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Key message  Natural and anthropogenic pressures, combined with frequent extreme events driven by climate 
change, are altering the dynamics of forest ecosystems. As a result, social needs, forest policies, and forest manage-
ment require precise and reliable information that can be obtained through forest monitoring, including national 
forest inventories (NFIs).

In this context, the new Italian NFI introduces multiple innovations:

•	 During the preliminary stages of the new NFI, strategy and procedure developments were based on the needs 
and suggestions of various stakeholders through an effective participatory approach.

•	 Transitioning from periodic to annual estimates of forest attributes and their changes has been deemed essential 
for assessing the effects of  increasingly frequent large-scale disturbances, such as major wildfires and extreme 
weather events.

•	 Partial integration with other monitoring programs, such as ICP Forests, has proven beneficial.
•	 Given the  global climate change and  biodiversity loss challenges, dedicated surveys have become essential 

for enhancing our understanding of forest ecosystem components.
•	 The use of remotely sensed data for mapping forest variables as a component of the new NFI (i.e., enhanced NFI) 

plays a key role in supporting policymakers.
•	 Data collected at  tree level or  aggregated at  plot level will be made available, and  plot coordinates may be 

released for scientific purposes and research projects, subject to case-by-case evaluation.

The planned updates and modifications in the new forest inventory are outlined. Additionally, these innovations are 
discussed to support similar national and international advancements, focusing on modernizing forest inventory 
methods while balancing established best practices with innovation.
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1  Introduction
Forests are a vital global resource (FAO-FRA, 2020) and 
play a crucial role in mitigating climate change (Verkerk 
et al. 2022), protecting biodiversity, and promoting social 
well-being (Ferretti et al. 2024). In this context, statistics 
on forest resources are essential for making informed 
decisions, particularly during times of environmental 
change (Breidenbach et  al. 2020; Corona & Alivernini 
2024). Specifically, forest data are necessary for multiple 
purposes at both national and international levels, includ-
ing reporting and assessing forest resources (FAO-FRA, 
(FAO 2020)), monitoring biodiversity (Corona et al. 2011; 
FOREST EUROPE 2020), tracking deforestation and for-
est degradation (Corona et al. 2023), as well as managing 
local-scale efforts to enhance decision-making processes, 
silvicultural practices, harvesting, and conservation 
activities (Chirici et al. 2020). The need for proper forest 
information and the necessity for sustainable forest man-
agement planning led to the implementation of sample-
based National Forest Inventories (NFIs) in the twentieth 
century. Notably, Norway established a sample-based 
NFI in 1919, followed by Finland and Sweden in 1921 and 
1923, respectively (Fridman, et  al., 2014); Gschwantner 
et  al. 2022). In the 1960 s, the development of sampling 
theory and mathematical statistics, along with the incor-
poration of aerial photographs as auxiliary data sources, 
substantially advanced large-scale forest inventories in 
numerous countries including France, Austria, Spain, 
Portugal, and Greece (Vidal et  al. 2016). While most 
developed nations now maintain regular NFI programs 
(Breidenbach et  al. 2021), more recently climate change 
and initiatives such as REDD + have prompted the estab-
lishment of NFIs in many emerging nations.

By the late 1970 s, updating and integrating Italy’s 
official forest statistics had become crucial to support 
the evolving forest policy. This information gap was 
addressed by the first Italian NFI (Inventario Forestale 
Nazionale 1985—IFN85) conducted in the mid-1980s 
(Gasparini et  al. 2022). However, the survey was not 
repeated until the early 2000 s when the Italian NFI was 
established by law (L. 353/2000) as a permanent insti-
tutional practice. This development enabled design of 
an NFI to meet multiple emerging and urgent infor-
mation needs at both national and international lev-
els (Gasparini et  al., 2011): defining forests and other 
wooded lands according to the FAO international 
standard; classifying land use and land cover along with 
vegetation types according to CORINE international 
standards (see https://​land.​coper​nicus.​eu/​en/​produ​cts/​
corine-​land-​cover); establishing internationally har-
monized inventory variables (McRoberts et  al. 2009; 
Alberdi et  al. 2016); and improving estimate precision 
through a new sampling design. In 2005 the second NFI 

(INFC—Inventario Nazionale delle Foreste e dei serba-
toi forestali di Carbonio) was carried out (INFC2005) 
and repeated in 2015 (INFC2015) with a similar sam-
pling design and methods, the only differences being 
sample size and the definition of strata (Gasparini et al. 
2022 – see also the “Past inventory designs” section). 
When designing the new inventory, however, techno-
logical advancements, the augmented availability of 
remotely sensed data, and the increasing frequency and 
severity of forest disturbances driven by climate change 
led to strategic updates, as has been the case in other 
countries (e.g., Bontemps & Bouriaud 2024).

The updated strategies for the new Italian NFI (Inven-
tario Forestale Nazionale Italiano, IFNI) have been 
identified and refined through multiple preliminary ad 
hoc meetings that began in 2023. Technical, organi-
zational, scientific, and local government profession-
als, along with stakeholders, engaged in hands-on 
exchanges. Meetings included presentations and dis-
cussions on the proposed IFNI with the objective of 
identifying the most effective solutions (for details, see 
the “Relevance and data availability” section). Revisions 
incorporated into the survey protocol include tree posi-
tioning and biodiversity surveys, simplification of the 
statistical design, instrument updates including espe-
cially the Global Navigation Satellite System (GNSS) 
receiver, and integration with remotely sensed data.

NFIs continuously adapt to improve the accuracy of 
estimators and ensure the multitemporal consistency 
of estimates. Since the 1980 s, multiple countries (Vidat 
et  al., 2016) have established and regularly remeasured 
permanent plots as a means of tracking forest changes. 
Consequently, most NFIs today require permanent plots 
or a combination of permanent and temporary plots. 
Accordingly, permanent plots are designated for the IFNI 
implementation. Additionally, remote sensing technol-
ogy has been increasingly integrated in heavily forested 
countries such as those in northern Europe (Kangas et al. 
2018) and North America (Wulder et  al. 2024) to pro-
duce forest variable maps (McRoberts & Tomppo 2007; 
Corona 2016). This feature has been considered for IFNI.

Furthermore, recent NFIs have updated their sur-
vey protocols for supporting the growing monitoring 
demands associated with international agreements 
aimed at protecting forests, conserving biodiversity, 
and addressing climate change adaptation and mitiga-
tion. Data provided by NFIs are essential for assessing 
the response of forests to current environmental chal-
lenges including drought episodes, storms, pest and 
disease outbreaks, invasive species (Giannetti et  al. 
2021; D’Amico et al. 2022a; Forzieri et al. 2023; Bozzini 
et  al. 2023), and plant biodiversity conservation (ICP 
Forests 2020; Canullo et al. 2020). Recently, tree-related 

https://land.copernicus.eu/en/products/corine-land-cover
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microhabitats (TreMs) have emerged as important 
for monitoring forest biodiversity (Asbeck et  al. 2021; 
Borghi et al. 2024). The presence, abundance, and diver-
sity of TreMs which provide vital habitats for many 
living organisms serve as indicators of potential bio-
diversity (Bütler et  al. 2013; Parisi et  al. 2021). TreMs 
facilitate assessment of forest stand naturalness (Parisi 
et al. 2022, 2024) and the impact of forest management 
on biodiversity conservation (Martin et al. 2022). Thus, 
TreMs as an indicator of biodiversity have been intro-
duced into IFNI.

In addition to upgrading field survey measurements 
as reported by Ferretti et  al. (2024), European NFIs 
could be more effectively integrated with the interna-
tional forest monitoring conducted under the United 
Nations Economic Commission for Europe (UNECE) 
ICP Forests (Ferretti & Fischer 2013). Indeed, the rela-
tionships between the two monitoring networks vary 
according to the methods used by individual coun-
tries to implement their NFIs (Gasparini et  al. 2013a, 
b). In Italy, although the ICP Forests program was ini-
tially integrated into the NFI network (IFN85), the two 
efforts were subsequently separated (Gasparini et  al. 
2013a, b). The new Italian NFI aims to re-establish 
the connection. Considering the various approaches 
to integrating NFI and ICP Forests (Ferretti 2010), it 
is clear that value is consistently added by enhancing 
understanding and efficiently using resources. In this 
regard, as demonstrated by other countries, the overlap 
between NFI and ICP Forests is facilitated by co-locat-
ing some sample plots. Further, the establishment of 
IFNI which involves greater integration with remotely 
sensed data gave due consideration to the monitoring 
proposal for resilient European forests by the European 
Parliament and Council (European Commission, 2023).

The aim of this opinion paper is fourfold: (i) to provide 
an overview of the evolution of Italian NFIs over time; 
(ii) to describe the design strategy and the new variables 
implemented in the new Italian NFI (IFNI); (iii) to con-
sider the integration with remote sensing; and (iv) to 
discuss the participatory process followed for the imple-
mentation of new monitoring approaches, the enhance-
ment of forestry knowledge, and the new regulation on 
monitoring proposed by the European Commission 
(European Commission, 2023).

2 � Past inventory designs
2.1 � IFN85
The first NFI (Inventario Forestale Nazionale—IFN85) 
was conducted by staff from the National Forest Ser-
vice between 1983 and 1987. A single field survey was 
conducted using a 3-km × 3-km systematic grid which 
yielded estimates with acceptable precision at the 

national level. The nationwide sampling grid included 
more than 33,400 points which were later analyzed using 
a combination of maps, limited available aerial photos, or 
a brief survey to exclude survey points that fell outside 
forest cover. Approximately 9000 remaining forest points 
were visited and assessed on the ground with plots of 
radius of 13.8  m (approximately 600 m2). (MAF-ISAFA 
1988).

2.2 � INFC2005 and INFC2015
The second Italian NFI (Inventario Nazionale delle For-
este e dei serbatoi forestali di Carbonio—INFC2005), 
known as the National Inventory of Forests and Forest 
Carbon Pools, was established between 2002 and 2007 
by the National Forest Service. The primary goal of the 
survey was to assess the carbon content of the speci-
fied forest pools for activities under the United Nations 
Framework Convention on Climate Change (UNFCCC) 
(IPCC 2003). Specifically, the protocol involved investi-
gating forest carbon pools, including aboveground bio-
mass, deadwood, litter, and soil (Di Cosmo et  al. 2013; 
Gasparini et  al. 2013a, b; Gasparini & Di Cosmo 2016). 
Compared to IFN85, the survey techniques and sampling 
strategy were completely changed to achieve more pre-
cise estimates. Furthermore, the internationally recog-
nized forest definition from the Global Forest Resources 
Assessment was applied.

Instead of single-phase sampling as used in the pre-
vious inventory, the design of INFC2005 used three 
sampling phases (Fattorini et  al. 2006). The first phase 
involved covering the national territory with a grid of 
over R = 301,000 quadrats, each of 1 km2, and subse-
quently, randomly selecting one point per quadrat based 
on the sampling scheme commonly referred to as tes-
sellation stratified sampling (TSS) (Cordy &Thomp-
son, (Cordy, and Thompson, 1995); Corona et  al. 2017). 
IFNC2005 was the first NFI to adopt TSS instead of the 
widely used systematic grid sampling (SGS) (Fattorini 
2015). The rationale for this choice was theoretical; spe-
cifically, for large R , TSS ensures normality and variance 
estimates that decrease faster than R−1 . These features 
are not guaranteed by SGS which suffers significant pre-
cision loss under spatial regularities (Barabesi et al. 2012). 
In the second phase, the points from the first phase were 
classified by Italian administrative districts (21, includ-
ing Regions and Autonomous Provinces) as well as by 
land use and land cover classes using orthophotos. These 
classes then served as strata for stratum-based estima-
tion. Non-forest points were excluded, while more than 
30,000 s-phase points were randomly selected within 
forest and other wooded land strata in proportion to the 
sizes of the land cover strata in the 21 Italian administra-
tive regions. The second-phase points were visited on 
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the ground to assess qualitative forest attributes includ-
ing the main tree species or species group as a basis for 
identifying forest types and subtypes. On the whole, 23 
types and 91 subtypes were observed. In the third phase, 
the points were further classified by Italian administra-
tive regions and by the forest types recorded in the sec-
ond phase, resulting in the random selection of more 
than 7000 third-phase points. Despite the numerous 
classes that served as strata, the forest point populations 
in the second and third phases were sufficiently large 
to ensure adequate sample sizes for sufficiently accu-
rate and precise estimates in almost all strata. However, 
in some cases, such as in rare forest types for a region, 
the scarcity of sample units leads to significant errors in 
the estimates. Lastly, the third-phase points were visited 
on the ground to observe and record forest attributes 
within circular plots of 13 m radius (approximately 530 
m2) centered at those points, thereby simplifying field 
measurements relative to IFN85 (plot design details in 
the “Inventory variables” section). The totals and density 
estimates were then calculated using estimators provided 
by Fattorini et al. (2006) and fully reported in Gasparini 
et al. (2022).

The third Italian NFI, INFC2015, was designed in 2013 
by the Research Unit for Forest Monitoring and Planning 
of the Italian Council for Research in Agriculture and was 
implemented by the National Forest Service, closely fol-
lowing the strategy of INFC2005. This process occurred 
from 2015 to 2020, with 2015 as the reference year, and 
was conducted by the Forestry Specialty of the Carabi-
nieri. During this period, the reorganization of Italian 
public administrations integrated the National Forest 
Service into this specialty (as per Legislative Decree 
177/2016, art. 7, paragraph 2, letters n. and p.) which 
coordinates three Italian forest monitoring networks: (i) 
NFI Network; (ii) ICP Forests Network; and (iii) NEC 
Network, in implementation of Directive 2016/2284/EU 
(National Emissions Ceilings).

3 � The new Italian NFI
The new Italian NFI (Inventario Forestale Nazionale 
Italiano – IFNI) introduces substantial changes relative 
to previous inventories. Key updates include the adop-
tion of a new national grid and the implementation of 
a two-phase sampling design based on annually rotat-
ing panels. In this widely adopted system, the sampling 
frame is systematically divided into distinct panels (e.g., 
Roesch 2007) each of which consists of a set of plots 
measured in the same year (Gschwantner et  al. 2022; 
Bontemps & Bouriaud 2024). Each panel, despite being 
part of a rotation, includes a complete and spatially dis-
tributed sample of the country. The major redesign of 
IFNI has been largely driven by the increasing impact of 

large-scale disturbances, such as wildfires and extreme 
weather events, that have severely affected forest ecosys-
tems across Italy over the past decade. Notably, the 2018 
“Vaia” storm damaged more than 12 million cubic meters 
of growing stock (Giannetti et  al. 2021), followed by 
further losses due to bark beetle outbreaks (Nardi et  al. 
2023). At the time of the Vaia storm, the latest Italian NFI 
(INFC2015) had just been completed, but it was quickly 
rendered outdated by the extent of the damage. This led 
to a decisive transition from a periodic NFI to an annual 
NFI, adopting the new design featuring rotating panels 
that can provide yearly estimates of forest attributes and 
their changes. Interestingly, it was the 1999 Lothar storm 
in France that prompted a similar revision of the French 
NFI design (Bontemps & Bouriaud 2024).

The transition from a periodic NFI (conducted every 
10  years) to an annual NFI (with the entire inventory 
cycle completed in five years) required simplifying the 
relatively complex sampling design of INFC2005/2015. 
This change has streamlined the process from three sam-
pling phases to just two. In addition, by simplifying the 
design, organization, and management of the inventory 
process, it improves feasibility and efficiency by allowing 
all sampling points within a given panel to be surveyed 
within a single year.

IFNI introduces numerous innovations relative to 
INFC2005/2015. Nonetheless, to maintain consistency 
with estimates from previous Italian NFIs, the definitions 
of forest variables have largely remained unchanged. 
The following subsections outline the key modifications 
introduced by the new inventory.

3.1 � Sampling design
3.1.1 � First phase
The first change in IFNI involves the grid adopted to 
cover the national territory with quadrats of equal area 
for conducting TSS in the first phase. The new grid is 
derived from the 1-km × 1-km grid used in INFC2005 
and INFC2015, which consisted of quadrangular cells 
measuring approximately 1-km × 1-km and aligned with 
meridians and parallels. Although the cells are square 
only near the central meridian, each maintains an area of 
1 km2 (see Floris & Scrinzi 2011 for detailed algorithms). 
The IFNI grid merges adjacent quadrats to form new 
4-km × 4-km quadrats (Fig. 1a), the standard size for mul-
tiple NFIs in Europe including Croatia, Germany, Greece, 
Hungary, Latvia, Lithuania, Poland, Serbia, and Slovakia. 
Thus, the new inventory grid comprises 20,117 quadrats 
of 16 km2 each, covering a total area of 321,872 km2.

In the first phase, one of the 16 INFC2005/2015 first-
phase points within each previous quadrat was randomly 
selected. From a probabilistic standpoint, randomly 
selecting one point from each of the 16 quadrats and then 
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choosing one of the 16 points is equivalent to directly 
selecting a random point from within the larger quadrat 
formed by the union of the 16 smaller quadrats. This pro-
cedure represents a genuine TSS applied to the new grid. 
Consequently, the resulting set of selected points serves 
as a set of permanent first-phase IFNI points.

To ensure continuity of time series from previous 
NFIs and ICP Forests surveys, we slightly deviated from 
the TSS scheme by integrating some first-phase points 
from INFC2015 and ICP Forests Level I points into 
IFNI’s first-phase points, as reported below. This inte-
gration is valuable for gathering comparable, long-term, 

multiscale, high-quality data to monitor changes in forest 
ecosystems (Ferretti 2010; Ferretti et  al. 2024). In 2024, 
all selected IFNC2005/2015 first-phase points were clas-
sified as forest or non-forest via on-screen classifications 
using multiple, current, remotely sensed images (see the 
“On screen classification” section). Then, in each new 
quadrat, the following protocol was implemented:

(i) If the point randomly selected from among the 16 
INFC2005/2015 first-phase points was classified as a 
non-forest, it was retained in the new set of permanent 
first-phase points.

Fig. 1  a A map depicting the intensity of an unspecified forest attribute within plots in a study area consisting of 16 × 12 quadrats, each measuring 
1 km2, grouped into new quadrats of 16 km.2. It includes a set of 192 points categorized as non-forest points (black points), forest points (green 
points), and ICP Forests Level 1 points (red points). b Monte Carlo distributions of the total estimates obtained from genuine TSS (black line) 
and pseudo TSS (pink histogram)
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(ii) If the point randomly selected from among the 16 
INFC2005/2015 first-phase points was classified as for-
est, three situations were possible (Fig. 4):

(ii.a) If at least one ICP Forests Level 1 point was pre-
sent in the cell and classified as forest, the originally 
selected point was replaced by the nearest ICP Forests 
Level 1 point.

(ii.b) If no ICP Forests Level 1 point was present in the 
cell, but at least one point selected in the third phase of 
INFC2015 was classified as forest, the nearest INFC2015 
third-phase forest point replaced the originally selected 
point.

(ii.c) If neither ICP Forests Level 1 points nor 
INFC2015 third-phase forest points were present in the 
cell, the originally selected point was retained in the set 
of permanent first-phase points.

Due to the limited number of ICP Forests Level 1 plots 
(261 in Italy) and the requirement to take measurements 
annually, these plots are the first choice when present in 
the cell. According to this procedure, the IFNI first-phase 
points for 2024 consisted of 13,331 non-forest points, 
185 ICP Forests Level 1 points (2.7% of forest points), 
3159 INFC2015 third-phase forest points (46.6% of for-
est points), and 3442 new forest points (50.7% of forest 
points). In terms of the quality of estimates, the uncer-
tainty of the adopted estimators for quantitative attrib-
utes is expected to be consistent with that observed for 
INFC2015, given that the size of the field sample is sim-
ilar. In contrast, the area estimates from the first phase 
will likely have greater uncertainty due to the larger grain 
of the grid.

Assuming the genuineness of TSS selection of the first 
phase points and the subsequent replacement proce-
dure, the entire sampling procedure can be considered 
as a pseudo-TSS. A simulation study empirically dem-
onstrated that this pseudo-TSS yields results similar to 
those of a genuine TSS. For this purpose, an artificial 
surface representing the intensity of an unspecified for-
est attribute within plots was constructed across a study 
region of 192 km2. The study area was partitioned into 
a 16 × 12 array of 1-km × 1-km quadrats, each of size 
1 km2. These 1-km2 quadrats were then grouped into a 
4 × 3 array of new 4-km × 4-km quadrats, each of size 16 
km2 (Fig. 1a). A fixed set of 192 points was placed in the 
study area with one point in each 1-km2 quadrat, and 
each classified into non-forest points, forest points, and 
ICP Forests Level 1 points. Subsequently, 10,000 samples 
were generated by genuine TSS, where one point was 
randomly selected from among the 16 points within each 
new 4-km × 4-km quadrat of the 4 × 3 array. An equal 
number of samples were generated by pseudo-TSS, fol-
lowing the modified procedure described earlier. The 
resulting samples were used to estimate the total of the 

artificial attribute across the entire area. The Monte Carlo 
distributions derived from both the genuine TSS and the 
pseudo-TSS were quite similar (Fig. 1b). While the gen-
uine TSS was unbiased with a relative standard error of 
15.2%, the pseudo-TSS exhibited a slight negative bias of 
1.3% and demonstrated comparable, if not greater, preci-
sion with a relative mean squared error of 14.6%. These 
results indicate that the values of the variable of interest 
for the originally selected points classified as forest are 
similar to those of the replaced points, i.e., the ICP Forest 
Level 1 points or the third-phase INFC2015 points classi-
fied as forest, ensuring overall representativeness for the 
simulation procedure.

For purposes of deriving estimators and their uncer-
tainties, and given these encouraging empirical results, 
the set of first-phase points selected by the pseudo-TSS 
will be treated as if a genuine TSS had selected them and 
will be retained permanently in subsequent years.

3.1.2 � Second phase
Traditionally, second phases involve probabilistic sam-
pling of first-phase points to create overlap between 
samples, thereby resulting in more accurate and pre-
cise estimators of changes over time (Duncan & Kalton 
1987). However, Zhao and Grafström (2020) demon-
strated that large overlaps between successive samples 
do not necessarily guarantee good estimators of change. 
Thus, we adopted the sampling scheme from the Forest 
Inventory and Analysis (FIA) program of the U.S. Forest 
Service (McRoberts & Miles 2016) in which, across the 
entire country, the 16-km2 quadrats are systematically 
assigned to five mutually exclusive groups called pan-
els, each of which was selected yearly on a rotating basis 
to complete assessment of all first-phase points in five 
years. Each panel constitutes a complete sample of the 
country, although of reduced intensity, and enables cal-
culation of statistically rigorous annual estimates in sup-
port of continuous monitoring of forest resources. This 
approach ensures the detection and estimation of sudden 
changes resulting from extreme disturbance events such 
as occurred in northeastern Italy in 2018 (Giannetti et al. 
2021). Additionally, because the 5-year rotation is short 
enough to allow for negligible changes under normal cir-
cumstances, estimates can be usually calculated by aggre-
gating data for the current year and previous four years, 
thereby improving precision. For extreme events within 
the cycle, estimates from all sample plots reflect a mov-
ing average of conditions over the entire measurement 
period (Hou et al. 2021).

This implemented scheme entails conducting annual 
survey campaigns of one-fifth of the points established 
during the first phase. The IFNI 4-km × 4-km grid was 
organized into crossed blocks of five quadrats. In this 
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arrangement, the central quadrat is designated as 1, the 
left-sided quadrat as 2, the upper quadrat as 3, the right-
sided quadrat as 4, and the lower quadrat as 5 (Fig. 2).

Quadrat sampling was conducted in 2024 by randomly 
selecting a number between 1 and 5. Using a rotating 
panel approach, the selected number uniquely deter-
mines the order in which the quadrats are sampled in a 
given year (e.g., 1, 2, 3, 4, 5 if 1 is selected, or 2, 3, 4, 5, 1 
if 2 is selected, etc.). Because the outcome of the random 

selection was 1, the sequence of quadrats selected for the 
annual survey is shown in Fig. 3.

Every year, the sampling points included in the selected 
quadrats will be classified as either forest or non-forest 
using on-screen classification (“On screen classification” 
section). As previously stated, approximately 1400 points 
are expected to be classified as forest annually. Field sur-
veys will be conducted for the plots identified by these 
points, assessing both qualitative and quantitative for-
est variables, as well as the components related to plant 
biodiversity, lichen, and TreMs. Conversely, non-forest 
points will be ignored and will have values of 0 assigned 
for forest variables (Fig. 4).

From the data recorded yearly at the second-phase 
points, and over five years at the first-phase points, the 
design-based single- and two-phase estimators of totals 
and means of forest attributes, along with their statistical 
properties, have been derived within the framework of 
Monte Carlo integration based on TSS in the first phase 
and systematic sampling in the second phase (Di Biase 
RM, Fattorini L, Franceschi S, Marcelli A, Marcheselli M, 
Pisani C, Corona P: A two-phase sampling strategy for 
design-based estimation and mapping of forest resources 
and their changes, submitted).

Additionally, (Di Biase RM, Fattorini L, Franceschi S, 
Marcelli A, Marcheselli M, Pisani C, Corona P: A two-
phase sampling strategy for design-based estimation and 
mapping of forest resources and their changes, submit-
ted) derived model-assisted estimators and their statisti-
cal properties to improve design-based estimators. This 
was achieved by leveraging auxiliary variables obtained 
from remotely sensed sources (see the “Mapping” 

Fig. 2  Partition of the quadrat grid into crossed blocks of five 
quadrats, giving rise to the five possible samples that can be selected 
by a systematic sampling scheme

Fig. 3  Graphical representation of the quadrats that will be annually included in the sample starting from 2025. The cycle ends in five years. In 
the sixth year, the surveys are repeated in the quadrats numbered 1
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Sect.  4.2) and environmental data (Särndal et  al. 1992; 
McRoberts & Tomppo 2007). Because these derivations 
involve advanced statistics, they are not included here 
but can be referenced in (Di Biase RM, Fattorini L, Franc-
eschi S, Marcelli A, Marcheselli M, Pisani C, Corona P: 
A two-phase sampling strategy for design-based estima-
tion and mapping of forest resources and their changes, 
submitted).

3.2 � Inventory variables
Field surveys enable land use and land cover classifica-
tions, as well as the identification of vegetation character-
istics within the IFNI domain. They also collect data for 
both qualitative and quantitative forest variables. Based 
on sampling points, field assessments and measurements 
can be either point-based or associated with areal plots. 
Assessments, measurements, and plot design largely fol-
low methods from INFC2005 and INFC2015, with minor 
modifications discussed below.

Fig. 4  a Classification of INFC2005/2015 first-phase points into forest (green) and non-forest (brown). The blue points represent the INFC2015 
third-phase points. b Selection of the new first-phase points using pseudo-TSS for which the blue-circled forest points are those originally selected, 
while the red-circled points are included in the final first-phase sample. c Five-year panel area partition. d Field sampling point selection for panel 1

Fig. 5  IFNI plots and related attributes to be classified and measured within
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The sample units used for photointerpretation consist 
of a 50-m × 50-m square centered on the sample point 
(Fig. 5) called a photoplot (FP2500). For qualitative char-
acteristics, a circular area with a 25  m radius, yielding 
approximately 2000 m2 in total area (AdS25, Italian “Area 
di Saggio,” i.e., sample plot) is used. Quantitative surveys 
for estimation of dendrometric parameters are conducted 
in circular plots defined in the field by measuring dis-
tances from the sample point (Point C, see Fig. 5). From 
each sample point, nested circular sub-plots are estab-
lished with radii of 4 m (AdS4, with an area of 50.27 m2) 
and 13 m (AdS13, with an area of 530.93 m2). In AdS13, 
all trees with DBH ≥ 10  cm (DBH: diameter at breast 
height, 1.30  m above ground) are measured, while in 
AdS4, trees with 5 cm ≤ DBH ≤ 10 cm are also measured.

In contrast to the INFC2015 surveys, IFNI involves 
recording the positions of all trees within AdS13 
(DBH ≥ 10  cm). Additional modifications to the survey 
protocol include identifying TreMs, measuring height 
and canopy crown projections, and conducting incre-
ment core sampling in sample trees. Tree height meas-
urements and canopy crown projections are taken for at 
least 10 sample trees: the five trees with the largest DBH, 
the tree with DBH closest to the average DBH, and all 
trees with DBH ≥ 10  cm within AdS4 (at least four). If 
such trees are absent, the four trees nearest to the sam-
ple point are included. The TreMs survey is performed 
for all trees with DBH ≥ 17.5  cm, visually identifying 
TreMs types and their occurrences (presence/absence) 
(Kraus et al. 2016; Larrieu et al. 2018; Parisi et al. 2022; 
2024). Crown projections measured in the four cardinal 
directions serve as a proxy for canopy size, a key variable 
related to biomass, intraspecific and interspecific interac-
tions, and the physiological functions of trees (Pretzsch 
et al. 2015; Owen & Lines 2024). As successfully tested by 
other NFIs (Gschwantner et al. 2016; Breidenbach et al. 
2020), measuring the heights of 10 sample trees ensures 
adequate reference data for remote sensing applications 
when combined with accurate GNSS measurements. 
Then, for each tree recorded in AdS13, height is pre-
dicted using a height-diameter model from previous NFIs 
(Gasparini et  al. 2022). Using DBH and the predicted 
height, volumes and biomass are predicted through spe-
cies-specific double-entry models available in Tabacchi 
et al. (2011). For species without a model, the most suit-
able model is selected according to morphological spe-
cies affinity.

Increment cores are obtained for as many as six height-
measured trees according to common NFI protocols 
(Duchesne et al. 2017). Cores are obtained for the largest 
tree with no coring impairments (e.g., no tumors, decay, 
etc.), the tree with DBH closest to the average DBH, and 

four additional trees with DBH ≥ 10 cm in AdS4, or the 
nearest alternatives, if such trees are absent.

Deadwood measurements are conducted in AdS13, 
with minor changes compared to the IFNI2015. Spe-
cifically, deadwood with diameters of at least 9.5 cm and 
lengths of 1 m within AdS13 are.

measured. This differs from the INFC2015 for which 
fragments with diameters greater than 9.5  cm but with 
reduced length of 9.5 cm were measured.

Forest tree regeneration and shrub species measure-
ments were acquired within two circular subplots with a 
radius of 2 m (AdS2, covering 12.57 m2). AdS2s are cen-
tered 10  m from the sample point in the east and west 
directions. In these areas, all stems with DBH > 0.5  cm 
are measured, thereby enabling estimation of forest vari-
able parameters as outlined by the European proposal 
for a new regulation on a forest monitoring framework 
(European Commission, 2023).

Botanical surveys are conducted at each forest plot 
using the “line intercept method” (Gayton 2013; Hufft 
et al. 2019). A 10-m transect (Tr10) is set with a met-
ric string, starting 2 m from the sample point to mini-
mize trampling during coordinate recording. If the 
point is on a slope, the string follows the contour line 
(i.e., the line connects points of equal elevation). On 
flat terrain or at peaks, it stretched northward. The 
total length (in cm) of contacts or overlaps between 
living plant parts and the string within the observed 
meter segment for a given morphological group is 
recorded (Hnatiuk et  al. 2009) with 1  cm as mini-
mum detectable resolution, even with a threadlike leaf 
touching the string. The survey assessed the presence 
and abundance of morphological groups (i.e., lichens, 
bryophytes, pteridophytes, forbs, grasses, and woody 
species), providing insights into understory plant 
functions.

An additional survey is conducted in a sub-sample of 
second-phase forest plots (approximately 700 plots with 
approximately 135 plots per year) selected using a sam-
pling scheme that ensures spatial balance across the 
country. This survey is conducted in four 10-m × 10-m 
quadrats (AdSQ10) oriented in the four cardinal points 
and centered 19 m from Point C, but completely external 
to AdS13, and provides descriptive data on the diversity 
of plant understory species.

The final activity is the lichen survey (Brunialti & 
Frati 2024) conducted in AdS25. This analysis involves 
selecting the 10 sample trees closest to point C with 
a DBH ≥ 20  cm to obtain images of undamaged tree 
stems for assessing epiphytic lichen diversity. Four 
images from cardinal points are taken using a standard 
10-cm × 15-cm survey frame positioned 1  m above the 
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ground. Subsequent image analysis provides the epi-
phytic lichen diversity by summing the frequencies of all 
species observed within the frame.

The 185 ICP Forests Level 1 points, which also serve 
as IFNI plots, link the pure IFNI plots and their attrib-
utes (forest health variables in Table 1) and the pure ICP 

Table 1  IFNI variables measured in the field and their corresponding plots

Variable Sample unit Variable Sample unit

Forest stand attribute Trees
Canopy cover FP2500 Species AdS4/AdS13

Inventory Category Analysis window DBH AdS4/AdS13

Forest type AdS25 Position (distance and azimuth) AdS13

Conifers and broadleaves pure-mixed condition AdS25 Vitality and integrity

(ICP Forests-Tree damage status) AdS13

Stand origin AdS25 Type of tree (dendrotype) AdS13

Development stage AdS25 Height of broken trees AdS13

Stand age (even-aged stands) AdS25 Social position

(ICP Forests-Social class) AdS13

Vertical structure AdS25 Sample trees
Legal status Tree total height AdS4/AdS13

Ownership Central point Crown base height AdS4/AdS13

Constraints Central point Canopy projection AdS4/AdS13

Nature protection Central point TreMs AdS4/AdS13

Forest planning Central point Increment cores AdS4/AdS13

Site conditions Forest understorey
Accessibility Central point Diameter and height class AdS2

Distance of roads Central point Species or group of species AdS2

Altitude Central point Number AdS2

Slope Central point Origin AdS2

Aspect Central point Damages AdS2

Land position AdS25 Standing dead trees
Terrain instability AdS25 Species or group of species AdS4/AdS13

Terrain roughness AdS25 DBH AdS4/AdS13

Silviculture Decay class AdS4/AdS13

Silviculture system AdS25 Tree height (if broken) AdS4/AdS13

Primary designed management objective AdS25 Deadwood lying on the ground
Woody products and services AdS25 Species Ads13

Non-wood products and services AdS25 End sections diameter AdS13

Utilization mode AdS25 Length AdS13

Logging mode AdS25 Decay class AdS13

Forest health Stump
Damaging diffusion and severity

(ICP Forests-Defoliation) AdS13 Species AdS13

Damages or pathologies causes

(ICP Forests-Causal agents) AdS13 Diameter AdS13

Defoliation localization

(ICP Forests-Location in crown) AdS13 Height AdS13

Removal and mortality

(Same as ICP Forests) AdS13 Decay class AdS13

Botanical survey Lichens survey
Morpho-functional plantgroups presence and abundance Tr10 Lichen diversity Sample trees (DBH ≥ 20)

Vascular plant presence and abundance AdSQ10
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Forests Level 1 plots and their attributes. Specifically, 
among the mandatory surveys for ICP Forests Level 1, 
some expeditious surveys are included in IFNI, mainly 
with qualitative surveys of assessable crown, defoliation, 
tree damage status, causal agent or factors. In addition, 
with permanent plots, removals and mortality will also 
be estimated at the start of the second cycle (Eichhorn 
et al. 2020). Staff trained for ICP Forests Level 1 assess-
ments will conduct measurements and evaluations at 
the ICP Forests Level 1 points that also function as IFNI 
plots. However, it is not feasible to train all IFNI field staff 
to assess defoliation and discoloration levels in all the 
pure IFNI plots.

Table 1 shows the qualitative and quantitative variables 
covered by IFNI, accompanied by information on the 
sampling unit in which the survey is conducted.

4 � Remote sensing integration
As a modern NFI, IFNI combines field data with remotely 
sensed and other auxiliary sources (GIS layers, previous 
inventories) to improve efficiency (White et  al. 2016). 
Aerial orthophotos support preliminary forest cover clas-
sification (already included in INFC2005/2015), while 
remotely sensed data support forest attribute mapping 
(Breidenbach et al. 2021; Fassnacht et al. 2024).

4.1 � On screen classification
To support on-screen land cover classification, multi-
ple remotely sensed data sources are integrated. Recent 
orthophotos provide the finest spatial resolution available 
(20 cm), linking temporal homogeneity with triennial 
national cover. Therefore, Planet Scope images with daily 
3-m spatial resolution complemented the annual first 
phase photointerpretation (Francini et al. 2020).

The IFNI design facilitates updates and integration with 
additional remotely sensed data. Particularly, the Italian 
IRIDE satellite missions, operational from 2026, offer a 
viable solution, comprising approximately 70 satellites 
from six constellations. These include multispectral, opti-
cal, radar, and hyperspectral sensors, offering fine-reso-
lution data streams (Mastracci & Geraldini 2023). IFNI 
data will support IRIDE land monitoring products by 
serving as reference data.

4.2 � Mapping
Forest inventories over the globe have evolved from sim-
ply producing aggregated statistics to producing spa-
tially explicit forest attribute maps. Constructed using 
a variety of methods (Corona et al. 2014; Di Biase et al. 
2022), these maps integrate ground survey data and vari-
ous sources of remotely sensed information (White et al. 
2016; Kangas et  al. 2018). In Italy, early forest attribute 
maps (e.g., Chirici et al. 2020; Vangi et al. 2021; Giannetti 

et al. 2022) were constructed using both parametric (e.g., 
linear regression) and non-parametric (e.g., random for-
ests) methods with wall-to-wall remote sensing-based 
predictors (Barrett et al. 2016; Corona et al. 2014; Chirici 
et al. 2016).

Map accuracy and precision is typically assessed 
through cross-validation or leave-one-out techniques 
which lack site-level accuracy (Franceschi et  al. 2025). 
To ensure consistent accuracy and precision in estimat-
ing totals and mapping, analyses for both should adopt a 
design-based approach. To this end, we tentatively intro-
duce a design-based framework (Fattorini et  al. 2018), 
applying Tobler’s Law (Tobler 1970) through inverse dis-
tance weighting (IDW). The smoothing parameter, which 
controls weight reduction based on distance, is chosen 
via leave-one-out cross-validation (Fattorini et al. 2023).

Data from statistical sampling, such as that of IFNI, 
led to the development of design-based single- and two-
phase IDW interpolators for mapping forest attributes 
and their statistical properties  (Di Biase RM, Fattorini 
L, Franceschi S, Marcelli A, Marcheselli M, Pisani C, 
Corona P: A two-phase sampling strategy for design-
based estimation and mapping of forest resources and 
their changes, submitted). Model-assisted interpolators 
and their properties further enhance design-based map-
ping (Di Biase et al. 2022; Francini et al. 2024) for which 
maps can serve as pseudo- or artificial populations for 
bootstrap precision estimation (Fattorini et al. 2022). Due 
to the complexity of these derivations, detailed statis-
tics are not included here but can be found in (Di Biase 
RM, Fattorini L, Franceschi S, Marcelli A, Marcheselli M, 
Pisani C, Corona P: A two-phase sampling strategy for 
design-based estimation and mapping of forest resources 
and their changes, submitted).

Regarding remotely sensed auxiliary data, ALS is 
particularly effective for mapping (Coops et  al. 2021; 
D’Amico et al. 2022b), and Italy’s first national ALS wall-
to-wall campaign is currently underway (D’Amico et  al. 
2021). Data from IRIDE and Sentinel Expansion mis-
sions will soon enhance IFNI, aiding in disturbance and 
harvest mapping (Fassnacht et  al. 2024; Francini et  al. 
2021; 2022).

5 � Relevance and data availability
The development of IFNI has involved substantial 
interaction among various stakeholders. Moreover, 
the Carabinieri have leveraged the expertise of multi-
ple research groups. A preliminary discussion on the 
new Italian NFI took place during a meeting in Flor-
ence on March 21, 2023 (https://​www.​aisf.​it/​2023/​
02/​16/​la-​propo​sta-​della​rma-​dei-​carab​inieri-​per-​il-​
nuovo-​inven​tario-​fores​tale-​nazio​nale-​21-​marzo-​
2023/). At this meeting, the Carabinieri, the Italian 

https://www.aisf.it/2023/02/16/la-proposta-dellarma-dei-carabinieri-per-il-nuovo-inventario-forestale-nazionale-21-marzo-2023/
https://www.aisf.it/2023/02/16/la-proposta-dellarma-dei-carabinieri-per-il-nuovo-inventario-forestale-nazionale-21-marzo-2023/
https://www.aisf.it/2023/02/16/la-proposta-dellarma-dei-carabinieri-per-il-nuovo-inventario-forestale-nazionale-21-marzo-2023/
https://www.aisf.it/2023/02/16/la-proposta-dellarma-dei-carabinieri-per-il-nuovo-inventario-forestale-nazionale-21-marzo-2023/
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Academy of Forest Sciences, and CREA (Consiglio 
per la ricerca in agricoltura e l’analisi dell’economia 
agraria) initiated a dialogue on designing a new NFI 
aimed at identifying and integrating innovations to 
meet emerging forest monitoring needs while pre-
serving effective past practices. Representatives from 
the Italian Botanical Society and the Italian Institute 
for Environmental Protection and Research (ISPRA) 
also contributed, and substantial time was dedicated 
to discussion with stakeholders. The meeting set the 
foundation for a participatory and collaborative pro-
cess throughout 2023 and 2024 that focused on mul-
tiple tasks: (i) updating and simplifying the statistical 
methods of previous NFIs; (ii) ground survey innova-
tions to incorporate biodiversity assessments; and (iii) 
enhancing fieldwork with new instrumentation, such 
as satellite positioning systems, that are crucial for 
effectively integrating remotely sensed data.

The first field survey tests were conducted on Octo-
ber 10–11, 2023. During these tests, the survey proce-
dure developed based on the outcomes of the Florence 
meeting and subsequent suggestions from stakehold-
ers was assessed for feasibility. Potential challenges 
were identified, and necessary refinements were high-
lighted by expert forest mensurationists, botanists, 
and forestry professionals. Particular attention was 
given to evaluating the quality of the newly introduced 
GNSS instruments and biodiversity surveys.

The IFNI proposal has also been showcased and 
discussed at international events, including the For-
est Factor conference, organized by the Carabinieri in 
Rome, Italy on June 6–7, 2023; the 26th IUFRO confer-
ence in Stockholm, Sweden, on June 23–29, 2024; and 
The Smart Forest Monitoring conference in Rome, Italy 
on September 18, 2024.

The most relevant suggestions that emerged from 
presentations, discussions, and field tests include 
among others: (i) simplifying the statistical design 
from three to two phases; (ii) recording the position 
of each tree to establish permanent plots and enable 
long-term monitoring of individual trees; (iii) expand-
ing biodiversity assessments to include lichens, con-
ducting botanical surveys (measuring the presence 
and abundance of morphological groups), and incor-
porating TreMs; and (iv) integrating ground-based and 
remotely sensed data to generate spatialized maps of 
forest variables.

In pursuit of an integrated, collaborative, and 
adaptable project, ensuring data accessibility for the 
research community has also emerged as a key pri-
ority. As a result, IFNI has been designed to enable 
the dissemination of acquired data while maintain-
ing a non-disclosure agreement to safeguard sensitive 

information. Multiple other countries have already 
adopted this approach for sharing NFI data. Given 
the strategic importance of inventory data, balancing 
confidentiality with open distribution remains a deli-
cate issue as highlighted by Gessler et al. (2024). How-
ever, the debate on data-sharing practices continues 
(Päivinen et  al. 2023) and access to location-specific 
information must be evaluated on a case-by-case basis 
to maintain both transparency and credibility (Scha-
dauer et al. 2024).

6 � Conclusions
The critical role of forests in mitigating climate change, 
coupled with the increasing frequency and severity of 
disturbances, has sparked debate and intensified the 
focus on forest monitoring (Ferretti et  al. 2024; Nabu-
urs et al. 2022; Päivinen et al. 2023). In response to this 
growing awareness, efforts to improve and update knowl-
edge of forest resources have become essential. It is 
both encouraging and effective that numerous projects 
focused on forest monitoring—utilizing innovative and 
potentially harmonized approaches—have received fund-
ing across Europe. As a result, new NFIs, including the 
Italian IFNI, have been driven by scientific and technical 
advancements and innovation.

IFNI will provide crucial information to support efforts 
aimed at strengthening the protection and resilience of 
Italy’s forests, as well as their ability to deliver both tangi-
ble and intangible benefits. This new inventory program 
introduces important innovations aimed at modernizing 
and enhancing available products, while balancing inno-
vation with the preservation of best practices and lessons 
learned from the three previous Italian national inven-
tory surveys.

The primary innovation is the transition to an annual 
inventory (Chirici et al. 2020; D’Amico et al. 2021) based 
on a two-phase sampling approach. The rotating panel 
approach, conducted every five years, enables production 
of both annual and five-year estimates (assuming that 
conditions remain largely unchanged over the period) for 
multiple attributes: (i) total and per-hectare estimates of 
attribute parameters of interest, along with correspond-
ing precision estimates; (ii) changes in total and per-
hectare estimates of the attribute parameters of interest 
between the current year and previous years, including 
precision estimates; and (iii) wall-to-wall maps of attrib-
utes of interest, accompanied by precision maps.

Efforts have also been made to integrate, at least within 
a subsample, the ICP Forest Level 1 monitoring survey 
with IFNI. Previously, the two projects relied on different 
samples and maintained different temporal resolutions. 
Additionally, aligning with modern approaches, IFNI has 
improved temporal resolution, strengthened synergies 
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among existing information management systems, and 
enhanced the integration of terrestrial measurements 
with remotely sensed data (Ferretti et  al. 2024). Given 
that the development of a modern NFI requires the inte-
gration of multiple disciplines, continuous and intensive 
dialogue between inventory experts and stakeholders at 
various institutional levels has been essential and will 
remain so.
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