








Africaand South America®. The difference between the total tropical
forest areafrom the FAO* 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 changeinreported
areas from the years1990,2000, 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
orreports 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
inthe 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.
Extrameasurements may be takento include understorey vegetation,
woody debris, litter and soils. For some temperate or boreal countries
where directaccesstoinventorydataisnotavailable, 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 IPCC>**,
Forexample, 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-
matebiomass and other carbon pools for the region’s forest areas>
For tropical regrowth forests, which lack sufficient ground-based data,
we followed the book-keeping approach®, whichisbased onaliterature
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 region®’.
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 reports™ 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
gainandas ‘source’ifthere wasacarbonloss) tobe 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 datafor 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
orother ecosystem carbon pools, and sampling methodsinclude vary-
ing soil depths for sampling among regions and countries. There are
existingsoil surveysin 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 carbonis 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 datafrom
soil surveys and field studies for developing estimates of soil carbon.

HWPs. HWPs are defined as acomponent of the carbon sink in this study
and included in the carbon stock change category. Where available,
estimates of carbonin HWPs are from country-level inventory reports.
Otherwise, harvested roundwood datawere 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 Cyr™) to the quantity of harvested roundwood (million cubic
metres) according to FAO reports®, whichis 0.095.

Approaches to estimate uncertainty

Wereportthe 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 valueis betweeny - xandy + x. The 95% boundary was chosen to
communicate the high degree of certainty that the actual value wasin
thereported range and the low likelihood (5% or less) thatit was outside
thatrange. This characterization is not, however, a statistical property
of the estimate, and should not be confused with statistically defined
95% confidence intervals.

We reportuncertainty 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 analyses®® (Supplementary Information). In applying these
approaches, we ensured that estimates based on expert opinion were
notoverly 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 informationis not regularly includedin the
publicly available estimates, even though the uncertainty of each indi-
vidual carbon poolisincluded in the aggregated estimates of carbon
stocks and stock changes that are estimated using error propagation
approaches.

Uncertainty estimates for stock change inboreal forests are around
+13% and possibly more considering the uncertainty in soil carbon
estimates. The largest stock change by far isin 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 involveincomplete 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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forestinventory 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 arelatively 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
isintropical 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
areabout+20%, alittlelower 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, thesize of the sink in these poolsisrelatively 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), althoughignoring soil carbon sinks would reduce
the estimated global forest carbon sink by around 400 Tg C yr™, 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-
jectto considerable uncertainty and inconsistency between differ-
entstudies® * compared with ground data, which are based on more
standard definitions and protocols®***, Different representations and
complexity of regional ecological processes and limited calibration
with data for parameterization are often the cause of inconsistencies
in model results®*®*, 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 estimatesrepresent acredible complement to the remote-sensing
and model-based estimates used for the land part of the GCB***, with
terrestrial datain the GCB being based on an average of models**. It
isimportant 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 foraccess 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

datarepository. Therepositoryalsoincludes original measurements for
afew countries and the source datainformation 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, butinafew cases for which the dataare 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 dataare
provided with the paper.
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Gross loss of C stocks from tropical intact forests: 149.4 Pg C
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Net loss of C stocks from tropical intact forests: 117.5 Pg C

Extended DataFig.1| Why have tropical intact forests lost carbon stocks
yetalsoremained a carbonsink?. From 1990 to 2019, tropical intact forests
thatremainintact continued tosequester carbonby 32.0 Pg C (Table1).
Deforestationreduced the area of tropicalintact forests by 467 Mha
(containing C stocks 0f149.4 Pg C). About 45% of C stocks in the deforested
lands was emitted to the atmosphere shortly after the deforestation (mainly
duetotheslash-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 viawood shavings

orstoredinshort-lived products such as fuelwood and paper, and 2% was
retainedin harvested wood products (HWP) such as long-lived construction
materials. Because the remainingintact forests had provided a32.0 Pg C sink,
thenet Cstockloss fromtheintact forests was117.5Pg C. Credits: forest
canopy, iStock.com/Rhet Ayers Butler - Mongabay; deforested area, Kids
EncyclopediaFacts, CCBY 3.0; livestock, iStock.com/edsongrandisoli;
industrial woodchipper, iStock.com/EBREHUI1 Xah TOHOB; stack of logs,
iStock.com/Pandavector; cabin, Clker-Free-Vector-Images.
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Extended DataFig.2|Forestareas, carbonstocks, and carbon stock theuncertainty values of individual carbon pools were not included with most
changesinthe global forest and forest biomes. (a) forest areas; (b) carbon datasources, sowe assumed that deadwood, litter and soil carbon pools have
stocks; (c) carbon stock densities; (d) carbon stocks by pool; (e) carbon stock twice the uncertainty of the biomass pool, and estimated the uncertainty
change (sinks); and (f) carbon stock change per hectare. Theerror bars values of theindividual carbon pools from the total carbon stock uncertainty.
represent standard deviations. For (a) we assumed 10% uncertainty in forest Uncertainties in the remaining charts are calculated based on datain Extended

areasduetolack of documented uncertainty inremotely-sensed data; for (d) DataTable 2 and Extended Data Table 3.
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three-decadal period 1990 to 2019. Positive values represent carbon sinks, Tropical deforestation emissions were estimated by abook-keeping model.
while negative (red) values carbon sources. Because carbon fluxes estimatedin ~ The tropical forest netsink, therefore, was the balance of C sinks and emissions
temperate and boreal forests were based on the “stock change” method, which (see Methods for concepts and details). Credit: forest fire, iStock/Blueastro.
included carbon gains and losses (from temporarily harvested forests), the C
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Extended Data Table 1| Area of forests and land-use change by biome, country or region, and year

1990 -1999 2000 -2009 2010 -2019
Biome and country /region  Total forest  Totalforest ~ Total forest ~ Total forest “afforestation Deforestation Netchange  Afforestation Deforestation Netchange  Afforestation Deforestation Net change
area, 1990  area, 2000  area, 2010  area, 2020 (10°ha) (10°ha) (10°ha) (10°ha) (10°ha) (10°ha) (10°ha) (10°ha) (10*ha)
(10°ha) (10°ha) (10°ha) (10°ha)
Boreal Forest'
Asian Russia 650.7 652.6 658.1 651.9 3.000 0.100 2.900 3.712 0.220 3.492 2.132 0.130 2.002
European Russia 170.7 173.3 177.6 181.8 3.201 0.100 3.101 3.596 0.130 3.466 3.028 0.120 2.908
Canada 226.9 226.5 226.0 225.5 0.082 0.579 -0.497 0.032 0.519 -0.487 0.009 0.544 -0.535
Alaska Interior 245 24.5 245 245 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
European boreal® 62.1 62.7 62.7 62.7 0.100 0.300 0.070 0.165 0.037 0.128 0.056 0.030 0.030
Subtotal 1134.7 1139.4 1148.8 1146.7 6.308 0.552 5.756 7.505 0.906 6.599 5.225 0.824 4.401
Temperate Forest®
United States’ 257.1 257.4 257.4 257.0 1.327 1.294 0.033 1.466 1.474 -0.008 1.399 1721 -0.322
European temperate* 104.5 110.7 116.2 119.0 4.510 0.745 3.765 3.641 0.918 2.723 2.542 0.923 1.619
Other Europe® 40.9 42.0 43.4 45.0 0.797 0.139 0.658 0.431 0.51 0.280 0.517 0.230 0.286
China 139.7 142.8 163.5 174.1 44.349 41.227 3.122 40.295 19.587 20.708 16.372 5.778 10.594
Japan 25.2 251 25.1 25.0 0.488 0.577 -0.092 0.309 0.350 -0.044 0.208 0.250 -0.043
Korea 6.6 6.5 6.4 6.3 0.000 0.075 -0.075 0.000 0.089 -0.089 0.000 0.100 -0.100
Australia 134.4 132.7 131.1 134.1 0.633 0.155 0.478 3.085 6.523 -3.438 4.358 4.221 0.136
New Zealand 9.4 9.9 9.8 9.9 0.633 0.155 0.478 0.178 0.180 -0.002 0.120 0.076 0.045
Other countries® 17.5 17.4 17.3 17.6 0.153 0.246 -0.093 0.503 0.657 -0.155 0.794 0.433 0.362
Subtotal 742.2 751.0 776.4 794.1 54.504 50.888 3.616 49.909 29.952 19.957 26.312 13.755 12.557
Tropical Intact Forest
India 56.0 59.5 60.7 63.0 0.749 0.384 0.365 0.820 0.630 0.191 1.870 1.337 0.533
Other South Asia’ 14.0 15.1 14.6 14.3 0.284 0.076 0.208 0.301 0.053 0.249 0.110 0.095 0.015
Southeast Asia® 190.6 136.9 118.4 90.1 10.670 30.240 -19.570 11.203 13.572 -2.369 2.685 10.316 -7.631
Africa 600.2 531.8 477.8 425.5 7.233 24.080 -16.847 8.317 23.144 -14.828 4.304 21.424 -17.121
Mexico 39.9 34.8 325 32.0 0.465 0.686 -0.221 0.281 0.425 -0.144 0.127 0.377 -0.250
Central America 10.7 9.2 7.7 6.1 0.095 1.137 -1.042 0.089 0.924 -0.835 0.196 0.603 -0.406
South America 885.2 817.2 756.3 698.5 6.813 58.405 -51.592 14.325 66.815 -52.491 5.559 31.639 -26.080
Subtotal 1796.6 1604.6 1468.1 1329.6 26.309 115.008 -88.699 35.335 105.562 -70.226 14.850 65.791 -50.941
Tropical Regrowth Forest
India 8.0 8.1 8.8 9.2 na na na na na na na na na
Other South Asia 2.0 20 21 2i1 na na na na na na na na na
Southeast Asia 531 85.2 99.5 116.1 na na na na na na na na na
Africa 142.6 178.2 198.2 2111 na na na na na na na na na
Mexico 30.7 33.6 34.4 337 na na na na na na na na na
Central America 23.2 234 235 242 na na na na na na na na na
South America 88.5 105.4 1139 145.7 na na na na na na na na na
Subtotal 348.1 436.1 480.4 541.9
All Tropical Forest
India 63.9 67.6 69.5 72.2 0.749 0.384 0.365 0.820 0.630 0.191 1.870 1.337 0.533
Other South Asia 16.0 17.2 16.8 16.4 0.284 0.076 0.208 0.301 0.053 0.249 0.110 0.095 0.015
Southeast Asia 2437 222.1 217.9 206.2 10.670 30.240 -19.570 11.203 13.572 -2.369 2.685 10.316 -7.631
Africa 742.8 710.0 676.0 636.6 7.233 24.080 -16.847 8.317 23.144 -14.828 4.304 21.424 -17.121
Mexico 70.6 68.4 66.9 65.7 0.465 0.686 -0.221 0.281 0.425 -0.144 0.127 0.377 -0.250
Central America 34.0 32.6 31.2 30.3 0.095 1.137 -1.042 0.089 0.924 -0.835 0.196 0.603 -0.406
South America 973.7 922.6 870.2 835.2 6.813 58.405 -51.592 14.325 66.815 -52.491 5.559 31.639 -26.080
Subtotal 2144.7 2040.6 1948.4 1871.5 26.309 115.008 -88.699 35.335 105.562 -70.226 14.850 65.791 -50.941
Global Total 4021.8 3931.2 3873.8 3812.0 87.196 166.975 -79.779 92.749 136.419 -43.670 46.387 80.370 -33.983

Note: 'Includes 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.
“Europe (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.

50Other countries include Mongolia and Kazakhstan.
"Other 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

1990 2000 2010 2020
Biome and country Uncertain Uncertain Uncertain Uncertain
/region Total  Dead oo soi TORIC yof  carbon  Total Dead o ooy tyof  Carbon  Total D€ o s Total -tyof Carbon  Total D€ .o o Total -tyof  Carbon
jiving  Wood stock  (oralc density  living Wood TotalC o\ alc  density  living Wood C  totalC  density liing Wood C  totalC  density
biomass stock (MgCha?) biomass Pl stock (MgCha?) biomass stock  stock (MgCha’) biomass stock  stock  (MgCha?)
() () (£) (%)
Boreal Forest®
AsianRussia 241 88 7.2 1047 1448 68 2225 256 94 7.5 1058 1483 67 2272 268 100 7.9 1069 1516 62 2304 266 108 8.2 107.8 153.4 65 2353
European Russia 91 25 15 254 385 22 2255 98 28 16 257 399 21 2302 105 30 17 259 411 20 2314 110 34 18 260 422 22 2321
Canada 133 46 107 186 47.3 71 2083 132 45 109 186 47.2 71 2082 126 46 109 187 468 70 2071 124 45 107 187 463 69 2052
Alaskanterior 05 02 11 56 7.4 23 3003 05 02 11 56 74 23 3022 06 02 11 56 74 23 3020 06 02 11 56 74 23 3023
European boreal’ 22 02 03 1171 144 29 2324 23 02 04 117 146 29 2324 25 03 04 118 149 30 2384 28 04 04 120 156 31 2486
Subtotal  49.2 163 20.9 166.0 252.4 107 2224 514 171 214 167.4 257.3 106 2258 530 180 219 168.9 2618 103 2279 534 193 222 1700 264.9 105 2311
Temperate Forest*
United States’ 140 1.9 27 272 458 49 1781 154 22 27 272 475 51 1845 167 24 28 272 491 53 1909 182 27 28 272 509 55 1981
European temperate* 57 02 07 56 122 25 1164 62 02 07 51 122 24 1100 78 04 08 67 157 31 1354 81 05 08 69 164 29 1378
Other Europe® 16 00 03 21 39 07 96.0 20 00 03 23 46 08 1090 23 00 03 24 51 09 1166 26 00 04 27 57 10 1264
China 54 04 05 146 209 17 1496 59 04 05 150 218 17 1527 71 05 05 17.3 254 20 1554 80 05 05 186 27.6 21 1585
Japan 18 01 01 36 57 21 2244 21 01 01 36 59 21 2351 23 01 01 36 61 21 2442 24 01 01 36 62 21 2478
Korea 01 00 00 01 03 0.1 39.4 03 00 00 02 05 0.1 74.1 04 00 00 03 08 02 1243 05 00 00 05 10 03 1662
Australia 84 16 06 115 221 74 1644 84 16 06 114 220 74 1658 83 16 06 113 218 73 1663 83 16 06 114 219 73 1600
New Zealand 16 02 01 09 28 04 3007 17 02 01 09 30 04 2996 18 02 01 09 30 05 3069 18 02 01 09 31 05 3107
Other countries 07 01 03 15 27 06 1517 07 01 03 15 27 06 1523 07 01 03 15 27 06 1539 07 01 03 16 27 07 1545
Subtotal  39.6 4.5 54 67.1 1165 9.7 1570 428 48 54 67.3 1203 98 1602 478 54 56 713 130.0 102 1674 510 58 56 734 1358 101 1710
Tropical Intact Forest
India 21 00 01 33 55 14 97.7 27 00 01 34 62 15 1042 27 00 01 35 63 15 1035 28 00 01 36 65 15 1032
Other South Asia’ 13 00 00 05 19 04 1341 14 00 00 06 21 05 1419 14 00 00 06 21 05 1439 14 00 00 06 21 05 1461
SoutheastAsia® 458 85 07 173 723 94 3795 387 62 05 125 529 72 3867 299 55 05 108 466 66 3938 233 42 04 83 362 54 4020
Africa 854 188 13 647 1703 483 2837 794 172 13 575 1553 442 2921 749 159 12 518 1438 406 3009 69.6 145 11 463 1316 375 309.2
Mexico 16 02 01 26 45 06 1134 14 01 01 23 39 05 1134 15 01 01 22 39 05 1184 15 01 01 21 38 05 1184
Central America 17 03 00 10 31 04 2852 15 03 00 08 27 03 2930 13 02 00 07 23 03 3001 11 02 00 06 19 02 3089
South America__142.6 269 2.6 81.1 253.2 322 2860 _ 1362 254 25 751 2394 311 2926 _ 1294 239 24 69.6 2254 464 2980 _ 1219 224 23 646 2112 447 3023

Subtotal 280.4 54.7 5.0 170.6 510.7 58.9 284.3 256.3 49.2 4.6 152.2 4624 545 288.2 2411 457 44 139.2 4303 62.0 293.1 221.7 415 4.1 1260 3932 58.7 295.8
Tropical Regrowth Forest

India 0.1 0.0 0.0 0.5 0.6 0.2 758 03 0.0 0.0 0.5 08 0.2 95.7 0.3 0.0 0.0 0.5 08 0.3 94.1 0.3 0.0 0.0 0.5 0.9 0.3 95.5
OtherSouthAsia 01 00 00 01 02 0.1 84.1 01 00 00 01 02 o1 1077 01 00 00 01 02 01 109.9 01 00 00 01 02 01 1110
Southeast Asia 3.0 0.6 0.1 29 6.5 23 123.0 5.0 0.7 0.1 31 8.9 22 104.4 76 08 0.1 35 120 3.0 120.9 10.7 0.9 0.1 40 157 37 135.1
Afica 36 17 01 87 141 24 98.6 74 18 01 94 184 39 1035 13 19 02 102 236 51 1191 159 21 02 110 292 61 1384
Mexico 03 00 00 05 08 0.1 268 04 00 00 07 12 02 366 06 00 00 08 14 02 418 05 00 00 08 14 02 415
Central America 0.6 0.2 0.0 14 22 03 95.0 14 0.2 0.0 5 32 0.4 135.1 23 0.2 0.0 1.6 41 0.5 175.7 31 03 0.0 p ) 51 0.6 2120
SouthAmerica___ 2.8 21 02 40 9.2 17 1035 63 22 02 44 131 33 1246 102 24 03 49 177 44 1552 148 25 03 54 230 52 1584
subtotal 105 4.6 0.4 180 336 38 9.4 207 50 05 197 459 56 1052 324 54 06 216 599 74 1248 455 59 07 235 756 88 1394

All Tropical Forest
india 22 00 01 38 61 14 95.0 30 00 01 39 70 14 1032 30 00 01 40 71 14 1023 31 00 01 41 74 16 1022
Other South Asia 14 0.0 0.1 0.6 20 0.4 1278 15 0.0 0.1 0.7 24 0.5 137.9 15 0.0 0.1 0.7 23 0.5 139.6 15 0.0 0.1 0.7 23 0.5 1417
SoutheastAsia 488 92 08 202 789 97 3236 387 69 06 156 618 443 2784 375 63 06 143 587 73 2692 340 52 05 122 519 65 2517
Affica 889 205 15 734 1843 484 2481 866 189 14 669 1738 444 2448 862 178 14 619 167.4 409 2476 855 166 14 57.3 1608 380 2525
Mexico 1.9 0.2 0.1 3.1 53 0.6 75.7 1.9 0.2 0.1 3.0 52 0.4 75.7 21 0.2 0.1 3.0 53 0.4 79.0 20 0.2 0.1 29 52 0.5 790
Central America 23 05 00 24 53 05 1552 30 05 00 24 59 05 1796 36 05 00 23 64 06 2062 42 05 01 23 70 61 2316
South America 1454 290 29 851 2623 32.2 269.4 1424  27.6 28 795 2523 31.2 2734 139.6  26.3 27 745 2431 46.6 279.3 1368  24.9 2.6 700 234.2 45.0 277.5

Subtotal  291.0 59.3 54 188.6 544.3 59.0 2538 277.0 542 51 171.9 508.3 54.8 249.1 2734 511 5.0 160.8 490.2 62.5 251.6 267.2 474 4.8 149.5 468.8 59.3 250.5

Global Total 379.7 80.2 31.6 421.7 913.2 60.7 2271 3713 76.1 319 406.6 885.9 56.6 225.4 3741 745 325 400.9 882.1 64.1 227.7 3715 725 32.6 3929 869.5 61.1 228.1

Note: 'Includes 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.

“Europe (temperate) includes European countries (EU- 28), Albania, Bosnia Herzegovina, Serbia, and Switzerland, except for Norway, Sweden, and Finland.
Other Europe includes Ukraine, Belarus, Georgia, Armenia, Azerbaijan, and Turkey.

S0ther countries include Mongolia and Kazakhstan.

"Other South Asia includes Afghanistan, Pakistan, Nepal, Bhutan, Bangladesh, and Sri Lanka.

8Southeast Asia includes Indonesia, Malaysia, Philippines, Vietnam, Cambodia, Thailand, Myanmar, and Laos.



Article

Extended Data Table 3 | Annual change in forest C stock by biome and country or region

1990-1999 2000- 2009 2010- 2019
Harvested NetC ; oc! Harvested NetC Uncertainty Stock Harvested NetC Uncertainty Stock
Blome nil couniiy Total D€ e sl wood  stok oferams change  Total % e soil  wood  stock ofnetstock B Total D€ e ol wood  stock of netstock Chanee
living  Wo°d products change O s 0% perarea  living  Wood products change  change PErar€d iving Wood products change  change Perarea
/region g change : g
biomass (MgCha  biomass (MgCha'  piomass (MgC ha
¢ tyear?) tyear) *year)
Boreal Forest'
AsianRussia 1451 587 317 1055 63 3473 596 053 1277 616 345 1093 45 3376 482 051 198 845 358 957 59 2021 228 030
European Russia 680 259 108 201 714 1319 194 075 749 233 133 249 62 1426 183 079 692 281 138 173 57 1341 131 073
Canada  -64 -167 100 26 109 04 01 000  -551 111 88 27 122 -202 55 009 293 82 -17.9 18 59 -47.8 129 021
Alaskalnterior 47 01 02 00 00 45 14 019 38 03 28 00 00 07 02 003 37 02 12 13 00 11 03 004
Europeanboreal’ 147 15 22 06 55 233 70 037 181 13 20 19 68 251 80 040 204 20 20 30 74 348 104 040
Subtotal 2261 69.5 545 127.6 298 5075 631 044 1645 971 558 1388 298 4858 525 042 441 1062 325 1165 249 3243 411 028
Temperate Forest®
United States’ 1434 267 17 11 323 2051 222 080 1345 269 05 21 243 1840 199 071 1323 275 08 04 233 1819 196 071
European temperate’ 895 209 20 53 82 1259 187 117 1013 39 21 79 170 1323 209 117 798 30 30 119 189 1166 181 099
OtherEurope’ 413 02 30 211 21 678 148 164 35 02 15 113 21 505 105 118 306 01 23 289 33 653 164 148
China 460 26 06 109 186 787 127 056 1212 68 60 129 175 1644 258 107 1802 74 61 326 242 2505 380 148
Japan 271 00 00  -13 77 335 96 133 254 00 00 06 75 323 88 129 127 00 00 -08 109 228 41 091
Korea 116 00 09 97 04 225 57 171 164 00 13 137 06 320 80 250 131 00 10 120 06 268 68 215
Australia  -15.9 20 01  -41 19 202 68 017 125 09 05 34 19 -144 48 012 74 08 05 53 12 30 10 002
NewZealand 63 10 03 46 11 133 32 138 79 07 02 -03 14 99 28 101 78 09 01 03 22 111 28 113
Othercountries* 01 00 00  -02 005 -04 01 -0.02 011 00 00 02 006 05 02 003 17 03 07 38 006 66 20 038
Subtotal  349.2  49.3 83  47.0 724 5262 374 070 4298 37.6 121 397 724 5916 422 077 4655 385 128 830 847 6847 500 087
Tropical Intact Forest
india 502 01 34 101 138 776 129 134 04 00 08 71 168 252 29 042 125 01 04 85 185 400 42 065
OtherSouthAsia’ 7.8 04 01 60 48 189 55 130 35 02 01 01 43 06 16 004 12 00 00 00 44 33 12 021
SoutheastAsia 822 104 17 40 196 1180 450 072 709 89 15 27 138 978 365 077 611 78 13 38 149 888 341 085
Afiica 3792 482 80 139 272 4764 1387 084 3553 451 75 107 329 4514 943 089 2981 379 63 167 386 3975 1333 088
Mexico 179 23 04 09 11 225 62 0.0 61 21 03 08 23 217 60 064 155 20 03 07 23 209 57 065
Central America 67 06 01 02 23 99 27 099 37 05 01 02 26 70 19 083 23 03 00 02 27 56 15 082
South America 4511 573 95 209 217 5605 1384 066 _ 3414 435 7.2 165 186 4273 1600 054 _ 2417 307 51 260 208 3243 1905 045
Subtotal 9952 1193  23.0 560 90.4 1283.8 2016 075 7843 999 173 380 915 1030.9 1894 067 300 787 135 562 1022 8806 2351 063
Tropical Regrowth Forest
india 164 00 05 01 00 168 49 209 13 00 02 38 00 53 19 063 34 00 01 16 00 51 13 057
OtherSouthAsia’ 3.9 01 00 13 00 52 21 259 04 00 00 05 00 10 03 046 o1 00 00 08 00 09 04 045
SoutheastAsia 1981 7.1 14 291 00 2356 1056 341 2635 94 19 388 00 3136 1254 339 3061 109 22 453 00 3645 1514 338
Affica 3561 132 26 674 00 4393 1688 274 4180 155 31 791 00 5156 1536 274 4547 168 34 860 00 5609 1945 274
Mexico 670 49 01 102 00 822 26 256 604 45 01 92 00 742 204 218 579 43 01 88 00 711 196 209
Central America 826 29 06 98 00 959 24 411 836 29 06 99 00 9.9 267 413 8.4 30 06 100 00 990 272 415
South America 3434 120 24 407 00 3984 1633 411 _ 3902 136 27 461 00 4526 2124 443 _ 4644 161 32 545 00 5383 2209 415
Subtotal 1067.4 401 7.5 158.3 00 1273.4 259.9 325 1217.4 459 8.6 1873 00 1459.1 2925 318 13721 512 9.5 207.0 00 1639.8 3327 321
All Tropical Forest
india 666 01 39 100 138 944 138 144 17 01 10 109 168 305 34 044 158 01 05 102 185 451 40 064
OtherSouthAsia’ 1.7 05 01 7.3 48 242 58 145 30 02 01 05 43 15 14 009 12 00 00 08 44 40 12 024
SoutheastAsia 2803 175 31 331 196 3536 1148 152 3344 183 34 415 138 4114 1306 187 3673 187 35 490 149 4534 1552 214
Affica 7353 613 106 812 272 9157 2185 126 7732 60.6 106 897 329 967.0 1803 140 7528 547 9.6 1027 386 9584 2358 146
Mexico 849 72 05 111 11 1047 24 151 765 65 04 100 23 958 212 142 734 63 04 96 23 920 146 139
Central America  89.3 34 07 100 23 1057 25 318 872 34 07 100 26 1039 267 326 877 33 06 103 27 1046 273 340
South America 7945  69.2 119 616 217 9589 2140 101 _ 7316 574 99 626 186 8799 2659 098 _ 7061 468 83 807 208 8628 2917 101
Subtotal 2062.6 159.4  30.5 214.3 90.4 2557.2 3289 122 20017 1458 259 225.2 915 2490.0 3485 125 20021 1299 230 2632 1022 2520.5 407.4 132
Global Total 2637.9 2783 933 3890 1926 35910 3370 090 25960 2804 937 4037 1937 3567.4 3549 091 25117 2747  68.3 4628 2119 3529.8 4125 092

The C sink (Tg C year™) for decades respectively from 1990 to 2020.
Note: 'Includes 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.
“Europe (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.

50Other countries include Mongolia and Kazakhstan.
"Other 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

Elobal Gfuxes.and Budsst 1990-1999 2000-2009 2010-2019*  1990-2019 1990-2019
8 (Pg Cyear™) (Mean) (Total, PgC)
Sources (C emissions):
Fossil fuel emission (Eros)? -6.3+0.3 -7.7+0.4 -9.5+0.5 -7.8+0.4 -235+2.2
Land-use change (LUC) gross emission (Ecuc)® -3.6+£0.6 -3.7+£0.6 -3.8%+0.6 -3.7+£0.6 -111+3.3
Total gross C emission (Eros + Eciuc)’ -9.9+0.7 -11.4+0.7 -13.3+08 -11.5+0.7 -346 £4.0
Sinks (C sequestration):
Atmosphere (Gamm)® 3.1+0.02 4.0+0.02 5.1+0.02 4.1+0.02 122 +0.11
Ocean (Sxea)® _ 2004 22404 _ 28204 23204 _ 70222
Global land gross C sink (Scianp)’ 48+0.8 5.2+0.8 5.4+0.9 5.1+0.8 154 +4.6
Land C fluxes:
Global C sink in established forests® 2.3%£0.2 2.1+0.2 1.9+0.2 2.1+0.2 63.2+1.2
Global gross C sink in all Earth’s forests’ 3.6+0.3 3.6+04 3.5+0.4 3.6x0.4 106.9+2.0
Global non-forest land gross C sink (Seanp - Scror)™® 1.2+0.9 1.6+0.9 1.9+1.0 1.6+0.9 47.1%5.1
Tropical deforestation gross emission (Epror)™ -2.7+0.5 -1.9+0.4 -2.1+0.6 -22+0.5 -67.1+28
Global non-forest LUC gross emission (Ecuuc - Eoror)?> -0.9+0.8 -1.8+0.7 -1.7+0.8 -1.5+0.8 -43.9+4.2
Global land net sink (Sxuano) ™ 1.2+10 1.5+1.0 1.6+1.1 14+1.0 43+5.7
Global forest net sink (Sxror)* 0.9+0.6 1.7+0.6 1.4+0.7 1.3+0.6 39.8+3.5

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.?, in which the last decade is presented as 2011-2020, while in this study 2010-2019.

2. Fossil fuel emissions (E;) are derived from Table 6 of Friedlingstein et al.%.

3. Land-use change (LUC) gross emissions (£, ,c) 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 Eqos+Eg ¢

5. Atmosphere C growth (G,,) is derived from Table 6 of Friedlingstein et al.?, which is the increase of atmospheric carbon (in the CO, form).

6. Ocean C sequestration (Soceay) Was derived from Table 6 of Friedlingstein et al.2, which is the carbon absorbed by oceans.

7. Global land gross C sink (S, ,\p) is the result of Total gross € emissions minus the C growth in the Atmosphere (G,yy) and carbon sequestration by Ocean (Soceay), SO often viewed as the
residual sink.

8. Global Csink in established forests include boreal, temperate and tropical intact forests (excluding tropical regrowth forest, which means excluding LUC).

9. Global gross C sinkin all Earth's forests (S.;.y) is the estimate from this study (Table 1).

10. Global non-forest land gross C sink is the result of Sg ayp = Sgror-

11. Tropical deforestation gross emission (E;) is the estimate from this study (Table 1).

12. Global non-forest gross emission is the result of Eg ¢ = Epror-

13. Global land net sink (Sy o) is the balance between S ayp and Egyc.

14. Global forest net sink (S.;) is the balance between Sg¢oz and Eyeor and the estimate from this study (Table 1).





