCC53,54. 
For example, the basic tree measurements of diameter and height are 
used to estimate tree biomass and carbon using allometric models and 
conventional statistical methods.

For tropical intact forests in Southeast Asia, Africa and South 
America, we used data from repeated long-term measurements of 
networks of ecological research plots, upscaled to the regions to esti-
mate biomass and other carbon pools for the region’s forest areas36–38 
For tropical regrowth forests, which lack sufficient ground-based data, 
we followed the book-keeping approach56, which is based on a literature 
review of regrowth rates (Supplementary Table 7) and carbon stocks 
and knowledge of forest areas and conditions, averaged over differ-
ent ecozones (tropical wet, moist and dry forests) for each region57. 
These methods are described in more detail in the Supplementary 
Information.

Data from regions, countries or continents were aggregated to 
global biomes: boreal, temperate and tropical forests. For countries 
and regions that do not allow access to original data, data from the 
FRA regional reports51 were used to fill the data gaps (Supplementary 
Table 1b). Available data allowed carbon stock and area estimates to 
be compiled for 1990, 2000, 2010 and 2020, and annual changes in 
carbon stocks (sometimes referred to as ‘sink’ if there was a carbon 
gain and as ‘source’ if there was a carbon loss) to be estimated for three 
time periods: 1990–99, 2000–09 and 2010–19.

More data are available for live biomass and biomass changes than 
for other carbon pools. Some forest inventories and many ecological 
studies also collect and report data for dead wood and litter, although 
less consistently than for biomass, so empirical models were often the 
source of estimates for these carbon pools. Inventories of forest soil 
carbon across the landscape are scarcer than inventories of biomass 
or other ecosystem carbon pools, and sampling methods include vary-
ing soil depths for sampling among regions and countries. There are 
existing soil surveys in different countries, but very rarely with periodic 
revisits, and rarely associated with documented information about 
above-ground forest vegetation. To evaluate forest soil carbon change 
over time is particularly difficult because the formation and respira-
tion of soil carbon is affected by various biological, environmental and 

geographical factors, as well as land-use history, and is not always cor-
related with more easily observable vegetation traits. In almost every 
region, empirical modelling methods were used to combine data from 
soil surveys and field studies for developing estimates of soil carbon.

HWPs. HWPs are defined as a component of the carbon sink in this study 
and included in the carbon stock change category. Where available, 
estimates of carbon in HWPs are from country-level inventory reports. 
Otherwise, harvested roundwood data were derived from FAO annual 
statistics (Supplementary Information). Generally, estimates of carbon 
in HWPs account for the temporary exclusion from the atmosphere, 
which includes both the wood products in use and discarded wood 
products remaining in landfills or dumps. For countries that lacked 
reported estimates of HWP, we derived a simple conversion factor 
from the countries that did report: the ratio of carbon flux in HWPs  
(Tg C yr−1) to the quantity of harvested roundwood (million cubic  
metres) according to FAO reports51, which is 0.095.

Approaches to estimate uncertainty
We report the standard error for estimates of carbon stocks and changes 
in carbon stocks using the 95% confidence level. Values presented as 
y ± x should be interpreted to mean that we are 95% certain that the 
actual value is between y − x and y + x. The 95% boundary was chosen to 
communicate the high degree of certainty that the actual value was in 
the reported range and the low likelihood (5% or less) that it was outside 
that range. This characterization is not, however, a statistical property 
of the estimate, and should not be confused with statistically defined 
95% confidence intervals.

We report uncertainty using two approaches, depending on the avail-
ability of uncertainty estimates from data sources: quantitative esti-
mates and expert opinion. Quantitative estimates are based on remote 
sensing and sampling combined with empirical models, using either 
error propagation methods or Monte Carlo simulation approaches 
to combine all carbon pools, and including the uncertainty of area 
estimates. The expert-opinion approach is based on that adopted by 
the IPCC for reporting in global assessments (described in Supple-
mentary Information). Quantitative estimates are more commonly 
available for data derived from national forest inventories or exten-
sive sampling-plot networks, whereas expert opinion is used where 
quantitative estimates are unavailable and has been used in previous 
large-scale analyses58 (Supplementary Information). In applying these 
approaches, we ensured that estimates based on expert opinion were 
not overly optimistic compared with estimates from similar countries 
or regions that reported quantitative estimates.

Evaluating major uncertainties in different biomes and carbon 
components
We reported uncertainties for the aggregated sums of individual car-
bon pools (such as litter and dead wood), but not for each individual 
pool, because this detailed information is not regularly included in the 
publicly available estimates, even though the uncertainty of each indi-
vidual carbon pool is included in the aggregated estimates of carbon 
stocks and stock changes that are estimated using error propagation 
approaches.

Uncertainty estimates for stock change in boreal forests are around 
±13% and possibly more considering the uncertainty in soil carbon 
estimates. The largest stock change by far is in Russian boreal forests, 
and the uncertainty is particularly important because of the large 
sink estimated in this region. The main reasons for the uncertainty 
of boreal-forest estimates involve incomplete sampling of large areas 
of Alaska, Canada and Russia combined with poor data on soil carbon 
and wildfires, particularly in the Asian part of Russia.

Uncertainty estimates for stock change in temperate forests are 
about ±7%, representing the lowest value among all biomes. This is 
mainly because most temperate countries have strong and repeated 
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forest inventory sampling programmes that cover most of the forest 
area. The greatest uncertainty in temperate forests is for changes in 
soil carbon, which is not monitored as easily or as often as the other 
carbon pools.

Uncertainty estimates for stock change in tropical intact forests are 
about ±27% in the most recent period, largely because the estimates 
are based on a relatively small number of intensively monitored sites 
in which data are individually quite accurate but are not conducive 
to scaling because representation of the larger population of forests 
by the collection of sites is unknown. This uncertainty is particularly 
notable because the largest component of the global forest carbon sink 
is in tropical forests. The effects of disturbances, particularly drought, 
are difficult to quantify, and there are relatively scant data about the 
carbon pools apart from live biomass.

Uncertainty estimates for stock change in tropical regrowth forests 
are about ±20%, a little lower than estimates for intact forests. The area 
of tropical regrowth forests is not well known, and there is relatively 
little sampling done. The error estimates, based on expert opinion, 
probably underestimate the true uncertainty of this increasingly impor-
tant component of the global budget.

The uncertainties of stock-change estimates for soil carbon, dead 
wood, litter and HWP are high in boreal regions and the tropics. How-
ever, the size of the sink in these pools is relatively small compared with 
living biomass, except boreal forests, so the contribution to overall 
uncertainty is also small. As shown by uncertainty experiments (Sup-
plementary Table 5), although ignoring soil carbon sinks would reduce 
the estimated global forest carbon sink by around 400 Tg C yr−1, it would 
have minimal impact on the global and biome-level temporal trends. 
Increasing 100% uncertainties in soil sinks, the total carbon sinks in 
boreal, temperate and tropical forests increased their uncertainties 
by 15%, 2% and less than 1%, respectively, but with error propagation it 
increased uncertainty in total global carbon sink by around 1%.

Additional sources of uncertainty are described in the Supplemen-
tary Information.

Ground data versus modelling and remote-sensing approaches
Remote-sensing and modelling estimates of the forest sector are sub-
ject to considerable uncertainty and inconsistency between differ-
ent studies59–61 compared with ground data, which are based on more 
standard definitions and protocols51,53,54. Different representations and 
complexity of regional ecological processes and limited calibration 
with data for parameterization are often the cause of inconsistencies 
in model results62,63. Indeed, remote sensing and modelling approaches 
are dependent on summarized ‘standard’ per-hectare biomass esti-
mates derived from field studies. Ground data have improved greatly, 
and multiple carbon pools are measured and monitored more often. 
Our estimates represent a credible complement to the remote-sensing 
and model-based estimates used for the land part of the GCB2,44, with 
terrestrial data in the GCB being based on an average of models44,62. It 
is important to use multiple methods to contrast and compare calcula-
tions to improve overall estimates of land carbon sinks.

Data availability
The data used for synthesis and analysis are derived from more-detailed 
measurements and are available in spreadsheets with embedded for-
mulae for access at https://doi.org/10.2737/RDS-2023-0051. Our results 
can be replicated using these spreadsheets. The estimates used for 
tables and figures of the main text and Extended Data are also in the 

data repository. The repository also includes original measurements for 
a few countries and the source data information for others, along with 
DOIs and websites for accessing original data. Because policies for data 
sharing vary from country to country, some sources include original 
measurement data from sampling with fully open access, while some 
include only aggregated data. Most original data are publicly available 
through direct access, but in a few cases for which the data are not pub-
licly available, the data can be requested from the regional authors. Full 
descriptions of regional datasets and estimation approaches, including 
links, are provided in the Supplementary Information. Source data are 
provided with the paper.
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Extended Data Fig. 1 | Why have tropical intact forests lost carbon stocks 
yet also remained a carbon sink?. From 1990 to 2019, tropical intact forests 
that remain intact continued to sequester carbon by 32.0 Pg C (Table 1). 
Deforestation reduced the area of tropical intact forests by 467 Mha 
(containing C stocks of 149.4 Pg C). About 45% of C stocks in the deforested 
lands was emitted to the atmosphere shortly after the deforestation (mainly 
due to the slash-and-burning practice for agricultural land conversion), 36% 
was transferred to other land-uses such as agricultural lands (mostly as soil 
carbon), 17% was lost in processing harvested timber such as via wood shavings 

or stored in short-lived products such as fuelwood and paper, and 2% was 
retained in harvested wood products (HWP) such as long-lived construction 
materials. Because the remaining intact forests had provided a 32.0 Pg C sink, 
the net C stock loss from the intact forests was 117.5 Pg C. Credits: forest 
canopy, iStock.com/Rhet Ayers Butler - Mongabay; deforested area, Kids 
Encyclopedia Facts, CC BY 3.0; livestock, iStock.com/edsongrandisoli; 
industrial woodchipper, iStock.com/EBREHИЙ XaИTOHOB; stack of logs, 
iStock.com/Pandavector; cabin, Clker-Free-Vector-Images.
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Extended Data Fig. 2 | Forest areas, carbon stocks, and carbon stock 
changes in the global forest and forest biomes. (a) forest areas; (b) carbon 
stocks; (c) carbon stock densities; (d) carbon stocks by pool; (e) carbon stock 
change (sinks); and (f) carbon stock change per hectare. The error bars 
represent standard deviations. For (a) we assumed 10% uncertainty in forest 
areas due to lack of documented uncertainty in remotely-sensed data; for (d) 

the uncertainty values of individual carbon pools were not included with most 
data sources, so we assumed that deadwood, litter and soil carbon pools have 
twice the uncertainty of the biomass pool, and estimated the uncertainty 
values of the individual carbon pools from the total carbon stock uncertainty. 
Uncertainties in the remaining charts are calculated based on data in Extended 
Data Table 2 and Extended Data Table 3.



Extended Data Fig. 3 | Carbon sinks and sources in global forests. The C sink 
and source (Pg C yr−1) are expressed as the mean annual rate across the full 
three-decadal period 1990 to 2019. Positive values represent carbon sinks, 
while negative (red) values carbon sources. Because carbon fluxes estimated in 
temperate and boreal forests were based on the “stock change” method, which 
included carbon gains and losses (from temporarily harvested forests), the C 

sink estimated was a net sink. Because carbon fluxes estimated in tropical 
forests were based on the “flux” method, C sinks estimated were gross sinks. 
Tropical deforestation emissions were estimated by a book-keeping model. 
The tropical forest net sink, therefore, was the balance of C sinks and emissions 
(see Methods for concepts and details). Credit: forest fire, iStock/Blueastro.
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Extended Data Table 1 | Area of forests and land-use change by biome, country or region, and year

Note: 1Includes forest area for the reporting year on “forest land remaining forest land” and “new forest land” (afforested land). 
2Europe (boreal) includes Norway, Sweden, and Finland. 
3Excluding part of Interior Alaska and Hawaii. 
4Europe (temperate) includes European countries (EU-28), Albania, Bosnia Herzegovina, Serbia, and Switzerland, except for Norway, Sweden, and Finland. 
5Other Europe includes Ukraine, Belarus, Georgia, Armenia, Azerbaijan, and Turkey. 
6Other countries include Mongolia and Kazakhstan. 
7Other South Asia includes Afghanistan, Pakistan, Nepal, Bhutan, Bangladesh, and Sri Lanka. 
8Southeast Asia includes Indonesia, Malaysia, Philippines, Vietnam, Cambodia, Thailand, Myanmar, and Laos.



Extended Data Table 2 | Forest carbon stocks by biome and country or region. The C stocks (Pg C) for 1990, 2000, 2010, and 
2020

Note: 1Includes carbon stock for the reporting year on “forest land remaining forest land” and “new forest land” (afforested land). 
2Europe (boreal) includes Norway, Sweden, and Finland. 
3Excluding Interior Alaska and Hawaii. 
4Europe (temperate) includes European countries (EU- 28), Albania, Bosnia Herzegovina, Serbia, and Switzerland, except for Norway, Sweden, and Finland. 
5Other Europe includes Ukraine, Belarus, Georgia, Armenia, Azerbaijan, and Turkey. 
6Other countries include Mongolia and Kazakhstan. 
7Other South Asia includes Afghanistan, Pakistan, Nepal, Bhutan, Bangladesh, and Sri Lanka. 
8Southeast Asia includes Indonesia, Malaysia, Philippines, Vietnam, Cambodia, Thailand, Myanmar, and Laos.
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Extended Data Table 3 | Annual change in forest C stock by biome and country or region

The C sink (Tg C year−1) for decades respectively from 1990 to 2020. 
Note: 1Includes carbon  sink for the reporting year on “forest land remaining forest land” and “new forest land” (afforested land). 
2Europe (boreal) includes Norway, Sweden, and Finland. 
3Excluding Interior Alaska and Hawaii. 
4Europe (temperate) includes European countries (EU-28), Albania, Bosnia Herzegovina, Serbia, Switzerland, except for Norway, Sweden, and Finland. 
5Other Europe includes Ukraine, Belarus, Georgia, Armenia, Azerbaijan, and Turkey. 
6Other countries include Mongolia and Kazakhstan. 
7Other South Asia includes Afghanistan, Pakistan, Nepal, Bhutan, Bangladesh, and Sri Lanka. 
8Southeast Asia includes Indonesia, Malaysia, Philippines, Vietnam, Cambodia, Thailand, Myanmar, and Laos.



Extended Data Table 4 | Alternative accounting of the Global Carbon Budget

Notes and definitions of C fluxes in the table and the global carbon budget, red and (−) values are C sources, while black and (+) values are C sinks: 
1. Estimates are derived from the Global Carbon Budget (GCB) Table 6 of Friedlingstein et al.2, in which the last decade is presented as 2011–2020, while in this study 2010–2019. 
2. Fossil fuel emissions (EFOS) are derived from Table 6 of Friedlingstein et al.2. 
3. Land-use change (LUC) gross emissions (EGLUC) are derived from Table 5 of Friedlingstein et al.2, which are all LUC gross emissions including tropical deforestation gross emissions. 
4. Total gross C emissions are the result of EFOS + EGLUC. 
5. Atmosphere C growth (GATM) is derived from Table 6 of Friedlingstein et al.2, which is the increase of atmospheric carbon (in the CO2 form). 
6. Ocean C sequestration (SOCEAN) was derived from Table 6 of Friedlingstein et al.2, which is the carbon absorbed by oceans. 
7. Global land gross C sink (SGLAND) is the result of Total gross C emissions minus the C growth in the Atmosphere (GATM) and carbon sequestration by Ocean (SOCEAN), so often viewed as the 
residual sink. 
8. Global C sink in established forests include boreal, temperate and tropical intact forests (excluding tropical regrowth forest, which means excluding LUC). 
9. Global gross C sink in all Earth’s forests (SGFOR) is the estimate from this study (Table 1). 
10. Global non-forest land gross C sink is the result of SGLAND − SGFOR. 
11. Tropical deforestation gross emission (EDFOR) is the estimate from this study (Table 1). 
12. Global non-forest gross emission is the result of EGLUC − EDFOR. 
13. Global land net sink (SNLAND) is the balance between SGLAND and EGLUC. 
14. Global forest net sink (SNFOR) is the balance between SGFOR and EDFOR and the estimate from this study (Table 1).
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