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Key message: Forest monitoring in Europe is turning matter of renewed political concern, and a possible role for
ICP Forests health monitoring has been suggested to meet this goal (Ann For Sci 78:94, 2021). Multipurpose national
forest inventory (NFI) surveys yet offer a sampling effort by two orders of magnitude greater than ICP level 1, have
accomplished substantial methodological and harmonization progresses in the recent years, and therefore form a
decisive contributor to future European forest monitoring incentives. Possible paths for the future development of a
pan-European, comprehensive and more accurate monitoring are designed that stress a crucial need to build on
the assets of the existing forest monitoring programs and favor their cooperation, in order to limit the co-existence
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1 Background

Climate change increases the threats on forests, yet
intended to play a key role in the climatic and sustain-
able development strategies of most European countries
and of the European Union. This situation is renewing
the interest for forest monitoring in Europe, as mani-
fested in recent research calls of the EFI (2021) and EU
Horizon Europe (namely, calls HORIZON-CL6-2022-
CLIMATE-01-05 on a European observatory of CC im-
pacts, and HORIZON-CL5-2021-D1-01-09, on the Con-
tribution of forest management to climate action). In a
recent opinion paper, Ferretti (2021) proposes that the
ICP Forests health monitoring program (International
Co-operative Program on Assessment and Monitoring of
Air Pollution Effects on Forests, http://icp-forests.net)
has a pivotal—if not leading—role to play in future forest
monitoring in Europe.
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From a policy perspective, the absence of a forest pol-
icy at the European level entails difficulties for attaining
EU-wide objectives and actions (Wolfslehner et al.
2020), including the achievement of a commonly ac-
cepted and implemented forest reporting system. The
new European Forest Strategy (European Commis-
sion 2021), built on the subsidiarity principle, has also
emphasized the urgent need to improve forest monitor-
ing to better capture the state of European forests, and
support handling of the diversified challenges and prior-
ities embraced in it, namely bioeconomy, forest biodiver-
sity protection and restoration, maintenance of forest
carbon stocks and sinks, and their interplay. In a chapter
dedicated to forest monitoring, this strategy endorses a
critical view on current monitoring infrastructures in
Europe (Table 1), especially as regards the scattering and
patchiness, frequency and resolution, or lack of coordin-
ation and comprehensiveness of current monitoring
incentives.

In the analyses of both the EC (2021) and Ferretti
(2021), the contribution of European National Forest In-
ventory surveys (NFI) and the substantial progresses
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Table 1 Criticisms and proposals formulated by the European Commission (2021) on current forest monitoring systems in Europe.
Communication on the New European Forest Strategy for 2030 on July 16. 2021. Statements arise from the section Strategic forest
monitoring, reporting and data collection

Criticism /  Statement Aspect of monitoring covered
proposal
Criticism 1 Today the information concerning the status of forests in the EU, their social and Split and integration of monitoring and reporting
(C1) economic value, as well as the pressures they face and ecosystem services they mechanisms
provide, is patchy
There are several scattered monitoring and reporting mechanisms, but no strategic
framework, which would bring these together and make it possible to
comprehensively and jointly with Member States demonstrate that the EU is on the
right track.
Criticism 2 No comprehensive reporting requirements exist Lack of clear and integrated monitoring
(C2) objectives
Criticism 3 There are challenges related to the use of remote sensing data together with Challenge of remote sensing integration
(C3) ground-based data (i.e. lack of interoperability, common definitions, ambiguity in (definitions, precision, temporality)
data interpretation, lack of long and comparable very high resolution time-series, Limitations of Copernicus land monitoring
limitations of the current standard forest products from Copernicus)
Proposal 1 The Commission will put forward a legislative proposal for a Forest Observation, Legally binding EU agreement on monitoring,
(P1) Reporting and Data Collection framework. This will establish an EU-wide integrated  targeting spatial and objective integration with
forest monitoring framework, using remote sensing technologies and geospatial improved resolution
data integrated with ground-based monitoring, which will improve the accuracy of
monitoring
Proposal 2 The focus should be on regular and more frequent cost-efficient reporting and up- ~ Multipurpose monitoring to address forest
(P2) date of data on priority EU policy-relevant topics, such as effects of climate change, multifunctionality
biodiversity, health, damages, invasive alien species, forest management, and the Greater spatial precision and temporal frequency
biomass use for different socio-economic purposes. Monitoring has to be done with  Common framework for remote sensing data
high spatial and temporal granularity. Timeliness is particularly important also due
to the rapid unfolding of forest natural disturbances. The framework will benefit
from the EU Space Programme components and should leverage Galileo and Co-
pernicus services to improve these processes
Proposal 3 The Forest Information System for Europe (FISE) will be enhanced to become the FISE as a support infrastructure
(P3) corner stone for harmonised forest data in Europe. The integrated forest monitoring
system will therefore be framed under and its results made available through this
information system
Proposal 4 A dashboard on key indicators will be produced and updated yearly for indicators,  Yearly reporting on indicators, including
(P4) such as those from remote-sensing data, which are readily available. Taking into ac-  disturbances

count the risks and rapidly changing situation in EU forests, forest disturbances and
updated risk assessments will also be part of the yearly reports.

they have recently accomplished to meet the EFS objec-
tives however seem largely overlooked. In this contribu-
tion, we therefore intend to demonstrate what features
make NFI surveys a cornerstone of European forest
monitoring, and how they may contribute to future
monitoring incentives together with other existing moni-
toring frameworks.

Table 2 Occurrences of publications where forest monitoring
appears in the title of academic publications

Period Occurrences Annual
1991-2000 279 27.9
2001-2005 176 35.2
2006-2010 307 61.4
2011-2015 517 103.4
2016-2021 495 99.0

Request on Google Scholar dated 13 January 2021

While the use of monitoring in the forest terminology
is of increased frequency (Table 2), it however embraces
multiple definitions, objectives and scales. Here, moni-
toring follows the definition of De Gruijter et al. (2006),
which is the collection of information on an object
through repeated or continuous observation in order to
determine changes in the object. Monitoring is hence dis-
tinguished from a survey which is a single observation of
an object with spatial extent (same reference). Yet, a
temporal sequence of surveys for updating information
is also termed monitoring. Hence, status monitoring as a
repeated quantitative description of one universe as it
changes with time and trend monitoring as a temporal
description of one universe to decide whether temporal
trends are present in the universe can be distinguished.
A universe is defined itself as a biotic or abiotic system
varying in space and/or time, and identified to a popula-
tion to be sampled. It can be discrete or continuous, as
is, e.g., the natural vegetation in an area during a period
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(De Gruijter et al. 2006), of primary interest here. We
refer to these definitions and distinctions in the
following.

2 National forest inventories: also a major
component of forest monitoring in Europe

ICP systematic network has been designed to monitor
forests at the tree and site levels (ICP level 1, hereafter
ICP1). Selected sites are also intensively monitored in
ICP level 2. Both have a permanent status. ICP therefore
belongs to trend monitoring systems. Critically, ICP1
does not encompass any area-based procedure to statis-
tically infer population attributes over the forest area
considered. Thus, ICP monitoring tends to assimilate
the universe or population under scrutiny (De Gruijter
et al. 2006) to the plot network being matter of a moni-
toring, rather than consider it as a random collection of
sampling units, belonging to the whole forests and forest
trees of Europe as genuine populations. In parallel, forest
information relevant to forest resources, carbon and bio-
diversity and comprehensive over European forests, has
largely stemmed from National Forest Inventory (or
NFI) surveys up to now (Breidenbach et al. 2021). These
programs have been progressively deployed and enforced
throughout Europe since the early twentieth century,
and up to very recently in Eastern Europe (Bontemps
2021; Supplemental Material), with a strategic view of
documenting both the status and changes of forests and
support forest and environmental policies (Tomppo
et al. 2010). Forest inventories are therefore designed as
repeated spatial surveys over time, and hence belong to
status monitoring systems.

2.1 An extended and increasing collection of forest
indicators

The collection of forest ecosystem-, biodiversity-, and
environment-oriented indicators by NFI surveys has also
largely increased over time (Tomppo et al. 2010, chapter
4; Breidenbach et al. 2021), along with growing aware-
ness for environmental issues (Forest Principles of the
Rio conference, UN 1992). With the development of
new, dedicated indicators, the use of NFI data for the
quantification of forest biodiversity has experienced a
strong development in recent years (e.g., Rondeux and
Sanchez 2010, Storch et al. 2018, Bertrand et al. 2011,
Chirici et al. 2012). The monitoring of climate impacts
on forests by means of forest inventories is also progres-
sing (e.g., Taccoen et al. 2019 on mortality, Charru et al.
2017, Ols et al. 2020, 2021 on growth). NFI surveys are
hence strongly multipurposed and collect tens to hun-
dreds of indicators on forests, a logic fully integrated
into—and supported by—their sampling and estimation
framework. In a significant set of European countries,
forest inventory and forest health monitoring (ICP1)
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surveys are further performed on the same sampling de-
signs (Kovac et al. 2014, Travaglini et al. 2013 Table
7.2), ICP1 monitoring being conducted on systematic
subsamples of NFI grid plots. Such an initiative also
dates back to 20 years ago in the USA, where the Forest
Health Monitoring program (FHM) has been integrated
into the “enhanced” Forest Inventory and Analysis (FIA)
program (Brad Smith 2002) since the 1998 Farm Bill.
These incentives offer experience and lessons for achiev-
ing forest monitoring integration in other countries.

Since NFI contribute to official European (MCPFE/
Forest Europe) and World (UN/FRA) reporting pro-
cesses, the recent criticisms formulated in the EFS
(Table 1) should therefore be primarily considered
within the NFI approach framework. These have been
partly scrutinized in a recent communication by ENFIN
(the European National Forest Inventory Network asso-
ciation, ENFIN 2021), and are addressed in the
following.

3 European harmonization in NFI surveys:
achievements and gaps

The lack of European integration in NFI-based informa-
tion (Table 1, criticism C1 across space) has been ac-
knowledged for around 20 years now, and is at the very
origin of a substantial pan-European harmonization ef-
fort, especially funded by the EU, and initiated by COST
actions E43 (https://www.cost.eu/actions/E43/ ; Tomppo
et al. 2010) and FP1001 (https://www.cost.eu/actions/
FP1001/; Vidal et al. 2016), and concretized in the Hori-
zon H2020 project Diabolo (http://diabolo-project.eu),
as recalled in ENFIN (2021) communication. The main
achievements of this (still) ongoing process concern the
adoption of common forest definitions (e.g., forest area,
Vidal et al. 2008, Stahl et al. 2012, Vidal et al. 2016) and
of key forest variables (e.g., forest growing stock,
Gschwantner et al. 2022), suggesting that NFI programs
are indeed on the right track (Table 1).

Yet, and while not discussed in ENFIN (2021), one
major loser of harmonization approaches to date re-
mains the inventory design, which encompasses all
spatio-temporal features of the sampling and survey of
forests. Whereas all NFIs rely on a spatially systematic
design, spatial stratification and sampling intensity vary
widely across countries (Gschwantner et al. 2022). Also,
a variety of approaches have been implemented as
regards the status of NFI surveys (either enforced as per-
manent by Law, or with funding renegotiated at regular
occasions), their temporal frequency (10, 5 years, or even
annual in a few countries) and that of statistics delivery.
The same applies to field plot status—permanent, tem-
porary or mixed—that has crucial influence on the mon-
itoring perspective adopted, trend or status monitoring
(De Gruijter et al. 2006). Plot status is not necessarily
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related to the survey status (e.g., NFI is enforced as per-
manent in France, but is based on temporary plots;
Hervé 2016). Both sources of variation clearly contribute
to patchiness or gaps of coordination in forest reporting.
They also challenge the capacity of a spatially integrated
and synchronized—and ultimately annual—monitoring,
conflicted by the least common denominator of NFI sur-
vey frequency (Table 1, criticism C3). This weakness
should however not hide the major cornerstones of these
programs.

4 Monitoring the forests: systematicity,
population inference, and resolution in NFI
surveys

4.1 Systematicity and population inference on a European
scale

A first salient asset of NFI surveys is their representa-
tiveness of forest territories, rooted in the spatially sys-
tematic sampling that they universally implement. This
feature is not so universal in ICP1 monitoring, as partici-
pating countries can decide whether sampling is ran-
dom, systematic, or tessellated (Ferretti et al. 2020),
while ICP2 is more of a demonstrative network. Further,
NFI surveys all implement a common statistical back-
ground that aims at population inference over the forest
universe, or population. This area-based populational in-
ference is able to describe cumulated quantities (e.g.,
total carbon stocks of the forests) or the magnitude of
disturbances (e.g., fraction of the forest area showing
forest decline) on spatially defined subdomains (e.g., in
private forests, or in forests or south-western Europe),
and more generally any parameter to be extracted from
the population distributions of forest attributes and their
intersections (e.g., in private forests of south-western
Europe), mean and variance most essentially (De Gruij-
ter et al. 2006). While this kind of information is crucial
to European policies as embodied in the bioeconomy or
the EFS strategies, this feature is not clearly identified in
EC views on forest monitoring (Table 1, criticism C2). It
is obviously not the target of a monitoring system like
ICP1, where information has a primary significance at
local plot scale, and therefore enables a more qualitative
and causal (in the case of intensive plots of ICP2) moni-
toring of forests as well as it prioritizes trend monitoring.
Gasparini et al. (2013) have hence demonstrated that the
privileged site-monitoring orientation of ICP1 is not re-
active with respect to large changes in Italian forests and
in particular spatial forest extension, leading to biases in
forest types and tree species coverage. Further, ICP2
shows a logical but worrisome trend to erosion in the
spatial/temporal systematicity of the monitoring with
target variables of increasing measurement cost or diffi-
culty (e.g., crown condition measured annually on all
797 plots, tree growth/ground vegetation every 5 years
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on 769/723 plots, respectively, atmospheric deposition
continuously on 545 plots, meteorology on 209 plots,
http://icp-forests.net/page/level-ii). When targeting all
forests of the European continent, the limits of country-
based significance in NFI design (Section 2) are also un-
derway to be compensated for. Since NFI rely on prob-
abilistic samples, combining NFI samples from different
countries is made possible by accounting for differences
in the plot sample weights. Estimators developed to han-
dle variable plot weights permit the estimation of, e.g.,
total growing stock, timber wood, or carbon sink in
these forests and their associated sampling errors. Such
estimators have been readily tested across European NFI
surveys (Lanz 2012, Korhonen et al. 2014).

4.2 A spatial resolution and sampling intensity with no
counterpart

A second asset is the spatial sampling intensity offered
by these programs, whereby > 500,000 plots are regularly
inventoried in the field across Europe, thus two orders
of magnitude greater than that offered by ICP1 network
(ca. 6000 plots, with a minimum theoretical constraint
for plot number in participant countries being the for-
ested area in km divided by 256—corresponding to a 16
x 16 km theoretical sampling network, Ferretti et al.
2020), a singular difference that may draw attention.
While forest biodiversity monitoring is a priority of the
European Forest Strategy (Table 1, proposal P2), Barbati
et al. (2007, Table 4) have thus evidenced that 11 out of
76 European forest types (14.5 %) remain uncovered by
ICP1 network at the European level, raising issues re-
garding the comprehensiveness of biodiversity monitor-
ing obtained with this network. The current typical
sampling intensity of NFI surveys is nevertheless deemed
as insufficient to obtain precise estimates across all re-
gionalized forest domains of a given country. In a con-
text where precision is also a priority (Table 1, criticism
C3), this has given room for testing and effectively
implementing small-area inference technologies, based
on the so-called multi-source inventory view (MS-NFI,
Tomppo et al. 2008), whereby ground samples are statis-
tically complemented by high-resolution auxiliary infor-
mation to increase precision at a given field sampling
effort. The innovation has been judged ground-breaking
enough to deserve the Markus Wallenberg Price in 1997
(https://www.mwp.org/1997-erkki-tomppo). Serious con-
cern can therefore be expressed about the precision that
would be obtained by basing a European forest monitor-
ing on sampling efforts and designs as encountered in
current ICP1 network alone. Rather, a sample nesting
strategy, where ICP Forests monitoring is conducted on
a spatially systematic subsample of NFI sampling de-
signs, has gained ground across Europe (Kovac et al
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2014, Travaglini et al. 2013) and would need a careful
scrutiny.

4.3 The spatial adaptiveness of monitoring intensity
across Europe

Also, in contrast to the rigidity of ICP1, spatial flexibility
and adaptiveness of the sampling effort across space is
permitted in three ways by NFI programs. First, the sam-
pling grid of NFlIs is regularly photo-interpretated in order
to extend the ground sampling to newly forested zones,
thus being comprehensive and updated. A mix of perman-
ent and temporary plots is also often implemented, pur-
posed to avoiding sample attrition and bias (Gasparini
et al. 2013), in a context where European forests show
strong pluri-decennial spatial extension (Bontemps 2021).
Second, variations in the sampling design encountered
across countries reflect implicit specific needs and forest
contexts, actually constituting a primitive but direct form
of spatial optimisation of the sampling effort. Third, most
inventories rely on designs stratified spatially, with varying
sampling intensity to account for regional forest specific-
ities (e.g., Finland, Sweden, Germany, France, Romania;
Tomppo et al. 2010).

5 Hybridizing ground monitoring and remote
sensing information for both increased precision
and temporal frequency

Remote sensing integration into ground monitoring sys-
tems forms a timely opportunity for their improvement,
embedded in views of future forest monitoring in the
EFS (European Commission 2021, Table 1, proposal P2),
and also stressed by Ferretti (2021). NFI programs have
strongly committed into integrating remote sensing in-
formation into their designs, in view of increasing the
precision of forest estimations (e.g., Lister et al. 2020,
Grafstrom et al. 2017 Kangas et al. 2018), giving rise to a
large variety of approaches (Hawrylo et al. 2020, McRo-
berts and Tomppo 2007) where populational inference
remains a cornerstone.

A follow-up of this approach, initially intended for in-
creasing spatial precision, may also permit to increase
the temporal frequency of forest monitoring. While
some NFI surveys operate systematic annual samples,
output statistics are obtained by aggregating successive
samples (e.g., successive 5-year laps in the Finnish NFI,
5-year moving window in the French, US or Swedish
NFIs, same references and Fridman et al. 2014), with a
loss of responsiveness. Annual samples indeed convey a
restricted precision, not sufficient for comprehensive
statistic delivery across countries. Therefore, they remain
used for delivering statistics solely at country scale (van
Deusen 2000, Breidenbach et al. 2020). By increasing the
precision of statistics obtained from a single annual sam-
ple, the multisource approach may thus also enable
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genuine annual delivery of information, for these NFI
programs based on systematic annual samples (Table 1,
proposals P2 and P4). It should ideally be based on re-
mote sensing information also renewed annually.
Whereas some satellite products (e.g., Sentinel) offer this
possibility, NFI surveys yet overwhelmingly resort to
more resolved aerial imagery to date, placing a challenge
on faster renewal of image acquisition. NFI surveys thus
have a leading role to play in this hybridization approach
of field plot and remote sensing data (Kangas et al.
2018), as advocated for in the EFS.

In this respect, a leading idea is not to reduce, but ra-
ther maintain or increase the size of ground-based sam-
ples. A dense field network is indeed crucial in the
context of monitoring local resources or disturbances,
even when multisource NFI is being used, as the number
of field plots remains the limiting factor when develop-
ing and calibrating multisource models (Vega et al
2021). Also, the performance of the approach depends
on the correlations between field forest attributes and
auxiliary data. These correlations remain weak for some
attributes that remain mostly estimated from field infor-
mation. Here again, the usability of a low-density net-
work of plots such as ICP1 is questionable.

6 Diversity rather than selectiveness as a baseline

for future forest monitoring: some scenarios

6.1 Trade-offs between ICP Forests and NFI surveys

We thus arrive at a point where ICP1 and NFI programs
exhibit mutual trade-offs (Table 1, criticism C1). On the
one hand, ICP indeed forms a worthy demonstration of
the feasibility of pan-European monitoring integration,
with well-tested governance mechanisms (Ferretti 2021)
and, as stated by this author, the greatest achievement of
ICP Forests [lies] in its role in demonstrating the extent
to which transnational forest monitoring is possible and
feasible. However, it remains focused on forest health
monitoring, is of a limited sampling resolution, and does
not deliver area-driven statistics on European forests.
On the other hand, NFI surveys, despite their ongoing
trans-national integration and harmonization, offer the
requested methodological bases for producing monitor-
ing information across wide forest territories, and are
therefore most relevant to quantitative policy targets on
current issues. They are strongly multipurposed in the
indicators they deliver, and also support effective and
promising developments in remote sensing integration.
Yet, the absence of a strong coordination priority limits
the pace of progresses, while environmental priorities
call for reactivity.

6.2 Governance issues
The second difficulty arises from a rather tensed political
context on these issues. The EC now prioritizes the



Bontemps et al. Annals of Forest Science (2022) 79:19

adoption of a common forest observation, reporting and
data collection framework, using remote sensing and
ground-based monitoring, with a more frequent and
cost-efficient reporting and high spatio-temporal granu-
larity (European Commission 2021, Table 1, proposals
P2 and P4). Resort to a legally binding EU regulation in-
centive has also been made explicit (proposal P1). The
initiative has yet been strongly opposed by 11 leading
forest country governments (Letter of the Eleven of July
5th 2021, Kostinger et al. 2021) in name of the EU sub-
sidiary principle. This leaves limited chances for such
approach to be implemented in a near future, especially
if the existing competing forest policy processes and
their reporting needs are considered (Lier et al. 2021,
Edwards and Kleinschmit 2013). Advocation of this
principle to thwart the European initiative nevertheless
remains debatable, in the context of developing an inte-
grated monitoring scheme at a European scale that, in
essence, cannot be afforded by EU member states alone.

6.3 Options and paths for reaching an integrated
European forest monitoring

In this uncertain context, options that would satisfy the
new appetite for monitoring (Ferretti 2021) can be fig-
ured out. Three positioning criteria are here used for
their design in view of current monitoring priorities, and
intended to address the three criticisms formulated by
the EC (Table 1). The ultimate goal may be to achieve a
pan-European, multipurpose embracing forest health
status, and more accurate forest monitoring. Scale (cri-
terion 1)—forest monitoring systems have been designed
both at country and European levels. Encompassing EU
forests with a common framework is now desired not
only to support European forest strategies and policies,
but also and more generally to favor comparability
across countries (Table 1, criticism C1 in its spatial di-
mension). Integration (criterion 2)—whereas both forest
and forest health monitoring systems remain largely sep-
arated to date, noticeable examples of the fusion of their
observational grids do exist (in the USA, Belgium, and
countries scrutinized in Kovac et al. 2014 and Travaglini
et al. 2013). Hybridizing those monitoring approaches is
desired for an integrated forest monitoring (forest and
health inventory, FHI), where, e.g., causes of health de-
cline may be explored, and forest statistics could be con-
ditioned on health status. By integration, we also mean
that forest health monitoring endorses the critical statis-
tical framework of forest inventory, for the sake of statis-
tic delivery with a validity and significance across the
forested area of Europe (Table 1, criticism C1 in its inte-
grative dimension of indicators, and criticism C2). Preci-
sion (criterion 3)—forest health and forest monitoring
differ in their sampling efforts by two orders of magni-
tude. Current NFI precision is further not sufficient to
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inform small forest territories. Increases in precision are
thus desirable in both cases. They may be enforced
through increasing the sampling effort, or more plausibly
by resorting to remote sensing-based technologies (RS).
High frequency of RS-acquisition should also help in-
creasing the temporal frequency of monitoring (Section
4). Thus, and for the sake of simplicity, spatial and tem-
poral aspects are not distinguished in this criterion
(Table 1, criticism C3).

Based on these criteria, we suggest that distinct paths
actually exist for achieving such a large goal. We do not
mention partial paths where all three criteria would not
be simultaneously met (e.g., Kangas et al. 2018 on RS
technology inclusion, or Kovac et al. 2014 on forest re-
source and health monitoring integration) or where pro-
gress incentives largely operate at country scale.

6.3.1 Path 1—cross-country cooperation in NF/
harmonization

Here, harmonization in European NFIs goes on based
on trans-national cooperation (mainly the ENFIN
group), including the implementation of statistical esti-
mators applicable to hybrid samples constituted from
national sampling designs. At this point, one is allowed
to term such system a European Forest Inventory (EFL,
criterion 1), where sampling designs remain largely na-
tional and unstandardized. In the continuity, the add-
itional implementation of RS technologies may provide
increased precision and a common approach may be
agreed on (RS-EFI, criterion 3), based on developments,
e. g, the nFIESTA approach (Adolt et al. 2019). Forest
health protocols may also be systematically embedded in
NFI protocols as done in some countries, at least for sys-
tematic subsamples (Kovac et al. 2014) to reach an RS-
EFHI stage (criterion 2). At the crossroad of these two
challenges, the remote sensing of forest disturbances
may also assist NFI programs in allowing plot filtering
or defining small-area domains of interest. Increased dis-
turbance regimes may also renew the interest for alter-
native sampling designs like the disturbance-based
design, as once formulated and tested in a pilot study of
the Lake states in USA (van Deusen 2000). The two lat-
ter aspects may also be technologically supported by the
EU (FISE, Table 1, proposal P3) and agreed with the ICP
Forests community.

6.3.2 Path 2—EU enforcement of the subsidiarity principle

In this path, the EU initiates a legally binding agreement
on an integrated forest monitoring framework in Europe
(criterion 1). Here, ICP Forests may serve as a bench-
mark infrastructure and monitoring network starting
point. A common protocol framework would renew both
sampling and plot designs, and extend monitored indica-
tors to a core of those usually tracked in NFI programs
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(European Forest Monitoring, EFM, criterion 2). In-
creases in precision are solely obtained by RS-based
technologies (criterion 3). In this trajectory, country NFI
programs and improved EFM may coexist at different
scales and resolutions, to meet both European and na-
tional priorities, without any necessary convergence. An
ultimate alternative would be a full refoundation of
European forest monitoring, which countries may also
decide to nest within their own—also re-founded and
more intensive—NFI surveys (historical example of
Slovenia, Tomppo et al. 2010).

6.3.3 Path 3—co-existing inter-operable monitoring
networks

This path would be followed if the political context does
not favour forest monitoring integration, the subsidiarity
principle being set aside. The ICP Forests initiative may
be reinforced on a European scale, while countries keep
on promoting their own NFI surveys. On the one hand,
harmonization goes on across NFIs to reach the stage of
RS-EFI (criterion 1 and 3). On the other hand, European
health monitoring is also strengthened by RS-based ap-
proaches and leads to a form of RS-ICP (criterion 3).
Thus, both major forest monitoring systems would be
strengthened and would keep co-exist and overlap at
two levels. Design-nesting or protocol harmonization for
inter-operability may occur later or never (no achieve-
ment of criterion 2, except in some cases at country
levels).

Obviously, the set of credible futures in forest moni-
toring remains diverse, as well as it offers several degrees
of freedom. In view of the increasing climatic pressure,
the target of forest resource and health monitoring inte-
gration appears to be the most critical. Thus, neither
Ferretti proposal (2021) nor ENFIN inventory view
(2021) alone may satisfy this new appetite for forest mon-
itoring. But obviously some hybridization of both, in a
way that satisfies both EU priorities and countries’ sover-
eignty, with European forests’ future as a priority. The
need to clarify these options is urgent.

7 Conclusions

e The need for a reactive, precise, and comprehensive
(including forest health indicators) pan-European
forest monitoring is established and now matter of
intense discussions.

e While NFI programs remain overlooked in this
debate, their sampling intensity, their harmonization
process, and the statistical and adaptive framework
they have devised for elaborating population
inference across wide areas should form substantial
inputs for the design of future forest monitoring.
New hybrid forest inventory methodologies show
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how remote sensing information can help make
forest monitoring spatially and temporally more
precise and reactive.

e [CP Forests monitoring program of forest health has
demonstrated a cross-country integration capacity of
significance. The integration of forest health moni-
toring into a more comprehensive monitoring
framework further forms a priority.

e To date, different paths of progress of an integrated
European forest monitoring can be devised that
build on assets of the different existing monitoring
systems. Thus, hybridisation of associated systems
and concepts cannot be avoided.

o Clarification of these possible paths will largely
depend on shared acceptance for EU
interventionism on this issue, on cross-country co-
operation, and also on clarifications on the long-
term goals of a forest monitoring.
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