
Earth Syst. Sci. Data, 18, 6799–6813, 2026
https://doi.org/10.5194/essd-18-6799-2026
© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

FAO estimates of net forest emissions and removals,
1990–2025

Francesco N. Tubiello1, Anne Branthomme2, Griffiths Obli-Laryea1, Michelle Piccoli1, Nidal Ramadan1,
Rocio Danica Condor2, Nathan Wanner1, Rachele Brivio1, Örjan Jonsson2, Giulia Conchedda3, and

Anssi Pekkarinen2

1Statistics Division, Food and Agriculture Organization of the United Nations, Rome, 00153, Italy
2Forestry Division, Food and Agriculture Organization of the United Nations, Rome, 00153, Italy

3Land and Water Division, Food and Agriculture Organization of the United Nations, Rome, 00153, Italy

Correspondence: Francesco N. Tubiello (francesco.tubiello@fao.org)

Received: 20 October 2025 – Discussion started: 22 October 2025
Revised: 20 August 2026 – Accepted: 29 August 2026 – Published: 15 September 2026

Abstract. FAO officially collects, analyzes and disseminates forest data by country via the Forest Resources
Assessment (FRA) program since the late 1950s. Since 2015, FAO uses a subset of the FRA data, namely forest
area and carbon stocks, to compute and disseminate in FAOSTAT net forest emissions/removals estimates, as
part of its efforts to assess emissions from agrifood systems. This paper presents the most recent update of the
FAO net emission/removal estimates, based on estimates of carbon stock change from all pools, i.e., above-
and below-ground living biomass, litter, dead wood and soils, covering over 200 countries and territories for
the period 1990–2025. Results show that forests acted globally as net carbon sinks since the 2000s, on average
ranging from − 1.0 to −2.3GtCO2 yr−1 over the most recent decade 2015–2025. This net flux was a result of
substantial carbon removals on forest land over the same period, ranging from −3.8 to −6.1GtCO2 yr−1, only
partially counterbalanced by emissions from net forest loss of 2.8–3.8 GtCO2 yr−1 – used herein as a proxy
of deforestation. Annex I (AI) and non-Annex I (NAI) countries contributed equally to the estimated forest
removals, whereas 90 % of emissions from net forest loss were generated in NAI countries. Comparisons of the
FAO estimates with data submitted independently by countries to the United Nations Framework Convention
(UNFCCC), as well as with output from the Global Carbon Budget, showed good agreement at global, AI
and NAI levels, including for major forest countries. At the same time, important discrepancies between FAO,
UNFCCC and global carbon model data were identified in about a dozen countries. Improved convergence
of evidence is achievable through dedicated statistical development programs in specific countries, to support
international implementation and monitoring of effective climate mitigation actions. The FAO estimates and
country data collected from UNFCCC were disseminated in FAOSTAT for 194 countries and 42 territories, with
regional and global aggregates, in annual time-series covering the period 1990–2025. They were made available
as open access at https://doi.org/10.5281/zenodo.20085666 (Tubiello and Obli-Laryea, 2026).

1 Introduction

The United Nations Food and Agriculture Organization
(FAO) officially collects, analyzes and disseminates forest
data by country via its signature Forest Resources Assess-
ment (FRA) program (FAO, 2025a). The FRA is the longest
standing official international forest data collection process
in existence today. It provides information on a wide range

of forest variables since the 1950s, making it one of the most
authoritative sources of official national forest data, useful
for tracking long-term trends in forest resources. As such,
FRA data are regularly used as key inputs in assessments of
the state of the planet, for instance in relation to the world’s
climate and forests (IPCC, 2019a; FAO, 2024), relevant sus-
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tainable development goals (FAO, 2017) and the global car-
bon cycle (Friedlingstein et al., 2026).

Since 2015, FAO uses a subset of the FRA data, namely
forest area and carbon stocks, to estimate and disseminate
in FAOSTAT net forest emissions/removals data (Federici
et al., 2015; Tubiello et al., 2021), as part of its effort to as-
sess and document agrifood systems emissions worldwide
(FAO, 2025b, c). The FAOSTAT forest net emissions/re-
movals dataset is a global knowledge product, providing rel-
evant information to users worldwide for over 200 countries
and territories and a long time-series.

In parallel with the FRA process, with the establish-
ment of the UN Framework Convention on Climate Change
(UNFCCC) in 1992, countries began reporting forest data
(mainly area and carbon stocks) independently of FAO to the
UNFCCC, as part of their national greenhouse gas (GHG) in-
ventory (NGHGI) submissions. Within this separate report-
ing, the FAO data provide a useful benchmark in support
of country reporting to UNFCCC, for example in techni-
cal expert reviews and as a reference for NGHGI compi-
lation (IPCC, FAO, IFAD, 2015). Within this context and
more generally, the FAO data have been used widely to iden-
tify, contextualize, and better characterize differences across
published global datasets of land use, land-use change and
forestry (LULUCF), including within IPCC Assessment Re-
ports (e.g., Lamb et al., 2026; Grassi et al., 2023; Nabuurs
et al., 2022; Mbow et al., 2019).

Recent work had however suggested limitations to the ap-
plicability of FAO estimates to both country and global as-
sessments, citing boundary and definitional issues related to
the IPCC managed land use proxy (Grassi et al., 2023), FRA
data quality (Grassi et al., 2022) and completeness of carbon
pools, previously limited to above- and below-ground living
biomass (Tubiello et al., 2021). We address all three issues
in this paper by presenting more detailed analyses based on
the new FRA 2025 input data, by including more detailed
comparisons with UNFCCC data, and by extending the FAO
carbon stock approach to all carbon pools covered by the
FRA, i.e., above- and below-ground living biomass, litter,
dead wood and soil.

The main goal of this paper was therefore to present the
new FAO net forest emissions/removals statistics 1990–2025
and to demonstrate their usefulness as an international data
source to usefully complement UNFCCC country data and
the scientific results published by the Global Carbon Budget
(Friedlingstein et al., 2026). In doing so, we identified im-
portant areas of improvement needed to further align the ex-
isting international efforts on forest emissions and removals
data, highlighting the need for coordinated statistical capac-
ity development programs in countries, aimed at supporting
evidence-based decision making for effective climate action.

2 Materials and Methods

We discuss below the input data on forest area and carbon
stocks sourced from the FRA, as well as the methods for
collection and re-dissemination by FAO of UNFCCC emis-
sion/removal data (Sect. 1.1). We then describe the equations
used to estimate the FAO net forest emissions and removals
(Sect. 2.2), closing with a detailed list of limitations and as-
sociated uncertainty (Sect. 2.3).

2.1 Input data

The FRA input data considered herein are those submit-
ted to FAO by its member countries, following a standard-
ized methodology aimed at data transparency, consistency
and comparability (FAO, 2025a). FRA data sources may in-
clude national forest inventories, remote sensing, administra-
tive data, academic and specialized studies and, in the lack of
other data, expert opinion. Data quality improvements across
successive data collection cycles are often the result of rele-
vant capacity development efforts, and may lead to revisions
of entire time series, based on the most recent national for-
est monitoring data. The FRA 2025 data coverage was sub-
stantially higher compared to previous data collection cycles.
It saw the highest country participation (197 national corre-
spondents, up from 187 in 2020), with increased numbers
of official data submitted, thus reducing the need for FAO
imputations. Furthermore, since the FRA 2015 cycle, more
countries have monitored their forests using increasingly so-
phisticated data collection approaches, including more fre-
quent national forest inventories and remote sensing analy-
ses. The FRA 2025 data used in this work to estimate the
FAO net forest emission/removal fluxes included: (i) Forest
area and its two components: Naturally Regenerating Forest
area and Planted Forest area; and (ii) Forest Carbon Stock
and Forest Carbon Density for the following carbon pools:
above-ground biomass; below-ground living biomass; litter;
dead wood; and soil (FAO, 2025a).

In terms of UNFCCC data, independent country informa-
tion was collected from publicly available official submis-
sions to the UNFCCC, such as Biennial Transparency Re-
ports, Common Reporting Tables and National Communi-
cations, including National Inventory Reports/ National In-
ventory Documents (UNFCCC, 2026). The UNFCCC data,
disseminated together with the FAO estimates in FAOSTAT
(FAO, 2025b), were collected from available submissions
to the UNFCCC, with a cut-off time of 15 March 2026.
They included: (i) Forest Land area and, where available,
Managed Forest area; (ii) Area of forest conversion to non-
forest land use; (iii) Emissions/removals on Forest Land;
and (iv) Emissions from forest conversion. We mapped UN-
FCCC data to the relevant FAO forest categories for dissem-
ination in FAOSTAT (https://files-faostat.fao.org/production/
GF/GF_map.pdf, last access: 19 August 2026), similarly to
the mapping used by the European Commission Joint Re-
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search Center (JRC) for the JRC NGHGI dataset (Melo
et al., 2026). We note to this end that FAOSTAT only dis-
seminates official UNFCCC country data, whereas the JRC
NGHGI also disseminates gap-filled information produced
either via linear interpolation and carry-forward and back-
ward, or through additional imputations (e.g., using LU-
LUCF data as a proxy for forest data). Hence the FAOSTAT
UNFCCC dataset has generally less data points and country
coverage than the JRC NGHGI.

2.2 Computing carbon stock change and net forest
emissions/removals

The FAO net forest emission/removal fluxes were estimated
using carbon stock data from the FRA 2025. Whereas pre-
vious FAO estimates were limited to carbon stock change in
the above- and below-ground living biomass pool, this up-
date also included changes in the litter, dead wood and soil
pools. This important extension allowed for a better align-
ment in scope with NGHGI submissions by countries, which
are expected to include as many carbon pools as possible,
depending on their national capacity, to increase complete-
ness of their emission inventories. Importantly, the applica-
tion herein of concepts, methods and, where relevant, coef-
ficients from IPCC (2006, 2019b) contributed to increasing
consistency between FAO estimates and NGHGI data.

In terms of FRA inputs, let A, Anr, Apl be the total area of
forest land and of its two strata, i.e., naturally regenerating
forest and planted forest; Bp and bp = Bp/A be the total car-
bon stock and carbon density of reservoir p, i.e., above and
below-ground living biomass, litter and dead wood, soil. Let
furthermore 1t be the time interval between two subsequent
FRA periods, equal to 5 or 10 years depending on the FRA
time-series. Let then 1Anr, 1Apl be the net area change of
each forest strata occurred during1t . Let CSCp be the over-
all forest carbon stock change in pool p, occurred during the
time interval 1t . For each pool, CSC was split into two dis-
tinct components, following Tubiello et al. (2021). Specifi-
cally, let NFC, or carbon stock change net forest conversion,
be the negative portion of CSC associated with net forest area
loss in either of the two forest strata, ANFC. Additionally, let
FL, or carbon stock change on forest land, be the portion of
CSC on the forest area present at the end of the time inter-
val 1t . With the above definitions, the equations to compute
carbon stock change and its two components for each carbon
pool p, country c, FRA year t and time interval 1t , were as
follows:

CSCp,c,t = Bp,c,t −Bp,c,t−1t (1)

NFCp,c,t = bp,c,t ×ANFC c,t ; with

ANFC c,t =min(1Anr
c,t ,0)+min(1Anr

c,t ,0)
(2)

FLp,c,t = CSCp,c,t −NFCp,c,t (3)

Where A, Anr, Apl were expressed in hectares (ha); CSC,
NFC and FL in kilotonne of carbon (kt C).

Equation (1) computes the overall forest carbon stock
change occurred during the time interval 1t . Of this total,
Eq. (2) represents the portion of carbon losses associated
with net forest area decreases. Equation (3) captures the re-
mainder carbon stock change on forest land, due to all rel-
evant processes such as afforestation/reforestation, natural
and managed forest growth, forest disturbances and harvest
losses. Equation (2) follows approach 1 of the IPCC (2006,
2019b) guidelines for estimating net deforestation fluxes.
Unlike simpler equations based only on total net forest area
change, however, by tracking two separate strata NFC cap-
tures emissions even when the overall net forest area may be
increasing – for instance, losses in naturally regenerating for-
est area masked by larger area increases in plantation forests
during the same time interval.

Net forest carbon stock changes computed via Eqs. (1)–
(3) were the basis for estimating net forest CO2 emissions
and removals, occurred during the same interval 1t , ex-
pressed here conventionally as positive for CO2 fluxes from
the forest to the atmosphere (net emissions) and vice-versa
(net removals) for fluxes from the atmosphere into the for-
est. Specifically, let E/RCSC be the net overall forest emis-
sions/removals associated with CSC in Eq. (1); E/RNFC

the emissions from net area losses, associated with NFC in
Eq. (2); and E/RFL the emissions/removals on forest land
associated with FL in Eq. (3). E/RCSC fluxes will also be
referred to, in the results section, as the overall net forest car-
bon sources and sinks. For E/RNFC, in line with the IPCC
(2006, 2019b) guidelines, we assumed complete oxidation
of carbon in the forest biomass, litter and dead wood pools
in the transition to non-forest land classes. Conversely, a por-
tion of the forest soil carbon was assumed to be retained in
the transition to non-forest classes. To this end, let αp be the
coefficient describing the portion of forest carbon in pool p
remaining in the new non-forest class after a land use change.
We assigned αp = 0 for p = above- and below-ground living
biomass, litter, dead wood, representing complete carbon ox-
idation, whereas we set αsoil = 2/3 for p = soil, to describe
soil carbon retention in the new non-forest classes, with ref-
erence to default IPCC coefficients provided in Table 5.5 and
Table 6.2 of the IPCC (2006) guidelines. Note that the forest
to non-forest transitions considered herein occur over a time
interval 1t of 5–10 years, i.e., intermediate between instant
oxidation and the 20 year period recommended by IPCC for
soil carbon stock change calculations.

With the above definitions, the FAO net annual forest
emission/removal fluxes (E/R) for country c, FRA period
t and time interval 1t , were computed as follows:

ENFC
c,t =−

∑
p

(1−αp)×NFCp,c,t × 1000× 44/12
1t

(4)

E/RFL
c,t =−

∑
p

FLp,c,t × 1000× 44/12
1t

(5)

E/RCSC
c,t = E

NFC
c,t +E/R

FL
c,t (6)
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Figure 1. Forest carbon fluxes included in the FAO approach and
relevant components.

where: E/RCSC, E/RNFC and E/RFL were expressed in
million tonnes of CO2 (MtCO2 yr−1). A factor of 1000×
44/12 was used to convert from kt C in Eqs. (1)–(3) to
MtCO2. Quantities in Eqs. (4)–(6) represented mean annual
fluxes over the time interval 1t occurring between two suc-
cessive FRA periods (5 or 10 years).

Based on the above equations, three FAO estimation mod-
els were defined based on the number of carbon pools
used for the carbon stock change calculations: FAO 1, lim-
ited to above and below-ground living biomass; FAO 2,
including in addition litter and dead wood; and FAO 3,
including all carbon pools, i.e., above- and below-ground
living biomass, litter and dead wood, and soil carbon.
Data for all the three FAO models, as well as relevant
UNFCCC country data, were provided as open source
at https://doi.org/10.5281/zenodo.20085666 (Tubiello and
Obli-Laryea, 2026).

2.3 Comparisons with UNFCCC and Global Carbon
Budget

As discussed in the results section below, we used the range
of estimates from the three FAO models for comparisons
to UNFCCC data, considering that countries may include
one or more carbon pool in NGHGI, depending on their
national capacity and methodological choices for reporting
(Melo et al., 2026). Conversely, FAO 3 output was used for
comparisons to the Global Carbon Budget models, which
tend to include all carbon pools. A subset of the most re-
cent Global Carbon Budget (GCB2025; Friedlingstein et al.,
2026) data was selected for comparison to the FAO esti-
mates. Specifically, FAO NFC estimates were compared to
GCB2025 deforestation data, which, based on bookkeeping
models, quantify the contribution of deforestation emissions
to the net GCB emissions from land use change (ELUC). Fur-
ther, FAO FL emissions/removals were compared to the sum
of all GCB net forest fluxes, also based on bookkeeping mod-
els, due to afforestation/reforestation, shifting cultivation and
wood harvest, complemented by the anthropogenic portion

of the GCB2025 natural land sink (SLAND), computed with
Dynamic Global Vegetation Models (DGVMs), but adjusted
to the boundaries of managed forest land to ensure align-
ment with NGHGI data (Grassi et al., 2023). The GCB2025
fluxes considered herein do not include peat drainage and
fires. The components of the GCB2025 fluxes used herein
were kindly provided by the GCB land use change subgroup
(C. Schwingshackl, personal communications).

2.4 Limitations and uncertainty

Several limitations to the FAO methodology exist and were
in part highlighted in previous work (Tubiello et al., 2021;
Grassi et al., 2022). The first set refers to forest area bound-
aries, which determine whether the estimated net forest emis-
sion/removal fluxes can be considered anthropogenic or not,
in the sense of the IPCC (2006, 2019b) managed land proxy.
Accordingly, we considered all emission/removal fluxes es-
timated on managed land as anthropogenic, irrespective of
direct and indirect climatic and CO2 effects. The critical is-
sue was that the FRA area statistics employed in this work
referred to total forest area, of which managed forest area is
generally understood as a subset, leading to the criticism that
the FAO estimates may contain natural components, i.e., be-
yond those occurring on managed forest area (Grassi et al.,
2022). We show in the results section below, however, that
for most countries analyzed in this work, the opposite in fact
held, i.e., the UNFCCC reported managed area was equal to
or even greater than the FAO forest area. In all such cases
therefore, the FAO estimates were considered anthropogenic.

More generally, we had previously noted that only a subset
of estimated forest fluxes will depend on the managed land
use proxy for attribution as anthropogenic (Federici et al.,
2015; Tubiello et al., 2021). For example, FAO NFC esti-
mates of emissions from net forest area losses can be consid-
ered anthropogenic regardless of their occurring on managed
or unmanaged forest land, including their indirect climate
and CO2 components, whenever the corresponding land use
change was caused by human action – which is very often the
case. A similar consideration applies to forest land removals
from the establishment of plantations – which are, by defini-
tion, anthropogenic. It follows that, limited to those countries
reporting managed forest areas smaller than the total forest
area, only a portion of the FAO emission/removal estimates
on forest land, FL, will have non-anthropogenic components,
directly linked to natural forest processes occurring on non-
managed land.

Even when the underlying forest area boundaries may co-
incide between FAO and UNFCCC, the coverage of for-
est fluxes included in the NGHGI may nonetheless com-
plicate comparisons of FAO and UNFCCC data. An im-
portant example is represented by carbon fluxes from peat-
lands drainage and peat fires, which are included in our esti-
mates but reported separately in FAOSTAT (Conchedda and
Tubiello, 2020; Prosperi et al., 2020), may conversely be re-
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ported by some countries within their forest emissions, with-
out distinction. In conclusion, although differences in forest
area boundaries remain important drivers of possible mis-
alignment between FAO and UNFCCC data, we suggest that
this was a much smaller concern than previously suggested
in the literature, and as we show in the next result section,
limited in practice to a small number of countries.

A second set of limitations in the FAO estimates presented
here is their “Tier 1” national -level approach. We recognize
that higher tiers approaches, driven by the recent tremen-
dous progress in remote sensing and machine learning, make
already possible today the production of increasingly accu-
rate forest estimates at increasingly fine scales, including re-
cent efforts by FAO (e.g., Araza et al., 2023; FAO, 2024).
At the same time, we emphasize that the value of the FAO
net forest/emissions dataset precisely lies in providing a ro-
bust and transparent Tier 1 reference for assessing higher-
Tier estimates. Its straightforward, reproducible equations,
grounded in official national statistics, make it a practical tool
for both national compilers, expert reviewers of NGHGIs and
modelers (FAO, IFAD, IPCC, 2015). At the same time, we
recognize that using national statistics as input and constant
national coefficients has limitations and carries uncertainty.
First, estimates of net forest area change may systematically
underestimate gross forest area changes and associated emis-
sions or removals. We have noted however in the previous
section that the FAO equations limit such bias, by approx-
imating important gross components, i.e., by tracking inde-
pendently area changes in naturally regenerating forest and
planted forest area. Second, the use of national-level biomass
stock density data may lead to underestimates of net forest
conversion emissions, for example in cases when the forest
being lost is primary or old-growth forest or anyway char-
acterized by biomass densities higher than the national av-
erage. Third, net emission/removal estimates on forest land
depend strongly on the quality of the underlying carbon den-
sity data. As noted by Grassi et al. (2022), missing infor-
mation on changes over time may generate underestimates
of removals in countries with increasing carbon stock den-
sities, while leading to overestimates in countries with de-
creasing forest biomass densities. Furthermore, in relation to
newly established forest areas, the use of national biomass
stock density values may overestimate removals in countries
with new forests of lower carbon density than the national
average, and vice versa. A final limitation of the FAO esti-
mates was related to the inclusion of additional carbon pools;
while adding biophysical detail improves completeness, the
dependence on more input data tends to increase uncertainty.
In particular, the FRA 2025 soil carbon data submitted by
countries had limited coverage and consistency compared to
the other pools and were gap-filled with published soil or-
ganic carbon maps (FAO, 2025a). In relation to the soil car-
bon pool, we furthermore note, as discussed in the previous
section, that the FAO equations for NFC used a constant co-
efficient αsoil = 2/3 to approximate soil carbon retention for

non-forest transitions. This value was considered a good bal-
ance with respect to the available IPCC default coefficients,
including forest conversion to annual cropland in temperate
zones (αsoil = 2/3; 20 % uncertainty); forest conversion to
annual cropland in tropical zones (αsoil = 0.5−0.6; 60 % un-
certainty); and forest conversion to either grassland (αsoil =

1; 15 % uncertainty) or permanent crops (αsoil = 1; 50 % un-
certainty). If anything, we suggest that our coefficient may
lead to overestimates of related emissions, considering that
the FAO land use change data available in FAOSTAT (FAO,
2025d) show a substantial portion of forest conversion in the
tropics going to either grassland (Latin America) or perma-
nent crops (West Africa and Southeast Asia), for which the
IPCC defaults generally imply no soil carbon loss. Finally,
we note that the use of the FRA dataset as direct input into
the FAO emission/removal estimates may affect the timeli-
ness of the resulting FAO data, specifically because new in-
formation depends on the FRA update cycle, performed only
every 5 years currently – while also recognizing that in some
countries forest data collection cycles may still be in the or-
der of a decade. Recent provisions implemented by FAO will
nonetheless increasingly allow countries to perform FRA up-
dates annually, in fact as often as new national data became
available, thus greatly improving the timeliness of future
FAO emission/removal estimates. For this version depending
on the FRA 2025 data, the most important issue related to the
above was that the FRA carbon stocks submitted for the year
2025 were estimated by countries, rather than based on di-
rect measurements – due to the temporal mismatch between
national data production and the FAO data collection cycle.
This introduced additional uncertainty specific to the FAO
emission/removal estimates for 2020–2025. For instance, the
USA carbon stock data submitted to FRA for the year 2025
were produced by the country via carry forward of the 2022
value. This implies for specific countries a FAO underes-
timate of 2020–2025 mean removals, had national carbon
stock kept increasing past 2022 – and an overestimate in the
opposite case. A second, more obvious issue may arise from
potential errors in the FRA input data. We found only one
country for which corrections to the original data submitted
to the FRA 2025 were necessary, specifically Italy, whose
submitted values for forest carbon stock in 2025 were found
to be inconsistent with the previous time series. Pending
future country submissions, we carried forward the forest-
land removals data for the year 2020–2025. This revision re-
sulted in net forest removals of about −22MtCO2 yr−1 for
2025, compared to emissions of 50 MtCO2 yr−1 that would
have been estimated using the original country submission
for 2025. These changes were likewise documented in Zen-
odo (https://doi.org/10.5281/zenodo.20085666, Tubiello and
Obli-Laryea, 2026) the relevant FAOSTAT country notes. In
either case, the 2025 reporting issues were minimized when
reporting trends over the longer period 2001–2023, the stan-
dard used in this work for comparisons of FAO/UNFCCC
data.
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The long list of limitations discussed above implied that
the FAO estimates were characterized by substantial uncer-
tainty. Tubiello et al. (2021) indicated a generic uncertainty
of 50 % (95 % CI) for all FAO emission/removal compo-
nents, consistently with established literature on LULUCF
(e.g., Nabuurs et al., 2022; Friedlingstein et al., 2026). In this
work, we used instead the output of the three FAO models
as a practical and heuristic, if imperfect approach to quantify
uncertainty, indicating a range of about±30% around FAO 2
values. To this end, we followed recommendations of the rel-
evant guidelines of the International Bureau of Weights and
Measures (BIPM et al., 2008), with respect to the need to
align the number of significant figures (or digits) of results
to their underlying uncertainty. For high uncertainty, such as
the case for LULUCF fluxes, the BIPM guidelines suggest
that results be communicated with one, at most two signifi-
cant figures. We have applied this rule in presenting results
throughout this manuscript.

2.5 Data Availability: Structure of FAOSTAT dataset

The FAOSTAT dataset covers the period 1990–2025 for 194
countries and 42 territories. Aggregates were computed for
5 regions, 22 sub-regions and 8 special aggregates, including
UNFCCC Annex and non-Annex I, OECD, least-developed
countries, small island developing states. The FAO dataset
further included available UNFCCC data, disseminated with-
out interpolation of missing values, resulting in nearly 9000
data points for a combined total of 137 countries over the
period 1990–2023. The FAO 2025 net forest emission/re-
moval estimates and corresponding UNFCCC data are avail-
able as open data via Zenodo (Tubiello and Obli-Laryea,
2026), at https://doi.org/10.5281/zenodo.20085666. They are
also available via FAOSTAT (FAO, 2025b). Finally, the data
used for the figures can be found in the Supplement.

3 Results

We provide below a wide synthesis of results from the new
FAO net forest emission/removal estimates dataset, com-
prised of FAO estimates and relevant UNFCCC country data.
Results were organized in three main sections. In Sect. 3.1,
we analyze differences in input forest data statistics, by com-
paring country data independently submitted to FAO via the
FRA and to UNFCCC. In this section we also highlight data
quality improvements arising from the use of the most recent
FRA data compared to the previous data cycle. In Sect. 3.2,
we focus on presenting global, regional and country trends
of the new FAO estimates, with comparisons to UNFCCC
country-reported emissions and removals data. Global and
regional trends were discussed in terms of World, AI and
NAI aggregates, as well as by main FAO region. We used
the range of estimates from three FAO models for compar-
isons to UNFCCC data, and from FAO 3 for comparisons to
Global Carbon Budget data.

Table 1. Country coverage of collected UNFCCC data (1990–
2023), with a cut-off date of March 2026.

n Min (Year) Max (Year)

Total countries 136 61 (1991) 103 (2015)
AI countries 41 40 (2023) 41 (2022)
NAI countries 95 20 (1991) 62 (2015)
FL area 94 55 (1991) 81 (2020)
NFC area 73 49 (1990) 66 (2020)
FL emissions 133 55 (1991) 100 (2015)
NFC emissions 80 47 (1990) 67 (2020)
All 4 variables 68 42 (1990) 64 (2021)

3.1 Comparison of FAO and UNFCCC input data

The FRA 2025 data (FAO, 2025a) used as input into the
emission/removal calculations had complete coverage of for-
est area and carbon stock variables for 194 countries and
42 territories, for the 1990–2025 period considered herein.
Conversely, the UNFCCC data collected for this work and
re-disseminated alongside the FAO estimates in FAOSTAT
(FAO, 2025b), were characterized by sparser country and
thematic coverage, albeit over a similarly long time-series,
i.e., 1990–2023 (Table 1).

3.1.1 Forest area

Trends in world total forest area of the 194 countries and 42
territories covered by the FAO (2025a) and disseminated in
FAOSTAT (FAO, 2025b) was 4.2 Gha in 2025. The same data
showed net world forest area loss of nearly 200 Mha over
the period 1990–2025 (FAO, 2025c), due to predominance
of forest area loss over forest area increase. Specifically, the
FAO data showed that the area of naturally regenerating for-
est decreased by 300 Mha (−5%) from 1990–2025, while
planted forest area increased by about 100 Mha (+60%). In
terms of FRA data cycles, we found that FRA 2025 and FRA
2020 (FAO, 2020) data were in close numerical agreement.
Limiting the analysis to the subset of countries also report-
ing forest area data to UNFCCC for the year 2020, we found
that the FRA 2025 data were very well aligned to UNFCCC
data (R2

= 0.9473, Fig. 2), improving from the FRA 2020
data cycle. Note that in line with Grassi et al. (2022) and
Melo et al. (2026), we interpreted the UNFCCC forest area
data to refer to managed forest area, unless specified other-
wise in the relevant country submissions. To this end, the
most important of these improvements in forest area data was
Argentina, updated to 47 Mha in FRA 2025 from 29 Mha in
FRA 2020 – and very close to the 48 Mha reported by the
country to UNFCCC. Similar improvements were found for
South Africa (which revised its forest area upwards in FRA
2025, from 17–22 Mha; 26 Mha reported to UNFCCC); and
Nigeria (revised downwards in FRA 2025, from 22–18 Mha;
14 Mha reported to UNFCCC). Even in cases of convergence
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Figure 2. Correlation of log-transformed forest area data reported
by countries to FAO and the UNFCCC.

of information such as those reported above, residual differ-
ences in country values may remain, reflecting reporting to
FAO or UNFCCC by different national agencies.

Limited to the 81 countries reporting forest area to UN-
FCCC for the year 2020, the FAO world total forest area was
3.2 Gha, virtually the same as the corresponding UNFCCC
world total. At the same time, the agreement at global level
between the FAO and UNFCCC data masked important re-
gional trends. For instance, UNFCCC forest land area was
smaller than the corresponding FAO statistics for the Amer-
icas, while for the other regions, it was larger than the FAO
forest area data (Table 2).

At country level, the FRA 2025 and UNFCCC forest area
data were strongly correlated (R2

= 0.9827, log-normalized)
(Fig. 1), with six countries largely driving the observed re-
gional differences (Table 3). Specifically, Brazil (−150Mha),
Canada (−140Mha) and the USA (−25Mha) alone ex-
plained the UNFCCC world total forest area being smaller
than FAO, in agreement with previous findings (Grassi et al.,
2022; Melo et al., 2026). Conversely, China (+85Mha), Rus-
sian Federation (+70Mha) and Namibia (+60Mha) largely
drove the discussed regional trends, showing UNFCCC-
reported world total forest areas larger than the correspond-
ing FAO values. The latter suggested inclusion, within the
UNFCCC country-reported forest area, of additional land
area, for instance tree covered areas such as wooded sa-
vannah or tundra, that under FAO land use classification
are not included in forest land, but rather are reported un-
der “other wooded land”. Indeed, additional analyses of the
relevant FRA country profiles for the top three countries

mentioned above confirmed this situation. Adding the FAO-
reported area of other wooded land, to the FAO forest area
by Namibia, increased this country’s forest area by roughly
9 times, coinciding with the “forest land area” it reported to
UNFCCC (Table 3). These findings suggest that forest area
boundary issues, albeit remaining a critical factor when com-
paring national data, are limited in practice to a small num-
ber of countries, rather than representing a structural feature
in the differences between FAO and UNFCCC data.

3.1.2 Forest biomass and carbon stock change

The FRA 2025 carbon stock data showed overall increases
in world total above and below-ground living biomass from
2000–2025, on average by 260 MtCyr−1, whereas the FRA
2020 data had shown decreases up to 2020 of−50MtCyr−1.
For the other carbon pools considered in this work, the FRA
2025 data showed that litter and dead wood increased by
130 MtCyr−1 on average over the same 2000–2025 period,
while the soil pool decreased by −76MtCyr−1. We did not
evaluate FRA 2020 results for the additional pools, because
those data were more uncertain.

Of specific interest to this update, the changes in carbon
biomass between the FRA 2025 and FRA 2020 were driven
by substantial updates of country biomass stock density val-
ues – driven by Russia, USA and China – which substan-
tially improved the alignment of the corresponding FAO net
removals with UNFCCC data, as detailed in the next section,
resulting in a stronger forest sink compared to earlier esti-
mates, by about 2 GtCO2 yr−1. At the same time, the number
of countries reporting constant carbon density values over the
entire dataset timeseries, a data quality issue highlighted pre-
viously in relation to the FRA 2020 (Grassi et al., 2022), did
not decrease in the FRA 2025, applying to nearly 90 coun-
tries and territories for a total forest land area of 900 Mha (al-
though driven by 20 countries covering nearly 90 % of that
area). As discussed in more detail in the next section, most
countries reporting constant biomass density values in FRA
also reported significant forest removals to UNFCCC, result-
ing in a discrepancy between FAO and UNFCCC estimates
of up to 1.3 GtCO2 yr−1.

Finally, we note that the use of three FAO models allows,
within the discussed uncertainty of each estimate, to evaluate
the contribution of different carbon pools to the overall esti-
mates. Specifically, we found that compared to computations
limited to carbon biomass pools, the inclusion of litter and
dead wood carbon generally increased net forest removals
by 20 % in both AI and NAI countries across FRA periods.
Including the carbon soil pool further increased removals on
forest land by another 30 %–40 % in both AI and NAI coun-
tries and across FRA periods. These results underscored the
critical importance of the soil carbon pool in our estimates
and thus the importance of ensuring their good data quality.
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Table 2. Comparison of forest area statistics based on country data reported to FAO and UNFCCC (year 2020), globally and by world region.
“FAO Reporters”= world and regional aggregates of FAO statistics of forest area corresponding to complete country reporting to FAO (194
countries). “UNFCCC country reporters”= world and regional aggregates of forest area (FAO) and managed forest area (UNFCCC), limited
to the 81 countries reporting to UNFCCC.

FAO Reporters UNFCCC Reporters

Region FAO FAO UNFCCC UNFCCC − FAO

Gha n countries Gha n countries %

Africa 0.7 54 0.2 0.3 11 30 %
Northern America 0.7 2 0.7 0.5 2 −25%
Latin America and the Caribbeans 1.0 33 0.7 0.6 9 −18%
Asia 0.6 47 0.4 0.5 20 24 %
Europe 1.0 43 1.0 0.9 36 7 %
Oceania 0.2 15 0.1 0.2 3 3 %

World 4.2 194 3.2 3.1 81 −1%

Table 3. Largest absolute differences between FRA and UNFCCC
forest area data for the year 2020.

Country FAO UNFCCC UNFCCC − FAO

Gha Gha Gha (%)

Brazil 0.5 0.3 −0.2 (−40%)
Canada 0.4 0.2 −0.1 (−50%)
United States of America 0.3 0.3 −0.0 (−8%)
China 0.2 0.3 +0.1 (+50%)
Russian Federation 0.8 0.9 +0.1 (+13%)
Namibia 0.0 0.1 +0.1 (+800%)

Note: Brazil’s UNFCCC managed forest area was estimated based on the FRA country
profile. Results were in line with Melo et al. (2026).

3.2 Net forest emissions and removals

3.2.1 FAO estimates

The FAO data showed increasing carbon stocks in forests
for all FRA periods except for 1990–2000. Hence since the
year 2000, the data suggested that forests acted globally as
overall net sinks of atmospheric CO2, sequestering up to
−2.0GtCO2 yr−1 on average in 2020–2025 – the most re-
cent period in the FAO estimates (see complete range of
FAO estimates in Table 4). This sink was the result of sub-
stantial removals on forest land, up to −5.8GtCO2 yr−1,
only partially counterbalanced by emissions from net for-
est conversion of up to 3.8 GtCO2 yr−1. Forests acted over-
all as carbon sinks in AI countries over the entire period
1990–2025 but were carbon sources in NAI countries. Re-
gional values showed opposite trends (not shown, available
in Tubiello and Obli-Laryea, 2026), with CSC in the Amer-
icas and Africa, indicating a net source over the entire pe-
riod, about +1.5GtCO2 yr−1 on average for 2020–2025.
Conversely, Europe and Asia were net overall sinks, about
−2.0GtCO2 yr−1 in the most recent period. Forests in Ocea-

nia switched from small net sources in 2010–2020 to net
sinks in 2020–2025.

Over the time-series 1990–2025, the FAO data showed
that NFC emissions substantially decreased over time, glob-
ally from 5–7 GtCO2 yr−1 on average during 1990–2000 to
3–4 GtCO2 yr−1 in 2020–2025 (Fig. 3). This trend was al-
most entirely driven by NAI countries, which were respon-
sible for about 90 % of world total emissions. Regionally,
the Americas (2.4 GtCO2 yr−1 during 2020–2025) and Asia
(0.4 GtCO2 yr−1) were the main drivers of the global trends
in NFC, each showing reductions in deforestation emis-
sions greater than 1 GtCO2 yr−1. The FAO data furthermore
showed that in Africa, NFC increased over time, reaching a
peak of about 1.8 GtCO2 yr−1 during 2010–2015, then de-
creasing to less than 1.0 GtCO2 yr−1 in 2020–2025. Europe
and Oceania were minor global contributors.

Over the time-series 1990–2025, FAO results showed
large net removals on forest land, with FL as strong as
−7.1GtCO2 yr−1 on average during 2000–2010 and de-
creasing to −5.7GtCO2 yr−1 on average during 2020–2025
(Table 4 and Fig. 3). These removals were equally divided
between AI and NAI aggregates in the most recent period,
about−2 to−3GtCO2 yr−1 on average over 2020–2025 (Ta-
ble 4), whereas in earlier periods they were stronger in AI
countries. Results showed consistent net forest removals for
all regions except for Africa. Specifically, Europe, Asia and
the Americas had large net removals on forest land, with Eu-
rope being the most substantial at about −2GtCO2 yr−1 in
2020–2025. Additionally, the FAO data suggested opposite
regional trends in removal strength, with decreases of 15 %
in Europe and by nearly 40 % in the Americas from 2000–
2025 but increases of 30 % in Asia. Africa and Oceania had
comparatively small net fluxes on forest land, with less no-
table trends.
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Figure 3. Net forest emission/removal estimates, 1990–2025 for
FL, NFC, for three FAO models and UNFCCC data. (a) World total;
(b) AI; and (c) NAI.

3.2.2 Comparisons of FAO and UNFCCC
emission/removal fluxes

We compared FAO NFC and FL results to the UNFCCC data
collected and re-disseminated within FAOSTAT. To this end,
we computed new World, AI and NAI aggregates, limited
to the countries present in the UNFCCC dataset. We per-
formed such comparisons over the entire time series 1990–
2025 (Fig. 3a–c), as well as in terms of long-term 2001–

2023 averages (Table 5), consistently with published anal-
yses (Grassi et al., 2022; Melo et al., 2026). Results of
both timeseries comparison and long-term averages indicated
good agreement of FAO estimates with UNFCCC data – with
the range of FAO models consistently including the corre-
sponding UNFCCC values – across flux category (NFC, FL)
and regional aggregate (World, AI, NAI) combinations, ex-
cept for FL fluxes for the NAI aggregate. Within the under-
lying uncertainties implied that results presented herein were
not statistically different, our findings highlighted, at least
qualitatively, a “sink gap” in NAI countries, i.e., stronger for-
est removals in UNFCCC data vs FAO estimates, ranging
between 1.2–2.4 GtCO2 yr−1 – with the smaller gap corre-
sponding to FAO 3 model estimates (Table 5). As discussed
in more detail in the next section, this gap was largely gener-
ated in countries reporting zero carbon stock density change
to FAO via the FRA, but conversely strong removals on forest
land to UNFCCC. Furthermore, it is worth noting that the de-
cline of the global FL sink seen in the FAO data, while also
supported by recent independent work (Rossi et al., 2026),
could at least in part be attributed to incomplete reporting of
C stocks for the year 2025 period, as discussed previously.

3.2.3 Country results

Country-level analyses were performed over the same long-
term 2001–2023 average used above. Results underscored
that the observed global and regional differences between
FAO and UNFCCC were driven by a relatively small num-
ber of countries, typically no more than 10–15, most of them
countries with large forest area. Specifically, world total NFC
emissions were mainly driven by just two countries, Brazil
and the Democratic Republic of Congo (DRC), which were
responsible for roughly 70 % of the world total according to
both FAO and UNFCCC data, with the top ten countries cov-
ering about 90 % (Table 6).

FAO NFC estimates were consistent with UNFCCC data
for Brazil, Cote d’Ivoire, Australia and Ecuador. Conversely,
they were smaller than UNFCCC for DRC, Indonesia and
United States of America (USA), while they were larger for
Argentina, Paraguay and Malaysia. Additionally, the FAO
dataset included several countries that either had UNFCCC
data but did not appear within the UNFCCC top ten (Fig. 4),
such as Canada (0.06–0.15 GtCO2 yr−1), or did not appear
in the UNFCCC dataset collected for this work, such as Peru
(0.1–0.2 GtCO2 yr−1), Myanmar (0.07–0.09 GtCO2 yr−1),
Colombia (0.08–0.09 GtCO2 yr−1), Tanzania (0.05–
0.08 GtCO2 yr−1), Bolivia (0.06–0.08 GtCO2 yr−1) and
Cameroon (0.05–0.06 GtCO2 yr−1).

With regards to FL fluxes, both FAO and UNFCCC
data showed that just three countries, Russian Federa-
tion, USA and China, were responsible for 40 %–60 % of
world total removals, with the top ten countries represent-
ing 70 %–80 % of the total (Table 7). Within the top ten
countries, FAO estimates were consistent with UNFCCC
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Table 4. FAO 2025 net forest emission/removal estimates (GtCO2 yr−1) corresponding to FRA periods, by FAO model. Fluxes categories
include carbon stock change (CSC) and its two components, emission/removal fluxes on forest land (FL) and emissions from net forest
conversion (NFC). FAO models include different carbon pools. FAO 1: above- and below-ground living biomass; FAO 2: above- and below-
ground living biomass, litter and dead wood; FAO 3: above- and below-ground living biomass, litter, dead wood and soils.

1990–2000 2000–2010 2010–2020 2020–2025

FAO 1 FAO 2 FAO 3 FAO 1 FAO 2 FAO 3 FAO 1 FAO 2 FAO 3 FAO 1 FAO 2 FAO 3

CSC World 1.1 0.9 0.7 −0.8 −1.5 −3.0 −1.4 −1.9 −2.9 −0.9 −1.2 −2.0
AI −2.4 −2.7 −3.4 −2.5 −3.1 −4.2 −2.1 −2.4 −3.3 −1.8 −2.0 −2.6
NAI 3.5 3.5 4.1 1.7 1.6 1.2 0.9 0.8 0.6 0.9 0.8 0.6

NFC World 5.2 5.7 7.1 3.2 3.5 4.3 2.9 3.2 4.0 2.8 3.2 3.8
AI 0.3 0.5 0.6 0.1 0.2 0.2 0.2 0.2 0.3 0.2 0.3 0.4
NAI 4.9 5.2 6.5 3.1 3.4 4.1 2.8 3.0 3.3 2.7 2.9 3.5

FL World −4.0 −4.8 −6.3 −3.9 −4.9 −7.1 −4.1 −4.7 −6.6 −3.7 −4.4 −5.8
AI −2.7 −3.1 −4.0 −2.6 −3.3 −4.5 −2.3 −2.6 −3.6 −1.9 −2.3 −3.0
NAI −1.4 −1.7 −2.4 −1.4 −1.8 −2.9 −1.9 −2.4 −3.1 −1.8 −2.1 −2.8

Table 5. Average 2001–2023 FAO and UNFCCC fluxes (GtCO2 yr−1). World, Annex I (AI) and non-Annex I (NAI) regional aggregates,
limited to countries reporting to UNFCCC. FAO 2 estimates provided with the range defined by FAO 1, FAO 3 models.

Item Group Country coverage FAO UNFCCC

NFC World 81 2.3 (2.1 to 2.8) 2.2
AI 42 0.2 (0.1 to 0.3) 0.2
NAI 39 2.2 (2.0 to 2.6) 2.0

FL World 134 −4.7 (−3.9 to 6.7) −6.9
AI 42 −2.8 (−2.3 to −3.9) −2.9
NAI 92 −1.9 (−1.6 to −2.8) −4.0

Table 6. Top ten NFC fluxes, 2001–2023 averages (GtCO2 yr−1),
ordered by UNFCCC values. FAO 2 estimates provided with the
range defined by FAO 1, FAO 3 models.

Country FAO UNFCCC

Brazil 1.2 (1.2–1.5) 1.0
DRC 0.4 (0.3–0.5) 0.6
Indonesia 0.03 (0.03–0.05) 0.2
USA 0.03 (0.02–0.05) 0.1
Côte d’Ivoire 0.05 (0.05–0.05) 0.06
Australia 0.04 (0.02–0.05) 0.05
Argentina 0.1 (0.09–0.12) 0.05
Paraguay 0.06 (0.06–0.09) 0.03
Ecuador 0.03 (0.03–0.04) 0.02
Malaysia 0.03 (0.03–0.05) 0.02

data for the Russian Federation, USA, and China. They
were substantially smaller than UNFCCC for DRC, Mali,
Venezuela, Malaysia and Mexico, and substantially larger
for Brazil. The drivers of these country-level discrepan-
cies were further investigated and presented in the discus-
sion section below. Finally, FAO identified possible for-

est sinks that did not appear within the UNFCCC top
ten (Fig. 4), albeit with a large noise across FAO mod-
els. These included Canada (+0.06−0.2GtCO2 yr−1), India
(−0.1−0.2GtCO2 yr−1), Belarus (−0.06−0.1GtCO2 yr−1),
France (−0.05− 0.09GtCO2 yr−1) and Vietnam (−0.05−
0.07GtCO2 yr−1).

3.3 Discrepancies in forest land removals

Notwithstanding the uncertainty discussed earlier, which
makes most of the differences highlighted above not sta-
tistically significant, we performed additional country-level
analyses to better characterize, at least qualitatively, the
“sink gap” between the FAO and UNFCCC data on for-
est removals, amounting globally to roughly 2 (−3.0 to
−0.2) GtCO2 yr−1 (Table 5). Extending the country-level
discrepancies identified in Table 7, our analysis showed that
in NAI countries the discrepancy was driven by a dozen
countries (Table 8), concentrated in tropical Africa (Mali,
DRC, Madagascar, Cameroon, Gabon and Namibia), Latin
America and the Caribbean (Venezuela, Guyana and Mex-
ico) and Southeast Asia (Indonesia and Malaysia). Addition-
ally, Brazil, USA and Nigeria represented opposite trends,
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Figure 4. Comparison of FAO and UNFCCC country data for top 10 NFC emissions and FL removals, 2001–2023 averages. FAO estimates
include all three carbon stock change models, with FAO 2 representing the central value and FAO 1 and FAO 3 providing the range of FAO
estimates.

Figure 5. Comparison of FAO net forest emission/removal estimates (all carbon pools), 2001–2023, to GB2025. FAO NFC: Net forest
conversion (this work); FAO FL: Forest land (this work); JRC NGHGI Def: country deforestation emissions compiled by the Joint Research
Center; JRC NGHGI FL: country forest land removals compiled by the Joint Research Center; GCB2025 def: deforestation component of the
GCB2025 ELUC flux; GCB2025 SLAND: forest component of the GCB2025 SLAND (net fluxes from afforestation/reforestation, shifting
cultivation, wood harvest, plus net land sink adjusted to align to NGHGI).
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Table 7. Top ten FL fluxes, 2001–2023 averages (GtCO2 yr−1),
ordered by UNFCCC values. FAO 2 estimates provided with the
range defined by FAO 1, FAO 3 models.

Country FAO UNFCCC

Russia −1.2 (−1.0 to 1.5) −1.3
USA −0.9 (−0.8 to 1.1) −0.9
China −0.8 (−0.6 to −1.3) −0.8
DRC −0.02 (−0.0 to 0.02) −0.3
Mali 0.02 (0.0 to 0.06) −0.3
Brazil −0.5 (−0.5 to 0.6) −0.3
Venezuela −0.08 (−0.0 to 0.1) −0.3
Indonesia −0.1 (−0.1 to 0.3) −0.3
Malaysia −0.03 (−0.03 to −0.05) −0.2
Mexico −0.05 (−0.04 to 0.05) −0.2

i.e., cases in which the FAO removals on forest land were
larger than UNFCCC. Remarkably, the “outlier” countries
in Table 8 were virtually the same identified in recent sim-
ilar comparisons developed in the context of the LULUCF
data hub (Melo et al., 2026). This suggested that this list of
countries was likely not random, making it sensible to inves-
tigate reasons for the observed discrepancy. While this is a
topic deserving its own independent effort, we note that cer-
tain data typologies could be readily identified, building on
previous work (Grassi et al., 2022; Melo et al., 2026). For
instance, our analysis showed that all six outlier countries in
tropical Africa had reported to FAO zero carbon stock den-
sity change to FAO via the FRA, while reporting strong net
forest removals to UNFCCC, corresponding to a cumulative
FAO/UNFCCC discrepancy of 1.3 GtCO2 yr−1. To this end,
Melo et al. (2026) have suggested that UNFCCC-reported
forest removals for Mali, Malaysia and Namibia might be
“not plausible.” We currently lack complete observations,
however, to conclude whether FAO or the UNFCCC data are
closer to a true value. Thus, a first typology characterizing the
differences observed between FAO and UNFCCC identified
herein relates to data quality issues. This could be usefully
addressed by FAO in coordination with UNFCCC and inter-
ested partners, through dedicated statistical capacity devel-
opment programs in identified countries, aimed at improving
the accuracy and the alignment of forest activity data used in
multiple reporting.

A second typology in the observed FAO/UNFCCC dis-
crepancies was related to land use coverage, specifically
when UNFCCC country-reported managed forest area was
either smaller or larger than the corresponding FAO forest
area. Namibia exemplified the latter case, perhaps in the ex-
treme. In this country, as discussed previously, the UNFCCC
managed forest area was nearly 10 times larger than the FAO
value, allowing for carbon accounting in woody savannah en-
croachments areas (Stevens et al., 2017; IPCC, 2022). This
led to much larger UNFCCC removals on forest land than
could be estimated by FAO on much smaller forest areas.

Table 8. Comparison of FAO 2 and UNFCCC FL fluxes (2001–
2023 average), ordered by FAO-UNFCCC difference, for countries
with removals greater than 0.1 GtCO2 yr−1.

Country FAO 2 UNFCCC DIFF

Mali∗ 0.0 −0.3 +0.3
Venezuela∗ 0.0 −0.3 +0.3
DRC∗ 0.0 −0.3 +0.3
Malaysia 0.0 −0.2 +0.2
Madagascar 0.0 −0.2 +0.2
Russia −1.2 −1.3 +0.2
Guyana∗ 0.0 −0.2 +0.2
Mexico 0.0 −0.2 +0.1
Indonesia −0.1 −0.3 +0.1
Cameroon∗ 0.0 −0.1 +0.1
Gabon∗ 0.0 −0.1 +0.1
Namibia∗ 0.0 −0.1 +0.1
Ethiopia 0.0 −0.1 +0.1
USA −0.9 −0.9 −0.1
Brazil −0.5 −0.3 −0.2
Nigeria −0.0 0.3 −0.3

∗ Constant carbon stock density data in FRA.

Conversely, the former case, i.e., UNFCCC-reported man-
aged forest area smaller than FAO forest area, has been dis-
cussed in detail in the literature (Grassi et al., 2022). We
found that only a few, albeit very large forest area countries,
fit this typology. Among them, Brazil was the most extreme
case, reporting to UNFCCC managed land areas that were
only about 60 % the FAO-reported forest area. Adjusting the
much larger FAO removal estimates by this proportion was
in fact sufficient to align FAO and UNFCCC forest removal
data for this country.

We conclude from the above analysis that the discrepan-
cies between FAO and UNFCCC data, albeit important, were
concentrated in a handful of countries, suggesting that the
underlying FAO and UNFCCC forest activity data were al-
ready well aligned overall.

3.4 FAO estimates and the Global Carbon Budget

In addition to comparisons to UNFCCC, we compared the
FAO net forest emission/removal estimates to the most recent
Global Carbon Budget 2025 data (GCB20205; Friedlingstein
et al., 2026), as described earlier in the methods section. Re-
sults showed that FAO estimates of world total NFC and
FL fluxes were in very close agreement with the GCB2025
(Fig. 5). The latter dataset indicated world total deforestation
emissions of roughly 4 GtCO2 yr−1, counterbalanced by for-
est removals of −6 to −7GtCO2 yr−1.
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4 Data availability

Full dataset is available on Zenodo (Tubiello and Obli-
Laryea, 2026) at https://doi.org/10.5281/zenodo.20085666.

5 Conclusions

Our detailed analysis based on the most recent FRA 2025
data showed that the FAO net forest emissions and removals
dataset 1990–2025 represents a useful reference in support of
country reporting processes and a solid contributor to global
assessments. First, we found that land use boundary issues,
though important in interpreting differences in FAO and UN-
FCCC at country level, were not a major driver of discrep-
ancy globally. Specifically, apart from a small set of coun-
tries for which either smaller or larger managed forest ar-
eas made a difference in the UNFCCC FAO comparisons,
most countries reported managed forest areas to UNFCCC
that were equal to the total forest land area they reported to
FAO. Hence flux estimates made on the FAO forest land area
could be considered anthropogenic in the sense of the IPCC
managed land use proxy, considering the overall consistency
of FAO and UNFCCC reported area values. At the same time,
we found that country-level differences continue to limit the
comparability of FAO and UNFCCC emission estimates in
a limited but important set of countries – particularly Brazil,
Canada, China, Russia, and Namibia – for which future rec-
onciliation is needed.

Secondly, we found a substantial agreement of the new
FAO estimates with recent NGHGI-adjusted Global Carbon
Budget data, following inclusion of all relevant carbon pools
in the FAO calculations. Finally, we argued that while the
knowledge gained through the comparison of multiple inde-
pendent approaches was extremely useful in highlighting ar-
eas of agreement and disagreement – and therefore in provid-
ing insight into necessary future work to improve national,
regional and global assessments – the large and specific un-
certainties underlying FAO, NGHGI and GCB data need to
be acknowledged in country data comparisons. We nonethe-
less strongly support the recommendations that are emerg-
ing in the current literature, recently outlined in the context
of the JRC LULUCF data hub (Melo et al., 2026), towards
the development of internationally coordinated capacity de-
velopment programs. To this end, we underline that FAO is
uniquely positioned to contribute to such efforts, as the UN
agency with the official mandate to collect, analyze and dis-
seminate forest and land use statistics from its member coun-
tries and to support national experts via dedicated capacity
development activities. Our main goal was and remains to
improve the quality, comparability and consistency of coun-
try data submitted to relevant international processes, in sup-
port of improved evidence-based decision making for effec-
tive action on climate change and forests.

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/essd-18-6799-2026-supplement.
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