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Abstract

Key message International forest reporting processes and increasing forest disturbances delineate new requirements
regarding the information delivered by national forest inventories (NFI), with implications on their sampling strategies.
An original comparative review of the sampling designs of 6 pioneer NFI programs being both annual and 5-year peri-
odic evidences a set of common principles used to meet these demands, but also marked implementation differences,
and open questions. Bases for a common framework and persisting research needs are highlighted. Developing virtual
forest sampling simulation facilities at large scale is a critical challenge.

Context National forest inventories (NFI) rely on diverse sampling strategies. In view of international forest reporting
processes, these surveys are increasingly adopting a 5-year periodicity (their bar). The increased need for delivering
updated representative statistics in the context of the environmental crisis is making annual forest inventory (their
beat) a growing standard of the forest monitoring approach. To meet both objectives, spatially balanced sampling
designs resulting in samples that can be split into yearly systematic subsamples have been devised. They ground
the grid-based interpenetrating panel design principle that has generated various ingenious designs, however never
presented nor reviewed to date.

Aims The purpose of this review was to explore how the interpenetrating panel design principle has been imple-
mented by the NFls that have turned annual. The aims were to describe and frame the diversity of their designs,
highlight their common bases and differences, and compare their ability to address new reporting needs. A special
emphasis was placed on the graphical representation of these sampling designs. The NFI programs of France, Norway,
Poland, Romania, Sweden, and of the USA were considered.

Results The interpenetrating panel design principle is effective in reviewed inventories and is associated
with the 5-year moving-window estimator. Original and creative design developments were identified, causing
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substantial variations in its implementation. They concern panel geometry, unaligned sampling options, sampling
unit status, and estimation methods, making no-two inventory designs identical among those reviewed. In these
inventories, the notions of annual and cyclic inventory do not substitute for each other, but appear to complement
themselves to serve distinct reporting purposes. Also, negative coordination among annual samples is observed,
questioning their adequacy for trend monitoring purposes.

Conclusions The review evidences that a core sampling design principle, used to simultaneously operate annual
and 5-year periodic forest inventory, has given rise to a diversity of implementation options. While it offers an origi-
nal benchmark for any survey transition toward an annual frequency, it demonstrates the absence of a standardized

Page 2 of 19

framework. Developing simulation facilities for the comparison and optimization of associated designs appears
as a critical priority, especially in the context of the EC forest monitoring perspective.

Keywords Forest inventory, Spatial survey, Sampling design, Interpenetrating panel, Annual inventory, Cycle,

Periodicity, Estimation, Monitoring

1 Introduction

Surveys dedicated to natural populations require a par-
ticular care regarding the distribution of their sampling
units across space. Their spatial balance, defined as a reg-
ularity of the distance among units (Stevens and Olsen
2004), provides greater statistical efficiency (Christian-
son and Kaufman 2016). It is mostly ensured by using
regular spatial grids (e.g., Olsen et al. 1999) that partition
the territory under consideration in a way that spatially
systematic samples can be drawn (Bouriaud et al. 2023).
This solution is widespread in the field of forest inventory
(Tomppo et al. 2010; Vidal et al. 2016).

Forests can change rapidly over time and require regu-
lar reassessment. Time is therefore a fundamental struc-
tural aspect of the design of national forest inventory
(NFI) surveys. Accordingly, most NFIs across the world
have been deployed on the bases of a pre-defined peri-
odic reassessment—also termed cycle—of typically 10
years along the twentieth century (Tomppo et al. 2010).
International forest reporting processes, including the
UN/FAO Forest Resource Assessment (FRA) after the
WWII, and more recently European forest reporting
(State of Europe’s forests of the MCPFE/Forest Europe
protocol since 1990) have yet enforced a typical 5-year
reporting periodicity, calling for targeting this shorter
time step in forest statistics.

Over recent decades, forests in Europe have also
shown dramatic progression in their areal extension
and in their growing stock (Bontemps 2021), or changes
in tree species proportions (Audinot et al. 2020), all
resulting from the forest transitions (Meyfroidt & Lam-
bin 2011). Forests are also being increasingly subjected
to major disturbances, as a likely outcome of ongo-
ing climate change (Cornwall 2016). Major storms of
the early twenty-first century and their consequences
across European forests have first stressed the limits
of delayed periodic surveys (e.g., Lothar 1999 storm in

France, and its consequences on the French NFI design;
Vidal et al. 2005). Other emerging disturbances (heat-
weaves, Ciais et al. 2005; insect-driven diebacks like
bark beetle outspread in Europe, Hldsny et al. 2021)
figure out emerging disturbance regimes (Seidl et al.
2011), and recall the urgency of a rapid delivery of rep-
resentative statistics on forests, ideally annual (Gillespie
1999), in addition to consolidated statistics over a given
5-year period. Given the fundamental uncertainty of
their spatial occurrence, systematic sampling remains a
straight way to quantify their impact. In this context, a
new horizon for NFI programs lies in the double capac-
ity of assessing forests over a short periodic—typically
5-year—time range, and at a more reactive and yearly
time step, whereby precision, but not representative-
ness, would be traded against reactivity. These two tem-
poral constraints can be viewed as defining the bar and
the beat of the associated sampling designs.

For the sake of practical survey management, the
sampling effort should be distributed evenly over
years of a typical cycle (De Gruijter et al. 2006). In for-
est inventory, this has however resulted in classical
flaws, with either a rotation of spatial units invento-
ried all along a cycle, yielding space—time imbalances
and the impossibility of a dated estimation embracing
all country’s forests (e.g., Vidal et al. 2005 in France),
or alternatively to a concentration of inventory opera-
tions on restricted time periods with long interrup-
tions, requesting resort to temporary and untrained
staff (Tomppo et al. 2010). To address the aforemen-
tioned needs, the idea has therefore come forth that
a yearly fraction of the sampling grid used during a
cycle should also be spatially systematic, hereby pav-
ing the way for delivering representative annual forest
statistics (Breidenbach et al. 2020). While the Swedish
inventory has played an obvious pioneer role in this
respect (as of 1953, Fridman et al. 2014), the idea has
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been emphasized again at the turn of the recent century
in the USA (FIA, van Deusen 1999) and across Europe,
a consequence of international NFI networking activi-
ties favored by EU COST actions (Tomppo et al. 2010).
The notion is embodied in the concept of fractionation
of a systematic sample into systematic interpenetrat-
ing panels remeasured periodically. It builds on the
seminal work by Mahalanobis (1946; van Deusen 1997)
that used a two-panel fractionation concept for a con-
trol of sample quality across space. According to Frid-
man (2014), the so-called interpenetrating panels have
almost become an international standard toward which
NFIs in other countries aim.

Forest inventories that base data collection on system-
atic annual samples are termed annual inventories. They
should be distinguished from continuous forest invento-
ries that are based on permanent sampling units occa-
sionally remeasured (de Vries 1986), either exclusively,
or as a mix with temporary plots intended to capture
changes in the population (sampling with partial replace-
ment, SPR, Ware & Cunia 1962; Houllier 1985). A few
inventories are therefore both annual and continuous. In
terms of sampling design, this translates into a spatially
systematic grid-based design covered over a period (their
bar), and of which each annual sampling fraction, or
panel, is even also spatially systematic (their beat).

In a recent article, Bouriaud et al. (2023) provided the
theoretical algebraic bases for square grid fractionation
into interpenetrating systematic sub-grids. The 5-year
periodicity, as adopted by the French NFI, happens to
be one solution to this problem, as well as the 9-year
one (implemented in the Swiss national forest inven-
tory, Bréandli et al. 2020), and multiple-of-two solutions
(2, 4, and 8 years, typical periodicities found across US
environmental surveys, Olsen et al. 1999). The geomet-
ric solution to the 5-year periodicity has been identified
at several independent occasions (SAFIS US pilot forest
inventory; Reams and van Deusen 1999; Polish forest
inventory; Michalak and Zajaczkowski 2010). However,
grid-based fractionated sampling is not used by all inven-
tories. Other designs and varied fractionation options
softening the principle of perfect spatial systematicity
have also been identified across NFIs.

These preliminary explorations suggested the interest
of a review dedicated to the sampling design aspects of
the NFIs that accommodate for these temporal proper-
ties. Surprisingly, sampling designs have been let aside
of previous international synthesis and harmonization
efforts in forest inventory (an earlier synthesis, not cov-
ering panelized inventories, is provided by Lecomte and
Rondeux 1991). Adding to this interest, political incen-
tives toward a pan-European forest monitoring (Bon-
temps et al. 2022) arising from the new European Forest
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Strategy (European Commission 2021) question the
capacity of NFI methods to meet the goals of changing
their bar (the reporting tempo) while ensuring a funda-
mental annual beat (associated to the spatial coverage).
Third, the approach is meaningful for those inventories
still having a periodicity longer than 5 years, or wishing
to benefit from an international review of practice when
transitioning toward an annual inventory.

The objectives of this review were as follows: (i) to pro-
vide a systematic description of the NFI designs based on
the principle of an annual interpenetrating paneling of a
systematic base design into 5 fractions, with a particular
emphasis on their graphical representations, (ii) to iden-
tify common core principles but also individual original
options adopted to handle the issue, including the aspect
of temporal statistical inference, (iii) to synthetize and
discuss these approaches, and highlight their main fea-
tures, their limits, and research questions that could
guide future progress.

2 Sampling design and temporal inference
practices in periodic and annual forest inventory
surveys

Six NFI surveys reviewed met the criteria of being annual

and 5-year periodic and included those of France, Nor-

way, Poland, Romania, Sweden, and the USA. While not
reviewed in depth, three NFIs with alternative perio-

dicities were also discussed, including the Swiss NFI (9

years) and the Belgian NFI (10 years). These were com-

plemented by the Finnish NFI (5 years) that shares many
attributes with the Swedish NFI, but whose sampling
design is already accurately documented in Tomppo
and Tuomainen (2010) and Tomppo et al. (2011). To the
best of our knowledge, this forms a comprehensive list
of existing annual forest inventory programs. The main
features of the forest inventory designs under review are
summarized in a systematic way in Table 1and Table 2.

2.1 The French NFI design and the square-grid
fractionation problem

The French NFI design was renewed in 2005 with the
objective to deliver annual estimations of forest param-
eters, after the severe windstorm Lothar of 1999 and the
need to rapidly assess the resulting damages. The vision
was inspired by the American NFI (FIA; Vidal et al. 2005)
and is relying on the principle of interpenetrating annual
and spatially systematic sampling panels. Each of the
resulting panel subsamples supports yearly forest esti-
mates, in addition to average estimations computed over
several samples. A description of the design is provided
in Hervé (2016).

A square grid-based approach was adopted to define a
sampling frame (grid cells) from which forest inventory
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Table 2 Sampling strategies used among NFls based on systematic annual panels with respect to spatial alignment. Unalignment

can be sought for at two different stages: (i) at a wide spatial scale in the spatial grid paneling design and (ii) at a local spatial scale

in the sampling unit location strategy within grid cells. The deployment of plot clusters enabling the capture of local variability can
also be seen as a third complementary degree in this approach. The table splits the reviewed NFIs according to the use of none, one,
or both unalignment options. For the sake of comparison, some inventories were added to the review including the 9-year periodic
Swiss NFI (Brandli et al. 2020; Vidal et al. 2016), the 10-year periodic Belgian NFI (Rondeux et Lecomte 2010; Tomppo et al 2010), and the
5-year periodic Finnish NFI (Tomppo and Tuomainen 2010). °PP = permanent plot, TP =temporary plot, PPC = permanent plot cluster,
TPP=temporary plot cluster. "Depending on the NFI region, parallelograms of PPC can also be slightly unaligned (Fridman, pers.

comm.)

Spatial Grid-level strategy Field sampling unit location strategy Field

sampling unit

strategy status?
Aligned Unaligned Aligned Unaligned

Switzerland  Square grid Fixed position (grid nodes) PP

Romania Aligned parallelogram-shaped Fixed position (grid nodes) PPC
grid

Poland Square grid Fixed position (within cell) PPC

Belgium Rectangular grid Fixed position PPC

(at nodes)

France Square grid Random position within cell TP

Norway Latin square from a grid Fixed position (within cell) PPC

Sweden Aligned parallelogram-shaped  Parallelogram shaped-grid Fixed position within cell  Alternate horizontal position ~ PPC
grid® of alternate directions in the cells TPC

Finland Square grid Unaligned square grid Fixed position Alternate horizontal/vertical PP

position TC
USA Parallelogram-shaped grid Random position PPC

of alternate directions

plots could be sampled. An originality lies in the double
objective: (i) that the annual panels should each also form
square grids to respect a principle of even spatial distri-
bution of sampling units across the territory, (ii) that the
inventory periodicity should be 5 years, according to a
standard that has been spreading across forest invento-
ries (Tomppo et al. 2010), thus implying a number of five
interpenetrating panels. The base grid side size is 1 km.
In their contribution, Bouriaud et al. (2023) recently
showed that the problem of fractionating a spatial
square-grid into interpenetrating square sub-grids
admits several solutions. With 10 as an upper bound,
these solutions include the trivial ones obtained by
recursive half-grid fractionation (2, 4, and 8), but also
less obvious ones, namely 5 and 9. That 5 appeared to
be a solution of this fractionation problem is fortunate
in view of international forest reporting processes,
and it was adopted by the French NFI. This solution
is illustrated in Fig. la. It is also known as a knight’s
move deterministic Latin square design (Owens 1987).
Of note, each sampling unit (field plot) is selected ran-
domly within each grid cell to meet some form of una-
ligned sampling (Quenouille 1949) that avoids linear
or periodic artifacts (de Gruijter et al. 2006). All sam-
pling units of this survey are temporary, allowing for a

full renewal of forest samples across years (de Gruijter
et al. 2006). However, the need to better track for wood
fluxes led to decide a permanent systematic and 5-year
re-inventory of initial sampling units in 2010, embodied
in the notion of semi-permanent plots (re-assessed only
once). This original design has no equivalent across NFI
designs.

Van Deusen (1999) has warned about the rigidity of
such a design, articulated across years, and the potential
difficulties arising from non-completion of yearly pan-
els, as it may result from, e.g., budget or technical con-
straints. This call for reactive flexibility has also been
pleaded for in survey sampling frameworks (de Gruijter
et al. 2006, chapter 3). Among the theoretical suggestions
for increasing this design’s flexibility, an extra-paneling
option has been proposed (van Deusen 1999), whereby
the sampling effort could be reduced by a suitable fac-
tor, depending on the level of extra-paneling. Profit from
this approach is readily made possible in the design of
the French forest survey, as the 5-year paneling can be
implemented on a half-fractionation of the initial grid
(Fig. 1b), and as many times as needed on a power-of-
two scale of the sampling size, without sacrificing design
systematicity (Bouriaud et al. 2023). This notion of level
is implemented in the French NFI, and forest field plots
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Fig. 1 Spatial grid design of the French annual forest inventory survey as adopted since 2005. The design is based on the interpenetrating panel
approach. Each number corresponds to one panel/year one grid cell is assigned to, for a final periodicity of 5 years. The cells themselves define

a square sub-grid, ensuring a yearly systematic spatial cover of the forest population (illustrated for years 1 and 4 in a,and 1 and 5 in b). For panel 1,
the dots illustrate the within-cell random sampling of unit locations. a: Grid scheme for a base sampling grid. b: Alleviation of the sampling effort
by a factor of 2 maintaining spatial systematicity (notion of fevel), used for the sampling of different vegetation categories (redrawn and adapted

from Bouriaud et al. 2023)

measured in one annual panel have a distance of v20 km
from one another.

For the sake of statistical inference, the 5-year mov-
ing average estimator, i.e., the average of annual means
or totals (van Deusen 2002) was adopted. In practice,
the NFI system also affords point estimation in time that
includes any combination of successive years (the time-
indifferent estimator of the US FIA; Roesch and Reams
1999; Bechtold and Patterson 2005). Therefore, periodic-
ity appears to be a property of the sampling design, but
it does not lead to any form of cyclicity in the statistics
delivered (however see Discussion).

The design properties of this NFI survey and those that
follow are summarized in Table 1.

2.2 The Polish NFI—an incidentally comparable design

A new NFI design was decided in Poland in 2004, which
is described extensively in Michalak and Zajgczkowski
(2010) and Talarczyk (2014). The design corresponds to
a spatially systematic sample, distributed across a square
grid of cells of 4-km side size. This grid is subdivided in
repeated blocks of 5 cells, fixed in both their geometry
and orientation (Fig. 2a). Each cell of a block is assigned

to one yearly sampling panel ranging from 1 to 5 with one
corresponding sampling unit, with an attribution of cells
to panels set fixed across space. In contrast to the French
NFI, sampling units have a strict permanent status and
their position in the cells are not randomized. Also, they
are organized in clusters of 5 field plots. Therefore, meas-
urements are performed on one cluster per block every
year, ensuring an equal 20%-fraction of clusters being
measured annually.

Since the block patterns are repeated throughout the
territory, the cells and sampling units associated to one
yearly survey appear to be distributed systematically
across space, on square sub-grids of 4/5 km side size.
These annual grids happen to be interpenetrating, show-
ing an exact incidental coincidence with the design
adopted in the French NFI (Bouriaud et al. 2023, Fig. 2b).
The design thus belongs to systematic aligned sampling,
the position of sampling clusters being identical in each
grid cell.

This inventory has been termed cyclic and 5-year peri-
odic in Michalak and Zajaczkowski (2010), with the first
cycle corresponding to 2005-2009. However, the more
recent publication of Talarczyk (2014) indicates that this
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Fig. 2 Spatial design of the annual Polish national forest inventory survey as adopted since 2004. The design is based on the interpenetrating

panel approach, using 5-squared-cell blocks (B, highlighted in gray) of fixed shape and orientation (a). Each number within one block corresponds
to one panel/year one grid cell is assigned to, for a final periodicity of 5 years. The cells of one panel therefore happen to define a square sub-grid
(b), ensuring a yearly systematic spatial cover of the forest population (illustrated for years 1 and 4 in b) and therefore comparable to the French
forest survey design (Fig. 1). Sampling units (field plots) are organized in 5-plot clusters of L-shape, occupying a fixed spatial position in each grid cell
(redrawn and adapted from Michalak and Zajaczkowski 2010 for 2a, and from Bouriaud et al. 2023 for 2b)

survey is also designed for continuous inventory, able to
deliver updated annual forest statistics also using a 5-year
moving window approach, since completion of this first
cycle. While it is stressed that any dataset from five con-
secutive years has full statistical value, and the design
continuously provides up-to-date information each year
(Talarczyk 2014), the delivery of annual statistics solely
based on one single yearly sample is however not men-
tioned in these reference texts.

2.3 The US NFI (FIA)—a panel design resulting
from several compromises

The US forest inventory and analysis (FIA) survey was
initiated in the 1930s, performed at a state level, with a
periodicity ranging from 6 to 15 years, and a mode of 10
years (van Deusen 1997). Issues related to the timeliness
of forest statistic delivery, to greater national consistency,
and to integration of monitoring systems (Forest Health
Monitoring program, FHM and the FIA), were embodied
in the Farm Bill act of 1998 (van Deusen 2002) and led
to a full renewal of the sampling design in the 1990s (van
Deusen 1999). Initial prescriptions included the adoption
of a 5-year periodicity and led to implement an interpen-
etrating panel design with a 20% fraction measured annu-
ally, with reference to the seminal work of Mahalanobis
(1946), and explicit concern for informing forest distur-
bances (Gillespie 1999). Of note, a competing pilot design
was also explored to promote more frequent statistics,
namely the disturbance-based design, intended to give
greater inclusion probabilities to sampling units found in
disturbed areas (Hansen et al. 1998). With both increas-
ing environment-driven forest disturbances (Seidl et al.

2011), and remote sensing facilities, such design strategy
has seemingly been remaining under-considered over
recent decades. Also, a pilot study of a 5-year periodic
interpenetrating panel design tested in Southern states
(SAFIS, Reams and van Deusen 1999, see their Fig. 1)
adopted the exact same grid/panel scheme as the French
and Polish inventories, again stressing the relevance of
this option.

An objective of this reform was also to merge the FIA
program with the Forest health monitoring (FHM) pro-
gram, whose design was based on a triangular grid and,
also, the interpenetrating panel concept, making it pos-
sible to accommodate for periodicities of 3, 4, 7, 9, and
11 years (with an actual periodicity of 4 years, Olsen et al.
1999). Therefore, a hexagonal tessellation (cells surround-
ing a triangular base cell) was adopted that enabled a
5-year periodicity, provided that a parallelogram-shaped
tessellation of each panel was adopted (Bechtold and Pat-
terson 2005, Fig. 3). As a difference to previous square-
grid designs, the average distance across sampling units
of one panel are not identical in the two main sampling
directions, indicating a direction-driven variation in the
sampling intensity, compensated for after a full cycle.
With base hexagons of an area of 5937 acres, the hexagon
side size is around 2830 m, implying average distances of
around 17/11.3 km between the cells of a given panel in
the two directions of the parallelograms.

The sampling units of the FIA design are permanent
and are arranged as clusters of 4 field plots (Bechtold
and Patterson 2005), a design option comparable to that
of the Polish inventory. These plot clusters are however
positioned at a random location within each hexagon
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Fig. 3 Spatial design of the US FIA annual forest inventory survey as adopted after the Farm Bill of 1998. The basic design is based

on the interpenetrating panel approach applied to a basic hexagonal-grid tessellation of the territory. Each number assigns one grid cell to one
yearly panel, the spatial design of which being a parallelogram-shaped grid (represented for panels 1 and 2). Within each cell, the location

of the sampling units—a permanent cluster of 4 field plots as illustrated in the gray-filled cell—is drawn at random to permit unaligned systematic

sampling (redrawn and adapted from Bechtold and Patterson 2005)

(Tomppo et al. 2010; Tinkham et al. 2018) to meet the
condition of unaligned systematic sampling, as found in
the French inventory.

Regarding inference, no core method was decided
(Bechtold and Patterson 2005; Westfall et al 2022), with
recurrent hesitations/tests between/of different esti-
mators often reported in the literature. Inference was
further made more complicated by panel incompletion
issues (the so-called panel creep, van Deusen 2002), caus-
ing strongly variable re-measurement periods across
panels and the need for corrected estimators (Roesch
2018). This inference aspect has been a matter of recur-
rent research to date (e.g., Johnson et al. 2003; Roesch &
van Deusen 2013; Roesch 2018; Hou et al. 2021). How-
ever, some estimators have been readily implemented in
the FIA, including the time-indifferent estimator for for-
est status inference (one panel sample or aggregation of
several panels), the 5-year moving average estimator as a
way to address a regular update of the statistics to com-
ply with the Farm Bill, and a mixed-estimator approach
including a data updating component to accommodate
for variable time steps in panel revisit (van Deusen 2002;
Patterson & Reams 2005; Roesch 2018), depending on
the inferential purpose. In this inventory program as well,

the yearly sampling effort made it inaccurate to base the
estimation process on a single panel in practice.

2.4 The Norwegian NFI and the Latin square approach

The current design of the Norwegian NFI survey has
been implemented in the seventh inventory of 1994 and
is described in Tomter et al. (2010) and Breidenbach et al.
(2020). While the Norwegian NFI is presented as a peri-
odic inventory with a 5-year cycle (Tomter et al. 2010), it
also belongs to annual inventories, with one fifth of the
territory being surveyed each year, also according to an
interpenetrating panel design (Breidenbach et al. 2020).
The explicit reason behind the notion of cycle lies in the
objective to maintain the sampling design and data col-
lection protocols mainly constant over a 5-year period
(e.g., 2005-2009, 2010-2014). Nevertheless, a 5-year
moving-average estimation process is also implemented,
for both the purposes of LULUCF reporting (Tomter
et al. 2010) and the requirements of the annual report-
ing of Statistics Norway (Breidenbach et al. 2020). This
aspect well emphasizes the balance to be maintained
between the innovation facility as permitted by an annual
inventory, and the need to maintain constant standards
and coherent statistics.
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Of note, and while not being initiated for a 5-year
period, the concept of interpenetrating annual sam-
ples is much older in Norway and reflects the pioneer-
ing tradition of Nordic countries in forest inventory (see
the Swedish inventory below). As of the 4th NFI cycle of
1964-1976, 1/12th of inventory plots, distributed over
the whole country, were inventoried each year to provide
fast estimates at the country level (Breidenbach 2020).

The sampling design relies on a square-grid tessel-
lation of 9 km side size, organized in squared blocks of
5x5 cells (45x45 km), defining a Latin square used to
fractionate the sampling effort evenly into 5 annual frac-
tions (Fig. 4a, see also van Deusen 1999). The same Latin
square is repeated indefinitely over the territory (in the
same way as the pattern of year assignment was constant
among blocks in the Polish NFI) and was defined under
the constraint that no two neighbor cells of one given
yearly panel are found adjacent within and across blocks
(Fig. 4b, Breidenbach et al. 2020). An incidental outcome
is the spatial distribution of the first-year panel accord-
ing to a square grid (the knight’s move of the French and
Polish NFIs). Further panels (years 2—5) do not show the
same regularity.

The sampling units are formed by clusters of 9 perma-
nent plots in each cell, positioned on a predefined finer
grid of 3 km side size (Fig. 4a, 15X 15=225 grid nodes
are encompassed in a Latin square for the positioning
of permanent plots). A 3x9 km grid can also be used in
low-productive regions (Breidenbach et al. 2020). The
logic (blocks, permanent plot clusters, fixed position) is
therefore very close to that of the Polish NFI survey. At
less regular occasions (15 years), these clusters are also
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complemented with 3—11 temporary plots for increasing
the precision of forest estimates at a county level, hereby
implementing a mixing strategy of permanent and tem-
porary sampling units.

Owing to the Latin square repetition, the design bor-
rows to the ideas of both unaligned systematic sampling
and cluster sampling (van Deusen 1999). This highlights
the fact that unaligned sampling can be achieved in dif-
ferent ways: either through the random location of sam-
pling units within grid cells, or through Latin square/
block randomization. The design does ensure the inter-
penetration of annual panels and systematic coverage
over space, and may behave better than the systematic
design when spatial autocorrelation or periodic spa-
tial patterns exist in the population (Munholland and
Borkowski 1996).

2.5 The Swedish NFI—the legacies of pioneer
implementation of interpenetrating panel design

The Swedish NFI has been pioneering the implementa-
tion of interpenetrating annual panels, regularly spread
across space, and several variations have therefore been
introduced over time (see Fridman et al. 2014 for a
detailed overview). In 1953, this inventory moved from a
10-year cyclic inventory implemented at county level, to
an annual approach whereby each sample was systemati-
cally spread across the Swedish territory and represented
one 10th of the sampling effort every year. This shift is
therefore similar with that observed in forest inventory
surveys of the USA and France. Also, by comparison to
the French NFI survey, samples were exclusively com-
posed of temporary sampling unit clusters at that time.
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Fig. 4 Spatial design of the Norwegian annual forest inventory survey as implemented since 1994. The spatial design is based on a square grid,
tessellated in blocks of 5x 5 cells. Each block is formed by a Latin square (4a) for the assignation of each grid cell to a yearly panel, with similarity
to the Polish forest inventory survey. The same Latin square is repeated indefinitely over the territory (4b) and allows interpenetration of the yearly
panels, in a way that generates a regular coverage of the territory each year (example with panel 5 in gray), borrowing to unaligned systematic
sampling (note: an incidental exception is formed by panel 1 which distribution is spatially systematic (knight's move pattern), in a way thus similar
with the French and Polish inventories). (Redrawn and extended from Breidenbach et al. 2020)
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The statistical accuracy of the estimations was found suf-
ficient to implement a 5-year moving-window average for
official statistics, with annual delivery. Also, as found in
the Norwegian inventory, special reports were delivered
based on a 5-year cycle (Fridman et al. 2014).

Later achievements included a shift to an annual inten-
sity of 1/5th of the sampling effort every year in 1973, the
introduction of permanent sampling unit clusters in 1983
for a better estimation of forest change, with an equal
number of temporary and permanent clusters, and the
consolidation of a 5-year periodicity for permanent clus-
ter re-measurement as of 2003 (see Table 1 in Fridman
et al. 2014). Statistical estimates first produced separately
from the temporary and permanent samples, are being
aggregated into a full estimate using a weighted average
optimized for minimizing the variance term of one target
estimate (the process is repeated for forest area, growing
stock per hectare, harvested area, and volume).

The spatial features of this NFI design are presented
in Fig. 5 (adapted and drawn from Ranneby et al. 1987,
for one NFI region). It has been regularly adapted until
some stabilization was met (Fridman et al 2014). The
temporary clusters of a yearly sample are systemati-
cally distributed along regularly interpenetrating lines
designed for a 10-year periodicity on a base square grid
(Fig. 5a) that remind of early developments inspired by
the Nordic strip design concept (Fridman et al. 2014).
Their distribution is not even across space. The perma-
nent clusters introduced later are distributed following
a similar logic, though interpenetrating each other more
regularly and drawing systematic parallelogram-shaped
grids, identical across years, and revisited every 5 years
(Fig. 5b). Their side size is ¥5 / 4/5 km in the two direc-
tions. Temporary and permanent clusters are also inter-
penetrating each other. Consequently, the aggregation
of permanent and temporary clusters of 1 year generates
parallel and equally spaced blocks constituted of paral-
lelogram-shaped grid cells of much lower size (Fig. 5c).
These may be viewed as hyper-clusters, and the sampling
design considered as a spatially systematic double cluster
sampling. By comparison to previous designs, the Swed-
ish design appears to be more sophisticated, and borrows
to both strip and grid sampling.

2.6 Astrue as 5=4+ 1—the Romanian NFI
and the cautious balance of annual and periodic
priorities
The Romanian NFI is presented extensively in Bouriaud
et al. (2020). Thorough graphical representations of the
sampling design are further provided in Bouriaud and
Marin (2016). This NFI is one of the latest NFIs imple-
mented in Europe and relies on a cycle of 5 years, with
a first cycle initiated in 2008. The Romanian inventory
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design borrows many features from those of other coun-
tries, including the interpenetrating panel approach, but
has produced a specific design. The major originality of
the Romanian NFI is to base its annual sampling on a
spatial grid split into 4—not 5—interpenetrating yearly
sampling panels, assessed during the first 4 years of the
cycle, leaving the 5th year as a buffer year intended: (i)
to absorb any delay in inventory operations of the 4 first
years, (ii) to prepare and test for changes to these opera-
tions implemented in the next cycle, (iii) to elaborate the
forest inventory statistics delivered every 5 years, and (iv)
as a theoretical option not used to date, to sample addi-
tional temporary plots intended to increase the statisti-
cal precision in some forest contexts, or for the targeted
sampling of forest disturbances. This inventory therefore
copes up with annual sampling and 5-year cyclicity fun-
daments, while adopting a flexibility principle able to
handle the difficulties of rigid yearly paneling as encoun-
tered in, e.g., the US (van Deusen 2002; Roesch 2018) and
the French inventories (Bouriaud et al. 2023; see associ-
ated sections).

In details, two base grids of distinct resolutions (4
km side size in hill and mountain strata, 2 km side size
in lowlands where forests are of scarcer occurrence) are
implemented. These grids are not square but rhomboi-
dal—every second line of sampling units being shifted by
half the side size—to avoid their right-angle alignment
in the face of mountain ridges that are mainly oriented
in N-S and W-E directions across the country (Fig. 6).
Therefore, the distances between adjacent sampling units
after a full inventory cycle are 4/4.47 km, and 2/2.23 km,
depending on the grid density and the directions of the
grid. The even fractionation of this grid into 4 annual
panels yields sub-grids constituted of parallelogram-
shaped cells in a way similar with the Swedish and US
forest inventories, with the difference that they exhibit
one single orientation (Fig. 6). The distances between
adjacent sampling units of one panel are~7 km/~9 km
(2v13=7.21 km, 2v20 km =8.94 km) for the 4 x 4 km base
grid, and~3.5 km/~4.5 km (¥20 km) for the 2x2 km
base grid.

The sampling units are formed by square clusters of
4 permanent field plots positioned at each node of the
grids, hereby implementing the option of a continuous
inventory. Sampling is performed without further ran-
domization, in a way therefore comparable to the Polish
and Norwegian NFlIs, clusters of the US FIA inventory
being randomized in their locations.

Statistical estimations are based on either a single
yearly panel, or by merging all 4 panels into one single
sample for inference at the end of the cycle (Bouriaud
et al. 2020). In view of the disruption introduced by the
buffer year, no moving window estimator is implemented.
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Fig.5 Spatial design of the Swedish annual forest inventory survey as implemented initiated in 1953 and stabilized since 2003 (example of NFI
region 3). The spatial design relies on a base grid of 5 km side size (Fridman et al. 2014). a: Temporary plot clusters are arranged as regularly
spread strips across the grid (two cycles of 5 successive samples (0-4 and 5-9) are highlighted in blue/gray, respectively), with clusters of 8 plots
as figured out bottom right of a, b: permanent plot clusters (four plots, bottom left) are positioned in between temporary strips in a way that they
form parallelogram-shaped annual grids both interpenetrating each other and temporary strips (4 annual grids of permanent clusters out of 5,

of different colors illustrated), c: the densification provided by assembling temporary (a) and permanent (b) plot clusters is illustrated for two
couples of samples, each with a 5-year distance between samples (0-5 and 1-6). They form bands of parallelogram-shaped cells regularly spread

over the territory and interpenetrating across years

While it may be theoretically possible (across a 5-year
period and 4 panels), changes in the inventory operations
planned at the end of each cycle lead to avoiding the mix-
ing of sampling panels from different cycles. Since the

issue of disruption in the inventory operations is imma-
nent to all inventories and justifies the notion of cycle, it
is surprising that it remains little discussed in the wide-
spread application of the moving-window estimator.
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Fig. 6 Spatial design of the Romanian annual forest inventory survey as initiated in 2008. The sampling design relies on a rhomboid grid pattern
resulting from the shifting of every two lines of grid nodes from half the side size of a square grid (in black). A rhomboid associating sampling units

of the four annual panels (numbered from 1

to4) is highlighted (bold black). Clusters of 4 permanent plots are positioned at each grid node. The

rhomboid grid is fractionated in 4 systematic panels constituted of parallelogram-shaped cells (panels of years 1/4 figured out in blue / light gray,
respectively). Panels 1/2 and 3/4 share common sampling directions, which is not the case of any combination of two other panel. (Elaborated

and drawn from Bouriaud et al. 2020)

3 Main outcomes and discussion
3.1 Common design and inference properties,
but no standard

This review of sampling designs and estimation processes
of six annual national forest inventories highlights the
existence of a common set of core sampling and inferen-
tial principles adopted to achieve this objective, namely:
(i) the systematic interpenetrating panel design approach,
whereby each annual sample ensures a balanced spatial
cover of a country’s forests, and samples are negatively
coordinated to minimize the overlap between sampling
units of successive samples and to maximize spatial cover
(Grafstrom and Matei 2015), (ii) the systematic resort
to regular base grids (see Figs. 1, 2, 3, 4, 5 and 6) from
which the panel geometry is derived, with exclusion of
other tessellation approaches (e.g., compact geographi-
cal stratification directed toward prior information of
the population distribution, Walvoort et al. 2010), (iii)
the possibility of fractionating the grid tessellations into
5 panels (hexagonal tessellation of the US NFI, square
grids of the French, Norwegian and Polish NFIs). A
noticeable exception is the rhomboid-based approach of
the Romanian NFI (another one is the fractionation into
9 panels based on a square grid in Switzerland; Fischer
and Traub 2019), (iv) the possibility to perform statisti-
cal inference on a true annual basis based on one single

sampling panel, i.e., the fundamental beat of these inven-
tory designs, (v) options for integrating successive panel
samples into one reference estimation for a given 5-year
period, which form the so-called bar of these designs,
and appears especially relevant for international for-
est reporting processes. Nevertheless, substantial vari-
ations in these different approaches were also identified
that suggest that it does not fully endorse the status of
a standard (Fridman et al. 2014). This is made obvious
from the synoptic comparison of these designs according
to the different criteria reviewed (see Table 1).

3.2 Temporal surveys with units of different temporal
status

A first major distinction should be made as regards the
status of field sampling units: temporary or permanent,
or a mix of both. While some inventory surveys are based
exclusively on permanent sampling units (Poland, USA,
Romania), other inventories are based on a mixed-strat-
egy, where permanent and temporary units are associ-
ated, either at a cluster level within each annual panel
(Norway) or at a panel level, with a distinct grid scheme
(Sweden), or are based exclusively on semi-permanent
sampling units (France, Table 1). In strategies where only
permanent sampling units are found, the design makes
profit from a spatially balanced spreading of annual
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samples to favor population coverage, and from the lon-
gitudinal nature of the information collected periodically
on one given panel, for the estimation of forest changes.
This approach is also found in the Swiss (Brandli et al.
2020) and the Belgian annual NFIs (Rondeux et Lecomte
2010). Yet, permanent plot samples of successive panels
remain independent, questioning the continuity of forest
change appraisal across years.

Temporary units compensate for possible imbalances
in the population coverage provided by permanent grid
schemes, which is a crucial aspect when the forest cover
is extending (Bontemps 2021). The approach seems
especially effective when distinguishing temporary and
permanent units at a panel level (Sweden, Fig. 5). In the
case of France, the limitation of using temporary units
exclusively for measuring forest changes has been com-
pensated for in 2010, with the introduction of sampling
unit re-measurement (semi-permanent units, Bouriaud
et al. 2023) after each period of 5 years, which appears to
be original across NFI surveys. The same logic was at the
origin of permanent sampling unit introduction in the
Swedish inventory.

3.3 Unaligned systematic sampling strategies and their
effectiveness

A second distinction concerns what exactly is referred
to by systematic sampling, and the incentives taken to
avoid unalignment. The underlying idea of unaligned
systematic sampling remains to avoid sampling bias with
respect to linear patterns or artifacts in the forest popu-
lation. Unaligned sampling can be achieved in two main
and non-exclusive ways, consisting in basing annual sam-
ples on a non-aligned grid paneling (e.g., Norway, USA,
Figs. 3 and 4), or randomizing the location of field sam-
pling units (USA, France, Sweden for temporary plot
clusters, see Figs. 1, 3, and 5). In addition, we propose
that plot clustering, which is beforehand a way to opti-
mize field data collection by reducing traveling costs
across sampling units while favoring between-plot vari-
ability (de Vries 1986), may also be seen as a means to
deviate from perfect alignment.

A large array of strategies is seen implemented among
panelised annual inventories (Table 2), ranging from
perfect alignment (e.g., Poland or Romania, Figs. 2 and
6, also encountered in the Swiss and Belgian NFlIs, see
Table 2) to non-alignment as ensured at both stages (with
USA as an exception, Fig. 3). Intermediate approaches
target the grid level (e.g., Norway, Fig. 4) or the sampling
unit level (France, Fig. 1) corresponding to an additional
degree of randomness in sampling unit selection, or so-
called sampling stage.
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In the case of perfect alignment, a sampling strategy
exclusively based on permanent sampling units is there-
fore at risk of giving a permanent status to potential
spatial bias (Romania, Poland, to which the Swiss and
Belgian NFIs can be added, see Table 2). Resort to sam-
pling renewal based on temporary sampling unit is also
identified as a rare strategy (France, Sweden, Table 2).
In the Nordic Swedish and Finnish (Tomppo et al. 2010)
NFIs, unaligned sampling is practiced across temporary
plot clusters, and breaks the alignment of permanent plot
clusters.

Whether unaligned systematic sampling may better
perform than the aligned one, and the extent to which
some among the highlighted options may better secure
sample and estimation unbiasedness remains however
hard to decide theoretically, as it will depend on the
nature and extent of spatial structures in the population,
and correlation patterns encountered (Matérn 1986).
This is discussed below.

3.4 The 5-year moving window and the challenges of cycle

homogeneity and annual inference
While more consensual, the third distinction concerns
the statistical estimation process associated to annual
paneling. Though sample paneling is initially intended
to enable statistical inference at the annual temporal
scale for a more reactive delivery of survey statistics,
most inventory surveys indicate that the size of annual
samples is often insufficient in practice to yield compre-
hensive and accurate estimates for small domains under
scrutiny (e.g., at the level of administrative units). Here, a
noticeable aspect is the strong comparability of the sam-
pling effort across reviewed inventories, with an order of
magnitude of 10 km for the distance between adjacent
sampling units of one panel, regardless of differences in
forest complexity and topography among these countries
(Table 1).

An option to face the difficulty is to allow inference
only for regional to country-level totals or averages (Brei-
denbach et al. 2020). For this reason, estimations over
successive annual panels are most often aggregated, with
the 5-year moving-average estimator as a consensus
(Table 1). Other options include the so-called time-indif-
ferent (TI) estimator (Reams et al. 2005), whereby suc-
cessive samples are aggregated to form a unique one able
to deliver a single more robust estimate of one popula-
tion parameter. This approach is also implemented in the
cyclic inventory of Romania (Table 1).

Nevertheless, limits to the moving-average estima-
tor have been identified (van Deusen 2002; Roesch et al.
2005; Hou et al. 2021), with estimations lagging behind
true population trends, and bringing the paradox that
annual inventories remain hardly used for supporting an
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effective trend monitoring (De Gruijter et al. 2006). In
addition, the idea that fixed-term reporting at dates dis-
tant from 5 years (cycle) can coexist with the continuous
moving-window approach has been often encountered
across the reviewed NFI systems, especially to fix periods
during which protocols are maintained constant. In some
cases, priority set on this objective can limit resort to the
moving-window approach. In the Romanian inventory, a
5-year moving-window approach could hence be imple-
mented in theory despite the existence of only 4 annual
fractions, but it remains prohibited to avoid cycle-driven
disruptions in the statistics arising from inventory opera-
tion shifts.

Two complementary strategies can thus be highlighted
that intend to enhance the delivery of annual forest sta-
tistics. One first approach has been termed multisource
inventory (Tomppo et al. 2008), as it intends to enhance
the accuracy of NFI estimations by exploiting high reso-
lution auxiliary information from remote sensing tech-
nologies. It proves especially efficient for a restricted set
of dimensional variables such as the growing stock or
the aerial biomass. Flux variables such as the net incre-
ment are matter of research and require longitudinal data
(Vega and Saint-Onge 2008). Also, various approaches
are found competing between each other to date (model-
assisted, model-based, and hybrid inference; see Stahl
et al. 2016) and are too recent to suggest a consensus,
together with being technically demanding. Alternatively,
imputation techniques (Little and Rubin 1987) for inven-
tory updating (van Deusen 1997) may be more tractable,
but remain of a surprisingly restricted use in the target
situation of panel analysis across the annual NFI pro-
grams reviewed. When plots are permanent, the princi-
ple is to make use of the most recent panel(s) remeasured
over the design period, to calibrate a regression model of
a given quantity (e.g., growing stock per hectare), and to
apply it to panels intended to be measured in the coming
years, in proportion to the time interval they are sepa-
rated from the target year. In this manner, all panels are
used for any point estimation in time, greatly increas-
ing its precision. A few examples of implementation for
cross-cycle inventory updating are given by Condés and
McRoberts (2017) and Magnussen et al. (2017). The
approach has been recently explored for the Swiss annual
forest inventory, owing to its long 9-year period (Mag-
nussen 2024, comm. pers.)

3.5 Annual inventories and the pitfall of a never-ending
mechanics

Despite their advantages, the previous coordinated

designs and their estimation processes require the

maintenance of a temporal regularity and a similar sam-

pling effort intensity over the long term. As such, these
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surveys are therefore prone to budget- or environment-
driven disturbances (van Deusen 1999; Bouriaud et al.
2023), or more generally to a wish to modify sampling
designs with increasing availability of information of the
populations under study, or with changing objectives
(Overton and Stehman 1996). The history of the Swedish
forest inventory survey and the changes implemented
over time well illustrate those aspects (Fridman et al.
2014). The need to adapt the annual sampling effort has
also been described in the US and French forest inven-
tory surveys, whereby the completion of annual panels
had been made impossible at some occasions, leading to
the violation of the periodicity and systematicity princi-
ples, and possible spatial and temporal biases in the sam-
pling and inference processes (Roesch and van Deusen
2013). Subpaneling options—i.e., where not all units of
a panel are purposedly sampled, but remain distributed
in a pseudo-systematic way—happened to be imple-
mented in both inventories (Reams et al. 2005 in the FIA
with discussion of different possible options, and Bou-
riaud et al. 2023 in France) to avoid these undesirable
effects. Otherwise, when adaptations to the design are
not implemented, the estimation framework can also be
adapted for the mitigation of variable time intervals, as
illustrated in Roesch (2018).

In this respect, avoiding complex sampling designs
for the temporal survey of natural populations has been
a strong general recommendation (De Gruijter et al.
2006). Accordingly, Overton and Stehman (1996) have
advocated for avoiding sampling design complexifica-
tion in such surveys, and for sticking to simple designs
such as the annual SRS, in a view to favor adaptabil-
ity, transparency, and a maximum use of data by non-
statisticians. The available literature further shows that
little consideration has been paid on design flexibility
and resilience. The approach chosen by the Romanian
NFI survey (Table 1, Bouriaud et al. 2020) is noticeable
and inspiring in this respect, as it both complies with a
5-year periodicity and the paneling approach and fixes
one “buffer” year every 5 years, with multiple effective
or theoretical purposes: (i) absorption of delays in the
inventory operations of the previous years, (ii) addi-
tion of temporary plots spread among the permanent
plot network to densify the sample and contribute to
unalignment, (iii) test and implement changes to the
inventory operation protocols for the next cycle. In a
context of growing uncertainty about the occurrence of
large forest disturbances, the same buffer year may also
be theoretically used for, e.g., more ad hoc disturbance-
based sampling operations, when necessary, hereby
providing an elegant solution to the tension formerly
identified in the USA between the competing ideas of
disturbance-oriented (Hansen et al. 1998) and annual
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inventory designs (van Deusen 1999, AFIS and SAFIS
pilot NFI projects).

3.6 Sample coordination—the antagonistic purposes

of inclusive spatial cover and trend monitoring
An open question also arises about the negative sample
coordination found between successive annual panels,
encountered in the reviewed NFI surveys, and its appro-
priateness for the general growing objective of forest
monitoring.

The notion of sample coordination refers to the over-
lap between successive samples drawn from a population
(i.e., a fraction of sampling units belonging to successive
samples; Patterson 1950), and it can be either positive
(favored overlap) or negative (avoided overlap). Extreme
coordination configurations correspond to (i) constitut-
ing new samples at each occasion (temporary plots in
forest inventory), which is especially useful for estimat-
ing population means when the population changes over
time, or (ii) maintaining one same sample used at each
occasion (permanent plots), most efficient for track-
ing population changes (Patterson 1950). Sampling with
partial replacement of units is an intermediate approach
imagined to satisfy both objectives, in the usual context
where forest changes are slow (Ware and Cunia 1962).
Negative spatial coordination is especially efficient
when the spatial distribution of the population is both
unknown and of complex spatial structure, and changes
over time (Grafstrom & Matei 2018).

Whereas the initial intention of annual inventory
designs is to permit a high-frequency update of forest
status (i.e., status monitoring; De Gruijter et al. 2006),
the availability of annual systematic samples has how-
ever rapidly supported the view of using such samples
for monitoring population trends (i.e., trend monitoring;
same reference) and their variations across a territory.
The view is illustrated by, e.g., NFI-based monitoring
approaches of forest growth (Elfving and Tegnhammar
1996; Ols et al. 2020, 2021), or of the growing stock (Bon-
temps et al. 2020; Henttonen et al. 2017).

For trend monitoring purposes, however, positive coor-
dination across successive samples has been put forward
as an advantage, as it reduces the variance of change esti-
mation (Grafstrom and Matei 2018). It has also proven
useful for establishing forest trends when survey proto-
cols change over time (Goeking 2015). In multipurpose
surveys like NFIs, design optimization is generally unob-
vious (De Gruijter et al. 2006), and defining the appro-
priate degree of spatial coordination between panels to
address these two goals remains a largely uncovered issue
among the reviewed inventories.
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The combination of permanent sampling units and
paneling concepts (Table 1) yet constitutes a basic sam-
pling asset for handling the trade-off between spatial and
temporal cover, with permanent plots revisited periodi-
cally (perfect coordination scheme) as a basis for trend
estimation and monitoring, at least at a 5-year pace.
From an inferential viewpoint, one perspective may be
to systematize separate inference approaches (Fridman
et al. 2014 for the Swedish NFI), and e.g. implement
time-indifferent estimations for appraising forest status
(Bechtold and Patterson 2005), and change estimations
based on a difference estimator, every year. We however
stress that this option is not particularly emphasized
among the reference texts of reviewed inventories, and
no dedicated estimation framework for changes is either
discussed. This would deserve a specific focus (Roesch
& van Deusen 2013). In the French inventory, where all
sampling units are yearly renewed and semi-permanent,
the issue is now being under scrutiny, with two major dif-
ferences with the previous designs. First, the full renewal
of samples every year favors the unbiased coverage of a
forest population which is changing very fast (Bontemps
et al. 2020). Second, the trend monitoring perspective
has significance over 5 years, but cannot feed the elabora-
tion of forest time series over the longer term.

We last wish here to formulate an original proposal,
regarding a possible new use of the plot cluster design to
strengthen the positive coordination of successive sam-
ples in panelized inventories, and turn their standard
statistical weakness (correlation among neighbor units)
as an asset. In clustered designs (Table 1), the distance
between adjacent sampling units of one cluster is usually
by a minimum one order of magnitude (Poland, Roma-
nia, Sweden, Finland, Tomppo et al. 2011) smaller than
that separating clusters of successive panels (exceptions
concern the Norwegian and Belgian inventories, with
ratios of one third to one fourth, but that correspond
more exactly to stratified spatial sampling; Rondeux et
Lecomte 2010, Breidenbach et al. 2020). The within-
cluster correlation can therefore be expected to be much
greater than that between clusters, and in principle, so
should be that of within-cluster forest changes. By sub-
stituting the prevailing paneling of one base periodic
sampling grid for a within-cluster paneling strategy, sys-
tematic interpenetrating sampling would be maintained
every year, with increased temporal coordination. One
constraint would be to match the cluster size with that
of the inventory period, or a multiple of it. Since logistic
cost may be increased, careful quantitative analysis of the
statistical gains and costs, and options for a design refor-
mulation may be established. The question may be easier
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to address in inventories where the cluster size is large
(typically around 10 sampling units or more).

3.7 Digital forest twins for the large-scale simulation
and evaluation of sampling designs

Previous sections have highlighted diverse design
options, and the extent to which a compared quantita-
tive evaluation of these alternatives is largely missing
to date, as it remains based on theoretical considera-
tions or intuitions. This typically concerns (i) options
for securing sample unalignment at different levels
(Table 2), (ii) the status of the temporary/permanent
sampling unit mix for meeting the spatial cover/tem-
poral accuracy objectives, (iii) the degree and sign of
coordination across panel samples, (iv) the role that
clusters of sampling units can play regarding unalign-
ment or sample coordination. Statistical estimation is
also concerned in its temporal dimension, as regards
moving-window, time-indifferent, and panel imputa-
tion approaches, also when it comes to the issue of the
precision provided by annual sampling panels.

In this respect, there is a crucial need for simula-
tion benchmarks questioning the efficiency of these
alternate design strategies and inference frameworks,
and primarily those that may be newly formulated
from the present bases. While this need has been early
stressed by some inventory authors (e.g., Roesch et al.
1993: given the amount of time and money it takes to
acquire data in forestry studies, the ability to easily test
the properties of different sampling methods before they
are applied in the field is of paramount importance.
[...] Simulation of these schemes before implementa-
tion may help uncover overlooked problems), the issue
remains uncovered in the literature (but see Stamatel-
los and Panourgias 2005, on tree spatial distributions).

Noteworthy, substantial progress is now being
accomplished in the field of digital twinning technolo-
gies, borrowed to industrial development (Tao and Qi
2019), and spreading to natural systems thanks to the
unprecedented availability of high-resolution remote
sensing products calibrated by inventory data. Recent
reviews on the concept as applied to forests (Mottus
et al. 2021; Buoconore et al. 2022; Doéllner et al. 2023)
advocate for a predominant modeling and simulation
objective (Sanchez-Guzman et al 2022), survey sam-
pling remaining overlooked. Nevertheless, concern
for large-scale forest digital twinning (Mottus et al.
2021, Li et al. 2022), and for individual tree mapping
(Li et al. 2022) suggest that these technologies may be
soon available for sampling evaluation purposes. Their
promotion for the future (re)design of forest surveys is
thus a research direction to be strongly encouraged in
the future.

Page 16 of 19

3.8 Options for a pan-European forest inventory
and monitoring design?

The recent elaboration of the new European Forest Strat-
egy for 2030 has fostered strong debates about the need
for elaborating a pan-European forest observation and
monitoring framework (European Commission 2021,
Ferretti et al. 2021, Bontemps et al. 2022). Also, on the
one hand, climatic and disturbance pressures on for-
ests plead for a regularly—not to say annually—updated
monitoring of forest status. On the other hand, European
forest reporting process is established every 5 years. In
the face of the emerging annual/5-year standard shared
by reviewed annual forest inventories, we believe the
fundamental bases for addressing the issue to be avail-
able (hence “take 5” may be a general recommendation).
Two major challenges should nevertheless be addressed:
(i) being able to elaborate and computationally test new
spatiotemporal designs that would borrow the most
promising ideas among existing ones, (ii) being able to
resynchronize inventory operations conducted across
different countries according to a common bar. In prin-
ciple, this would not raise any strong concern for annual
inventories—even those based on an alternate periodic-
ity (e.g., the 9-year periodic Swiss inventory)—as any
subset of successive systematic annual panels on a given
temporal window should ensure a correct, albeit not per-
fect, spatial cover of forests under scrutiny (van Deusen
2002; Patterson and Reams 2005). The issue is however
less obvious for cyclic inventory programs. While some
of them are now envisioning a transition toward the
annual inventory paradigm (e.g., in Ireland, McCullagh,
comm. pers.), the lower precision of associated annual
statistics makes it less acceptable in federal States where
targets are defined at a provincial/state level (e.g., Spain,
Germany).

4 Conclusions

« The interpenetrating panel design is the single one to
date that ensures both a spatial balance and yearly frac-
tionation on comparably sized subsamples. A standard
is seen arising among the NFIs that have opted for this
design, with unexpected convergence that includes a
5-year periodicity, a sampling design organized with
interpenetrating annual panels, an annual sampling
effort of an order of magnitude of 1 sampling unit per
50 to 100 km?, and yearly statistics delivered based on
a 5-year moving-window estimator.

+ Despite this convergence, variations across the
reviewed designs remain substantial, and concern
the panel geometry, the practice of unaligned sam-
pling, the resort to permanent/temporary sampling
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units, and to clustering, questioning the existence
of possible “best” options and their dependences on
forest features and attributes. Some original designs
also deserve attention. The Romanian NFI opens per-
spectives on handling difficulties inherent to annual
inventory by using a periodic 1-year disruption in
the recurrent inventory operations to serve several
timely objectives. Also, the French NFI has adopted
a sampling with a total replacement approach and a
semi-permanent status of sampling units, allowing to
remain inclusive of the whole forest population while
permitting to track forest changes.

+ The present review of such variations around a core
principle also forms a helpful basis for countries aim-
ing at finding an effective alternative to the traditional
cyclic inventory approach, or wishing to plan a new
inventory (the said “take 5”). It also calls for developing
flexible simulation facilities of sampling designs at wide
scale to support user’s choices, an approach that may
soon be supported by arising digital twin technologies.

+ Most NFI designs include permanent plot samples
of major importance for estimating forest changes.
Nevertheless, the annual paneling of permanent plot
networks, and their often-encountered admixture
with temporary plots, questions the rationale and
the inferential approaches used for estimating for-
est changes with a long-term continuity. This forms
a critical issue in the uncertain future environmental
era and calls for renewed research on this aspect.

« Difficulties are also identified concerning the main-
tenance of such a continuous approach over the
long term, the frequent insufficiency of annual sam-
ple sizes for annual statistic delivery at a local scale,
the issue of sample coordination for addressing
trend monitoring issues, also the partial inability of
the moving-window estimator to reflect true forest
trends, with existing or emerging solutions explored
in the review. It is however stressed that both aspects
concur to a general tension between the purposes of
(i) spatially representative and refreshed information
on forest status and (ii) temporally reliable informa-
tion to serve trend monitoring purposes. Research
targeting new designs better complying with these
challenges remains needed in this respect.

+ The changes engaged by NFI programs since the
beginning of the twentieth century demonstrate a
substantial research dynamic that not only contrib-
utes to the field of survey sampling, but also provides
a strong support to future incentives directed toward
the forest threats arising from climate, environmen-
tal, and biotic changes. As such, it deserves attention
and support from the authorities, in a stimulating
political context in Europe.
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