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Abstract. In this study, we present and discuss changes in carbon storage in French forests from 1990
to 2022, derived from CITEPA statistics on forest carbon accounting. These statistics are primarily
informed by National Forest Inventory (NFI) data collected from systematic samples of forest plots
across Metropolitan France, as well as additional sources related to forest removals, soils or wood
products. As NFI is designed to provide statistical estimations of forest growing stock, gains and
losses only at the national or subnational levels but not to deliver detailed spatial outlooks on
disturbances carbon losses from fires, droughts and insect attacks, we also outline a prospect for future
improvements enabled by remote sensing and the development of multi-source inventories.

At a national level, a continuing removal of CO> from the atmosphere occurred from 1990 to 2022,
as harvest and mortality-induced CO» losses remained smaller than CO» removals by forest growth
and the increase in forest area (ca. 80 000 ha per year since 2005 but insignificant in terms of increased
carbon stocks at present). The CO, removal by forests was 49.3 MtCO»¢yri ! in 1990, increased to reach
a peak of 74.1 MtCOxtyri 1in 2008 and then quickly decreased down to 37.8 Mton COytyr i Lin 2022.
The changes in CO2 removal by forests can be separated into three phases. From 1990 to 2013, the CO»
removal increased alongside the increasing growth of living trees. A spike in carbon loss was caused by
the passage of the Lothar and Martin extra-tropical cyclones but forests recovered rapidly within a few
years. In contrast, from 2013 to 2017, the CO, removal by forests quickly decreased due to increasing
CO2 losses from harvest and natural mortality and a trend of decreasing productivity (Hertzog L. R.
etal., Sci. Total Environ. 967 (2025), article no. 178843), each process contributing almost equally.
After 2017, the sink remained low and mortality rates stayed larger than during any of the previous
years. The recent period is marked by climate shocks such as summer droughts and heatwaves in
2015, 2018, 2022, 2023. The full impacts of the droughts in 2022 and 2023 are not yet covered with
full precision, as some of the sites measured by the national inventory before those droughts are still
pending a second visit. Delayed tree mortality can also manifest years after a drought has occurred.
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At aregional level, contrasted trajectories were identified. Southern Mediterranean regions where
forests have a low harvest rate have also experienced a lower increase in mortality and a sustained
COy uptake. Despite high harvest intensities, the Landes plantations also show an increasing CO2
sink. In contrast, all northern regions and Corsica have seen a strong decline in their CO2 removal
rates, except in the Ile-de-France region (larger Paris area), where the CO» sink was constant during
the last 30 years, possibly because many forests are used for recreation and are subjected to low harvest
pressure. Two regions, the Hauts-de-France and Grand Est forests, stand out as becoming net emitters
of CO3 to the atmosphere. Other regions where the CO> sink declined and is now close to zero are
Normandy, Corsica, and Bourgogne-Franche-Comté. A detailed analysis was conducted to identify
where trees are dying in France, the regions with increased mortality, and which species and tree sizes
are most aVected.

We conclude with a perspective on how traditional sample-based statistical estimation of for-
est carbon changes, as implemented in classical NFI approaches, can be complemented by high-
resolution satellite and LiDAR data, together with denser monitoring of mortality processes. Progress
in remote sensing technologies supports both model-based approaches aimed at mapping the carbon
budget and enhanced inventory techniques for accurate estimation at finer spatial scales. Given the
limited continuity of some long-term forest flux estimates, we finally outline potential pathways to

strengthen carbon sink quantification in the near future.

Keywords. Forest, Carbon sink, Climate change.
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1. Introduction

Forests in France have been absorbing carbon over
at least the past 150 years, mainly due to the delayed
eVect of favorable tree demography, following the
plantations of new forests and the expansion of trees
over abandoned agricultural lands—particularly in
mountain regions, northwestern plains and south-
ern France (Lambin and Meyfroidt, 2011; Denardou-
Tisserand, 2019). This trend reflects a broader Eu-
ropean phenomenon known as the forest transition
(Mather et al., 1999). Early aVorestation for land pro-
tection started in the 19th century (Landes, Sologne,
mountain restoration) and the long-lasting policy of
coppice conversion into standard forests to deliver
timber wood, initiated in 1830, has led to increased
forest density. During this period, harvest pressure
has lowered due to fossil fuel utilization, and re-
mained relatively modest. Natural mortality rates
were low. This transition led to a significantly larger
average stock per hectare, as the demand for fuel-
wood declined with the development of alternative
energy sources. Consequently, as wood removal from
harvest and wood losses from natural mortality re-
mained lower than the growth of forests, the result
was increased carbon storage (Bontemps, Denardou,
etal., 2020)—a trend also reflected in European forest
statistics (Bontemps, 2021).

The French national forest inventory aims to pro-
vide a reliable estimation of wood volume and its
changes through time by sampling trees at system-
atic locations. While it also delivers statistics on for-
est carbon stocks (ING, 2024), more detailed analy-
ses of carbon fluxes intended for national and inter-
national reporting purposes are processed by CITEPA
(https://www.citepa.org/), using prior expertises on
the issue (e.g. CARBOFOR project, 2004). Of note, the
NFI sampling design has changed over time, which
currently limits the set-up of along-term and harmo-
nized vision of the forest carbon sink. Between 1961
and 2004, only decennial, departmental, and spa-
tially asynchronous inventories were implemented,
and all forest fluxes were estimated by retrospec-
tive methods. After the severe wind storms Lothar
and Martin in 1999, extensive systematic and an-
nual samples of non-permanent plots were estab-
lished in 2005. The samples are renewed every year
to meet the growing standard of annual forest in-
ventory, thereby strengthening the forest monitor-
ing frequency (Bontemps and Bouriaud, 2024). In
2010, initial samples started being revisited once af-
ter five years (notion of semi-permanent plots, with
visits termed N and N~ 5 in the following) to reli-
ably estimate forest harvests, in addition to the stan-
dard renewal of annual systematic samples. In 2015,
this system was extended to the measurement of
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mortality and growth. As a result, flux statistics es-
tablished over the long term lack consistency across
the full 1990-2022 period covered in this study.

This study is based on the publicly available data
originating from the National Forest Inventory and
on other data sources, processed by CITEPA, the na-
tional carbon inventory agency. We analyze how
carbon stocks and fluxes causing stock changes in
forests have changed between 1990 and 2022, as re-
flected in these oY'cial data. The analysis of the net
carbon sink is complemented by studying the evolu-
tion of gains from forest growth and losses from nat-
ural mortality and harvest. The results are shown at
the scale of Metropolitan France and large (NUTS2)
administrative regions. We present and comment on
these data, including net carbon changes and gross
gains and losses at national scale in Section 3, and
on a regional scale in Section 4. We show that natu-
ral mortality has increased dramatically over recent
years in diVerent regions. We present in Section 5
more information about where in France trees have
been dying, which species have been dying more fre-
quently, and which size of trees have been more af-
fected over the last years. Section 6 is dedicated to
a prospect on new mapping and estimation facili-
ties supported by the development of remote sensing
(RS) and machine-learning technologies.

2. Data sources and methods
2.1. National forest inventory

2.1.1. Sampling design and mensuration protocols

The National Forest Inventory (NFI) survey is
based on a systematic, annual, two-phase (aerial and
field) and two-stage sampling design, implemented
to provide reliable forest estimates at national and
regional scales in support of public policies. Annual
samples are drawn as gridded subsets from a system-
atic grid, organized into panels so that both each in-
dividual year and each set of five successive years
maintain systematic spatial coverage across the ter-
ritory, thereby ensuring spatial representativeness at
multiple temporal scales (Bouriaud et al., 2023).

A typical sampling unit is also called a ‘forest
plot’ and has a maximum radius of 15 m (0.1 ha) for
tree assessment and typically contains between 5
and over 100 trees. During the first visit, measure-
ments are taken of the diameters of the observable

trees (,7.5 cm diameter) at a conventional breast
height (1.3 m above the ground), while the height
is measured only for a subsample, with a statistical
model-based imputation which can be applied to
the tree heights that are not measured. Using allo-
metric equations depending on height and diameter,
volumes of standing wood (stem or aerial volume) in
the sampled forest are obtained. Growth is estimated
using tree coring at breast height, focused on the last
five years of growth at the first visit, and is combined
with volume allometries to estimate volume growth.
It is supplemented by the total volume of new re-
cruitments (trees that have grown above a threshold
diameter in the meantime, or ingrowth term). Al-
though future growth information will be derived
from diVerences in tree circumference measured
between successive 5-year inventories, it currently
remains based on tree coring data collected at the
initial (N) visit, reflecting growth over the previous
five years.

The trees which were established as cut, dead or
windthrown (at the N 5 visit) also make part of the
“production” variable, with the assumption that they
were still growing for 2.5 years before being cut. The
field measurements make an inventory of the trees
that died from natural causes, i.e., were alive during
the first visit but were found dead during the second
one. Of note, dead trees that are harvested before the
second visit (as can be the case in e.g. massive decline
events such as bark beetle attacks) will not contribute
to the mortality, but rather to the harvest flux. As
such, massive mortality can therefore drive harvest
increases, without being entirely identified as such.
The census reports the percentage of trees that were
harvested with evidence of being cut and removed
between the first and the second visit.

Since 2010, each year, up to 7000 plots have been
newly sampled based on a predefined sampling plan,
and up to 7000 plots are re-visited from the same lo-
cations that were sampled for the first time 5 years
before, thus in total, ca. 14 000 plots are measured
each year.

Importantly, harvest measurements taken before
2010 were exploratory and long considered unreli-
able by the NFI, due to inaccuracies in the stump
inventory and dating protocols on temporary plots.
Recent research works (Audinot, 2021; Denardou-
Tisserand, 2019) have confirmed their negative bias,
with historical underestimation by ca. 50%. For those
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reasons, harvest rates have been assessed from ex-
ternal data sources by CITEPA before 2010, includ-
ing the Enquéte Annuelle de Branche from the Agri-
cultural statistics based on wood fluxes transformed
in the sawmills (AGRESTE, 2022), and the energy
wood survey of environmental statistics (La consom-
mation de bois-énergie des ménages en 2020, 2024).
The temporal continuity of harvest statistics over the
study period (1990-2022) is therefore not guaranteed,
and has not been studied so far.

2.1.2. Associated statistical inference

To obtain the changes in volume and carbon
stocks in forests over the entire country or a large
region, a statistical inference method is applied to
the ensemble of the forest plots, with methodolo-
gies of survey sampling (Duong et al., 2024) that
allow for the computation of an uncertainty on
the estimates. Currently, the precision achieved
for the national estimate of growing stock volume
is approximately 1.5%. On the scale of smaller
regions (e.g., individual forests), the high hetero-
geneity of French forests—where 1-ha parcels can
host diverse species, tree sizes, and management
histories—results in inevitably higher uncertainty
due to limited sample size. Error quantification can
be accessed in practice using the online tool OCRE
(https://ocre-gp.ign.fr/ocre).

Standard forest inventory statistics provide mean
changes as five-year running averages to increase es-
timate precision. However, this comes with a known
risk of lagging behind evolving forest trends or sud-
den events (Van Deusen, 2002). Estimates for succes-
sive median years gradually reflect such changes: for
any given disturbance, a growing proportion of the
annual samples includes it over the five years, until
its full impact is reported without bias. For exam-
ple, if a single-year climate shock causes significant
tree mortality—such as the severe summer drought
and widespread fires in 2022—its full eVect will only
be fully captured in the five-year running average
by 2027. That said, statistical inference can also be
performed using individual annual samples for more
immediate needs, although this comes at the cost of
greater uncertainty. For instance, the damage assess-
ment following the Klaus storm in 2009 was based on
plot revisits conducted within that same year (IGN,
2010).

In accordance with the NFI resolution, statistically
rare events are prone to more uncertain assessments,

as reflected in the variance of estimation. For in-
stance, in 2022, 60 000 ha of forests were aVected
by fire events, corresponding to roughly 0.35% of the
forest area. With 7000 plots re-measured in 2023,
only about 25 plots would fall within a disturbance
domain. This is a major reason why ongoing research
in forest inventory is developing remote sensing-
based inventory, and disturbance-based design ap-
proaches as monitoring options adapted to the cur-
rent environment (Van Deusen, 2000).

2.2. Citepa

The most recent year for which data are available
is 2023, published in 2024. The data are based on
the national oY cial report of France to the UNFCCC
compiled by the national inventory agency CITEPA
(https://unfccc.int/documents/627737). CITEPA
provides additional information on regions of Met-
ropolitan France in the National Inventory Docu-
ment (https://unfccc.int/documents/645100). Data
from diVerent cycles of the National Forest Inven-
tory with changes in sampling strategies were ag-
gregated by CITEPA. The period 1976 to 2004 has
ca. 12-year successive inventory cycles with fully
renewed samples performed at the department ad-
ministrative level (NUTS-3) with a rotation across
departments every year. A non-documented inter-
polation method was used by CITEPA to elaborate
a regional and nationwide overview of forest fluxes.
The 2005-2009 period was the first period covered
with systematic annually renewed samples. The
period 2010 to current has added a single 5-year
revisit with identification of harvested trees since
2010, and actual tracking of trees that died since
2015. To deal with those methodology changes
the CITEPA methodology did not use inventories
over 1976-2004, but used inventory from 2005 on-
wards, provided a point estimate for 1990, and made
an interpolation between 1990 and 2005 (see UN-
FCCC National Inventory Document—2024 report
https://unfccc.int/documents/645100 page 261).

3. Changes in carbon sinks on a national scale

3.1. Carbon sink from the CITEPA inventory

Figure la shows the carbon budget of the forest
sector in France from the national inventory agency
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Figure 1. (a) Forest carbon gains and losses and net change in Metropolitan France. Carbon sequestration or CO, removal from
the atmosphere annually from the growth of living trees in established forests, the contribution of new forests, the increase in soil
carbon and litter, and storage of wood products are based on either measurement campaigns from the national inventory updated
each year or models and calculations for soil carbon, or using the life cycle of products for wood product pools. Carbon gains are
reported as negative numbers in the figure. Carbon losses from harvest (brown), mortality (red) and large disturbances (storms)
are reported as positive numbers. The net change is the thick black curve from the latest national report of France, the thin curves
are previous estimates published by CITEPA in previous years. (b) Comparison between the net carbon sink in biomass reported
by CITEPA (solid line representing a five years average) and our direct stock change estimate of ...7000 forest plots measured each
year during each NFI campaign with a five years running average(dotted line with black dots). The variability in the dotted curve
reflects noise in the statistical sampling to have a national stock change estimate. Since 2006, the reported emissions (solid line)
correspond to a 5 years smoothing of the direct stock change (dotted) and the whiskers on the right show the average uncertainty
of annual fluxes (black ™ 1-sigma and grey ~ 2-sigma). (c) Net carbon sink of forests (black) and net greenhouse gas flux of the
whole land use sector including forests and agriculture (pink) compared to the national neutrality trajectory (‘Stratégie Nationale
Bas Carbone’ SNBC) from SNBC-2 (pink lines) revised for the current period and the two future five-years periods until 2030 and
the SNBC-3 (orange lines) with the land use sector objectives being revised down. The pink curve is a smaller sink than the forest
sink because of agriculture emissions of CH4 and N2 O. Units are Mton COz-equivalents.

CITEPA, with negative values indicating fluxes of CO;
removed from the atmosphere and positive values
indicating fluxes of CO; lost to the atmosphere. A
reporting year n uses inventory campaigns up un-

til year n j 2 and uses a five-year moving window
for the last five years. The net annual carbon bal-
ance (black curve) demonstrates a net forest car-
bon sink along the period. This net carbon sink
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increased from 49.3 MtCO,tyri! in 1990 to a peak of
74.1 MtCO,tyri! in 2008. During this first period, the
linear rate of relative increase was 2.45% yril. After
2008, the sink declined and reached a value of 38.8
MtCO,tyri! in 2022. This large decrease in the sink
after 2008 is not linear and follows three stages. From
2008 to 2013, a small decrease in the sink was ob-
served, starting with a drop in 2009 from the Klaus
storm. From 2013 to 2017, a rapid and large sink
decrease of 43% was observed. After 2017, the sink
remained stable at a low value of 37.8 MtCO,tyril.
Over 2013-2017, we observed a slight reduction in
the growth of established forests (dark green bars)
together with a noticeable increase in tree mortal-
ity (red bars). Since each year, France sends a na-
tional communication to report its emissions and
sinks of greenhouse gases to the United Nations Con-
vention on climate change (UNFCCC), we collected
reports published from 2020 to 2024 from the UN-
FCCC website to evaluate the consistency between
successive reports. Significant changes are identi-
fied, with the 2021 edition underestimating the re-
cent sink decrease, and the 2023 edition overestimat-
ing this decrease compared to the latest 2024 edi-
tion (Figure 1a). These changes reflect the inclu-
sion of new sites measured by the inventory each
year, thus impacting the five years moving window
estimates (Van Deusen, 2002; Roesch et al., 2002).
They are also sensitive to changes in the protocols
or conventions for computing forest carbon account-
ing estimates (Van Deusen, 2002). Climate shocks
leading to abrupt carbon losses in one year will be
smoothed in time by the 5-years reporting window
of inventory. For France, extra carbon losses from
wildfires are however included using a specific yearly
approach.

3.2. Gains

3.2.1. Growth

The annual gains were found to be dominated by
the growth of established forests (light green). The
growth of those forests has evolved roughly in paral-
lel with the net carbon gain (R, = 0.74, p = 0.05) from
1990 to 2008, with the increase and decrease in to-
tal growth before and after the maximum of the net
carbon sink in 2008, explaining 47.70% of the vari-
ation of the net sink. Interestingly, the growth of

forests reached a maximum in 2014, then decreased
slightly by 5.51% to reach a minimum in 2017 and
remained stable or slightly increased between 2017
and 2022 (see for a recent detailed analysis of in-
ventory data Hertzog et al., 2025). New forests from
areas converted from another land use (dark green)
accounted for 9.3 8 3.4% of the total annual gain,
which is a CO, removal from the atmosphere of 13.3
MtCO,tyri! and appears larger than what may be ex-
pected. The carbon sink of these new forests steadily
declined from 19.49 MtCO,tyri! in 1990 to 10.05
MtCO,tyri! in 2022, and remained fairly steady un-
til the years 2000, reflecting a slowdown in the area
of new forests each year during the whole period,
to which the disruption of the national forest fund
plantation program (FFN) may have contributed
to a delay.

3.2.2. Soils

The change in carbon stocks in deadwood, soil
and litter is only reported for new forests created
from other land use types (light green bar in Fig-
ure la) using emission factors. For established
forests (dark green bars in Figure la), a neutral-
ity assumption is made that there is no storage
of soil carbon. In contrast, measurement of soil
carbon change at 120 long-term forest monitor-
ing sites in France (ICP-2 monitoring network, or
RENECOFOR—mature forests with little manage-
ment) suggests a large rate of increase in soil carbon
of 1.28 tCO,thailtyri! (Jonard et al., 2017). On the
other hand, meta-analysis shows that after a clearcut
and intensive management, up to 20% of the top soil
carbon is lost to the atmosphere, partly neutralizing
the role of a carbon sink in forest soil. This loss of
carbon from management activities is not included
in the National Inventory.

3.2.3. Wood products

The third component of carbon gain is the stor-
age of wood products in long-lived pools such as
construction materials, furniture and landfills. This
term is not measured but calculated using harvested
timber input data and sectoral models of wood
transformation and lifetime in diVerent pools. Wood
products are a carbon sink, which means that their
mass increased over time, but this sink represents a
very small component (4.9 § 2.60%) of the total car-
bon sink in the forest sector (blue bar in Figure 1a)
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and it decreased from 5.40 Mton CO ,¢ri 1 in 1990 to
1.09 Mton CO»¢ri L in 2022. This implies that despite
carbon storage in wood products being recognized as
a climate mitigation option, the e Y ciency of this sink
has decreased in France, probably re ecting an in-
creasing share of wood harvested being transformed
into fuelwood for residential heating and power pro-
duction, as well as a lower quality of wood products
aimed at reducing costs, which leads to more wood
ending up in land lls. The limited contribution of
forest products to the overall sink is also re ected
in the European Forest strategy, with the priority to
favor the in-situ forest sinks (European Commission,
2021).

3.3. Losses

3.3.1. Harvests

The annual losses shown as positive numbers in
Figure la are the sum of harvest removals (brown
bars) and natural mortality (red bars) encompass-
ing disturbance-driven mortality ( res, diseases, in-
sects, drought, frost, small storms) and background
mortality induced by competition between individ-
uals in denser forests, and large disturbance events
(orange bars) mainly from two storms reaching ex-
plosive development rates, Lothar and Martin on De-
cember 26-29, 1999 and Klaus on January 23-24,
2009 (Ulbrich et al., 2001). The main factor of carbon
loss remains harvests with a loss of 75.8 § 5.1 Mton
CO,ri . The removal of wood by harvest has o V-
set about half of the annual growth during the whole
period from 1990 to 2022. More precisely, during the
rst period of 1990-2008 when the net carbon sink in-
creased, the harvest oVset 58.58 7.8% of the growth.
During the second period from 2008 to 2017 when
the carbon sink quickly decreased, harvest has o V-
set 52.08 2.7% of the growth. During the more re-
cent period from 2017 to 2022 with a stable net car-
bon sink at a low value, the harvest o Vset 55.48 1.4%
of the growth. The stability of this ratio indicates
that there has been no long-term increase in har-
vest pressure in French forests. Moreover, during the
entire period, variations in harvest explained 26.0%
(R2 A0.26) of the variations in the net carbon sink,
thus twice as less as the variations in growth, but
together accounting for 75% of the changes in the
net C sink.

3.3.2. Disturbance events

The eVect of salvage harvest consecutive to tree
death caused by the two storms is discernible in Fig-
ure la. Lothar and Martin in December 1999 laid
down 300 million trees (Abraham et al., 2000) that
is 7% of the total growing stock volume, mainly in
the Atlantic region for Martin , and in Normandy and
the northern part of France for Lothar. This loss was
equivalent to three years of normal harvest (Gardiner
et al., 2013). A fraction of the uprooted and broken
dead trees were salvaged and sold later by the wood
industry, showing up as a peak of harvest in 2000 and
2001 in Figure la. A smaller increase of harvest is
also observed after the storm Klaus in 2009 which laid
down 42 millions of m 2 of wood mainly in the Les
Landes plantation forest (Pawlik et al., 2022). Mor-
tality from extreme winds during these cyclones af-
fected large contiguous areas of forests, causing mas-
sive tree losses, while small windblown events dur-
ing other years may be under-sampled by the in-
ventory. Analysis of airborne photos, ground sur-
veys and models made it possible to estimate sepa-
rately the immediate carbon losses during the srorms
and the legacy carbon losses from non-harvested
dead trees and branches (IFN, 2009; Les tempétes
de décembre 1999 - Bilan national et enseignements,
2003). The net CO, emissions (orange bars in Fig-
ure 1a) represent 5.65% of the total carbon loss dur-
ing the year of the event, with a legacy e Vect of
5.02% of the total carbon loss during the following
ve years.

Besides the two peaks of carbon losses from
storms, the second largest cause of carbon loss af-
ter harvest is natural mortality (red bars). Between
1990 and 2001, natural mortality was stable or in-
creased very slowly, and represented 13.1 § 0.7 Mton
CO, per year, equivalent to 15.3 § 0.9% of the loss
due to harvest. After 2013, mortality accelerated and
was multiplied by about a factor of two between 2013
and 2017. During this period which saw a large de-
crease of the net carbon sink, the increase of mor-
tality explained 51.5% and a coincident increase of
harvest explained 48.5% of the sink decrease, respec-
tively. Note that the increased harvest signal could
re ect the salvage harvest of recently dead trees after
mortality events. Intriguingly, the crisis period of dy-
ing trees in the French forests appears to have started
before severe droughts and heatwaves recorded in
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2018, 2022, 2023, even though 2015 was marked by
a strong water de cit (Orth et al., 2016). Between
2018 and 2022, despite more frequent and more se-
vere summer heatwaves and droughts, natural mor-
tality has remained large but it has not increased fur-
ther (Figure 1). Over this recent period, natural mor-
tality represented 48.7% of the losses, an unprece-
dented loss of wood for the economy. Mortality may
form an even greater fraction of harvest since salvage
harvest or sanitary cuts over insect-a Vected areas af-
ter mortality events will be classi ed as harvest by the
inventory when cut during the 5 years preceding the
reporting year. An accurate separation of mortality-
driven and management harvests is not possible to
date, as it would require a faster remeasurement of
inventory plots than after 5 years, with a substantial
impact on the sampling design. The issue is under
consideration at a research level.

Importantly, deadwood has likely increased over
time in response to recent mortality events, but
changes in deadwood carbon are not measured by
the inventory, except after the two cyclones and not
reported in national reports. Possibly, deadwood
carbon is now increasing on forest oors, which re-
sults in a transient carbon accumulation in French
Forests but will give a legacy carbon emission in
the near future when recent dead woody debris will
decay.

3.4. Carbon sink in biomass national report vs.
direct stock change from inventory

Figure 1b compares the net forest carbon sink in
biomass of living trees reported by France with a
direct year-to-year carbon stock change estimation
from %7000 forest plots calculated in this study us-
ing forest inventory inference based on annual sam-
ples, with a moving average of the past ve years. The
variability in our biomass stock change (dotted curve
in Figure 1b) re ects the statistical sampling error of
the inventory when producing an annual stock es-
timate even after applying a 5-year smoothing, and
is re ected by the large error bar on the right-hand
side of Figure 1b (areason for which annual estimates
are not routinely delivered). We observe that the
direct stock change method gives a smaller carbon
sink smaller than the national report in 2019-2021
but a larger sin in 2022.

3.5. Implications for France's carbon neutrality
goals

France has adopted a national law on carbon neu-
trality (Stratégie Nationale Bas Carbone—SNBC)
which de nes and revises carbon emissions budgets
for di Verent sectors for successive ve-year periods.
For land use, land use change and forestry sector
(LULUCF), the rst SNBC-1 published in 2015 did
not have any speci c target. While other emitting
sectors have speci c targets, the SNBC-2 had a target
sink for the LULUCF of | 39 Mton CO yedyr! 1 revised
to j 43 Mton CO,edyri * in 2024 for the rst budget
2019-2023, which is about the magnitude of the
forest sink alone (Figure 1c) (French Government,
2020). However, this target de ned in CO » equiva-
lents also include emissions and absorptions in the
LULUCEF sector outside forests, mainly in croplands
and grasslands, which have emitted around 9 Mton
COzedyri L in recent years. Hence, the current objec-
tive of SNBC-2 for the LULUCF sector as a whole has
not been met, and further goals in 2024-2028 and
2029-2033 shown in red in Figure 1b are unlikely to
be achieved. The government has reduced ambition
in the LULUCF sector and the SNBC-3 has proposed
a more modest sink goal of | 9 Mton CO »edri * for
2024-2028 and j 18 Mton CO edyri 1 for 2029-2033
(French Government, 2024). Will the current forest
sink remain stable, the objective will be met. If it
further reduces in view of increased disturbances,
reducing growth (Hertzog et al., 2025), and the long-
delayed eVect of forest renewal and a Vorestation
policies (https://agriculture.gouv.fr/francerelance-
le-renouvellement-des-forets-francaises), SNBC-3
goals set for the next decade may prove challenging
to reach. We also note that increasing deadwood
caused by the increase of natural tree mortality was
recently added in the inventory and resulted a large
upward revision of the carbon sink in French forests,
with the increase in deadwood representing 41%
of the sink instead of 1% before the mortality cri-
sis as noted by Haut Conseil pour le Climat (2025).
This deadwood carbon will be decomposed and
re-emitted to the atmosphere as CO » in the coming
years, and will thus diminish the carbon sink in the
future. In absence of a detailed description of how
deadwood was included by CITEPA as cited by the
Haut Conseil pour le Climat (ibid.), this component
was not included in Figure 1.
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Figure 2. Same as Figure 1a but for 13 administrative regions of France indicated in the map.

4. Changes in carbon uxes at the regional
scale

4.1. Regional carbon uxes from the CITEPA re-
ports

To gain insight into the contribution of each re-
gion to the nation-wide reduction of the carbon
sink, we analyzed regional trends. Figure 2 shows
carbon gains and losses for 13 administrative regions
(NUTS2) in France. Carbon removal from the atmo-
sphere in ‘old established' forests (light green bar) is

inferred from the growth of living trees; the develop-
ment of new forests (dark green) is based on a model-
ing approach with annual land use change data and
emission factors; the increase in soil carbon and lit-
ter remains estimated as at a national level only for
those new forests. Carbon losses are from harvest,
mortality, and large disturbances from storms as in
Figure 1a. Of note, changes in wood products pools
are not reported per region but they are shown at na-
tional scale in Figure la.

Contrasted trends were observed across the 13
regions of Metropolitan France in Figure 2. The
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Hauts-de-France and Grand Est forests have become
net emitters of carbon to the atmosphere in recent
years, meaning that they no longer contribute to
mitigating climate warming. Other regions saw a
strong decline of their carbon removal rates, which
approached zero like in Normandy, Corsica and
Bourgogne-Franche-Comté. There is no straight
relationship between management intensity and
the decline of the carbon sink in the west and the
north of France. For instance, the intensively man-
aged plantations of Les Landes (Figure 2e), largely
reaVorested after the storms of 1999 shows an in-
creasing sink. Also, while quite intensively managed,
broadleaved and conifer forests in Northern and
eastern France show a strong decline (Figure 2g and
2m). The southern regions of Occitanie (Figure 2b)
and Provence (Figure 2f) where forests are less in-
tensively managed, show a sustained carbon sink.
In contrast, Corsica went from a large sink to nearly
zero, as harvest increased enormously in that region
(Figure 2k) (Suvanto et al., 2025).

The net carbon sink reached a peak earlier than
the national average (2008) in Britany (Figure 2h),
Corsica (Figure 2k), Centre Val de Loire (Figure 2d),
and Hauts-de-France. The steepest decline of the
sink during the period when the national sink de-
clined from 2008 to 2017 is of 8.2 § 2.0 Mton CO dyri 1
(8.78 9.2% per year). The signature of the two storms
is more apparent at the regional level. Lothar and
Martin in 1999 caused the strongest decreases of the
carbon sink in Nouvelle-Aquitaine, Grand Est and
lle de France followed by a rapid recovery in the
four consecutive years whereas Klaus in 2009 a Vected
mainly Nouvelle-Aquitaine. In each of these im-
pacted regions, atransient increase of harvestre ect-
ing salvage wood recovery is observed. In Provence
and Corsica which are the most frequently burned
regions (Vallet et al., 2023) extreme re years of
2009 and 2016-2017 caused a loss of carbon sinks of
28.40%, followed by partial recovery. The extreme
res in 2022 in Nouvelle-Aquitaine with 23163 ha of
forest area burned are not yet fully assessed in the lat-
est 5-year average data available from the national in-
ventory and will likely show up as a large carbon loss
in that region, estimated by an independent study at
6.23 Mton CO»4yri 1 (ibid.).

Harvest increased dramatically in Corsica after
1998, and in Brittany and Hauts-de-France, Pays de
Loire after 2013, in parallel with a rise of mortality. It

is impossible to assess whether this increase in har-
vest is a consequence of sanitary cuts of dead trees
or if it is due to other factors. Interestingly, the ra-
tio of harvest-to-growth is larger in northern regions
(average 0.868 0.32) where most forests are accessi-
ble production forests than in southern and moun-
tain regions (average 0.41 8 0.20) where lack of access
and terrain limit the extraction of wood. The low-
est harvest-to-growth ratio is found in Tle-de-France
(0.21), Provence-Alpes-Cote d'Azur (0.22), Occitanie
(0.31) and the highest one is in the intensive planta-
tion of Les Landes with a typical harvest rotation of
20 years.

From Figure 2, natural mortality increased in
all the regions almost coincidentally around the
year 2013, but the magnitude of the increase di Vers
strongly between regions, with the smallest increase
in Provence-Alpes-Céte d'Azur (6.46% per year af-
ter 2013) and Occitanie (7.15% per year) and the
highest in Corsica (10.40% per year) and Auvergne-
Rhoéne-Alpes (9.28% per year). In Grand Est af-
fected by droughts and massive bark beetle attacks
on spruce forests after 2018, mortality increased dra-
matically after 2015. In all the regions, mortality
showed a sharp increase between circa 2013 and
2017-2020 and remained stable thereafter, despite
severe droughts in 2022 and 2023, but increased car-
bon losses may be expected from future inventory
campaigns. The reasons why mortality increased
in 2013 across a majority of regions is still unclear.
Previous heat waves like the one of summer 2003
did not seem to cause a large increase in mortal-
ity, and the warming rates have been high over
the last decades but did not suddenly accelerate in
2013. It should rst be stressed that mortality en-
compasses both climate-driven and density-driven
mortality (Charru et al., 2012), which are not sep-
arated to date. In view of forest capitalization in
France (Bontemps, Denardou, et al., 2020), density-
dependent mortality is prone to increase, regardless
of climate change, making direct interpretation un-
easy. Second, harvests are being estimated since 2010
using semi-permanent plots, while they were esti-
mated from external and indirect sources before from
the Enquéte Annuelle de Branche, et enquéte bois
énergie. However, the years 2010-2015 are not im-
pacted by changes in the mortality estimation proto-
cols which became implemented in 2015, and used
oY cially only as of 2019 based on semi-permanent
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plots. Changes in the NFI protocol have been imple-
mented to increase the accuracy of forest uxes, in
a monitoring perspective requested by public poli-
cies, in view of ongoing climate change (Hervé et
al., 2014). A major consequence however lies in the
diY culty of obtaining a robust long-term temporal
view of forest changes concomitant to accelerated
climate warming in France, urging an unprecedented
eVort to homogenize past data and establishing a
rm retrospective reconstitution of forest carbon
in France.

4.2. Changes in tree mortality across regions,
species, and height classes

More insight into tree mortality in France across
species, and tree size classes is presented in this sec-
tion by analyzing the NFI data collected during rst
visits between 2010 and 2018, with re-visits occurring
ve years later from 2015 to 2022. Following a revi-
sion of the sampling protocol in 2015, each tree in the
sample (619 496 trees from 50 012 forest plots) was
individually monitored to determine survival or mor-
tality over the ve-year re-visit period. This approach
improved the accuracy of tree mortality estimations.
We quanti ed tree mortality in each plot by us-
ing two metrics: volume-based mortality, measured
as the cubic meters of wood lost per year and hectare
forested area (m3¢ri Lthai 1), and stem mortality rate,
expressed as the percentage of censusable stems lost
per year (%-stems yri1). Mortality ( M) was calcu-
lated using the formula (Kohyama et al., 2018): M A&
[1i [Nio/ Ni2]®™] £ 100, where N¢; represents the
number of trees alive at the rstvisit, Nyg is the num-
ber of individuals that survived between visits, and t
is the time interval between visits ( ve years). To fo-
cus on natural mortality, harvested trees were classi-
ed as survivors, ensuring that the estimated rates re-
ected mortality independent of logging. However, it
is important to note that large disturbances, such as
storms or bark beetle outbreaks, are often followed by
rapid salvage logging. Due to the ve-year revisit in-
terval, the NFI methodology does not capture these
short-term responses, meaning the reported mortal-
ity rates likely underestimate actual natural mortality.
To assess uncertainty, we applied a bootstrapping ap-
proach. For each year and group (e.qg., region, height
class, species), we resampled the dataset and cal-
culated the mortality rate across multiple iterations.

The nal estimate represents the mean mortality rate
across all bootstraps.

Figure 3 presents the spatial distribution of
volume-based mortality rates due to both biotic
and abiotic causes, mapped using a hexagonal grid.
The data revealed a clear increase in tree mortal-
ity across France, particularly after 2018, with the
most pronounced e Vects in the northeastern re-
gions. When aggregated over larger eco-regions from
GRECO (Grandes Régions ECOlogiques) (IGN, 2024)
Figure 4a, all regions show a similar mortality rate
from 2015t0 2017 0f 0.25t0 0.5 m 3¢yri *dhai 1. In 2018,
mortality rates surged in the Jura (10-fold increase
from 2015 to 2023), Vosges (6-fold), and Grand Est (4-
fold), in likely response to the extremely hot drought
(Schuldt et al., 2020). In mountainous regions such
as the Alps, Massif Central, and Pyrénées, mortal-
ity rose less drastically but continuously over time,
reaching rates of approximately 0.75 m 3¢ri 1thai 1.
Mortality rates along the Mediterranean and Atlantic
coasts are generally smaller than in other regions
(C0.5 m3eyri Ydhai 1) but still showed a 2- to 3-fold
larger rate in 2023 compared to 2015.

Figure 4b shows species-speci ¢ mortality trends,
revealing that Norway spruce, European ash, and
silver r accounted for the highest volume-based
mortality, with a sharp increase after 2018, reaching
levels up to 40 m3dai *¢yri 1. The rise in mortality
among Norway spruce and silver r is closely linked
to both direct and indirect e Vects of climate change.
A 2019 study on the Vosges forests attributed in-
creasing mortality rates in both species to reduced
water availability and severe drought events with
bark beetles (Piedallu et al., 2022). Norway spruce,
is highly susceptible to drought stress (Arend et al.,
2021), which weakens trees and makes them more
vulnerable to bark beetle infestations (Hlasny et al.,
2021). These outbreaks have intensi ed in recent
years, as climate change has created more favorable
conditions for beetle populations—warmer winters
improve their survival rates, while hotter summers
accelerate their life cycle, allowing additional gener-
ations to develop (ibid.). The dramatic rise in Euro-
pean ash mortality (a 16-fold increase from 2015 to
2023) is primarily driven by the spread of the fun-
gal pathogen Hymenoscyphus fraxineus, which can
cause mortality in up to 85% of infected ash trees
(Carroll and Boa, 2024). Unlike defoliating insects,
which weaken but rarely kill trees, bark beetles bore
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Figure 3. Spatial distribution of volume-based tree mortality rates across France from 2015 to 2023. Mortality rates increased
substantially after 2018, particularly in northeastern regions, re ecting climate-induced stressors and pathogen outbreaks.

through the bark of their hosts, disrupting the ow of
sap and causing tree death. While beetles have long
been endemic to Europe, they have not been a major
source of tree mortality until recently, when sum-
mer droughts have weakened trees' natural defenses
and favored the reproductive cycle of the beetles
(Lange et al., 2006). The resulting outbreaks have had
widespread consequences, aVecting not only France
but also Belgium, Germany, Austria, and the Czech
Republic (Hlasny et al., 2021).

Moreover, mortality rates have risen signi cantly
across other major tree species in France, includ-
ing European beech, oaks (pedunculate, sessile, and
downy oak), common hornbeam, and sweet chest-
nut. Chestnut is known to su Ver from pathogen at-
tacks (Jung et al., 2018) and beech suVers from ex-
treme droughts (Leuschner, 2020). From 2015 to
2023, mortality in these species has at least dou-
bled, and in some cases, tripled. When looking
at stem mortality rate-, ash, chestnut, and spruce
had substantially larger rates than other species.
This trend underscored the growing pressure that
Europe’s forests face under climate change (Senf et
al., 2020) emphasizing the urgent need for adaptive
management strategies and targeted policy measures
to safeguard the critical ecosystem functions these
forests provide.

While volume-based mortality rates are particu-
larly relevant for understanding carbon sink dynam-
ics, they remain biased toward the mortality of large
trees and provide little insight into the survival of

younger tree generations, a stage at which evolu-
tionary processes are at play through natural selec-
tion. Figures 4c and 4d illustrate trends in both
volume-based mortality and stem mortality rates.
While small trees (under 10 m in height) exhib-
ited lower volume-based mortality rates compared
to taller trees (over 25 m), they have signi cantly
higher stem-based mortality rates. This re ects natu-
ral forest dynamics, where smaller trees die more due
to competition for light rather than external distur-
bances (Westoby, 1984). The stem mortality rate in-
dicates that mortality has increased across all height
classes, highlighting the broad-scale impact of recent
environmental stressors. Given the current species
miX, this could limit the number of mature trees
available as well as the carbon sink in the coming
decades. However, shifts in species composition,
with the establishment and spread of more resilient
or better-adapted species, may in uence long-term
forest dynamics and carbon sequestration potential
(Wessely et al., 2024).

Although large trees have lower mortality rates
compared to smaller trees, volume-based mortality
highlights their outsized contribution to carbon
stock changes. This aligns with the impacts of storms
discussed earlier, as larger trees are more vulnera-
ble to windthrow (Seidl et al., 2017). Additionally,
large trees are highly susceptible to drought stress
due to their expansive canopies, which create a
high evaporative demand and generate strong pres-
sure gradients from soil to atmosphere (Fensham
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Figure 4. Trends in tree mortality across di Verent categories. (a) Volume-based mortality rates trends by eco-region, showing
a sharp rise in the Jura, Vosges, and Grand Est regions. (b) Volume-based mortality trends across species, with Norway spruce,
European ash, and silver r experiencing the highest volume losses. (c—d) Mortality trends by tree height class, illustrating the
diVerential impacts on large versus small trees (taller trees contributing more to carbon losses despite lower%-based mortality rate).

et al., 2019; Bennett et al., 2015). As structural in-
tegrity declines, tall trees become more prone to
windthrow and secondary disturbances. Since tree
height is also a factor of vulnerability to water stress
(Koch et al., 2004) mortality rates should increase
with tree height under the climatic drought pres-
sure of the past years. In view of the relationship
found in Figure 4d, density-dependent mortality
in young forests is therefore interpreted to domi-
nate this response. Further research is here needed
to elucidate this response, which may stem from
insuY cient cover of larger height classes (beyond
30 to 40 m). Filtering out the potential increase in
density-dependent mortality resulting from forest
densi cation (Denardou-Tisserand, 2019) climate
impacts is also an urgent issue (Taccoen et al., 2019).

5. New tools to monitor forests using re-
mote sensing and ground observations: a
prospect

5.1. Limits of traditional forest monitoring

Ground-based observations, such as the French Na-
tional Forest Inventory surveys, provide high-quality

data for monitoring short-(5-yr) to medium-(10—
20 years) term forest dynamics on a national or re-
gional scale (Figures 1, 2), for the reason that they
have been designed to support the valuation and for-
mulation of national forest policies. However, these
data have several limitations to the higher spatio-
temporal resolutions that form new challenges for
future forest monitoring (Bontemps, Bouriaud, et al.,
2022).

First, the temporal resolution for forest ux mea-
surements is ve years, as dictated by the semi-
permanent plot protocol, atrade-o V between detect-
ing substantial changes and increasing the resolution
with respect to previous practices (around 12 years
in the former approach). Also, samples are renewed
every year, allowing for quick detection of changes
in, at least, state variables, but at the cost of statis-
tical precision, leading to the standard practice of the
moving-window average in annual inventory (Bon-
temps and Bouriaud, 2024). This low-frequency sam-
pling of uxes hinders the timely detection of sudden
events aVecting e.g. the mortality of French forests,
such as the extensive wild res of 2022, or tree mor-
tality caused by storms and pest outbreaks, part of
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it being transferred to harvest uxes when occurring
earlier than 5 years. A perspective here may be to
panelize the revisits across the 5 successive years,
which can be operated at a constant sampling e Vort,
yet complexifying the design. The practice is routine
in some public surveys, as soon as residence times
need be estimated.

Second, NFIs have been designed to be statisti-
cally representative of large territories, and do not
monitor forests at a ne resolution. While the as-
sociated uncertainty is duly quanti ed in the vari-
ance of estimation, bias also turns out to be pos-
sible if forest events are disseminated across space
to the point where they can be quali ed as ‘“rare”
events, locally. Additionally, higher-resolution is of
increasingly crucial interest in France, where forest
parcels are often small and managed by diverse own-
ers with distinct practices. This aspect is at the ori-
gin of two innovation strategies: (i) model-based
mapping and monitoring facilities, based on remote-
sensing products, and often calibrated with forest in-
ventory data, (ii) enhanced design-based forest in-
ventory development (also termed “multi-source” in-
ventory; Tomppo et al., 2008) that preserves the sta-
tistical inference capacity associated with the sam-
pling design, and whereby remote sensing products
play an auxiliary role for increasing estimation pre-
cision, providing estimation on much smaller do-
mains, and developing mapping facilities (Vega et al.,
2021).

5.2. Advances in remote sensing

5.2.1. New sensors

In recent years, remote sensing (RS) technol-
ogy has undergone signi cant advances, partic-
ularly with the development of new orbital sen-
sors that provide data of relevance for forest mon-
itoring. Among them, the Sentinel-2 (S2) mission,
part of the European Space Agency's (ESA) Coper-
nicus Earth Observation Program, captures mul-
tispectral imagery at a 10-meter spatial resolution
with a revisit interval of approximately 6 days
in France, making it a valuable tool for detect-
ing changes in vegetation and canopy structure.
Similarly, Sentinel-1 (S1), another component of
the Copernicus program, provides synthetic aper-
ture radar (SAR) imagery at 10-meter resolution,

operating independently of weather conditions and
daylight, thus enhancing forest monitoring capabili-
ties.

Beyond optical and radar remote sensing, LiDAR
technology is considered as one of the most e Y -
cient data sources for forest structure analysis. Li-
DAR sensors measure the three-dimensional struc-
ture of forests by emitting infrared laser pulses and
recording their re ection from di  Verent canopy lay-
ers. These measurements provide critical insights
into forest height, biomass, and structural complex-
ity (Balestra et al., 2024). Since 2018, NASA's Global
Ecosystem Dynamics Investigation (GEDI) mission
(Dubayah et al., 2020) has delivered sparse but highly
accurate data on forest vertical structures across the
globe, enabling unprecedented assessments of for-
est height and canopy density. Speci cally, canopy
height, one of the most straightforward metrics de-
rived from LiDAR measurements, has shown strong
correlations with key ecological indicators such as
biomass, biodiversity, and forest health (Dubayah
et al., 2020; Torresani et al., 2023). Furthermore,
airborne LIiDAR missions, such as those conducted
by national forest agencies, complement spaceborne
LiDAR data by providing denser coverage (Coops
et al., 2021) at ner scales like the French HD
LiDAR program initiated by the IGN (Melun and
Passy, 2024). Enforcing a regular HD LiDAR cover
over the territory however remains largely uncertain
to date.

Over the past decade, advances in articial in-
telligence (Al) and machine learning, particu-
larly deep learning models (LeCun et al., 2015),
have transformed satellite remote sensing research.
These frameworks can eY ciently process large-scale
datasets and are particularly e Vective with unstruc-
tured data such as images or sound. This makes
them perfectly adapted for the fusion of multiple
remote sensing datasets, such as GEDI LiDAR data
with Sentinel-1 and Sentinel-2 imagery, to generate
continuous, high-resolution maps of forest structure
and biomass. The past 5 years have seen an increas-
ing number of studies using these tools to derive
such maps globally (Lang et al., 2023; Pauls et al.,
2024; Tolan et al., 2024), on the continental scale (Liu
et al., 2023), or national (Fayad et al., 2024; Liu et al.,
2023; Schwartz, Ciais, De Truchis, et al., 2023) and
the regional scale (Favrichon et al., 2025; Schwartz,
Ciais, Ottlé, et al., 2024).
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Figure 5. (a) Tree height map of France at 10 m resolution for the year 2020. (b) Examples at three di  Verent locations of height
prediction (left) with the corresponding Google map images from 2020, 2018, and 2019 (right). Brighter colors indicate higher

heights. Figure from Schwartz, Ciais, De Truchis, et al. (2023).

5.2.2. Height and biomass mapping

In France, Schwartz, Ciais, De Truchis, et al. (2023)
used GEDI, Sentinel-1, and Sentinel-2 data with a U-
Net model (Ronneberger et al., 2015), a deep learning
approach, to generate a 10 m resolution forest height
map for 2020, covering the entire metropolitan terri-
tory (Figure 5a). This map demonstrated high accu-
racy, with a mean absolute error of 2.94 m. It enables
a detailed understanding of French forest structure at
the stand level, as visible in Figure 5b. Furthermore,
leveraging allometric equations from inventory data,
the authors produced wood volume and biomass
maps at 30 mresolution, o Vering a valuable snapshot
of the carbon stored in French forests in 2020.

Satellite and Al-based methods for generating
forest height and biomass maps have shown rela-
tively high accuracy, particularly in temperate re-
gions like France. However, signi cant uncertain-
ties remain, especially in biomass estimation, caus-
ing a gap between the initial resolution of RS sig-
nals, and their processing into forest state variables.
Biomass maps rely on allometric equations tted by
broad forest categories or biomes like in Schwartz,
Ciais, De Truchis, et al. (2023) where two equations

were used depending on the leaf type of the trees
(broadleaf/needleleaf). However, within these broad
categories, biomass is inuenced by various fac-
tors beyond height, including climate conditions,
tree species, forest management practices, and tree
cover. In addition, volume could be more accurately
reconstructed than biomass from remote sensing,
given the large variations in wood density across
species and forest types. These complexities make
satellite-based biomass maps less reliable than the
height maps they derive from. Future models should
incorporate these additional variables into biomass
predictions or try to map biomass from direct mea-
surements rather than using height as a proxy. In
between, such maps could be used in model-assisted
small area estimation approaches to provide design-
unbiased estimates of forest attributes (Zhang et al.,
2022).

5.2.3. Mapping components of the carbon budget

Accurately mapping forest biomass is one of many
tasks that can be addressed using Earth Observation
(EO) data combined with deep learning algorithms.
The rise of very high-resolution satellite imagery—
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such as Maxar satellites that go up to 15 cm reso-
lution, SPOT satellites (1.5 m resolution), and the
Planet Labs constellation, which provides 3.5 m res-
olution images of the entire globe daily—o Vers new
opportunities to analyze forest structure changes at
the tree level. Some of these private data are made
available for research purposes, such as the annual
SPOT mosaics in France that have been used to pro-
duce the open-canopy maps from (Fogel et al., 2025).
These annual 1.5 m resolution maps have proven
high accuracy in detecting individual tree removal
in France's forests. They could signi cantly enhance
our understanding of forest disturbances and im-
prove the existing attribution of forest losses (Fogel
et al., 2025; Viana-Soto and Senf, 2025). By analyzing
disturbance patterns, they could help di Verentiate
between natural forest losses—such as windthrows,
wild res, and pest outbreaks—and human-driven
factors like selective logging, clear-cuts, and salvage
logging, and further estimate impacted resources
(Sagar et al., 2025).

Forest carbon budget monitoring, meaning an ac-
curate tracking of biomass losses and gains, is crucial
to follow climate-related policies and reduce green-
house gases emissions. With their frequent updates,
satellite-based solutions enable this monitoring, and
several projects are already operational, including
forest cover loss detection (Hansen et al., 2013), trop-
ical forest degradation and deforestation tracking
(RADD alerts from Hansen et al., 2013; Reiche et al.,
2021); TMF dataset from (Vancutsem et al., 2021),
and clearcut monitoring in France through the SU-
FOSAT project (Mermoz et al., 2024). Following the
pioneer work of Véga and St-Onge (2008) and Véga
and St-Onge (2009) the increasing precision of new
data and models will allow detecting growth signals
(Véga and St-Onge, 2008; Véga and St-Onge, 2009)
as well as forest losses to estimate forest carbon up-
take (Renaud et al., 2017) at national to continental
scales. However, few models have successfully gener-
ated consistent height time series validated with ex-
ternal data over large areas. In France, building on
the study presented in Figure 5, the same authors at-
tempted to address this challenge by developing a
framework for predicting height annually in a con-
sistent manner. Figure 6 provides an initial look at
these time-series, where forest growth is visible year
to year. In maritime pine plantations (Figure 6a) of
the Landes forest, forest parcels clearly show growth

between 2018 and 2024, while clearcuts, represented
inred, are also distinct. In contrast, for mature forests
with more complex growth dynamics, changes are
less visible, and biomass accumulation in tree woody
mass may be overlooked, particularly for deciduous
oaks (Figure 6d).

Another key but more exploratory application is
the elaboration of tree species maps (Beloiu et al.,
2023), which could re ne height-biomass allome-
tries and improve our understanding of forest diver-
sity within a region. By analyzing temporal infor-
mation from satellite time series, recent studies have
successfully identi ed tree phenology and linked it
with speci ¢ species, as demonstrated in Belgium by
(Bolyn et al., 2022). With large labeled datasets like
the Pure Forest dataset (Gaydon and Roche, 2024),
future research can fully exploit remote sensing data
using advanced deep learning models such as Vision
Transformers (Dosovitskiy et al., 2021). These high-
precision tree species maps would signi cantly en-
hance forest management, monitoring, and carbon
stock estimation.

5.3. A persisting need for eld measurements

While advances in remote sensing and machine
learning are transforming forest monitoring, ground-
truthing remains essential for accurate calibration
and assessment. For example, growth measure-
ments, crucial for estimating carbon stocks, are only
possible in open canopies, requiring in situ circum-
ference tracking as forests mature (Wernick et al.,
2021). Another promising approach to upscaling
mortality prediction is linking ICP (International Co-
operative Programme on Assessment and Monitor-
ing of Air Pollution E Vects on Forests) crown defo-
liation data. A recent study using defoliation data
from Scots pines in Switzerland shows that ground-
assessed defoliation rates serve as early-warning sig-
nals for mortality (Hunziker et al., 2022). These in-
sights could be expanded using remote sensing and
machine learning, integrating defoliation monitoring
with high-resolution satellite data like Sentinel-2 and
GEDI LiDAR (Sagar et al., 2025). Similarly, Sentinel-
2 can be used for early detection of bark beetle
outbreaks but still needs systematic ground-truthing
(Barta et al., 2021). Additionally, citizen science
can play a critical role, as initiatives such as Santé
des Forétsalready mobilize volunteers to report pest
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Figure 6. Forest height in 2018, 2021, and 2024; Google Maps © images; and the di Verence between 2024 and 2018. The last

column shows the height pro les drawn on the maps. The four lines correspond to di

Verent tree species: (a) Maritime pines (44.54

N, i 1.03 E), (b) Poplar plantation (49.72 N, 3.86 E), (c) Larches (44,98 N, 6.47 E), (d) Deciduous oaks (48.30 N, j 3.61 E). Adapted

from Schwartz (2023).

outbreaks, creating a valuable database for linking
mortality to biotic disturbances and climatic stress.
Public records, analyzed with large-scale language
models, could further help reconstruct past distur-
bance events.

While accurate geolocation of mortality events is
essential for attribution (e.g., the French NFI openly
provides coordinates within a 700 m radius of the
true location, a prevalent practice across world NFIs
Schadauer et al., 2024), with persisting debates about
making such data openly available (Gessler et al.,
2024). For those NFI placed under the authority of
public statistics like in France, sensitive data access
for public research is how permitted and managed
according to the law on statistical secrecy. Another—
perhaps more crucial—issue is that the vast majority

of NFI protocols are based on nested plot designs
for the sake of cost reduction (not all the trees
being measured), not primarily intended for remote-
sensing calibration, in contrast with experimental
forest plots (e.g. Seynave et al., 2018). This limitation
is traded oV with the statistical robustness of the sys-
tematic sampling design used in the French National
Forest Inventory, which ensures unbiased estimates
at large scales, making it a cornerstone of forest ob-
servation.

5.4. Advances in enhanced multisource forest in-
ventory

While eld observation can be used for the calibra-
tion and validation of RS products, it can also bene t
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