






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.



Article

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).




