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Supplementary Information 1 

Definitions of forest, C pools, stock, and flux 2 

Forest – Land spanning more than 0.5 hectares with trees taller than 5 meters and a canopy cover 3 

of more than 10 percent, or trees able to reach these thresholds in situ15. Tree plantations are 4 

included. Forest lands that are temporarily treeless because of harvest or disturbance are 5 

included. Forest does not include land that is predominantly under agricultural or urban land use, 6 

even though such land may have some tree cover.  7 

 8 

Living biomass – includes above- and below-ground biomass of live plants. The aboveground 9 

biomass includes all living biomass above the soil including stem, stump, branches, bark, seeds, 10 

and foliage. The below-ground biomass includes all biomass of live roots. Fine roots of less than 11 

2 mm diameter are often excluded or may be included with litter and soil carbon (C) pools. 12 

Understory plants may be included or excluded in cases where they comprise a very small 13 

proportion of the total biomass, as long as this is done consistently over time. 14 

 15 

Dead wood – Includes all non-living woody biomass not contained in the litter, either standing, 16 

lying on the ground, or in the soil. Dead wood includes wood lying on the surface, dead roots, 17 

and stumps larger than or equal to 10 cm in diameter, unless another threshold is used by the 18 

country. 19 

 20 

Litter – Includes all non-living biomass with a diameter less than a minimum diameter, typically 21 

10 cm, and lying dead biomass in various stages of decomposition above the mineral or organic 22 

soil. Includes the litter, fumic, and humic layers. Live fine roots may be included if excluded 23 

from living biomass in some data sources due to regionally different estimation approaches, but 24 

are consistent over time within a dataset. 25 

 26 

Soil organic matter – Includes organic carbon in mineral and organic soils (including peat) to a 27 

specified depth of 1 meter although some data are derived from a depth of 30 cm. Live fine roots 28 

may be included if excluded from living biomass in some data sources due to regionally different 29 

estimation approaches. Different approaches are consistent over time within datasets.  30 

 31 
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Carbon in harvested wood (harvested wood products, HWP) – includes products in use and in 32 

landfills. “Products in use” includes end-use products that have not been discarded or otherwise 33 

destroyed. Examples include residential and nonresidential construction, wooden containers, and 34 

paper products. “Products in landfills” includes discarded wood and paper placed in landfills 35 

where most carbon is stored long-term and only a small portion of the material is assumed to 36 

degrade, at a slow rate. Generally, carbon in HWP is a relatively small proportion of the carbon 37 

in harvested roundwood.  To the extent that the amount of stored HWP increases, we add that 38 

quantity to the estimated change in C stock15. However, we do not attempt to estimate the total 39 

amount stored, only the change. 40 

 41 

We did not include a full accounting for soil carbon in forested wetlands and peatlands in this 42 

study although this large pool will be increasingly important as both sink and source of GHG42 43 

especially with the dynamic land-use in the tropics. Globally tropical peatlands and mangroves 44 

may store as much as 110 PgC, which have much longer residence times than upland soils but 45 

sensitive to land-use changes and should be given more consideration in the future work.  46 

 47 

Uncertainty evaluation and major sources of uncertainty 48 

We acknowledge that there are inherent differences in field methods and sampling in forest 49 

inventories between countries, thus it’s critically important to follow valid statistical approaches 50 

in data collection and when scaling up site data to regional or country levels. The methods used 51 

for calculating uncertainties of estimates generally follow standard approaches (like from FAO 52 

and IPCC) in combinations that are attuned to country-specific circumstances.  53 

 54 

Errors in Statistical Data 55 

Evaluation of errors in statistical data is commonly associated with national forest inventories 56 

based on sampling and models.  Tree and forest measurements are made at sample plots 57 

randomly located across the landscape, typically at large numbers of sampling locations. Models 58 

are necessary to convert variables that are easily measured such as tree diameter, to estimates of 59 

variables that are difficult to measure directly, like tree biomass. The approach examines 60 

probabilities that estimates are different from the “true” value where inferences can be made 61 

about the population from the sample data and model estimates. When multiple variables are 62 
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used to compile an estimate, such as ecosystem carbon stock, error propagation is used to 63 

combine the individual error estimates. 64 

 65 

Monte Carlo approach 66 

The Monte Carlo approach is a form of error propagation, often associated with complex 67 

modeling43. The approach uses a selection of random values from within individual probability 68 

density functions to calculate the value of a variable of interest. The calculation is run numerous 69 

times using different selections of random variables to develop the overall probability density 70 

function of an estimate.  The distribution of the calculated estimate illustrates the imprecision of 71 

the data.   72 

 73 

Expert judgement 74 

When quantitative estimates of uncertainties were not available from source data or could not be 75 

calculated, we derived them from expert opinion using an uncertainty scale44: 76 

(1) 95% certain that the actual value is within 10% of the estimate reported 77 

(2) 95% certain that the estimate is within 25% 78 

(3) 95% certain that the estimate is within 50% 79 

(4) 95% certain that the estimate is within 75% 80 

(5) 95% certain that the estimate is within 100% 81 

 82 

These are informed categorizations, reflecting expert judgment, using all known descriptions of 83 

uncertainty surrounding the “best available” or “most likely” estimate. For instance, for different 84 

forest components, uncertainty of C estimation in living biomass is much less than in deadwood, 85 

litter, and soils. If multiple expert opinions were available, we used the highest uncertainty 86 

among them. In addition, we considered relationships between different carbon variables: we 87 

first estimated an uncertainty scale for carbon stock changes based on data or “expert opinions”. 88 

Then we used 50% of the scale to evaluate uncertainty of C stocks with an assumption that 89 

uncertainty for estimating C stock changes (the difference between stocks at two points in time) 90 

is the sum of uncertainties of stocks. 91 

 92 

Uncertainties from data of forest area  93 
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Forest area estimates from countries with forest inventories are generally accurate (reported 94 

estimate within 5% of the true value) and sum to the estimated net change between reporting 95 

years, calculated as the difference between successive estimates.  However, it is often difficult to 96 

estimate the underlying gross changes in area – i.e., afforestation and deforestation – because 97 

these estimates tend to be a small percentage of the total forest area and therefore require intense 98 

sampling methods and consistent remote sensing techniques that may not be deployed over time. 99 

Remote sensing-based estimates could underestimate forest areas for “forest land remaining 100 

forest land” by excluding harvested and other disturbed areas which are recovering before they 101 

have regenerated sufficient canopy leaf area, typically crossing a 10% threshold of tree cover.  102 

 103 

For regions lacking forest inventories, mainly in the tropics, there are well-known problems with 104 

reported area estimates particularly regarding temporal consistency, and for some regions and 105 

countries, data on area are simply not reported in a way that is consistent with the FAO Forest 106 

Resources Assessment. Area estimates from tropical countries were based on remote sensing or 107 

sample surveys, or subjective expert assessment45,46. Updating older data, a common practice, 108 

also produces errors, as does re-estimating data for older reporting years if methods or 109 

definitions change. The separation of total tropical forest area by region into intact and regrowth 110 

forests is especially ambiguous with respect to accounting for small-scale selective logging 111 

because these activities are difficult to detect from remote sensing, and to evaluate their impact 112 

on either intact forests or forest regrowth, which by definition includes recovery from large-scale 113 

logging. In addition, tropical intact forests include some well-established secondary forests that 114 

have not been severely disturbed recently by human activities, which adds more uncertainty due 115 

to definition criteria. The FAO statistics include countries’ data partitioned into primary and 116 

secondary forest lands, but it is difficult to know how these numbers were produced. For 117 

instance, for Amazon tropical forests, FAO reports that two thirds of forests were secondary 118 

forests15, which does not appear realistic given that large remote areas of forests experience 119 

limited impact from human encroachment. Therefore, we did not use FAO’s primary and 120 

secondary forests for defining tropical intact and regrowth forests. Instead, we used alternate 121 

sources or methods as described below for individual countries or regions.   122 

 123 
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FAO often assumes that forest remaining forests have a neutral C balance, which is why FAO 124 

provides a much smaller carbon sink than the national inventories analyzed by Grassi et al.47, 125 

who pointed out this critical issue. For countries lacking reports of credible data on C stocks and 126 

fluxes, we use alternate sources for this information from research studies involving extensive 127 

ground measurements, depending on the country and what other sources are available. 128 

 129 

Uncertainties from estimates of C stocks and C stock changes 130 

Generally, estimates of C stocks and stock changes for temperate and boreal forests have lower 131 

uncertainty than estimates for intact or tropical regrowth forests because they are based on 132 

unbiased statistical sample surveys of all forest types and conditions. Also, estimates of above-133 

ground biomass C stocks and changes in C stocks have lower uncertainty and more consistent 134 

results even with different estimation approaches, compared with greater uncertainty and 135 

inconsistency in both data and methods for estimating dead wood, litter, soil, and harvested 136 

wood C stocks and changes in these stocks.  137 

 138 

Testing statistical significance of decadal trends in the global carbon sink 139 

Although decadal global forest C sinks appear to decline slightly (Table 1), we applied two 140 

statistical methods to test for a significant trend. First, our null hypothesis H0: μ =0, where μ 141 

represents a slope, decadal C sinks are treated as the same subject on continuous time. Monte-142 

Carlo simulations were used to generate random samples for populations of carbon sink in 143 

1990s, 2000s and 2010s, respectively, using the mean value and standard deviation of each 144 

decadal sink with 1000 repetitions. We ran a linear regression on the three observations from 145 

random simulation data, repeating it 1000 times: 146 

𝑆𝑖𝑛𝑘௜௝ ൌ 𝑏଴௝ ൅ 𝑏ଵ௝𝑇௜   147 

Where, Sinki represents decadal annual C sinks, which are treated as the same subject on 148 

continuous time;  i= 1,2, 3 and Ti uses 1, 2, 3 for the decade of 1990s, 2000s and 2010s to form a 149 

time series; b0j is the intercept, b1j is the slope of the regression, and j represents a group of 150 

random samples derived from three populations. The slope b1j constructs Monte-Carlo 151 

confidence interval at significant level α = 0.05 (Fig. S1). As the confidence interval of b1j 152 

includes 0, their values are not significantly different from zero. In addition, the t-test value 153 
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(0.805) for the slope of the regression is smaller than the t-criteria (2.353), we failed to reject the 154 

null hypothesis.  155 

 156 

We further applied Cohen's d‒ an effect size (ES) of the standardized difference between two 157 

means for examining the maximum likelihood of difference between a pair of global C sinks:   158 

𝐶𝑜ℎ𝑒𝑛ᇱ𝑠 𝑑 ൌ ሺ𝜇ଵ െ 𝜇ଶሻ/ඥ𝑠ଵଶ ൅ 𝑠ଶଶ,   159 

where μ is a mean of global C sink and s is a standard deviation of the simulated random data. 160 

The criteria for ES have scales from 0.01 to 2.0, and when ES <0.2, as is the case for our data, 161 

the maximum likelihood of difference between compared means is unlikely significant (Fig. S1).  162 

 163 

Specific methods used for each country or region 164 

Methods used for each country or region are described in detail here and summarized in Table 165 

S1. In general, countries of the temperate zone have established forest inventories that provide a 166 

sound basis for estimating C stocks and changes in C stocks. Countries of the boreal zone 167 

typically have inventories for forest areas that are intensively managed for timber production or 168 

other services, and use remote sensing or models to supplement the inventory data for reporting 169 

to FAO or the United Nations Framework Convention on Climate Change (UNFCCC). In the 170 

tropics, few countries have established forest inventories, while many countries report to FAO 171 

and UNFCCC based on international databases of remotely-sensed forest land areas combined 172 

with some regional studies and measurements, or default emission and removal factors from 173 

IPCC.  In the tropics, area estimates reported to FAO provide the most spatially and temporally 174 

consistent source for information about the extent of total forest land, even though there have 175 

been methodological changes over the years, and reports from some countries are considered 176 

inaccurate. 177 

 178 

Russia  179 

An earlier estimate35 used the Russian national definition of forest which differs from the FAO 180 

FRA definition (e.g. 20% tree stocking threshold vs. 10%). The current analysis follows the FAO 181 

FRA definition and includes the relevant classes of the Russian forest land classification: main 182 

forest forming species, unstocked young planted forests, sparse forests (in part, which 183 

corresponds to the FAO definition), burnt areas (after stand replacing fire), dead stands (forest, 184 
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killed by other than fire disturbances, typically by insects, pathogens or unfavorable weather 185 

condition), and unregenerated harvested areas. 186 

 187 

The current situation for official data on Russian forests is that there are serious concerns 188 

regarding their reliability. Thus, two basic sources of forest information - the State Forest 189 

Register (SFR, from 2007 – a successor of the State Forest Account, SFA) and the State Forest 190 

Inventory (SFI, the first cycle was provided in 2007-2020) report substantial differences in the 191 

basic forest characteristics4,48. Data of the SFR are obsolete and biased: about half of the forest 192 

area of the country was last inventoried more than 30 years ago49. The last official Russia report 193 

for global FRA-202015 used the obsolete data of the SFR, but the problems with those data 194 

hinder the direct use of the SFR in this study. Meanwhile, detailed results of the first cycle of the 195 

new SFI are not yet published and still require quality control and analysis. Several independent 196 

remote sensing estimates of growing stock volume (GSV) dating back to the second half of the 197 

2010s have yielded results ranging from ~94 to 111 billion m48,50,51, but remote sensing does not 198 

assess some indicators of forests, or does not provide the necessary accuracy, for variables that 199 

are important for assessing the carbon budget of forests.  200 

 201 

For forest area estimates we therefore used a framework based on satellite data at spatial 202 

resolution ~150 m, integrated with an expert system of up-to-date Russian forest inventory data 203 

which were developed for every nation-wide forestry enterprise (in total c. 1600) for 2009-2019, 204 

including both appropriately updated forest inventory information and regional models5. An 205 

exception was made for area estimates for 1990 which were derived from official inventory data 206 

reported in the SFA52,53,54. For some indicators (particularly of zonal ecotones and sparse 207 

forested areas of high latitudes), high spatial resolution remote products and updated SFA/SFR 208 

data were used4,55.  209 

 210 

For GSV estimates in 1990-1999, we based our analysis on official data of the SFA for 1978-211 

2003. These data have been corrected to eliminate biases of different methods of forest inventory 212 

which were applied in the country over the last three decades1,2. The GSV data for 2000, 2010 213 

and 2020 were assessed by the integration approach including control comparisons of 214 

independent estimates for individual years and the expert system mentioned above. Live biomass 215 
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and dead wood (coarse woody debris) were assessed based on new systems of regional multi-216 

dimensional biomass expansion factors, which include all structural components of forest 217 

ecosystems, not only trees3,56.  218 

 219 

For estimating carbon in harvested wood, we based our analysis on official statistics which 220 

report wood removal in units of commercial wood volume. These data were recalculated in units 221 

of harvested GSV, then converted to carbon. All types of harvest are included, not only final 222 

felling, but thinning and sanitary cuts. Illegal harvest was not included. Wood in landslides was 223 

not included due to lack of data. 224 

 225 

Soil carbon estimates are based on the latest assessment for 201457. Estimates for other years that 226 

lacked inventory data are based on empirical models that link soil C dynamics during the 227 

considered decades with the amount of input of organic matter, basically in form of dead roots 228 

due to natural mortality, harvest and natural disturbances, particularly fire and biogenic agents, 229 

live biomass and level of disturbances, and the output due to decomposition of the organic matter 230 

and transport to the hydrosphere. The 2000-2019 periods had substantial acceleration of the 231 

disturbance regimes in Russian forests.  A substantial increase of SOC in litter was observed on 232 

abandoned arable land ‒ 25 M ha of which were transformed into forests58. The estimates for soil 233 

C include the organic layer above the soil and the 1m top layer below the organic layer (litter) of 234 

mineral soils, and 1m depth for the organic soil (peat). The average results per unit of area are in 235 

the range of reported estimates for Nordic countries59,60,61. Estimates of uncertainty were 236 

provided by error propagation with some elements of expert estimation, basically for 1990-1999. 237 

Application of the FAO definition results in the carbon sink estimate to be approximately 20% 238 

lower than assessments which use the Russian national definition in the stock-based method as 239 

well as in the absolute majority of modelling application of flux-based (gain-loss) methods4. 240 

 241 

Canada  242 

Estimates of C stocks and C stock changes were obtained from Canada’s National Forest Carbon 243 

Monitoring, Accounting and Reporting System (NFCMARS)62 which was developed to meet 244 

international reporting requirements for greenhouse gas emissions and removals in Canada’s 245 

managed forest. The Carbon Budget Model of the Canadian Forest Sector (CBM-CFS3)63 is the 246 
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core model of NFCMARS. Details of data sources and regional results are provided elsewhere7. 247 

Data for Canada include both the anthropogenic and the natural disturbance categories reported 248 

for Canada’s managed forest. Because of data limitations, estimates of C stocks and stock 249 

changes are limited to the 226 Mha of managed forest, leaving unaccounted some 121 Mha of 250 

northern forests that are not subject to management (Table S6). Information on deforestation 251 

rates is derived from a national deforestation monitoring program implemented for all of 252 

Canada’s managed and unmanaged forests to meet the reporting requirements of the UNFCCC.  253 

 254 

The CBM-CFS3 is a well-established C budget model used in Canada and internationally64. It 255 

relies heavily on empirical data on forest conditions and forest changes, and simulates C stocks 256 

and stock changes in dead wood, litter and soil C as mass balances calculated from inputs 257 

(through litterfall, biomass turnover and disturbance inputs) and losses (through decomposition, 258 

transfers by harvesting, and losses to the atmosphere during disturbances such as fire)62,63,64,65. 259 

Following the recommendations of the IPCC, the model links dynamics of dead organic matter 260 

pools directly to the dynamics of the better-known biomass dynamics. At present, the CBM-261 

CFS3 does not account for C stocks in forested wetlands with deep (peat) organic soils whose 262 

dynamics are strongly affected by water table fluctuations for which few data exist at the 263 

national scale. Estimates of harvested wood product (HWP) C are derived from a comprehensive 264 

harvested wood products model that simulates wood harvest in Canada from 1900 to 1989 at the 265 

national scale (to initialize HWP pools) and from 1990 to 2020 at the scale of Provinces and 266 

Territories8. Estimates are based on the “production approach”, which accounts for HWP derived 267 

from wood produced in Canada, regardless of where the wood products are consumed. HWP 268 

transfers to landfills are assumed to be instantly oxidized and Canada does not report HWP 269 

storage in landfills. 270 

 271 

Interior Alaska  272 

Three categories of forest land in Alaska are used in our analysis: the Southeast part (4.2 million 273 

ha), included with the temperate zone data for the United States; the “managed” part (24.5 274 

million ha) of Alaska’s interior, reported in the boreal zone; and the “unmanaged” part (8.2 275 

million ha) of Alaska’s interior, which is not reported because of lack of data. The methods used 276 

for Alaska are those used for the U.S. greenhouse inventory as that is the source for all reported 277 
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data12.  For the temperate part of Alaska, refer to the methods described later for the temperate 278 

part of the U.S. as they are also relevant for temperate Alaskan forests. There are some 279 

differences in methods used for the managed part of Alaska’s interior, so those are briefly 280 

described here.   281 

 282 

The area of managed and unmanaged forest for Alaska, and the classification of sample plots, is 283 

based on National Landcover Data (NLCD) since higher-resolution area data were not available.  284 

Areas of managed and unmanaged forests for Alaska are described and mapped in Ogle et al.66. 285 

 286 

Forest carbon stock and stock-change estimates for Alaska’s interior are based on national forest 287 

inventory (NFI) sample plots, except that there are far fewer of them established on the ground 288 

compared with Southeast Alaska and the Continental U.S., and remeasurements are currently 289 

lacking.  Sampling intensity has been 1 plot per 12,013 ha (1/5 of the sampling intensity for the 290 

continental U.S.), and plots were sampled in 2014 and 2016 to 2020 (n = 898).  Therefore, some 291 

additional modelling effort was required to extrapolate the existing sample plot data to the whole 292 

area. Briefly, the NFI data were used to predict plot-level parameters using non-parametric 293 

random forest for regression. Random forest describes the relationship between a dependent 294 

variable (e.g., live aboveground biomass carbon) and a set of predictor variables. More detail 295 

about this methodology is available in U.S. EPA12. Time-series estimates for all of Alaska are 296 

presented in Domke et al.67.  Estimates for the managed interior part of Alaska were inferred 297 

from these data combined with data reported in U.S. EPA 2022 and consultation with G. Domke 298 

(personal communication).    299 

 300 

European boreal forests 301 

In Finland, Norway, and Sweden, forest growing stock volume (nation-wide stem volume) has 302 

been reported as a 100-year time series based on empirical observations at intervals of typically 303 

1-8 years68,69,90. The vegetation carbon sink was calculated converting stem volume to dry 304 

biomass and carbon mass of whole trees, interpolating annual time steps, and thus obtaining the 305 

sink in living trees as C stockyear n – C stockyear n-1. This method is referred to as the stock change 306 

method. In addition, the flux method was applied drawing on annual observations of increments 307 
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(= growth) and decrements (= drain, consisting of harvest losses and natural disturbances and 308 

mortality), subtracting the annual decrement from the annual increment .  309 

 310 

Regarding forest soils, empirical inventory data on the national C stock are available since the 311 

1990s from Sweden. The Swedish data were extrapolated to Finland and Norway proportional to 312 

the forest area of the three nations. Moreover, soil carbon models were examined for defining the 313 

input of C in litter and the organic mor layer, and the losses of C in decomposition and leaching. 314 

Results for the stocks and stock changes of soils and litter were checked for consistency with the 315 

country data reported to UNFCCC10. 316 

 317 

Continental United States and Southeastern Alaska  318 

Forest area estimates for specific years are from the United States (U.S.) Forest Inventory and 319 

Analysis (FIA) as reported for all temperate forest lands of the continental U.S. and Alaska11. 320 

Estimated area of afforestation was from the U.S. EPA71.  Deforestation area was calculated as 321 

the area needed to account for the total area change after estimated gains from afforestation. 322 

Estimates of forest C stocks in the U.S. are based on the U.S. Forest Service Forest Inventory 323 

and Analysis (FIA) data base, as reported72. FIA statistics are compiled from a very large 324 

sampling of U.S. forest lands – about 130,000 forested sample plots are inventoried on a rotating 325 

annual basis. Statistical estimates of forest area, species, and stand density are converted to 326 

ecosystem carbon estimates using standard procedures and following national and international 327 

accounting and reporting guidelines. Details of the methodology are available in USDA73 and 328 

USEPA74, so only a brief overview is presented here.  329 

 330 

Forest tree biomass (live and dead) is estimated directly from the inventory measurements using 331 

allometric equations. Other C pools (down woody debris, forest floor, understory biomass, and 332 

soil C) are estimated using simple empirical models71, parameterized from measurements at a 333 

subset of national inventory plots, and ecosystem studies that related these variables to observed 334 

forest characteristics from the inventory.  335 

 336 

Estimates of soil C stocks account for a soil depth of one meter, and include the effects of land-337 

use change and forest type shifts, but not increases or decreases on forest land that does not 338 
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change forest types over the inventory period. Estimates of changes in soil C stocks do not 339 

include that portion of the soil C that is transferred into or out of the forest land classification. 340 

The carbon in harvested wood (remaining in use and stored in landfills) is estimated using a 341 

model that converts removals data to C stocks based on tracking of wood processing and decay 342 

rate functions75. The uncertainty of the estimated annual change in forest and wood products C is 343 

about 10% at the 95% confidence level71. These uncertainty estimates are based on a Monte 344 

Carlo uncertainty analysis of the mean estimates. 345 

 346 

Temperate Europe  347 

The data for Europe were obtained from the country reports prepared by 31 European countries 348 

for the State of Europe’s Forests 202013, Greenhouse Gas Inventory for the UNFCCC14 and the 349 

Global Forest Resources Assessment of 202015. The quality and availability of forest area data 350 

for Europe is good. The reported values for forest area are generally based on combined remote 351 

sensing and aerial photographs, and confirmed by field surveys from national forest inventories. 352 

In addition to reporting forest area, most countries also report annual (gross) rates of 353 

afforestation and the natural expansion of forest cover. Afforestation, in the terminology of this 354 

study, is the sum of these two rates of forest expansion based on State of Europe’s forests13. 355 

Deforestation was inferred from total land use change from forest to other land use types based 356 

on the common reporting format to UNFCCC. Three countries lack values for annual 357 

afforestation. Depending on the sign of the net change of forest area in these countries, it is 358 

included in the regional totals as either afforestation or deforestation.  359 

 360 

The estimates for carbon in living biomass in Europe are based on repeated field surveys from 361 

national forest inventories that measure growing stock volume. Growing stock volume is 362 

converted to biomass, and biomass to carbon, using national factors developed by country-363 

specific research, with the exception of Greece. Based on national forest inventory uncertainty 364 

analyses, we can state that the quality of these data is good to very good. Net annual increment is 365 

derived from the repeated inventories and converted to biomass, and biomass to carbon, using 366 

national factors developed by country-specific research. 367 

 368 
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The availability of data on carbon in dead wood is more restricted; approximately half of all 369 

European countries lack these data for at least one reporting year. Where data were missing, 370 

carbon in dead wood was estimated by applying ratios of dead wood carbon per hectare to 371 

forest area. For countries that lacked data for some year(s), these ratios were extrapolated based 372 

on data for other years. For countries entirely lacking data, these ratios were adopted from the 373 

country with the most similar climate and forest-use history. In these cases, the estimated ratios 374 

were constant and based on data from 1990. Due to data deficiencies, the accuracy and precision 375 

of the regional estimates of the dead wood C stock are weaker than the corresponding estimates 376 

for living biomass. 377 

 378 

The availability of data on C stocks in litter and soils is also limited. Of the 31 European 379 

countries included in the analysis, 15 reported soil C for the whole period (1990-2020). 380 

Austria, Denmark and Germany use data from their respective forest soil inventory, while most 381 

other countries use forest area-based extrapolations.  382 

 383 

In this study, the C stocks in litter and soils for countries that lacked data were estimated by 384 

using area-based litter and soil C ratios. For countries that lacked data for some year(s), these 385 

ratios were extrapolated based on data for other years. For countries entirely lacking data, 386 

these ratios were adopted from the country with the most similar climate and forest use history. 387 

In these cases, the estimated ratios were constant and based on data from 1990. Available 388 

estimates were adjusted to a standard depth of one meter if a different depth was used, based on a 389 

model of soil C by depth reported in Jobbagy and Jackson76. Estimates of the C in HWP were 390 

derived using the method described earlier in the general methods section. 391 

 392 

China  393 

We estimated forest biomass C stock and its change during the 1990s, 2000s and 2010s for 394 

China using biomass expansion factors for each forest type and China’s forest inventory data for 395 

the periods of 1989-1993, 1994-1998, 1999-2003, 2004-2008, 2009-2013, and 2014-201816. 396 

Since 1994, the definition of forest in China’s forest inventory has changed from >30% canopy 397 

coverage to >20% canopy coverage. We therefore calculated forest area, C density, and C 398 

change for 1989-1993 based on the new criterion (20% canopy coverage). Analyzing the 1994-399 
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1998 inventory data that provide both criteria (20% and 30% canopy coverage), we found that 400 

there exists a robust linear relationship for the forest area and timber volume between the two 401 

criteria at the provincial level (Equations 1 and 2): 402 

 403 

AREA0.2 = 1.290 (AREA0.3)0.995   (R2 = 0.996, n=30)                (1) 404 

TC0.2 = 1.147 (TC0.3) 0.996    (R2 = 0.995, n =30)               (2) 405 

 406 

where AREA0.2 and AREA0.3 are forest areas (104 ha) in a province under the two forest 407 

criteria, >20% and >30% canopy coverage, respectively; TC0.2 and TC0.3 are total forest C 408 

stocks in province under the two criteria. The provincial forest areas and C stocks with the 409 

new criterion in 1989-1993 were calculated based on Equations 1 and 2, followed by derivation 410 

of the corresponding forest C densities for the different C pools17. We used the methods and 411 

results by Zhu et al.18,19 to estimate carbon stocks in deadwood, litter, and harvested wood 412 

product in different inventory periods. Carbon in soil to a depth of one meter was estimated 413 

using ratios of soil C to vegetation biomass18,20. 414 

 415 

Japan  416 

We used the national inventory data of forest areas for 19 age classes (1–5 yr to > 90 yr) for 417 

major tree species such as sugi cedar and hinoki cypress and natural and afforested conifer and 418 

broad-leaved forests21. The data is available for the years 1985, 1990, 1995, 2002, 2007, 2012, 419 

and 2017; in other years, forest areas were linearly interpolated or extrapolated (after 2017). 420 

Areas of afforestation, reforestation, and deforestation were also obtained from the national 421 

inventory. Average biomass C stock for each age-class and forest type was estimated using the 422 

Forest Ecosystem Biodiversity Survey conducted in 2004–2008 and 2009–2013 by the Japan 423 

Forestry Agency (https://www.rinya.maff.go.jp/j/keikaku/tayouseichousa/). From 23,270 records 424 

by each survey, valid forest age and aboveground woody volume data were extracted and used 425 

for aggregation. The values were converted into total tree C stock by using biomass expansion 426 

factor (1.23–1.57), root-shoot ratio (0.25–0.26), wood density (0.314–0.50 t wood m–3), and 427 

carbon content (0.48–0.51 t C t–1 wood) data. Differences in the biomass expansion factor 428 

between young (< 20 yr) and mature (≥ 20 yr) stands were considered. By applying the average 429 

C stock to the age-class area data, we obtained total biomass C stock. The ranges of estimation 430 
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uncertainty were obtained by considering the variance of forest area, expansion factor, root-shoot 431 

ratio, wood density, and carbon content. We conducted the estimation 10,000 times using 432 

randomly sampled parameters and obtained the average and standard deviation of the total C 433 

stock.  434 

 435 

Soil and litter C stocks were estimated on the basis of survey data by the Forestry and Forest 436 

Products Research Institute77: on average, 0.42 ± 0.67 kg C m–2 for dead wood, 0.49 ± 0.32 kg C 437 

m–2 for litter, and 14.29 ± 8.38 kg C m–2 for soil (0–1m) organic matter. Temporal change in the 438 

soil and litter C stocks was simply estimated using the year-by-year change in forest area. C 439 

stock in harvested wood products was estimated by the method by Johnston and Radeloff78, 440 

using data from the national statistics report of wood supply and demand79. 441 

 442 

Australia 443 

Australia has a national greenhouse gas inventory system that reports changes in forest area and 444 

carbon stocks since 1990. Area of forest and annual changes in area are derived from a consistent 445 

time-series assessment of land cover change based on Landsat remote sensing since 1972. 446 

Carbon stocks and stock changes in biomass (above- and below-ground living biomass, dead 447 

biomass and litter) and soil are calculated using spatially referenced data integrated into an 448 

empirical process-based model based on a mass balance approach.  449 

 450 

Data sources included the Australian National Inventory Reports 2016, 2018; State of the Forests 451 

Report 2018; National Greenhouse Gas Inventory Quarterly Update June 2020; Australian 452 

Greenhouse Emissions Information System. These data were used in combination and cross-453 

checked22,23,24,25,26,27. 454 

 455 

The forest area reported comprises all land with woody vegetation with threshold minima of 2 m 456 

height, 20% canopy cover and forest areas of 0.2 ha. Forest land includes areas that potentially 457 

could reach these threshold values of the definition of forest land but are temporarily unstocked 458 

and expected to revert to forest. 459 

 460 

Forest land consists of three categories depending on their land use and land use change. 461 



16 
 

1. Forest remaining forest land:  462 

Harvested native forests: emissions and removal due to loss of biomass from timber harvesting, 463 

salvage logging, regrowth following harvest or fire, decay of harvest slash, prescribed burning, 464 

and transfer to harvested wood products.  465 

 466 

Pre-1990 plantations: emissions and removals as above.  467 

 468 

Other native forests (continuously forested since 1972): growth of trees and change in soil 469 

carbon are not included as carbon uptake is presumed to be balanced by carbon losses (however, 470 

this assumption likely leads to underestimation of carbon stocks and removals, as shown by 471 

Keith et al.80. Emissions and removals due to fire management practices are included. Emissions 472 

from wildfires are included as long-run average carbon losses after applying the natural 473 

disturbance provision. 474 

 475 

2. Forest land converted to other uses (deforestation): Carbon stock change includes  476 

emissions and removals from direct human-induced removal of forest and replacement with 477 

pasture, crops, settlements, or other uses since 1972. Emissions occur due to burning and decay 478 

of cleared biomass and changes in soil carbon from current and past activities. 479 

 480 

3. Land converted to forest (afforestation): Carbon stock change includes emissions and 481 

removals from forest regrowth on previously cleared land, regeneration of forest from natural 482 

seed sources, environmental plantings and new plantations.  483 

 484 

Change in forest area over the decade is calculated as the sum of gains from afforestation and the 485 

losses from deforestation. Net carbon stock change is calculated from the carbon stock data for 486 

the areas designated as forest land remaining forest land, forest land converted to other uses and 487 

land converted to forests. Carbon stock change is reported separately for the areas of forest land 488 

converted to other uses (deforestation) and land converted to forests (afforestation). Carbon stock 489 

change per area is calculated for the average area of forest land within the category over the 490 

decade, not the area change for each year. 491 

 492 
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Areas of deforestation are differentiated as: 493 

1. Clearing of primary forest that had not previously been cleared (based on remote sensing 494 

    monitoring since 1972).  495 

2. Clearing of young secondary forest that had re-grown on previously cleared land. 496 

 497 

Carbon stocks modelled in the inventory were calibrated with site data for estimated forest 498 

biomass to derive an initial forest biomass layer. In the inventory, this initial biomass is used to 499 

calculate carbon stock loss due to first-time clearing events since 1990. Initial biomass was 500 

equated with a ‘mature’ forest without recent disturbance that was assessed since 1970; however, 501 

this does not necessarily represent a primary forest (that is, a forest not affected by human 502 

disturbance events)81. Sites include forests that had previously been grazed, prescribed burnt, 503 

selectively logged or clearfelled and regenerated to an age approximating the harvest age. 504 

Additionally, minimally disturbed forests in protected areas, which have the oldest age classes 505 

and high carbon density, are under-represented in the site data. Hence, the biomass carbon stocks 506 

are likely underestimates for areas of primary forest and particularly high carbon-dense forests. 507 

Soil carbon is modelled based on spatial data for soil type, clay content, climate and 508 

environmental variables. Stock changes due to rates of inputs and decomposition are modelled as 509 

the dynamics of three soil carbon fractions based on functions of the interaction of climate, soil 510 

and land management practices. 511 

 512 

Old growth forest, defined by stand structural characteristics, is estimated to exist on 23% of the 513 

area of multiple use forests (15.4 Mha), but is only assessed for a small proportion of the total 514 

area of native forest. 515 

 516 

New Zealand  517 

The data sources are from the national reports titled “New Zealand’s Greenhouse Gas Inventory 518 

1990–2019”28 and New Zealand’s national report to Global Forest Resources Assessment 202015. 519 

These reports provide information of carbon stocks and sinks in forest lands, different forest C 520 

pools, forest areas, and harvested wood product over three decades. The data from different 521 

resources were cross-checked and used to supplement each other to produce the estimates in this 522 

study. For instance, there are detailed data of different C pools (C in above-ground biomass, 523 
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below-ground biomass, dead wood, litter, and soil) in the FAO report, which were used to 524 

calculate carbon sequestration in different components for the 1990s, 2000s, and 2010s to meet 525 

the requirements of this study. 526 

 527 

Other European Countries, Korea, and Other Countries in Temperate zones  528 

Due to lack of other data sources, the calculations for these countries/regions are exclusively 529 

from national reports in “Global Forest Resources Assessment 2020”15 and several publications 530 

of FAO Yearbook of Forest Products covering 1990 to 2019 ,82,83,84,85,86,87,88,89,90. The FAO 531 

report15 provides information of forest areas, carbon stock density (or carbon stock), and stock 532 

densities in different carbon pools for decades from 1990 to 2020, which enable calculation of 533 

nations’ total forest C stocks and stock changes. However, not all countries reported all 534 

categories for calculating variables required in this study. For instance, the category of Other 535 

European Countries includes Ukraine, Belarus, Georgia, Armenia, Azerbaijan, and Turkey. 536 

Among these six countries, Ukraine, Belarus, and Turkey have information of stocks in living 537 

biomass, dead wood, litter, and soil; Georgia has information about carbon stocks in living 538 

biomass, litter and soil, while Amenia and Azerbaijan only have stock information of living 539 

biomass. In the case of Georgia, it could be due to a different classification that includes 540 

deadwood in the litter category. Nevertheless, we summed up carbon stocks and stock changes in 541 

different carbon pools, which could be underestimated because of missing data in some 542 

countries. For harvested wood product (HWP), we used annual reports of harvested roundwood 543 

and calculated decadal averages; and converted wood volume to biomass and carbon using 544 

coefficients suggested by IPCC91. Finally, we used the ratio (see the above method for HWP) to 545 

calculate HWP, i.e. about 9.5% of carbon in harvested roundwood product.  546 

 547 

India  548 

The agency of Forest Survey of India produces the India State of Forest Report biannually. The 549 

reports from 1989 to 2019, which provide forest carbon stocks of surveys (in every two years), 550 

were used as data sources for estimating some variables in this study29. The data from FAO’s 551 

Global Forest Resources Assessment15 were also used for cross-checking and supplementing the 552 

information not included in India State of Forest Reports to fulfill the need of this study. India’s 553 

forest inventory reports have been continuously improved over the years. In the earlier reports, 554 
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only forest areas were reported. Later, information of wood volumes was added. In more recent 555 

reports, which appeared to follow the IPCC standard, carbon stocks in different forest pools were 556 

reported. We were able to combine different data sets to derive estimates for this analysis.  557 

 558 

Other South Asia countries  559 

This category includes Pakistan, Nepal, Bhutan, Bangladesh, and Sri Lanka. Our estimates here, 560 

as for Other European Countries, were based on the country reports to FAO Global Forest 561 

Resources Assessment15 and the FAO Yearbook of Forest Products82,83,84,85,86,87,88,89,90. These 562 

FAO countries’ reports do not always have complete data on carbon stocks. In the national 563 

inventories and Nationally Determined Contribution (NDC) reports, some countries often 564 

provided larger carbon sink estimates47. However, considering that some NDC reports  are  565 

lacking from these countries and their total carbon stock and sink do not significantly affect our 566 

global estimates, for consistency we used  the FAO data in order to include all these countries in 567 

the list, although likely there are underestimates of carbon stock and carbon sink for this 568 

category. The estimation approaches for Other South Asia Countries are the same as used for 569 

Other European Countries, Korea, and Other Countries in Temperate zones (see above 570 

descriptions).  571 

 572 

Intact Forests of Tropical America, Africa, and Asia  573 

Area estimates for Africa, South America and Southeast Asia follow Hubau et al.31. We 574 

distinguished major forest areas within South America as follows: Andean mature forests, 575 

following Duque et al.92, Western Amazon intact forests, following Phillips and Brienen93; 576 

remaining Amazon & extra-Amazon non-Andean dry, moist, and wet mature forests, from 577 

Hubau et al.31.  578 

 579 

Carbon stock and stock change estimates are based on networks of permanent inventory plots in 580 

intact forests across tropical Africa, South America, and Southeast Asia. Methods for permanent 581 

plot work and data quality control are detailed elsewhere31,40,94. The database95 consists of tree-582 

by-tree long-term forest demographic datasets from multiple tropical networks that include more 583 

than 500 research partners tropics-wide96. We assume that the same proportional net change 584 

detected in biomass of trees >10cm diameter occurs in all biomass compartments not monitored 585 
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directly (shrubs, saplings and lianas, below-ground, necromass, and litter). We do not account for 586 

possible changes in soil C stocks or harvested wood C stocks using the plot data (for estimates of 587 

these pools, see sections in general methods describing soils and harvested wood products). 588 

 589 

For Africa the total sample is 244 plots with a median area of 1 ha, a mean census interval of ≈ 6 590 

years and a mean plot monitoring period of ≈ 12 years. We estimate mean net fluxes over each 591 

decadal period using plots censused in that period scaled by intact forest area, following the 592 

methods and results of Hubau et al.31. For South America the total sample is 440 plots (321 593 

Amazon, 119 Andes), with a median plot area of 1 ha, a mean census interval of ≈ 3 years and a 594 

mean monitoring period of ≈ 11 years. We estimate mean net fluxes over each decadal period 595 

using plots censused in that period. We followed the methods of Hubau et al.31, while for 2000-9 596 

and 2010-19 additional regional compilations of permanent inventory data allow us for the first 597 

time to account separately for Andean forests92 and for western Amazon forests97, with the area 598 

of intact Andean forests defined following Duque et al.92, and the area of Western Amazon 599 

following Phillips and Brienen93. 600 

 601 

For tropical Asia the per unit area aboveground live biomass C sink is the area-weighted mean of 602 

Southeast Asian sink values, derived from published per unit area carbon sink data (n = 49 plots) 603 

for 1990-201530,31.  604 

 605 

Carbon fluxes in belowground biomass, deadwood and litter were estimated using available data 606 

of expansion factors for South America, Africa, and Southeast Asia, respectively, as reported in 607 

Hubau et al.31.   608 

 609 

Because there are no available soil C sampling data for estimating soil C stock changes, we 610 

searched FAO country reports15 in tropical and subtropical regions that reported soil C stocks. 611 

Only a handful of countries were found including Argentina, Brazil, Chile, Ecuador, and 612 

Myanmar. The average soil C stock change rates were calculated and used as area-based soil C 613 

stock change rates for 1990-1999, 2000-2009, and 2010-2019 and applied for South America, 614 

Africa, and Southeast Asia, being respectively 0.0245, 0.0210, and 0.0355 Mg C ha-1 yr-1 for 615 
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three continents. Given the sparsity of data the quality of soil C stock change estimates for those 616 

regions is poor and has substantial uncertainty. 617 

 618 

All analyses presented here refer to our dataset of tropical wet, moist, and dry forests. These 619 

ecozones represent the large majority of intact forest types on each continent (>90%). However, 620 

some tropical forest types which cover comparatively small areas lack sufficient on-the-ground 621 

monitoring to know their biomass density trajectory (notably: remnant sub-tropical and 622 

temperate forests in southern South America, mountain forests, drier forests in Africa, and 623 

tropical swamp forests in each continent). For these we assume the same trajectory of biomass 624 

change as for the monitored forest types. 625 

 626 

The soil carbon stock data for the tropics are incomplete, with only partially available data for 627 

2000 from Africa and South America. To address the data gaps, we first used published data to 628 

estimate initial carbon stocks.  The soil C stock density for Africa in 2000 was estimated based 629 

on the area-weighted soil C stock densities of Africa forests (except mangrove forest)36. For 630 

Southeast Asia C stocks (both biomass and soil) in 1990, we estimated aboveground biomass 631 

density using the mean aboveground C stock density from 71 forest plots across Borneo30. We 632 

used the weighted belowground biomass densities for the Southeast Asia region32 to estimate 633 

belowground biomass C stock in 1990. For soil carbon, we also used regional weighted densities 634 

(soil C to 100 cm depth) from Brown et al.32. Finally, we assumed that the weighted soil density 635 

included deadwood and litter components, and then partitioned the total to estimate stock 636 

densities of deadwood, litter and soils using the ratios of deadwood to living biomass and litter to 637 

living biomass, using the average of these ratios from South American and African forests.  638 

 639 

With the initial carbon stocks (2000 for Africa and South America, and 1990 for Southeast Asia), 640 

we applied the method for calculating C stocks for other years. In estimating these, we 641 

considered the effects on C stocks of within-forest C fluxes and the loss of intact forest area.  642 

 643 

For forward year calculations: 644 

C stock (t+1) = C stock (t) – C density (t)* Arealost (Δt) + C uptake (Δt) 645 

C density (t+1) = C stock (t+1)/( Area (t)- Arealost (Δt)) = C stock (t+1)/Area (t+1) 646 
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 647 

For backward year calculations: 648 

C stock (t-1) = C stock (t) – C uptake (Δt) 649 

C density (t-1) = C stock (t-1)/(Area(t)+ Arealost (Δt)) =C Stock (t-1)/Area (t-1)  650 

 651 

Here, the equations were applied for each component (biomass, deadwood, litter, and soils). 652 

 653 

Overall, we have medium confidence in the long-term biomass sink and trends in most intact 654 

tropical forests (South America, Africa and Southeast Asia), where sample sizes are large 655 

enough to detect small changes over large-scales98, but we have lower confidence in sink trends 656 

in less well sampled regions and periods (South America since 2012, African dry forests, and 657 

Southeast Asia). We have least confidence in the trends in non-biomass components for which 658 

sequential monitoring is largely absent. 659 

 660 

Mexico  661 

Mexico’s forest area estimates and estimates of afforestation and deforestation were taken from 662 

the FRA 2020 database15. The area of intact tropical forest was assumed to be the same as the 663 

area of primary forest as defined by Mexico in FAO 2020, and the remainder of the total forest 664 

area was classified as tropical regrowth.  The total carbon stock of Mexico’s forests was taken 665 

from FRA 202015, and partitioned to intact and regrowth categories according to the ratio of 666 

carbon stocks for these two categories as shown in the 2019 update to the IPCC guidelines, table 667 

4.739. Similarly, the C stock change estimates of biomass were calculated as the ratio of intact to 668 

secondary stock-change of biomass based on33 table S6. The C stock change estimates for dead 669 

wood, litter, and soil C were based on the ratio of these individual pools to live biomass that 670 

were calculated for South America intact and regrowth tropical forests.      671 

 672 

Central America and Caribbean  673 

Forest area estimates and estimates of afforestation and deforestation for Central American and 674 

Caribbean countries were taken from the FRA 2020 database15. The area of intact tropical forest 675 

was taken from Potapov et al.38, and the remainder of the total forest area was classified as 676 

tropical regrowth.  The total carbon stock of forests in Central American and Caribbean countries 677 
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was taken from FRA 2020.  A few countries did not report C stocks, so estimates from those 678 

countries that did report were extrapolated to those that did not report. Total C stock was 679 

partitioned to intact and regrowth categories according to the ratio of carbon stocks for these two 680 

categories as shown in the 2019 update to the IPCC guidelines, table 4.739. The C stock change 681 

estimates of each C pool were based on removal factors from Cook-Patton et al.33, representing 682 

regrowth forests of ages 0-30 years for tropical and subtropical South America. Additional 683 

details of the Cook-Patton et al.33 approach are reported in the following section on tropical 684 

regrowth forests. 685 

 686 

Tropical Regrowth Forests  687 

The areas of tropical regrowth forests for 1990, 2000, 2010, and 2020 for each region were based 688 

on data reported by Hubau et al.31, Houghton et al.99,100, and Forest Resources Assessment 689 

202015. We adjusted the area estimates from different sources to be consistent with total tropical 690 

forest areas reported by Forest Resources Assessment15. The regrowth forest areas of three major 691 

tropical regions (Southeast Asia, Africa, and South America) were based on FAO total tropical 692 

forest areas16 minus intact forest areas reported by Hubau et al.31 693 

 694 

To estimate carbon stocks for different regions, we used the forest carbon densities (Mg C ha-1) 695 

data of the Global Forest Resource Assessment101, and calculated C stock change per area (Mg C 696 

ha-1 yr-1) of tropical regrowth forests (Southeast Asia, Africa, and South America) for 1990s and 697 

2000s to derive C densities of 1990 (including densities of living biomass, deadwood, litter, and 698 

soils) for these three regions: 699 

 700 

C density (Mg C ha-1)1990 = C density (Mg C ha-1)2005- C stock change (Mg C ha-1 yr-1)2000s*5 – C 701 

stock change (Mg C ha-1 yr-1)1990s*10 702 

 703 

After setup initial C stock density in 1990, we calculated C stocks for other years using regrowth 704 

forest areas: 705 

C stock (Mg C)1990 = C density (Mg C ha-1)1990 * Regrowth Area (ha *106)1990 706 

 707 

We used the equation for calculating C stocks in the following decades: 708 
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C stock (Tg C) T+1 = C stock (Tg C)T + C uptake (Tg C yr-1) ΔT*10 years 709 

 710 

Here t = represents a decade, so t+1 for 2000, 2010, and 2020, while Δt represents the decade 711 

between T+1 and T.  Also, C stocks usually use the unit of PgC, which equals MgC*109 or TgC 712 

*103. The C stocks for a few other countries were estimated directly using FAO data15. 713 

 714 

To estimate stock changes for tropical regrowth forests, we used the stock change estimates 715 

reported by Cook-Patton et al.33 for live biomass, representing regrowth forests of ages 0-30 716 

years for tropical and subtropical regions, also accounting for the area of dry, moist, and wet 717 

forest ecozones within each region.  We chose this source because the estimates focused on the 718 

young ages typical of tropical regrowth yet were assumed linear and so are relevant for slightly 719 

older ages of regrowth forests, and also reflected the historical origins of them as represented by 720 

the type of disturbance that created the regrowth.  The estimates are based on a large database 721 

derived from literature estimates of forest regrowth. Together with the C stock data of country 722 

reports in tropical regions15, as well as data extrapolations, we estimated stock changes for each 723 

period for dead wood, litter, and soils, using the ratios of these values to live biomass as 724 

previously reported35.  725 

 726 

To validate our estimates of stock changes, we compared the growth estimates for tropical 727 

regrowth forests with other estimates from the literature102,103 and summarized (Table S7)104,105. 728 

Our estimates are comparable to those recommended by IPCC and to other literature sources for 729 

tropical Asia and America, but lower than other estimates for Africa, primarily because of the 730 

larger proportion of dry forest areas in Africa that have enhanced growth due to improved water 731 

use efficacy with elevated atmospheric CO2
106,107. Because of the lack of statistical surveys and 732 

permanent sample plots, the uncertainty of estimated regrowth values for secondary tropical 733 

forests is large, estimated by literature33 and expert opinion to be from ±50% to ±75% . This 734 

value for the 95% confidence level (see the following section for uncertainty estimation) was 735 

chosen for two reasons: (i) the uncertainties were greater than those estimated for tropical intact 736 

forests, which were derived directly from measurement data; and (ii) the uncertainties are 737 

consistent with the widely reported uncertainty (~0.7 Pg C yr-1) in tropical land-use emissions 738 

(that variable includes regrowth offset).  739 
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 740 

Gross emissions from tropical deforestation 741 

Gross emissions from tropical deforestation were obtained from Houghton and Castanho104. That 742 

study used a bookkeeping model to calculate sources and sinks of carbon as a result of land use, 743 

land-use change, and forestry (LULUCF). Gross emissions from deforestation included losses of 744 

carbon from burning and decay of biomass accompanying deforestation, as well as losses of 745 

organic soil carbon resulting from cultivation of soil following deforestation for croplands. Rates 746 

of deforestation were determined by the net rates of forest conversion to croplands, pastures, or 747 

other lands108. Gross emissions from deforestation are nearly identical to net emissions from 748 

deforestation because, by definition, deforestation is a loss of forests. It does not include forest 749 

recovery. The estimates of deforestation gross emissions in Southeast Asia also included peat 750 

swamp forests in western part of insular regions, which lost 2.0-2.5 Pg C per decade109. The C 751 

loss did not only come from the biomass removed but also from the oxidation of the drained 752 

peatlands110.  753 

 754 

The gross emissions from tropical deforestation were lower in this analysis than reported in Pan 755 

et al.35 because the earlier study included the gross emissions from repeated re-clearing of forest 756 

fallows in the shifting cultivation cycle. In this study we recognized that the re-clearing and re-757 

growth of fallows are not deforestation and reforestation. Rather they are emissions from a non-758 

forest land use (i.e., shifting cultivation). 759 

 760 

Supplementary results for forest area and carbon pools 761 

Global forest areas 762 

Detailed information about the area of global forests, by country/biome and year, including 763 

estimates of afforestation and deforestation, is shown in Extended Data Table 1. The largest area 764 

of forest land is in the tropics, followed by boreal and then temperate forests. Globally, the area 765 

of forest land declined by 5% between 1990 and 2020, due to the loss of tropical intact forest, 766 

which exceeded gains in the area of temperate forests and tropical regrowth forests. Boreal forest 767 

areas were relatively stable through three decades. 768 

 769 
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In Extended Data Table 1, areas of afforestation and deforestation were either derived from 770 

country inventory data or from country reports of FAO15.  Changes caused by afforestation and 771 

deforestation do not always match well with total forest area changes in the table and appear to 772 

underestimate afforestation (or overestimate deforestation) in temperate regions, overestimate 773 

afforestation in boreal regions, and underestimate deforestation in the tropics. Nevertheless, they 774 

provide some general information about dynamics in these forest areas. 775 

 776 

Afforestation was greatest in temperate forests especially in China, which accounted for more 777 

than 80% of all afforested areas in temperate forests for the 1990s and 2000s (> 40 Mha) 778 

although by the 2010s the newly afforested area was reduced to only ~40% of that of the 2000s 779 

decade, likely due to limited lands available for tree planting (Extended Data Table 1). 780 

Temperate Europe, Australia, and the U.S also had considerable afforestation areas, together 781 

reporting a consistent ~8 Mha through each decade. While afforestation in temperate Europe 782 

gradually decreased from the 1990s to 2010s (4.5 to 2.5 Mha), Australia had steadily increasing 783 

afforested areas (2.2 to 4.4 Mha) and by the 2010s afforested lands were slightly greater than the 784 

total deforested area (Extended Data Table 1). Afforested areas in the U.S. of ~ 1.4 Mha each 785 

decade were rather small compared to the country’s vast forest area. Russia also showed some 786 

gains in afforested areas in both Asian and European Russia (together on average about 6 Mha 787 

per decade). However, these new forests are natural encroachments of trees and shrubs in 788 

abandoned agricultural lands rather than deliberate afforestation by human activities and their 789 

area will be subject to substantial regrowth dynamics.   790 

 791 

Deforestation, by definition, is transformation of forests to other land-uses, which was 792 

significantly greater in the tropics, particularly in converting intact forests to agricultural lands or 793 

to economic tree plantations such as oil palm. However, deforestation was also fairly extensive 794 

in temperate zones, particularly in the 1990s, and decreased by about 73% since then (from 51 to 795 

14 Mha). Deforested lands (~40 M ha) in China in the 1990s were almost equal to afforested 796 

lands but the deforestation rate later reduced to 14% owing to strict policies protecting forests. 797 

Australia had considerable deforestation for the 1990s and 2000s (~ 6.5 Mha), but this was 798 

reduced by relevant policies in the 2010s (to 4.2 Mha). Decadal deforested areas in the U.S. were 799 

about the same as afforested areas until 2010, but then deforestation increased to exceed 800 
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afforestation in 2010s. Deforestation in temperate Europe was minimal but also had an 801 

increasing trend over three decades. Nonetheless, while different temperate countries/regions had 802 

some differences in afforestation and deforestation dynamics, in general, deforestation in 803 

temperate forests overall was always less than afforestation to result in expansion of forested 804 

lands for this biome.  805 

 806 

Carbon stocks (pools) and fluxes (sink or source) 807 

Compared with living biomass, estimates of these variables usually have higher uncertainty in 808 

both stocks and fluxes, because data are often insufficient due to lower sampling intensities and 809 

measurements. However, these C stocks and fluxes provide critical information about carbon 810 

dynamics and structures of forest ecosystems that enable better understanding of the impacts of 811 

environmental drivers and disturbances. 812 

 813 

Deadwood, litter, soils, and total necromass (non-living organic matter) 814 

Globally, the C stock of deadwood is estimated to be a small but significant component of the 815 

forest C stock (on average ~9% of total over three decades, Extended Data Table 2), while the 816 

estimated C sink in deadwood is about 8% of the total sink and was stable through the decades 817 

although there were regional changes in deadwood sinks (Extended Data Table 3). The C stock 818 

of litter averaged ~4% of the total C stock mostly because of small quantities of litter in tropical 819 

forests, while the C sink in litter accounted for only about 2% of the total sink on average 820 

through the decades.  821 

 822 

There was a significant increase of the C sink in deadwood in boreal forests (+53%), 823 

representing an increase from 14% to 33% of the total C sink from the 1990s to the 2010s along 824 

with a 36% reduction in the total C sink (Extended Data Table 3), making a large but possibly 825 

transient contribution to the total C sink in the high latitudinal belt, which reflects intensified 826 

impacts of disturbance (wildfires and insect outbreaks) that mainly occurred in Russian Siberian 827 

and Far Eastern forests. Meanwhile, the C sink in litter in boreal forests decreased by 40% from 828 

the 1990s to 2010s, suggesting that this result is based on the effects of increased wildfires on 829 

consumption of litter, and the effect of warming on accelerating decomposition in the region. 830 

 831 
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In temperate forests, particularly European temperate, a substantial part of which is intensively 832 

managed, the deadwood C sink was ~9% of the total C sink in 1990s and decreased to ~6% in 833 

2010s, possibly due to episodic disturbances followed by management practices for removing or 834 

salvaging dead trees after disturbances including storms, outbreaks of invasive insects, fires, and 835 

droughts. On the other hand, the sink in litter increased by 55% with high variability among 836 

countries, reflecting both increased living biomass and accelerated carbon cycling111.     837 

 838 

Tropical forests had the largest C sink in deadwood among biomes, which was ~6% of the total 839 

sink, and ≈ 9% and ≈3% of the sink in intact and regrowth forests respectively. Given the 840 

difficulty in measuring C fluxes in deadwood in tropical regions, the estimates relied on constant 841 

C allocation ratios that may not reflect higher tree mortality associated with drought stress in 842 

2000s and 2010s112,31. The deadwood sink decreased by 41 Tg C yr-1 in the 2010s compared to 843 

the 1990s in intact forests, and increased by 11 Tg C yr-1 in the regrowth forests, mostly related 844 

to forest area changes (decreasing in intact forests, increasing for regrowth forests). The sink in 845 

tropical forest litter, however, was small because of fast decomposition and nutrient recycling 846 

processes. Therefore, the relatively stable global deadwood sinks overall, were the net result of 847 

substantially enlarged deadwood C sinks in boreal forests due to intensified disturbances, 848 

decreased sinks in tropical intact forests associated with the lost area, and decreased sinks in 849 

temperate forests from forest management for salvaging deadwood.   850 

 851 

Besides living biomass stock, soil is another large C pool, and one which is sensitive to thermal 852 

differences across the world’s forests. On average, the soil C stock is equivalent to about 325% 853 

of living biomass in boreal forests, 155% in temperate forests, and only 60% in tropical forests. 854 

However, estimates of soil C stock are highly uncertain because of lack of monitoring data with 855 

considerably fewer soil C samples compared to living biomass. Regionally there are data 856 

inconsistencies due to various soil depths associated with measured data. Although most of the 857 

data reported in this study represent soil depths of 100 cm, relatively few measurements were 858 

done to that depth and so estimates rely on measurements in shallower soils and model 859 

projections. Nevertheless, there were trends of decreasing fractions of soil C in the total C stock 860 

but increasing fractions of living biomass C in all forest biomes over time. These shifts might 861 



29 
 

imply some consequences of changing growth conditions, such as an increasing CO2 fertilization 862 

effect107 or accelerated soil decomposition with increasing temperatures113.   863 

 864 

Harvested wood products (HWP) 865 

Globally, the C sink in HWP was stable from 1990s to 2000s, and then increased by 9% in the 866 

2010s. HWP decreased by 17% in boreal forests, as Canada reduced harvest, while Russia 867 

reduced ~13% although the latter does not reflect the reality of increased logging both legally 868 

and illegally. There were large increases in HWP in temperate and tropical forests, i.e., 17% and 869 

13%, respectively.  870 

 871 

Half of the global harvest of wood is non-commercial fuelwood mostly in developing countries, 872 

but not exclusively. For instance, in Europe, the non-commercial household fuelwood is about 873 

20% of total European harvest. Bioenergy commercialization is leading to some increases in 874 

harvest, but this varies regionally depending upon management with harvesting predominantly 875 

for bioenergy or with use of low-quality residues and side streams from industrial timber 876 

harvests. Increasing and sustainable use of harvested wood in future bioeconomies is essential to 877 

maintain high rates of C removed by managed forest ecosystems. Despite increasing recycling 878 

rates of wood residues114 and efforts to divert organic matter from landfills at the end of product 879 

life, HWP are often directed to solid waste disposal sites where a fraction of C is stored for long 880 

periods of time.  However, even if only 4% of the HWP C directed to landfills is lost to the 881 

atmosphere as methane which has a higher global warming potential (GWP of 29 for 100 882 

years)115 than CO2, any potential climate benefits of wood storage in landfills have been negated.  883 

 884 

Additional results for selected regions and countries 885 

 Unmanaged forests of Northern Canada and Alaska Interior 886 

Large areas of unmanaged forests in the Northern Hemisphere lack sufficient ground data for 887 

reporting C stocks and changes in C stocks in a way that is consistent with the other estimates.   888 

Estimates reported for boreal forests exclude ~121.5 Mha of forests in northern Canada and 8.7 889 

Mha in Alaska Interior (Table S6). These areas are typically remote and not directly affected in a 890 

significant way by human activities including fire suppression. Thus, changes in C stocks of 891 

these areas are dominated by natural disturbance cycles and changing climate. Estimates made 892 
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by upscaling data from flux towers or remote-sensing based estimates indicate either a small 893 

positive or small negative net flux from these lands116,117. 894 

 895 

Based on the result of managed forests in Alaska Interior, unmanaged forests of Alaska Interior 896 

(about one-third the area of managed forests) could provide at most only a small sink for now 897 

and so is expected to be relatively insignificant in the context of the boreal biome. However, as 898 

we have seen in the managed forests of Alaska Interior (Extended Data Table 3), this sink could 899 

quickly turn to a source with increasing carbon releases from deadwood, litter and soils under 900 

fires and warming as climate change continues its course, and as was observed in the 2023 901 

wildfire season. Canadian unmanaged forests cover large areas, equal to about half of the area of 902 

Canada’s managed forests. As Canadian managed forests were increasing C sources over the 903 

decades though relatively small (from 0 up to ~50 Tg C yr-1), we may conjecture that Canadian 904 

unmanaged forests could be an even smaller C source of around 10 Tg C yr-1 unless warming is 905 

triggering more C losses from C rich unmanaged forest soils.  906 

 907 

Russia 908 

Russia accounted for about 25% of the area of unmanaged forests until 2021 (~205 M ha). 909 

According to the governmental order by Ministry of Ecology and Natural Resources of the 910 

Russian Federation, all Russian forests should be considered managed, although in the recent 911 

Russian Federation 2022 National Inventory Report (NIR) unmanaged forests were 912 

categorized118. The C sink in Russian forests is assessed for all tree cover areas corresponding 913 

the FAO definition of forest (Extended Data Table 1), which and was high during the decade of 914 

1990-1999 and slightly smaller during 2000-2009, and decreased considerably for 2010-2019 915 

(Extended Data Table 3).  916 

 917 

Asian Russia, with vast forest lands and a lower average C sequestration rate compared with 918 

European Russia, had the largest boreal sink which was more than two times the sink in 919 

European Russia in 1990s and 2000s and slightly decreased in the 2000s (-3%). However, the 920 

decade of 2010s demonstrated a substantial decline in C sink in Asian Russia forests (-40%), but 921 

only a small decrease in European Russia forests (-6%). This is explained by several factors: the 922 

increasing variability of climate and drought in vast regions which provokes unprecedented 923 
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series of natural disturbances that took place during this period. Areas of including forest 924 

wildfires, the area of which increased on average in the Asian part by about 3 times in 2001-925 

2019119, and the share of stand-replacing fire severity of tree mortality of damaged forests 926 

exceeded 50% of the total burnt area that resulted in net loss of 50.2 M ha of forests in Russia in 927 

2001-2019120; mass outbreaks of harmful pests shifted toward the north at 200-300 km during the 928 

last 50 years; and a significant increase in logging was also observed after mid-2000s.  929 

 930 

In contrast, there was an increase in the C sink (+8%) in European Russia (Extended Data Table 931 

3) in 2000-2009 that is attributed to several factors: increased areas of forests after agricultural 932 

abandonment, reduced harvesting by half, relatively low level of natural disturbances, and 933 

changes of forest age structure and tree species composition to more productive stages, 934 

particularly for the deciduous forests in European Russia56,121. 935 

 936 

Afforestation includes two processes91. Intensive planting of protective forests on non-forest 937 

(basically agricultural) land during the first half of 1990-1999 was a heritage of policies of the 938 

Soviet Union. During that time, 0.5 million ha of shelterbelts and other protective forest 939 

components of landscapes were planted.  Currently, according to fragmented statistic 940 

information, such areas are negligible, about 15 000 ha yr-1.  More recently, natural afforestation 941 

of abandoned agricultural land has had a positive impact on the forest sink, but regenerated 942 

forests are relatively low productivity, and suffer from lack of management, unstable dynamics 943 

due to recultivation activities and insufficient legislation122,123. 944 

 945 

Overall, the estimated C sink of Russian forests in this study is within limits of the results of 946 

most recent peer-reviewed publications on the topic and support the recognized trends124,125, 947 

particularly those received by different methods – by inverse modelling126, remote sensing127 (for 948 

forests of Asian Russia), and data-assimilation systems128. DGVMs of previous generations 949 

underestimated the carbon sink, probably due to overestimation of heterotrophic respiration of 950 

cold territories129. Nevertheless, the diversity of the reported results remains high. 951 

 952 

Tropical forests 953 
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We separated tropical intact forests and tropical regrowth forests in our analysis because of their 954 

different natures and histories, but we also grouped them together in order to convey broader 955 

perspectives about forest C dynamics in tropical regions. Even though regrowth forests mostly 956 

grow on lands that were once occupied by intact forests, tropical forests as a whole (i.e., intact 957 

plus regrowth) still declined by 13% in total area (-273 Mha) over the three decades (Extended 958 

Data Table 1).  959 

 960 

As we noted above, tropical intact forests had significantly reduced land areas and C sinks over 961 

the 30 years due to deforestation and other causes, increasing increased drought, whereas tropical 962 

regrowth forests had expanded land areas and enlarged C sinks because trees grew back on 963 

abandoned non-forest or degraded lands, and their younger vegetation stages had faster tree 964 

growth and higher stand-level C gains than intact forests. As a result, rapid carbon gains in 965 

regrowth forests offset the diminished C sink in tropical intact forests, meaning that together the 966 

total C sink in tropical forests was remarkably constant at 2.56, 2.49, and 2.52 Pg C yr-1 over the 967 

three decades (Table 1). Note that these estimates do not include emissions from deforestation. 968 

 969 

It is of course important to stress that while the younger regrowth forests have greater per-970 

hectare capacity to remove CO2 than intact forests, this does not mean that replacing intact 971 

forests with regrowth forests would have net carbon balance benefit. On the contrary, mature 972 

tropical forests contain very high densities of accumulated carbon (stocks), so C losses per unit 973 

area of deforested mature forests are approximately two orders of magnitude greater than the 974 

annual C sink of any regrowth forests that might replace them.  975 

 976 

When tropical forests are removed, about 45% of C stocks in the deforested lands were initially 977 

emitted due to land clearing or slash-and-burn agriculture, whereas another 36% of C stocks, 978 

primarily in the soil and slash, were left in the lands that changed to other land-use types. Some 979 

of this residual C stock would be continuously emitted with shifting cultivations, clearing of 980 

regrowth, and additional harvesting. In addition, some C stocks from deforestation were used for 981 

wood products, although ~90% of C in harvested timbers was lost in wood processing or used 982 

for short-lived materials such as fuelwood and paper products, which accounted for 17% of C 983 

stocks in deforested lands with delayed C emissions over 1-35 years. Only ~2% of the C stock in 984 
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the deforested lands was preserved as HWP such as construction materials, representing a small 985 

sink (Extended Data Fig.1).  986 

 987 

We note that while individual Amazon droughts in 2005 and 2010 drove short-term reversals of 988 

the Amazon biomass sink41,130, averaging here over longer time-scales shows that the mature 989 

forests still acted as long-term, multi-decadal net biomass carbon sinks. A long-term decline in 990 

the sink intensity has been attributed to droughts and increasing temperature31,131. 991 

 992 

European boreal forests 993 

In boreal forests of Europe, harvesting has been the predominant type of decrement especially 994 

since the early 20th century, when fire management was implemented to control wildfires. For 995 

the period 2010-2017 the carbon sink in living trees was estimated at 6.9, 5.9, and 13.2 MtCyr-1 996 

in Finland, Norway, and Sweden, respectively10. These estimates were lower for Finland but 997 

higher for Norway and Sweden compared to an earlier reference period 1990-1999: 8.5, 4.6, and 998 

8.4 MtCyr-1, respectively. Results based on the stock method vs. the flux method did not indicate 999 

bias nor large inconsistencies noting the multiple steps of conversion and interpolation10. From 1000 

2017 to 2020, a decrease of the forest carbon sink was recorded especially in Finland and 1001 

Sweden132,133. 1002 

 1003 

In general, an upturn of the carbon sink in forest vegetation occurs if forest growth improves 1004 

and/or biomass decrements are mitigated. A rising trend of forest growth has maintained the 1005 

carbon sink in the living trees in European boreal forests over long-time horizon since 1006 

197068,69,70. In Finland in 1971‒2020 for example, the annual forest growth increased by more 1007 

than 70%. The decrements concurrently did not decrease. Had the forest growth not accelerated, 1008 

a carbon sink in living trees would not have existed. 1009 

 1010 

The trend of forest growth saturated and slightly dropped in Finland and Sweden after 2017, now 1011 

subject to intensive research132,133,134. Changes of roundwood imports also played a role. 1012 

Roundwood imports from Russia to Finland peaked in 2007 at 18 million cubic meters annually, 1013 

then decreased and ceased completely after the Ukrainian crisis in 2022; a change implying that 1014 

harvest burden shifted from Russian boreal to European boreal forests. 18 million m3 1015 
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corresponds to whole wood carbon of 6.5-7.0 MtCyr-1. Also, an upturn of international markets 1016 

in 2017-2020 for lumber, pulp, and board attracted record harvests of domestic roundwood in 1017 

Finland and Sweden. A new study based on 272 024 sample trees reported a reduction since 1018 

2014 in Scots pine growth in Finland for unknown reasons132. A similar recession of forest 1019 

growth has been recorded in Sweden133. In Sweden, the pan-European drought of 2018 reduced 1020 

forest growth134. 1021 

 1022 

In summary for the European boreal forests, the carbon sink of living trees emerged and 1023 

extended in the 1960´s and 1970´s, then slightly increased or remained stable until about 2017, 1024 

when a combination of changing imports, harvests and growth lowered (in extreme years 2018 1025 

and 2019 nearly halved) the annual carbon sink at least temporarily. The carbon sink in the 1026 

organic soil layers of litter, mor and peat is estimated to be small, and is most uncertain on 1027 

drained peatland forests135 . 1028 

 1029 

Comparison with FAO Forest Resources Assessment 2020 1030 

For forest area, our results are generally consistent with those of the FAO Forest Resources 1031 

Assessment 202015. Where differences exist they are mostly relatively small and consistent with 1032 

expectations. Thus, across the three decades of our analysis, the global forest area in our study’s 1033 

results is about 6% lower than FRA 2020, largely because we excluded some areas lacking data 1034 

(Table S6). There were also some differences for two large countries based on the definition of 1035 

forest. For China, our area estimate was based on 20% canopy coverage which is the new 1036 

standard there, compared with the more common 10% coverage used in FAO reports (see details 1037 

of China methods). Our study estimated China’s forest area to be 174 M ha compared with 220 1038 

M ha reported to FAO. For Russia, our analysis was based on forest area estimates developed 1039 

specifically for this study since the data reported to FAO were based on old data extrapolated to 1040 

more recent periods (see details of Russia methods). Our study estimated Russia’s forest area to 1041 

be 834 M ha, compared with the 815 M ha reported to FAO.  1042 

 1043 

A notable difference of our approach compared to that of FRA 2020 is that we partitioned total 1044 

tropical forest area into “intact” and “regrowth” forests, whereas FRA 2020 partitioned the same 1045 

area into “primary” and “secondary” forests. While this nomenclature is similar its application is 1046 
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not identical.  We also used removal factors based on permanent sampling plots to estimate 1047 

stocks and stock-changes, whereas FRA 2020 relied on country reports to estimate variables by 1048 

country and not sub-categories of forests. 1049 

 1050 

Our results for the total global forest carbon stock in 2020 are higher than reported by FAO. We 1051 

estimated total C to be 870 Pg C, compared with 662 Pg C estimated by FAO.  Biomass C stock 1052 

was 372 Pg C in our study, compared with 295 PgC estimated by FAO.  The estimated stock of 1053 

C in dead wood was similar at about 70 Pg C in each study. 1054 

 1055 

There are significant differences in the forest land sink (not including emissions from land-use 1056 

change) in our analysis compared to FRA 202015.  Our analysis shows an average forest C sink 1057 

over the three decades of -13.1 Pg CO2 with an increasing trend, whereas the sink based on 1058 

reports to FAO was much smaller on average, -3.3 Pg CO2 with a decreasing trend as reported by 1059 

Tubiello et al. (2021)45. One difference between approaches is that we included changes in 1060 

harvested wood products in use and in landfills, whereas FRA 2020 did not include this with the 1061 

ecosystem C pools.   Another is that FAO often assumes that forest remaining forests have a 1062 

neutral C balance, which is why FAO provides a much smaller carbon sink than the national 1063 

inventories analyzed by Grassi et al.46,47 who pointed out this critical issue.   1064 
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Table S1a. Summary of methods and main sources of data for estimating area, carbon stocks and 
carbon stock changes, country/region. 

Country /Region 
Forest area and changes in 
forest area 

Carbon stocks and carbon stock 
change (fluxes) 

References 

Russia 

For 1990 – data of the State 
Forest Account corrected for 
the bias of forest inventory 
methods used in Russia in 
1960‐1990; for 2000‐2019 – 
complementary use of remote 
sensing and ground data   

The system of multi‐dimensional 
regression equations for 
assessment biomass extension 
factors by components of live and 
dead biomass applied to the 
hybrid data base on Russian 
forests  

Shvidenko et al.1,2   
Schepaschenko et al.3 
Shvidenko et al.4 

Canada 

Deforestation monitoring 
program in managed and 
unmanaged forests and 
reporting of afforested areas. 

Derived from Canada’s National 
Forest Carbon Monitoring, 
Accounting and Reporting System 
(NFCMARS) for managed forests 
only.  

Leckie et al.5 
Stinson et al.6 
Kurz et al.7 
ECCC8  

Boreal Europe 

Finland: LUKE Statistics 
database (luke.fi); Norway: 
Statistisk Sentral Byrå (SSB) 
(2020); Statistics Norway; 
Agriculture, Forestry, Hunting 
and Fishing; The National 
Forest Inventory; Sweden: The 
Swedish Forest Agency (SFA) 
(2020); The Statistical 
Database. 

Finland: LUKE Statistics database 
(luke.fi); Norway: Statistisk 
Sentral Byrå (SSB) (2020); 
Statistics Norway; Agriculture, 
Forestry, Hunting and Fishing; The 
National Forest Inventory; 
Sweden: The Swedish Forest 
Agency (SFA) (2020); The 
Statistical Database. 

Tomppo et al.9 
Kauppi et al.10 

Continental US & Alaska 

The US forest Inventory data 
combined with National 
Resources Inventory (all lands) 
data 

Forest inventory data 
converted to carbon with 
biomass equations and 
ecosystem carbon models 

Oswalt et al.11 
U.S. EPA12 

Temperate Europe 

State of Europe’s Forests 
(2020). Common Reporting 
Format per country for the 
UNFCCC. 

Common Reporting Format per 
country for the UNFCCC. Global 
Forest Resource Assessments 
from the FAO 

Forest Europe13 
UNFCCC14 
FAO15 

Other European 
countries 

FAO forest inventory data 
from regional reports of 
Global Forest Resources 
Assessment 2020 (summed 
from countries’ data) 

FAO forest carbon stocks (of 
different C pools) from periodic 
inventories were used to estimate 
fluxes of carbon stock changes 
(summed from countries’ data). 

FAO15 

China 
Nation’s forest inventory data  Biomass expansion factors 

applied to convert volume 
estimates from inventory data 

Yang et al.16; Guo et 
al.17; Zhu et al.18,19; 
Tang et al.20 

Japan  

Inventory‐based data of Japan 
Forestry Agency for 1985, 
1990, 1995, 2002, 2007, 2012, 
and 2017 

Age‐stock relationship was 
derived from data of the 1st to 
3rd forest ecosystem diversity 
surveys. Area of each age class 
derived from the Japan Forestry 
Agency was used to estimate 
country‐level stock change.  

Japan Forestry 
Agency21 

Korea 

FAO forest inventory data 
from regional reports of 
Global Forest Resources 
Assessment 2020 

Forest carbon stocks from 
periodic inventories were used to 
estimate fluxes of carbon stock 
changes 

FAO15 
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Australia  

Forest area and annual 
changes in area derived from 
Landsat for the national GHG 
inventory. All land with woody 
vegetation > 2m height, 20% 
canopy cover, >0.2 ha, 
including temporarily 
unstocked 

National GHG Inventory including 
harvested native forests, pre‐1990 
plantations, other native forests 
(but the latter does not include 
changes in carbon stocks due to 
tree growth or soil carbon), 
deforestation, and afforestation. 

Australian 
Government22,23,24.25,26,2
7 
 

New Zealand 

Nation’s forest inventory data 
and New Zealand’s 
Greenhouse Gas Inventory 

Forest carbon stocks from 
periodic inventories were used to 
estimate fluxes of carbon stock 
changes.  

Ministry for  
Environment28  
FAO15 

Other temperate 
countries 

FAO forest inventory data 
from regional reports of 
Global Forest Resources 
Assessment 2020 (summed 
from countries’ data)  

FAO forest carbon stocks (of 
different C pools) from periodic 
inventories were used to estimate 
fluxes of carbon stock changes 
(summed from countries’ data). 

FAO15 

India 

The State of Forest Reports of 
India, 1989 to 2019 

Forest carbon stocks from 
periodic inventories were used to 
estimate fluxes of carbon stock 
changes 

The State of Forest 
Report of India29 
FAO15 

Other South Asian 
countries 

FAO forest inventory data 
from regional reports of 
Global Forest Resources 
Assessment 2020 (summed 
from countries’ data 

FAO forest carbon stocks (of 
different C pools) from periodic 
inventories were used to estimate 
fluxes of carbon stock changes 
(summed from countries’ data). 

FAO15 

Southeast Asia 

The intact forest area was 
derived from regional studies; 
the regrowth forest area was 
the difference between FAO 
total forest area and the intact 
forest area  
 

Intact forests: Permanent plots in 
Borneo and data from Brown et al 
(82) for estimating C stock 
densities and changes. Regrowth 
forests: stock change estimates 
from global database for biomass, 
and ratios of other components to 
biomass from Pan et al.35.  

Qie et al.30 
Hubau et al.31 
Brown et al.32 
Cook‐Patton et al.33 
FAO34 
Pan et al.35 

Africa 

The intact forest area was 
derived from regional studies; 
the regrowth forest area was 
the difference between FAO 
total forest area and the intact 
forest area  

Intact forests: permanent plot 
network for C density and change. 
Regrowth forests: stock change 
estimates from global database 
for biomass, and ratios of other 
components to biomass from Pan 
et al.35. 

Hubau et al.31 
Henry et al.36 
Cook‐Patton et al.33  
FAO34 
Pan et al.35 

Mexico   
FAO Forest Resources 
Assessment 

C stock from FRA 2020.  C stock 
change from literature and values 
from South America. 

FAO15 
Harris et al.37 

Central America and 
Caribbean 

FAO Forest Resources 
Assessment; intact area from 
global map 

C stock from FRA 2020 and IPCC 
guidelines. C stock change from 
literature and values from South 
America.   

FAO15 
Potapov et al.38 
IPCC39  
Harris et al.37 

South America 

The intact forest area was 
derived from regional studies; 
the regrowth forest area was 
the difference between FAO 
total forest area and the intact 
forest area  
 

Intact forests: permanent plot 
network for C density and change. 
Regrowth forests: stock change 
estimates from global database 
for biomass, and ratios of other 
components to biomass from Pan 
et al.35 

Phillips et al.40,41  
Cook‐Patton et al.33 
FAO34 
Pan et al.35 
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Table S1b. Subsidiary information of Table S1a for data providers and sources  

Country/region  Providers and data sources for estimates, and uncertainty estimation methods 

Russia 

Experts for this study: corrected data of the State Forest Account, combination of 
remote sensing and ground data, the system of multi‐dimensional regression 
equations, and biomass extension factors by components of live and dead biomass 
applied to the hybrid data base on Russian forests. Uncertainty estimated using 
empirical methods for inventory data plus expert opinion for corrections and 
modeling.  

Canada (managed part) 
Expert for this study: Canada’s National Forest Carbon Monitoring, Accounting 
and Reporting System (NFCMARS). Uncertainty estimated using Monte Carlo 
method. 

Alaska (managed Interior part) 

Expert for this study: The US forest Inventory data combined with National 
Resources Inventory (all lands) data, biomass equations and ecosystem carbon 
models. Uncertainty based on quantitative methods for sampling errors, and 
Monte Carlo methods to propagate uncertainties including modeling uncertainty.  

Europe (boreal) 
Expert for this study: Statistic databases of Finland, Norway and Sweden. 
Uncertainty based on quantitative methods for sampling errors from forest 
inventories, supplemented with expert opinion for extrapolated estimates.    

United States 

Expert for this study: The US forest Inventory data combined with National 
Resources Inventory (all lands) data, biomass equations and ecosystem carbon 
models. Uncertainty based on quantitative methods for sampling errors from 
forest inventories, and Monte Carlo methods to propagate uncertainties including 
modeling uncertainty.  

Europe (temperate) 

Experts for this study: State of Europe’s Forests (2020), Common Reporting 
Format per country for the UNFCCC, and FRA 2020. Uncertainty based on 
quantitative methods for sampling errors from forest inventories, supplemented 
with expert opinion for extrapolated estimates.    

Other European countries 
FRA 2020 country reports. The uncertainty was estimated using the expert opinion 
by assigning 25% uncertainty to living biomass, deadwood, litter, HWP and 50% 
uncertainty to soil. 

China 
Expert for this study: Nation’s forest inventory data, Biomass expansion factors 
applied to convert volume estimates from inventory data. Uncertainty based on 
the ranges of the inventory data. 

Japan 

Experts for this study:  Inventory‐based data of Japan Forestry Agency, Age‐stock 
relationships derived from data of forest ecosystem diversity surveys. Uncertainty 
in wood C stock was evaluated using Monte Carlo method in which estimation 
parameters were randomly sampled from standard distributions with observation‐
based mean and standard deviation. Uncertainty in soil C stock was estimated 
from the observed range of soil survey data. 

Korea 
FRA 2020 country reports. Uncertainty based on the expert opinion by assigning 
25% uncertainty to living biomass, deadwood, litter, 15% to HWP and 50% 
uncertainty to soil. 

Australia 

Expert for this study: National GHG Inventory including harvested native forests, 
deforestation and afforestation, other native forests. Uncertainty based on 
quantitative methods for sampling errors from forest inventories, and Monte Carlo 
methods to propagate uncertainties including modeling uncertainty. 

New Zealand 

Expert for this study: Nation’s forest inventory data and New Zealand’s GHG 
Inventory. Uncertainty based on the expert opinion by assigning 35% uncertainty 
to living biomass,15% to HWP and 50% uncertainty to the C components of 
deadwood, litter and soil. 

Other temperate countries 
FRA 2020 country reports.  Uncertainty based on the expert opinion by assigning 
25% uncertainty to living biomass, deadwood, litter, HWP and 50% uncertainty to 
soils. 
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India 
Expert for this study: The State of Forest Reports of India, and FRA 2020. 
Uncertainty based on the range of original survey data. 

Other South Asia countries 
FRA 2020 country reports. Uncertainty based on the expert opinion by assigning 
35% uncertainty to living biomass, 25% to HWP and 50% uncertainty to the C 
components of deadwood, litter and soil. 

Southeast Asia 

Experts for this study: Intact forests‒ data from permanent plots in Borneo and 
literature for estimating C stock densities and changes for intact forest. Regrowth 
forests‒ global database for biomass33, and ratios of other C components to 
biomass from Pan et al.35 Uncertainty estimated from calculations at groups of 
permanent plots supplemented with expert opinion for modeled variables. 

Africa 

Experts for this study: Intact forests‒ long‐term measurement data from 
permanent plot network for C density and change. Regrowth forests‒ global 
database for biomass33, and ratios of other C components to biomass from Pan et 
al.35 Uncertainty estimated from calculations at groups of permanent plots 
supplemented with expert opinion for modeled variables. 

Mexico 
FRA 2020 country report. Uncertainty estimated from calculations at groups of 
permanent plots supplemented with expert opinion for modeled variables. 

Central America and Caribbean 
FRA 2020 country report, global forest map, literature and values of South America 
for C stock change.  Uncertainty estimated from calculations at groups of 
permanent plots supplemented with expert opinion for modeled variables. 

South America 

Experts for this study: Intact forests‒ long‐term measurement data from 
permanent plot network for C density and change. Regrowth forests‒ global 
database for biomass33, and ratios of other C components to biomass from Pan et 
al.35 Uncertainty estimated from calculations at groups of permanent plots 
supplemented with expert opinion for modeled variables. 
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Table S1c.  Lists of the data sources used to compile estimates.  
  
Note: Some sources include original data from sampling, and some do not include original data but rather 
include aggregated data, depending on policies for data sharing that vary from country to country.  Because 
the links to data shown in the table may change over Ɵme, the authors cannot guarantee that these links will 
sƟll be working.  In this case, we recommend contacƟng the responsible authors directly to get updated 
informaƟon about sources of data. 

Canada:  
Canada’s 2023 NaƟonal GHG Inventory Report (NIR) – Main Document 
Canada’s 2023 NIR – AddiƟonal InformaƟon Documents 
Canada’s 2023 NIR – CRF Tables 
hƩps://data‐donnees.az.ec.gc.ca/data/substances/monitor/canada‐s‐official‐greenhouse‐gas‐inventory/E‐
LULUCF/?lang=en: Forest land full Ɵme series (EN_Ch6_Tables_FullTimeSeries.xlsx); Underlying data for figures 
(EN_Ch6_Figures_UnderlyingData.xlsx) 
 

Note: the raw data are the properƟes of 13 jurisdicƟons, some are proprietary while others are open access. 
 

Russia: 
Mukhortova L., Shchepashchenko D., Shvidenko A. (2020). Soil respiraƟon database. DOI: 10.22022/ESM/10‐
2020.107. hƩps://doi.org/10.22022/ESM%2F10‐2020.107  
 

Schepaschenko D., Chave J., Phillips O.L., Lewis S.L., Davies S.J., et al. (2019). A global reference dataset for 
remote sensing of forest biomass. The Forest ObservaƟon System approach. DOI: 10.22022/ESM/03‐2019.38. 
hƩps://doi.org/10.22022/ESM%2F03‐2019.38  
 

Schepaschenko D., Shvidenko A., Usoltsev V.A., Lakyda P., Luo Y., et al. (2017). A database of forest biomass 
structure for Eurasia. 10.1594/PANGAEA.871492. hƩps://doi.org/10.1594/PANGAEA.871492  
 

Schepaschenko D., Shvidenko A., Moltchanova E. (2018) Map of Russian forest for the year 2009 [Data set]. 
Zenodo. hƩps://doi.org/10.5281/zenodo.6056054  
 

Shvidenko A., Mukhortova L., Kapitsa E., Pyzhev A., Gordeev R., Fedorov S., Schepaschenko D. (2022). Dead 
wood in the forests of Northern Eurasia: field measurements database [Data set]. Zenodo. 
hƩps://doi.org/10.5281/zenodo.7455327  
 

Schepaschenko D., Moltchanova E., Fedorov S., Karminov V., OnƟkov P., Santoro M. (2020). Map of growing 
stock volume of Russian forests for the year 2014 [Data set]. Zenodo. hƩps://doi.org/10.5281/zenodo.3981198 

 

Northern European countries: 
Data are included in the data archive hƩps://doi.org/10.2737/RDS‐2023‐0051 
Finland: hƩps://statdb.luke.fi/PXWeb/pxweb/en/LUKE/LUKE__04%20Metsa__06%20Metsavarat/ 
Norway: The NaƟonal Forest Inventory (ssb.no) 
Sweden The Swedish NaƟonal Forest Inventory | Externwebben (slu.se)  
Kauppi, P. E., Stål, G., Arnesson‐Ceder, L., Sramek, I. H., Hoen, H. F., Svensson, A., ... & Nordin, A. (2022). Managing 
exisƟng forests can miƟgate climate change. Forest Ecology and Management, 513, 120186. 
hƩps://doi.org/10.1016/j.foreco.2022.120186 
 

The conƟnental US and Alaska Interior:  
hƩps://www.fia.fs.usda.gov/tools‐data/ 
hƩps://www.epa.gov/ghgemissions/inventory‐us‐greenhouse‐gas‐emissions‐and‐sinks‐1990‐2021 
 

Temperate Europe (EU): 
Open access NFI data: 
France: hƩps://inventaire‐foresƟer.ign.fr/dataIFN/ 
Germany: hƩps://bwi.info/Download/de/ 
Italy: hƩps://www.inventarioforestale.org/en/accesso‐ai‐daƟ/ 
Netherlands: hƩps://www.probos.nl/publicaƟes/overige/1094‐bosinventarisaƟes 
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Spain: hƩps://www.miteco.gob.es/es/biodiversidad/temas/inventarios‐nacionales/inventario‐forestal‐
nacional/cuarto_inventario.html 
 

Aggregated data: 
Albania: hƩps://akpyje.gov.al/ 
Austria: hƩps://waldinventur.at/#/ 
Belgium (Flanders): hƩps://www.natuurenbos.be/beleid‐wetgeving/natuurbeheer/bosinventaris 
Belgium (Wallonia): hƩp://iprfw.spw.wallonie.be/summary.php 
Bulgaria: hƩps://fri.bas.bg/en/# 
CroaƟa: hƩps://www.sumins.hr/en/projekƟ/motrenje‐ostecenosƟ‐sumskih‐ekosustava‐icp‐forests‐hr/ 
Republic of Cyprus: hƩps://www.moa.gov.cy/moa/fd/fd.nsf/index_en/index_en?OpenDocument 
Czech Republic: hƩps://www.uhul.cz/porƞolio/nil/?lang=en 
Denmark: hƩps://research.ku.dk/search/result/?pure=en/publicaƟons/danish‐naƟonal‐forest‐inventory(1b6fa271‐
2ca6‐4eac‐8bb3‐666c7edacecc).html 
Estonia: hƩps://www.stat.ee/en/find‐staƟsƟcs/staƟsƟcs‐theme/environment/forest 
Hungary: hƩps://nfi.nŅ.gov.hu/ 
Ireland: hƩps://www.gov.ie/en/publicaƟon/53ac8‐naƟonal‐forest‐inventory‐results‐data‐2022/ 
Latvia: hƩps://www.silava.lv/en/research/acƟve‐projects/naƟonal‐forest‐inventory 
Lithuania: hƩps://www.silava.lv/en/research/acƟve‐projects/naƟonal‐forest‐inventory 
Lithuania: hƩps://amvmt.lrv.lt/lt/veiklos‐sritys/nacionaline‐misku‐inventorizacija/ 
Luxembourg: hƩps://environnement.public.lu/fr/natur/forets/L_Inventaire_ForesƟer_NaƟonal.html 
Poland: hƩps://www.bdl.lasy.gov.pl/portal/wisl‐en 
Portugal: hƩps://www.icnf.pt/noƟcias/inventarioflorestalnacional 
Romania: hƩps://roifn.ro/site/ 
Serbia: hƩp://www.srpskosumarskoudruzenje.org.rs/index.php?opƟon=com_content&task=view&id=219 
Slovakia: hƩps://www.forestportal.sk/odborna‐sekcia‐i/ekologia‐a‐monitoring/niml/ 
Slovenia: hƩps://www.gozdis.si/Nacionalna‐gozdna‐inventura_1/ 
Switzerland: hƩps://www.lfi.ch/index‐en.php?lang=en 
United Kingdom: hƩps://www.forestresearch.gov.uk/tools‐and‐resources/naƟonal‐forest‐inventory/ 
 

China: 
Yang C, Shi Y, Sun WJ, Zhu JL, Ji CJ, Feng YH, Ma SH, Guo ZD, Fang JY. 2022. Updated esƟmaƟon of forest 
biomass carbon pools in China, 1977‐2018. Biogeosciences, 19: 2989‐2999. hƩps://doi.org/10.5194/bg‐19‐
2989‐2022  
 

Zhao X, Yang YH, Shen HH, Geng XQ, Fang JY. 2019. Global soil‐climate‐biome diagram: linking surface soil 
properƟes to climate and biota. Biogeosciences, 16: 2857‐2871. hƩps://doi.org/10.5194/bg‐16‐2857‐2019  
 

Tang XL, Zhao X, Bai YF, Tang ZY, Wang WT, Zhao YC, Wan HW, Xie ZQ, Shi XZ, Wu BF, Wang GX, Yan JH, Ma KP, 
Du S, Li SG, Han SJ, Ma YX, Hu HF, He NP, Yang YH, Han WX, He HL, Yu GR, Fang JY, Zhou GY. 2018. Carbon pools 
in China’s terrestrial ecosystems: New esƟmates based on an intensive field survey. Proceedings of the 
NaƟonal Academy of Sciences of the United States of America, 115: 4021‐4026. 
www.pnas.org/cgi/doi/10.1073/pnas.1700291115  
 

Fang JY, Yu GR, Liu LL, Hu SJ, Chapin FS. 2018. Climate change, human impacts, and carbon sequestraƟon in 
China. Proceedings of the NaƟonal Academy of Sciences of the United States of America, 115: 4015‐4020. 
www.pnas.org/cgi/doi/10.1073/pnas.1700304115  
 

Zhu JX, Hu HF, Tao SL, Chi XL, Li P, Jiang L, Ji CY, Zhu JL, Tang ZY, Pan YD, Birdsey RA, He XH, Fang JY. 2017. 
Carbon stocks and changes of dead organic maƩer in China's forests. Nature CommunicaƟons, 8: 151. 
www.nature.com/naturecommunicaƟons/ doi: 10.1038/s41467‐017‐00207‐1 
 

Japan: 
hƩps://www.rinya.maff.go.jp/j/keikaku/tayouseichousa/ 
hƩps://www.ffpri.affrc.go.jp/pubs/bulleƟn/425/documents/425‐2.pdf 
hƩps://www.maff.go.jp/j/tokei/kouhyou/mokuzai_zyukyu/ 
hƩps://www.maff.go.jp/e/data/stat/96th/index.html 
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Australia: 
hƩps://greenhouseaccounts.climatechange.gov.au/  
hƩps://www.dcceew.gov.au/climate‐change/publicaƟons/naƟonal‐inventory‐reports 
 

New Zealand: 
hƩps://environment.govt.nz/publicaƟons/new‐zealands‐greenhouse‐gas‐inventory‐1990‐2021/ 
 

Korea, other Europe countries (Ukraine, Belarus, Georgia, Armenia, Azerbaijan, Turkey), other temperate 
countries (Mongolia, Kazakhstan): 
FRA country reports: hƩps://www.fao.org/forest‐resources‐assessment/fra‐2020/country‐reports/en/ 
Turkey: hƩps://www.ogm.gov.tr/tr 
 

Note: except Turkey, other countries used FRA data. 
 

India:  
hƩps://fsi.nic.in/ 
 

Tropics (Southeast Asia, Africa, and South America): 
Brienen, R.J.W. et al. 2015. Long‐term decline of the Amazon carbon sink. Nature 519, 344‐348 (2015). DOI: 
10.1038/nature14283 Data package: hƩps://forestplots.net/data‐packages/brienen‐et‐al‐2015 
 

Duque, A., Peña, M.A., Cuesta, F. et al. Mature Andean forests as globally important carbon sinks and future 
carbon refuges. Nat Commun 12, 2138 (2021). hƩps://doi.org/10.1038/s41467‐021‐22459‐8. Data package: 
hƩps://datadryad.org/stash/dataset/doi:10.5061/dryad.59zw3r26f 
 

Hubau, W. et al. 2020. Asynchronous carbon sink saturaƟon in African and Amazonian tropical forests. Nature 
579, 80‐87 (2020). DOI: 10.1038/s41586‐020‐2035‐0. Data package: hƩps://doi.org/10.1038/s41586‐020‐
2035‐0 
 

Qie, L., Lewis, S.L., Sullivan, M.J.P. et al. Long‐term carbon sink in Borneo’s forests halted by drought and 
vulnerable to edge effects. Nat Commun 8, 1966 (2017). hƩps://doi.org/10.1038/s41467‐017‐01997‐0  [plot 
data there in Electronic supplementary material: Supplementary Data 1].  
 

Sullivan, M. et al. 2020. Long‐term thermal sensiƟvity of Earth’s tropical forests. Science 368, 869‐874 (2020). 
DOI: 10.1126/science.aaw7578.  Data package: hƩps://forestplots.net/data‐packages/sullivan‐et‐al‐2020 
 

Brown, S., Iverson, L.R., Prasad, A. & Liu, D. Geographical distribuƟon of carbon in biomass and soils of tropical 
Asia forests.  Geocarto InternaƟonal 4, 45‐59 (1993). 
hƩps://www.tandfonline.com/doi/abs/10.1080/10106049309354429 
 

Henry, M. ValenƟni, R. & Bernoux, M. Soil carbon stocks in ecoregions of Africa. Biogeosciences Discuss. 6, 
797–823 hƩps://doi.org/10.5194/bgd‐6‐797‐2009  
 

FRA country reports: hƩps://www.fao.org/forest‐resources‐assessment/fra‐2020/country‐reports/en/ 
 

Mexico: 
FRA country reports: hƩps://www.fao.org/forest‐resources‐assessment/fra‐2020/country‐reports/en/ 
 

IPCC. Refinement to the 2006 IPCC guidelines for naƟonal greenhouse gas inventories 
hƩps://www.ipcc.ch/report/2019‐refinement‐to‐the‐2006‐ipcc‐guidelines‐for‐naƟonal‐greenhouse‐gas‐
inventories/ 
 

Cook‐PaƩon. S. et al, Mapping potenƟal carbon capture from global natural forest regrowth. Nature 585, 545–550 
(2020). hƩps://www.nature.com/arƟcles/s41586‐020‐2686‐x 
 

Central America: 
FRA country reports: hƩps://www.fao.org/forest‐resources‐assessment/fra‐2020/country‐reports/en/ 
 

IPCC. Refinement to the 2006 IPCC guidelines for naƟonal greenhouse gas inventories 
(hƩps://www.ipcc.ch/report/2019‐refinement‐to‐the‐2006‐ipcc‐guidelines‐for‐naƟonal‐greenhouse‐gas‐
inventories/) (2019). 
 

Cook‐PaƩon. S. et al, Mapping potenƟal carbon capture from global natural forest regrowth. Nature 585, 545–550 
(2020). hƩps://www.nature.com/arƟcles/s41586‐020‐2686‐x 
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Potapov, P. et al. The last fronƟers of wilderness: Tracking loss of intact forest landscapes from 2000 to 2013. Sci 
Adv. 13 3(1), e1600821 (2017). hƩps://www.science.org/doi/10.1126/sciadv.1600821 
 

Tropical deforestaƟon emissions: 
Houghton, R. and Castanho, A.: Annual emissions of carbon from land use, land‐use change, and forestry 1850–
2020 (V1), Harvard Dataverse [data set], hƩps://doi.org/10.7910/DVN/U7GHRH (2023). 
 

Note: More detailed informaƟon can be available upon request. 
 

Other South Asia countries (Afghanistan, Pakistan, Nepal, Bhutan, Bangladesh, Sri Lanka): 
FRA country reports: hƩps://www.fao.org/forest‐resources‐assessment/fra‐2020/country‐reports/en/ 
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Table S2. Influences of changing environmental and land management factors on regional carbon sinks 

and densiƟes over the last three decades (1990‐2020). 

Factors affecƟng regional 
forest carbon sink 

Results and observaƟons 
from this study – stock and 

stock‐change 

Factors for interpreƟng the 
results 

Factors with less 
impacts, or 

unidenƟfiable impacts 

Boreal forests       

Asian Russia  Total sink reduced by 42% 
over 3 decades, living 
biomass became a source in 
2010s, increased deadwood 
sink, slightly decreased soil 
sink, increased carbon 
densiƟes. 

Disturbances (wildfires, 
insect outbreaks)(‐), CO2

 

ferƟlizaƟon (+),illegal 
logging)(‐) (only uncounted 
logging, otherwise logging 
is counted in stock‐change 
and HWP)  

longer growing season 
(+), drier (‐), warming 
(+/‐) 

European Russia  From 2000s to 2010s, total 
sink had a slight decrease. 
There was small decrease in 
living biomass sink, 
moderate increase in 
deadwood sink, moderate 
decrease in soil sink, 
increased C densiƟes.  

Wildfires (‐), soil warming (‐
), CO2 ferƟlizaƟon (+) 

longer growing season 
(+), weƩer climate (+) 
(which could buffer heat‐
drought) 

Canada  Includes only managed 
forests in Southern Canada. 
The forest was C sources in 
2000s and 2010s, and the 
source in 2010s double that 
in 2000s. in 2000s only living 
biomass was a source, while 
in 2010s living biomass, liƩer 
and deadwood all became 
sources, and the soil sink 
was reduced 35% compared 
to 2000s. Carbon density 
decreased slightly.  

Disturbances (wildfires, 
insect outbreaks)(‐), drier 
and hoƩer climate (‐), soil 
warming (‐)  

longer growing season 
(+/‐) (due to drier 
condiƟons it could be a 
negaƟve factor), CO2

 

ferƟlizaƟon (+) (other 
negaƟve factors 
overwhelmed this effect 
as the forest was a C 
source) 

Alaska Interior  Total sink reduced by 76% in 
2010s vs. 1990s, living 
biomass sink decreased by 
21%, while liƩer, deadwood 
and soil became C sources. 
Increased C densiƟes. 

Wildfires (‐), soil warming (‐
), CO2

 ferƟlizaƟon (+) 
longer growing season 
(+/‐), drier climate (‐) 

European boreal  Total sink increased by 48%. 
Increased C density.  

AdapƟve management (+), 
longer growing season (+), 
CO2

 ferƟlizaƟon (+) 
(increased logging in the 
later 2010s was reflected in 
increased HWP). Illegal 
logging (‐) not counted 

WeƩer climate (+) 
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Temperate forests       

United States  Total sink decreased by 11% 
over 3 decades, starƟng to 
decrease in 2000s by 10% 
and remaining similar sink to 
2010s. Increased C densiƟes. 

Natural disturbances (‐), 
aging (‐), deforestaƟon (‐), 
CO2

 ferƟlizaƟon (+)  

longer growing season 
(+), N deposiƟon (+) 

European temperate  Total sink decreased by 7% 
over 3 decades, having a 
slight increase in 2000s (5%) 
but 12% decrease in 2010s 
with 21% decrease in living 
biomass sink while 5% 
increase in soil sink. 
Increased C densiƟes. 

Natural disturbances (‐), 
aging (‐), CO2

 ferƟlizaƟon 
(+), increased forest areas 
(+) 

longer growing season 
(+), N deposiƟon (+) 

China  Total C sink increased by 
more than 200% over 3 
decades, doubled in 2000s 
and tripled in 2010s vs 
1990s. Increased C densiƟes. 

AfforestaƟon/reforestaƟon 
in later 1980s and early 
1990s (+), CO2

 ferƟlizaƟon 
(+) 

longer growing season 
(+) 

Japan  Total C sink decreased by 
32%, starƟng from 2000s but 
greatly in 2010s (‐29%). 
Increased C densiƟes. 

Aging (‐), CO2
 ferƟlizaƟon 

(+) 
Natural disturbances (‐), 
longer growing season 
(+),N deposiƟon (+) 

Australia  Carbon sources in 1990s and 
2000s, slight C sink in 2010s. 
Small increased C density in 
2000, 2010 but a decrease in 
2020. 

Wildfires (‐), deforestaƟon 
(‐), improved forest 
protecƟon (+),CO2

 

ferƟlizaƟon (+), replaced 
old growth by new forest (+ 
for sink, ‐ for C density and 
stock) 

drier (‐), longer growing 
season (+/‐), increased 
climate variability (+/‐) 

Tropical intact forests       

India  Total C sink decreased by 
48% over 3 decades with 
68% decrease in 2000s while 
59% increase in 2010s vs 
2000s. Increased C density in 
2000, slightly decreased C 
densiƟes in 2010 and 2020. 

Illegal logging (‐), wood fuel 
collecƟon (‐), forest 
protecƟon (+), young forest 
(+ for sink, ‐ for C density)  

natural disturbances (‐), 
CO2

 ferƟlizaƟon (+), 
warming (‐), drier 
climate (‐) 

Southeast Asia  ConƟnuously decreasing 
with total decreased C sink 
by 25% over 3 decades. 
Increased C densiƟes. 

DeforestaƟon (‐), illegal 
selecƟve logging (‐), CO2

 

ferƟlizaƟon (+) 

natural disturbances (‐) 
warming (‐), drier 
climate (‐) 

Africa  ConƟnuously decreasing 
with total decreased C sink 
by 25% over 3 decades. 
Increased C densiƟes. 

DeforestaƟon (‐), illegal 
selecƟve logging (‐), wood 
fuel collecƟon (‐), CO2

 

ferƟlizaƟon (+) 

natural disturbances (‐) 
warming (‐), drier 
climate (‐) 

Mexico   ConƟnuously decreasing 
with total decreased C sink 
by 7% over 3 decades, 
Increased C densiƟes. 

DeforestaƟon (‐), Illegal 
logging (‐), drier climate (‐), 
CO2

 ferƟlizaƟon (+) 

natural disturbances (‐), 
warming (‐) 
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South America  ConƟnuously decreasing 
with total decreased C sink 
by 42% over 3 decades. 
Increased C densiƟes. 

DeforestaƟon (‐), illegal 
selecƟve logging(‐), 
droughts (‐), CO2

 

ferƟlizaƟon (+) 

Natural disturbances (‐), 
warming (‐) 
 

Tropical regrowth forests       

India  Decreased by 70% over 3 
decades, mostly in 2000s (‐
69%). Increased C densiƟes 
except a slightly decrease in 
2010. 

Illegal logging (‐), wood fuel 
collecƟon (‐), forest 
protecƟon (+), CO2

 

ferƟlizaƟon (+) 

Natural disturbances (‐) 
warming (‐), drier 
climate (‐) 

Southeast Asia  ConƟnuous increasing with 
total increased C sink by 
55% over 3 decades, 
decreased C density in 2000, 
while increased densiƟes in 
2010 and 2020. 

Expansion of regrowth 
forest areas (+), CO2

 

ferƟlizaƟon (+), 
considerable replacement 
of intact forest by oil palm 
plantaƟon in 1990s caused 
a C density decrease in 
2000 

RepeƟƟve deforestaƟon 
and illegal logging (‐), 
warming (‐), drier 
climate (‐), other natural 
disturbances (‐) 

Africa  ConƟnuous increasing with 
total increased C sink by 
28% over 3 decades, 
increased C densiƟes 

Expansion of regrowth 
forest areas (+), CO2

 

ferƟlizaƟon (+) 

RepeƟƟve deforestaƟon 
and illegal logging (‐), 
warming (‐), drier 
climate (‐), other natural 
disturbances (‐) 

Mexico   ConƟnuously decreasing 
with total decreased C sink 
by 13%. Increased C 
densiƟes. 

Illegal logging (‐), drier 
climate (‐), CO2

 ferƟlizaƟon 
(+) 

Natural disturbances (‐), 
warming (‐) 

South America  ConƟnuous increasing with 
total increased C sink by 
35% over 3 decades, 
increased C densiƟes. 

Expansion of regrowth 
forest areas (+), CO2

 

ferƟlizaƟon (+) 

RepeƟƟve deforestaƟon 
and illegal logging (‐), 
warming (‐), droughts (‐), 
other natural 
disturbances (‐) 
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Table S3.  Example showing the replacement of lower C density tropical regrowth for higher C density 

tropical intact forest decreases the mean carbon density of tropical forests and make the mean global C 

density maintain about same although each individual forest has increased C density. 

Forest biomes/classes  Year  Carbon stock  Forest area  Carbon density 
    (Pg C)  (106 ha)  (Mg C ha‐1) 

Tropical intact forest  1990  510.7  1796.6  284.3 

  2020  393.2  1329.6  295.8 

         

Tropical regrowth forest  1990  33.6  348.1  96.4 

  2020  75.6  541.9  139.4 

         

All tropical forests  1990  544.3  2144.7  253.8 

  2020  468.8  1871.5  250.5 

         

Boreal forest  1990  252.4  1134.9  222.4 

  2020  264.9  1146.4  231.1 

         

Temperate forest  1990  116.5  742.2  157.0 

  2020  135.8  794.1  171.0 

         

Global total forest  1990  913.2  4021.8  227.1 

  2020  869.5  3812.0  228.1 
 

Note: C density = carbon stock/forest area 
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Table S4. Assessment of factors that could affect carbon sink in the world’s forests. 

Factors influencing the global forest 

carbon sink 

Prospective influence from 2020 to 2050 (with positive/ 

negative/ uncertain overall impact on trend of forest 

carbon sink) 

Deforestation and forest degradation 
Continued slowing trend in the tropics will reduce emissions 

from LU and LUC (+) 

Forest harvesting 

Increased demand for wood as products and bioenergy 

would reduce the age and C stock of existing forests, 

resulting in net emissions (‐). How the harvested wood is 

used – e.g. long‐lived products or bioenergy, and what 

products are substituted by wood use, will affect the net 

impact on the atmosphere (?) 

Natural disturbances and drought 
Likely to increase significantly with rapidly changing climate, 

increasing emissions from intact forests worldwide (‐) 

Forest aging 
Slower growth of older forests in some regions will reduce 

the C sink (‐) 

CO2 fertilization  
Will continue to increase growth but could saturate over the 

next few decades (‐) 

Reforestation/afforestation 

Lack of unused land will reduce the area of regenerating 

forests and the global C sink (‐), countered by large efforts 

under way to increase areas of afforestation and 

reforestation (+) 

Large‐scale adoption of nature‐based 

climate solutions 

Could potentially reverse any projected decline in the 

baseline C sink, but the level of future mitigation activity is 

uncertain and requires significant and sustained investments  

(+?) 

Worldwide food shortages 

Global food supplies could be significantly reduced because 

of climate change and conflicts, reducing land available for 

expanding tree cover (‐) 
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Table S5. Annual changes in forest C stock (Tg C year‐1) for whole ecosystem compared to when estimated soil sinks are excluded. Note that excluding 

the estimated soil sinks reduces the estimated global forest C sink totals by c. 400 Tg C year‐1 but has minimal impact on the global and biome‐level 

temporal trends. 

  1990‐1999    2000‐2009    2010‐2019 

Biome and country 
/region 

Total Net C 
stock change 

Uncertainty 
plus 100% 

uncertainty for 
soil sink* (±)  

Net C stock 
change without 

soil sink 

Uncertainty 
of total net 

stock 
change§  

(±) 

 

Total Net C 
stock change 

Uncertainty 
plus 100% 

uncertainty for 
soil sink (±)  

Net C stock 
change 

without soil 
sink 

Uncertainty 
of total net 
stock change  

(±) 

 

Total Net C 
stock change 

Uncertainty 
plus 100% 

uncertainty for 
soil sink (±)  

Net C stock 
change 

without soil 
sink 

Uncertainty 
of total net 
stock change  

(±) 

Boreal Forest1                             
Asian Russia  345.2  121.2  239.7  59.6    334.6  119.5  225.3  48.2    199.2  98.4  103.5  22.8 

European Russia  129.0  27.9  108.9  19.4    138.7  30.9  113.8  18.3    131.4  21.7  114.1  13.1 
Canada  0.4  2.6  ‐2.1  0.1    ‐20.2  6.1  ‐22.9  4.5    ‐47.8  13.0  ‐49.6  12.9 

Alaska Interior  4.5  1.4  4.5  1.4    0.7  0.2  0.8  0.2    1.1  1.3  2.3  0.3 
European boreal2  23.3  7.0  23.9  7.0    25.1  8.2  23.2  8.0    34.8  10.8  31.8  10.4 

Subtotal  502.5  124.6  374.9  63.1    478.9  123.8  340.2  52.5    318.7  102.2  202.2  41.1 

Temperate Forest1                             
United States3  205.1  22.2  204.1  22.2    184.0  20.0  186.1  19.9    181.9  19.7  182.3  19.6 

European temperate4  125.9  19.4  120.6  18.7    132.3  22.4  124.3  20.9    116.6  21.7  104.7  18.1 
Other Europe5  67.8  25.8  46.7  14.8    50.5  15.5  39.3  10.5    65.3  33.2  36.4  16.4 

China  78.7  16.7  67.8  12.7    164.4  28.8  151.5  25.8    250.5  50.1  217.9  38.0 
Japan  33.5  9.7  34.8  9.6    32.3  8.8  32.9  8.8    22.8  4.2  23.5  4.1 
Korea  22.5  11.2  12.8  5.7    32.0  15.9  18.2  8.0    26.8  13.8  14.8  6.8 

Australia  ‐20.2  7.9  ‐16.1  6.8    ‐14.4  5.9  ‐11.0  4.8    3.0  5.4  8.3  1.0 
New Zealand  13.3  5.6  8.7  3.2    9.9  2.8  10.3  2.8    11.1  2.8  10.8  2.8 

Other countries6  ‐0.4  0.3  ‐0.1  0.1    0.5  0.3  0.3  0.2    6.6  4.3  2.8  2.0 

Subtotal  526.2  46.1  479.2  37.4    591.6  48.4  551.9  42.2    684.7  68.8  601.6  50.0 

Tropical Intact Forest                             
India  77.6  16.4  67.5  12.9    25.2  7.6  18.1  2.9    40.0  9.5  31.5  4.2 

Other South Asia7  18.9  8.1  12.9  5.5    0.6  1.4  0.5  1.4    3.3  1.2  3.3  1.2 
Southeast Asia  118.0  45.2  114.0  45.0    97.8  36.6  95.1  36.5    88.8  34.3  85.1  34.1 

Africa  476.4  139.4  462.5  138.7    451.4  94.9  440.8  94.3    397.5  134.4  380.8  133.3 
Mexico  22.5  6.3  21.7  6.2    21.7  6.0  20.9  6.0    20.9  5.8  20.1  5.7 

Central America  9.9  2.7  9.6  2.7    7.0  1.9  6.8  1.9    5.6  1.6  5.4  1.5 
South America  560.5  140.0  539.6  138.4    427.3  160.8  410.8  160.0    324.3  192.3  298.3  190.5 

Subtotal  1283.8  203.6  1227.9  201.6    1030.9  190.6  993.0  189.4    880.6  237.4  824.4  235.1 

Tropical Regrowth Forest                             
India  16.8  4.9  16.8  4.9    5.3  4.3  1.5  1.9    5.1  2.1  3.4  1.3 

Other South Asia7  5.2  2.4  4.0  2.1    1.0  0.6  0.5  0.3    0.9  0.9  0.2  0.4 
Southeast Asia  235.6  109.5  206.6  105.6    313.6  131.2  274.8  125.4    364.5  158.0  319.3  151.4 

Africa  439.3  181.8  371.9  168.8    515.6  172.8  436.6  153.6    560.9  212.6  474.9  194.5 
Mexico  82.2  24.8  72.0  22.6    74.2  22.4  65.0  20.4    71.1  21.5  62.3  19.6 

Central America  95.9  28.1  86.1  26.4    96.9  28.4  87.1  26.7    99.0  29.0  88.9  27.2 
South America  398.4  168.3  357.7  163.3    452.6  217.4  406.5  212.4    538.3  227.5  483.8  220.9 

Subtotal  1273.4  273.5  1115.0  259.9    1459.1  309.3  1271.8  292.5    1639.8  351.1  1432.8  332.7 

All Tropical Forest                             
India  94.4  17.1  84.4  13.8    30.5  8.7  19.6  3.4    45.1  9.7  35.0  4.0 

Other South Asia7  24.2  8.5  16.9  5.8    1.5  1.5  1.0  1.4    4.0  1.5  3.4  1.2 
Southeast Asia  353.6  118.5  320.6  114.8    411.4  136.2  369.9  130.6    453.4  161.7  404.3  155.2 

Africa  915.7  229.1  834.4  218.5    967.0  197.1  877.3  180.3    958.4  251.5  855.7  235.8 
Mexico  104.7  25.6  93.7  23.4    95.8  23.2  85.8  21.2    92.0  22.2  82.4  14.6 

Central America  105.7  28.3  95.7  26.5    103.9  28.5  93.9  26.7    104.6  29.0  94.3  27.3 
South America  958.9  218.9  897.3  214.0    879.9  270.4  817.3  265.9    862.8  297.9  782.1  291.7 

Subtotal  2557.2  340.9  2342.9  328.9    2490.0  363.3  2264.8  348.5    2520.5  423.8  2257.2  407.4 

Global Total  3588.7  365.9  3197.0  337.0    3560.5  386.8  3156.9  354.9    3523.8  441.3  3061.0  412.5 

* The original uncertainties with additional uncertainties (100%) in the soil sinks.  § The original uncertainties of total forest C sinks without removing uncertainties in the soil sinks
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Table S6. Comparison of area estimates (Mha), this study and FAO Forest Resources 
Assessment 202015 

 
  Total Forest 

area 1990 
Total Forest 
area 2000 

Total Forest 
area 2010 

Total Forest 
area 2020 

         
Forest area used in this study  4021.8  3931.2  3873.8  3812.0 
         
Forest excluded from C analysis         

Canadian unmanaged forests  121.6  121.5  121.4  121.3 
Alaska interior unmanaged forests  8.7  8.7  8.7  8.7 

West/Central Asia  61.5  63.0  65.7  66.2 

Subtotal  191.8  193.2  195.8  196.2 
         
Global Total, based on this study  4213.6  4124.4  4069.6  4008.2 
Global Total, FRA 2020  4236.4  4158.1  4106.3  4058.9 
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Table S7. Comparison of estimates of tropical regrowth rates for above-ground biomass (AGB) 
and soil (Mg C ha-1 yr-1).  

 
SE Asia   Africa  S America 

Decade and source  AGB  soil  AGB  soil  AGB  soil 

1990s 
Cook‐Patton33  
and this study* 

2.86  0.42  2.22  0.42  3.54  0.42 

Houghton43  3.34  0.18  1.04  0.45  4.02  0.65 

2000s 

Cook‐Patton33 
and this study* 

2.85  0.42  2.22  0.42  3.56  0.42 

Houghton104  3.37  0.18  1.03  0.46  3.99  0.61 

IPCC105  3.50  ‐‐  2.30  ‐‐  3.60  ‐‐ 

Pan et al.35  3.50  ‐‐  1.50  ‐‐  4.60  ‐‐ 

2010s 

Cook‐Patton33  
and this study* 

2.84  0.42  2.22  0.42  3.58  0.42 

Houghton43  3.36  0.18  1.04  0.45  4.01  0.63 

IPCC39 Rainforest 
(<20/>20)† 

3.4/2.7  ‐‐  7.6/3.5  ‐‐  5.9/2.3  ‐‐ 

IPCC39 Moist forest 
(<20/>20) 

2.4/0.9  ‐‐  2.9/0.9  ‐‐  5.2/2.7  ‐‐ 

IPCC39 Dry forest 
(<20/>20) 

3.9/1.6  ‐‐  3.9/1.6  ‐‐  3.9/1.6  ‐‐ 

* Accounts for disturbance type and distribution of areas by ecozone. 
  † Two values represent stand ages less than 20 and more than 20 years. 
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Fig. S1.  Examining the decadal trend of the global forest carbon sink.  (a) Exploring the null 
hypothesis (H0): μ =0, where μ represents the slopes (trend) of global forest C sinks against time 
periods. Monte-Carlo simulations were used to generate random samples using the mean value 
and standard deviation of each decadal C sink with 1000 repetitions (resulted three sample 
populations). A linear regression was computed between C sink estimates and corresponding 
decades (i.e. 1, 2, 3 for 1990s, 2000s, and 2010s to make a time series), for each of 1000 
simulations, to construct a probability distribution and confidence intervals for the slopes. The 
dashed vertical red lines denote the 95% confidence interval. As these distributions overlap with 
zero (solid vertical red lines) with t-test for the slope of the regression t < t0.95 (0.805 vs. 2.253), 
it failed to reject H0. (b) Results of a Cohen’ d analysis of effect size (ES), showing that the 
maximum likelihood of differences between the pairs of decadal forest C sinks can be ignored 
(ES<0.2) and is unlikely statistically significant.   
 

 
 

 




