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Abstract

Past: In the early twentieth century, forestry was one of the most important sectors in Norway and an agitated
discussion about the perceived decline of forest resources due to over-exploitation was ongoing. To base the
discussion on facts, the young state of Norway established Landsskogtakseringen — the world's first National Forest
Inventory (NFI). Field work started in 1919 and was carried out by county. Trees were recorded on 10 m wide strips
with 1-5 km interspaces. Site quality and land cover categories were recorded along each strip. Results for the first
county were published in 1920, and by 1930 most forests below the coniferous tree line were inventoried. The 2nd
to 5th inventories followed in the years 1937-1986. As of 1954, temporary sample plot clusters on a 3 km x 3 km
grid were used as sampling units.

Present: The current NFI grid was implemented in the 6th NFI from 1986 to 1993, when permanent plots on
a 3km x 3 km grid were established below the coniferous tree line. As of the 7th inventory in 1994, the NFI
is continuous, and 1/5 of the plots are measured annually. All trees with a diameter 25 cm are recorded on
circular, 250 m? plots. The NFI grid was expanded in 2005 to cover alpine regions with 3 kmx9km and 9
kmx9km grids. In 2012, the NFI grid within forest reserves was doubled along the cardinal directions.
Clustered temporary plots are used periodically to facilitate county-level estimates. As of today, more than 120
variables are recorded in the NFI including bilberry cover, drainage status, deadwood, and forest health. Land-
use changes are monitored and trees outside forests are recorded.

Future: Considerable research efforts towards the integration of remote sensing technologies enable the
publication of the Norwegian Forest Resource Map since 2015, which is also used for small area estimation at
the municipality level. On the analysis side, capacity and software for long term growth and yield prognosis
are being developed. Furthermore, we foresee the inclusion of further variables for monitoring ecosystem
services, and an increasing demand for mapped information. The relatively simple NFI design has proven to
be a robust choice for satisfying steadily increasing information needs and concurrently providing consistent
time series.

Introduction

Statistics on forest resources and their future develop-
ment are pivotal to making informed decisions in times
of a changing environment. In most of the developed
world, we today take for granted to have this form of
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information provided by National Forest Inventories
(NFIs) (Tomppo et al. 2010; Vidal et al. 2016). Indeed,
governments were only willing to bear the costs and on-
going commitment of an NFI system because the lack of
reliable statistics on forest resources became untenable.
The first NFIs were implemented in the Nordic coun-
tries due to a fear of overexploitation of the forest re-
source. Norway started with institutional settings and
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planning in 1917, and field-work in 1919 (Landsskogtak-
seringen 1920), while Finland and Sweden followed in
the early 1920s (Ilvessalo 1927; Thorell and Ostlin 1931;
Fridman et al. 2014; Kangas et al. 2018). The USA im-
plemented a forest monitoring program in the late
1920s. The fear of forest decline due to acid rain in the
1980s was among the reasons for the implementation of
the NFI in West Germany - despite the availability of de-
tailed local forest management inventories (Kleinn et al.
2020 in press). Incentives in the form of development
aid and information requirements resulting from mitiga-
tion of climate change (REDD+) resulted in the estab-
lishment of NFIs in a number of developing countries
(e.g. Tomppo et al. 2014; Tewari and Kleinn 2015).

The main motivation of the first NFIs was to provide
statistics on the main dendrometrical variables such as
timber volume and volume increment, to guide political
decisions that guaranteed a sustainable management of
the timber resource. Today, NFIs have gradually devel-
oped to include many other ecosystem services and
often are landscape inventories covering the land-based
resources of a country. The Norwegian NFI, like many
others, is for example used to estimate the areas and
changes among the land use categories like forest, grass-
land, croplands, wetlands, and settlements that are re-
quired for reporting under the Climate Convention (UN
1992). However, the first Norwegian NFI already
mapped other land resources than forest such as grass-
land, cropland, and mires. The clear aim of this setup
was to support decisions on afforestation activities for
example by the drainage of mires. In subsequent inven-
tories, the description of the production potential of
existing forest was made to support decisions on how
low-productive forests could be replaced with forests
consisting of more productive tree species. To provide
useful information, estimates had to be reliable for ra-
ther small administrative units. All historic Norwegian
NFIs until the 1990s had sample designs that allowed re-
liable estimates at least on the level of Norway’s 20
counties. Later, additional data have been collected on
temporary plots to periodically provide county-level in-
formation. The second Norwegian NFI even provided re-
liable estimates for municipalities which, besides the war
years, was the reason for its long duration from 1937 to
1956. Municipal-level inventories based on sample plots
additional to the national grid were common until the
mid-1980s (Tomter 2019, p. 186).

While the provision of small-scale estimates was less
in focus for the Norwegian NFIs towards the end of the
twentieth century, the lack of this information was one
of the main reasons for developing the forest resource
map SR16 which is based on a combination of NFI field
plots and 3D remotely sensed data (Astrup et al. 2019).
SR16 provides maps of the main forest characteristics
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such as biomass, timber volume, and tree species and is
used for small area estimates on municipal level (Brei-
denbach and Astrup 2012). When overviewing a long
NFI history, the repeated appearance of other questions
also becomes visible, albeit in a new context to address
present-day challenges. For example, NFI data were re-
cently used to estimate the climate mitigation potential
of replacing low-productive unmanaged deciduous for-
ests with more productive coniferous forest (Bright et al.
2020). While this topic was of great interest after World
War II because of the aim to increase timber production,
it is today again under discussion in Norway as one op-
tion to increase the CO, sequestration of forests. An-
other example is the implementation of sampling
designs that allow annual estimates, which was already
implemented in the fourth NFI from 1964 to 1976. This
design marks a stronger emphasis on national estimates
than on local to regional estimates. Since the mid-1990s,
this concept is used again as the NFI became a continu-
ous annual program, which was needed for the annual
reporting to Statistics Norway.

The technological and societal changes over the last
100 years in Norway naturally led to the development of
the NFL The increasing availability of topographical maps,
albeit coarse by today’s standards, determined the order in
which counties were inventoried in the first NFL Strip
sampling was the most cost-effective way to gain informa-
tion because of lack of infrastructure and modern forms
of (air-) transportation (Kleinn and Tomter 1993). Sample
plots were used after World War II, when the forest road
network expanded rapidly, and motorized transportation
became the standard. The development of inventory tech-
niques was utilized to make the field data collection more
efficient over time. Besides fixed sample plots, concentric
sample plots and angle count sampling (ACS) (Bitterlich
1948) were also utilized through the years. Today, ele-
ments of fixed sample plots, concentric sample plots,
ACS, cluster sampling, and line intersect sampling are uti-
lized to assess the various variables. The technological de-
velopment of motorized transportation, satellite-based
navigation, emergency localization, mobile communica-
tion, hand-held computers, and ultra-sonic measurement
devices resulted in the gradual reduction of field teams
from 6 to 9 persons in the first NFI to just one since
around 2000.

The increased information requirements of modern
societies are also reflected in the Norwegian NFI. The
number of recorded items has increased over the years
to more than 120 tree-, stand-, and landscape-level vari-
ables. The creators of the first NFI certainly would be
excited to hear that the NFI today also fulfills govern-
mental reporting duties under various international
treaties such as the global Forest Resource Assessment
(MacDicken 2015) or the Climate Convention. The
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reporting requirements of the latter also resulted in a
design change as from 2005. The forest in low-
productive alpine regions, typically dominated by moun-
tain birch, was also then included in the sampling frame
and the NFI today covers the whole Norwegian land
area. The currently implemented design proved to be ro-
bust for the required adjustments so far.

The first Norwegian NFI showed that increment and
harvest were approximately in balance (Fig. 1). This
calmed the discussions regarding the fear of over-
exploitation of the forest resource (Barth 1916). The NFI
documents an increase of the growing stock timber vol-
ume by a factor of three over the last 100 years (Fig. 1).
Many policy decisions, often informed by NFI statistics,
had an influence on this result. Among them were the
change of the silvicultural system to even-aged stand man-
agement with active reforestation after harvests, afforest-
ation, breeding of improved seed material, and
institutionalized research and education. One of the main
drivers for this development was, however, the substitu-
tion of wood as the primary energy source by fossil fuels.
In recent decades (Fig. 1), the feed-back effects of the large
fossil fuel combustion are becoming visible in an increased
increment attributed among other things to increased N-
deposition (Solberg et al. 2004) and longer growing sea-
sons due to climate change (Nordli et al. 2008).

Despite its long history, only a few international ac-
counts of the Norwegian NFI system have been pub-
lished (Landsskogtakseringen 1968; Kleinn and Tomter
1993; Tomter et al. 2010; Tomter 2016). Our aim is
therefore to describe developments in the past, present,
and foreseeable future design and use of the Norwegian
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NFI. By sharing experiences gained throughout the
years, we hope to contribute to the ongoing develop-
ment of the Norwegian NFI and other NFIs around the
globe. In the remainder of the text, we will use the acro-
nym NFI to refer to the Norwegian National Forest In-
ventory, unless otherwise specified.

The historical development of the NFI
Historical background
The description of the historical background is based on
books in Norwegian that were published to celebrate an-
niversaries of the NFI and the organizations hosting the
NFI at the time (Landsskogtakseringen 1970; Strand
1994; @yen 2006; Tomter 2019). The reports of the early
NFIs were valuable resources regarding the applied
methodology (Landsskogtakseringen 1920, 1933).
Reports on local overexploitation of forests date back
to the sixteenth century when also the first laws regulat-
ing timber export and the establishment of saw mills
were enacted. Besides the still typical use of timber for
construction, huge amounts of firewood were required
in households and in the dairy production on alpine
summer farms in many regions. Domestic animals for-
aging near the summer farms also led to local forest deg-
radation and even a lowering of the tree line compared
to the present-day level (Bryn and Daugstad 2001; Bryn
and Potthoff 2018). Charcoal was an important energy
source in Norway’s early industry and was used in e.g.
mining and processing of iron, copper, and silver.
Aiming at protecting the regeneration of forests, high-
grading was enforced as the forest management regime,
where the harvest of trees below a certain diameter was
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strictly forbidden. Due to the high timber demand, the
fastest growing trees had a high likelihood to be har-
vested first, which over time may have contributed to a
slower growth of the forests. High-grading was still the
prevailing management regime when Barth (1916) pub-
lished an influential article where he predicted the doom
of the Norwegian forest. It included a rough estimate ac-
cording to which the harvest levels were 29% higher
than the increment.

Initial ideas of obtaining national forest statistics date
back to 1737, when Norway’s first forest administration
was founded. The commitment of the king that ruled
Denmark-Norway from the Danish capital Copenhagen
was, however, not strong enough to implement such a
revolutionary task. During the nineteenth century, a
growing population together with the release of sawmill-
ing privileges in the 1860s and a growing pulpwood in-
dustry increased the timber demand and led to local
timber shortage. The increasing utilization of the forest
resources generally took place without knowledge on
whether the harvest was sustainable, although some at-
tempts were made to estimate volume increment and re-
movals (Skogkommisjonen 1874; Helland 1894). The
problem for those estimates was that they were not au-
thoritative because uncertainties remained unknown and
the need of better forest statistics was repeatedly formu-
lated by the forest administration.

While it is unknown to us since when local forest
management inventories have been conducted in
Norway, a case from the municipality Amot is docu-
mented. The inventory was started in 1907 by using 0.1
ha sample plots that were subjectively located in repre-
sentative stands. By 1909, the design was changed to
strip sampling to finalize the inventory of the northern
part of the municipality. At a meeting of the Swedish
Forestry Association in 1909 on methods of obtaining
information on volume and increment in all of Sweden’s
forests, participants of the forest inventory in Amot re-
ported from their experiences. Swedish representatives
also visited Amot around that time. Using strip sam-
pling, they conducted an inventory of Virmland county
in 1911-1912 as a pilot study for the whole of Sweden
(Anon 1914).

The Norwegian State Forest Inventory (SFI) had the
duty to conduct forest management inventories of the
forests owned by the Norwegian state and started using
strip sampling around 1914. When the director of Statis-
tics Norway, Nicolay Rygg, met with experts of the SFI
in 1915, he had since several years plans to get more re-
liable information on the Norwegian forest resources. At
the meeting, Rygg got to know about the inventory of
Véirmland in Sweden and the experiences of the SFI
gained in Norway. Together with experts from the SFI,
he developed a preliminary plan for an NFI in Norway
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which he brought forward to the prime minister Gunnar
Knudsen. The positive response of the prime minister
resulted in funds to elaborate a plan and budget for an
NFI as a governmental institution, which was accepted
by a parliamentary decision on 13 June 1917.

The first NFI

The Norwegian NFI - Landsskogtakseringen — was
formally established on 1 June 1919, when a leader and as-
sistant were employed that were responsible for conduct-
ing the first NFI. They were supported by a commission
consisting of three inventory experts. Right after his em-
ployment in June 1919, the leader of the NFI visited the
Swedish forest research institute to study the Vérmland
inventory, which had a big influence on the NFI design.
Field work started in August 1919 in Ostfold county and
carried on by county until field work was finalized in
1930, while county-level reports were published in the
meantime (e.g. Landsskogtakseringen 1920). All counties
were fully covered except for western and northern
Norway. As can be seen from Fig. 2, only large contiguous
areas with forest were included in western Norway due to
the low forest cover in large parts of that area. The two
northernmost counties Finnmark and Troms and an area
around Rendalen in eastern Norway were not covered by
the NFI because most of these regions were state-owned
and had been inventoried by the SFI (Landsskogtakserin-
gen 1933, p. 28). As for all following NFIs until 2005, the
surveyed population was the area below the coniferous
forest limit.

Field measurements
Field work was carried out along 10 m wide strips that
were oriented perpendicular to the main valleys in the
respective county or watershed (Fig. 2). The distance be-
tween the strips was between 1 and 5 km. Each strip was
split into 2 km long segments that were treated as a 2 ha
sampling unit. Within forest, the number of trees =15
cm dbh within 5cm classes and the tree species groups
spruce, pine, and deciduous were recorded. On the right
half of the strip, trees =5 cm were also recorded. Trees
between 0 and 5cm were recorded on the right half of
the strip for the easternmost 100 m of every kilometer.
Sample trees were selected according to proportions
that were determined beforehand by the headquarters.
The proportions varied per county and diameter class.
For the smallest trees, every 50th to 300th tree was se-
lected while every 3rd to 10th tree with a dbh >45cm
was selected. Tree species, distance to the center line,
dbh in mm, diameter at 5m height, total height, form
height (Jonson 1915), damage, the latest decade’s height
growth, the latest decade’s dbh growth, and age were re-
corded for sample trees. The increment cores taken for
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Fig. 2 Maps of southern and northern Norway showing the coverage and strip density of the first NFI (source: Landsskogtakseringen 1933).

the latter two variables were collected for laboratory
analysis.

An assessment of the site index (SI) was made by div-
iding the strip segments within forest into classes of
high, medium and low productivity. In addition, the
class protection forest, mostly towards the alpine border,
described sensitive forests that would become non-forest
if too strongly harvested. Areas below the tree line were
classified as productive forests, agriculture, extensive
grasslands, forest pastures, mires, water, settlements, and
barren land due to unfavorable growth conditions. Mires
were categorized according to their suitability for drain-
age and all land was categorized according to the possi-
bility for converting it into cropland. The classification
was largely based on expert judgement.

The field teams consisted usually of at least six people:
a team leader, a writing clerk, a navigator, two men
doing measurements and following the strips, and one
man doing the sample tree measurements. While the
team leader had to have a higher forestry education, the
other team members usually had college or high school
education with a forestry major. At the end of each
week, which consisted of at least 48 working hours, the
completed forms for each segment and a report with a
description of the progress and a place where the field

crew could be found, were sent by mail to the
headquarters.

Office work

Sample tree volumes without bark were predicted by
multiplying the tree’s basal area with its height and form
factor (Landsskogtakseringen 1933, p. 30). The form fac-
tor method by Tor Jonson was obviously very common
at the time and therefore not further documented but
most likely refers to Jonson (1910). Volume and incre-
ment with bark were predicted using Swedish volume ta-
bles by Tor Jonson (most likely: Jonson 1915). Mean-
tree volume and increment were estimated for each dbh
class in the whole county. The number of trees was esti-
mated by multiplying the recorded tree numbers with
the sampling fraction of the strips. The estimated num-
ber of trees was multiplied with the mean tree volume
and volume increment from the sample trees to estimate
total volume and increment.

Parallel to the NFI, a Census Survey of Forest owners
(CSEF, Skogbrukstellingen) was conducted by Statistics
Norway 1920-1927, which provided information on har-
vest removals and forest ownership structure. The re-
sults of the first NFI and CSF showed that, over all,
there was a balance between increment and harvests.
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Data from the NFI, SFI, and CSF were combined for a
complete assessment of Norway’s forests. The difference
compared to earlier attempts at obtaining forest statistics
was that uncertainty could be estimated. Following the
example of the Swedish inventory of Vérmland, simple
random sampling within each of 10 groups of 2km
segments was assumed for variance estimation in the be-
ginning. The variance estimates of the 10 groups were
then added to obtain a variance for the whole area
(Landsskogtakseringen 1920, p.89). Difference estimators
developed by Langseeter (1926) and his Nordic col-
leagues (Lindeberg 1924; Nislund 1930), were utilized
for the national estimates (Landsskogtakseringen 1933,
p. 112). The standard errors for national forest area,
growing stock volume, and increment were 0.48%,
0.74%, and 0.77%, respectively.

The following NFls until the 1990s

The second NFI in 1937-1956 aimed at providing reli-
able estimates for municipalities or groups of municipal-
ities. Strip sampling was used until 1956 with varying
strip interspaces as small as 600 m. As of 1956, tempor-
ary circular sample plots with an area of 78 m* were
used that were laid out on grids of 2-3 km x 200 m. In
one county, a 3km x 3 km grid was used with clusters of
20 plots at each point. A more objective site index sys-
tem with five categories was introduced. Finnmark
county, the northernmost part of Norway, was not in-
cluded in the NFI until 2005. The second NFI intro-
duced a system to describe the developmental stage and
the state of forest stands based on Alf Langseeter’s sys-
tem of five maturity classes, which modified a Swedish
system (Landsskogtakseringen 1938; Esmark 1965). This
system was used with some adjustments until 1957,
when the system as we know it today was implemented
(Section “The maturity class system”) (Landsskogtakser-
ingen 1959).

The third NFI in 1957-1964 aimed at relatively
quickly providing updated information for larger regions
on the background of new fears of overexploitation of
Norwegian forests after World War II. For most parts of
the country, square clusters of 20 plots on a 3 km x 3 km
grid were used. The distance among plots in a cluster
was 200 m and the circular plot area was 100 m? Several
new variables were recorded, among them stand type
with respect to tree species mix, vegetation type, terrain
properties of interest for timber harvest, and soil type
and depth.

The fourth NFI in 1964—1976 used the same design as
before, with the difference that the clusters were not
measured per county. Instead, each year 1/12th of the
clusters distributed over the whole country were mea-
sured to provide national estimates quickly. Western
Norway (and Finnmark) were not covered by the NFL
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The fifth NFI in 1980-1986 was mostly based on clus-
ters of 12-16 angle count plots. The counties in western
Norway were included with clusters mostly on a 3 km x
3 km grid. The smallest estimation unit for the area that
was covered by the fourth NFI were regions consisting
of 2-3 counties where the grid size varied between 4.8
km x 3.2 km and 7.2km x 6.4 km. At that time, the NFI
conducted various municipal-level inventories by in-
creasing the plot density locally.

The sixth NFI in 1986-1993 established permanent
sample plots on a 3 km x 3 km grid below the coniferous
forest limit that are still used today. Clustered with each
permanent plot were 3-11 temporary sample plots at
distances of 250-500 m for county-level estimates (Sec-
tion “County inventories”). On the concentric sample
plots, trees with a dbh =5 cm were measured on a 100
m? plot, while trees with a dbh >20 cm were measured
on a 200 m? plot. As of 1988, all data were recorded in
field computers instead of on paper.

Since 1984, a tree crown condition survey was per-
formed on all sample trees in the NFI due to alarming re-
ports of “novel forest damage” in central Europe (ICP
Forest 2016). As of 1988, a variety of crown condition var-
iables were assessed annually on a subset of NFI plots lo-
cated on a 9 km x 9 km grid for Norway spruce and Scots
pine, and on a 18 km x 18 km grid for birch (Aamlid et al.
2000). A soil survey was carried out for these plots 1988—
1992 (Esser and Nyborg 1992; Esser 1994) which included
a description of a representative soil profile and a soil
sample for chemical analysis. A sub-sample of plots was
resampled after 5—6 years (Esser 1996). As of 2013, annual
assessments were stopped, and the crown condition sur-
vey was fully integrated in the 5-year NFI cycle.

Institutional settings throughout time

For more than 50 years, the NFI was an independent in-
stitution reporting directly to the Ministry of Agricul-
ture, with headquarters in Oslo. In December 1972, the
NFI became a branch of the Norwegian Forest Research
Institute (NISK) located in As, and remained so until
January 1988, when the tasks and staff were transferred
to the Norwegian Institute of Land Inventory (NIJOS),
which was established at the same time. In 2006, the for-
est research and land inventory institutes were merged
to form the Norwegian Forest and Landscape Institute,
and the NFI was organized as a section within the new
institute. Since July 2015, the NFI has been organized as
a Department within the Norwegian Institute of Bioec-
onomy Research (NIBIO), which was formed after a
merger of the Forest and Landscape Institute with two
other institutes that year. The Norwegian NFI is one of
very few in Europe that is not anchored in a national
law (Polley 2020). Since 2019, the field staff of the NFI
are permanently employed in 24 full- or part-time
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positions. Previously, most of the field staff were tem-
porarily hired for the field season.

The present NFI system
The sample design
Since the 7th inventory in 1994, the NFI is continuous,
and 1/5 of the plots are measured annually in an inter-
penetrating panel design. Due to the information re-
quirements of the greenhouse gas reporting, the NFI
grid was expanded in 2005 to cover the alpine region
(above the coniferous tree line). For the same reason,
the northernmost county Finnmark was for the first time
included in 2005. Since the last sample plots in Finn-
mark were established in 2011, the sampled population
is all of Norway’s mainland area including lakes. The an-
nually updated field manual has more than 200 pages
(e.g. Viken 2018) and is the most detailed reference of
the methods used in the NFIL. Here, we only describe a
selection of the used methods and recorded variables.
The permanent sample grid over all land use classes
that is used for national estimates consists of 22,008
plots. The annual panel (i.e. 1/5 of the plots) is checked
on the background of aerial images in the office. If a plot
is assumed to contain trees, or if it was previously regis-
tered in the field, field staff are sent to the plot to make
measurements. This includes plots that do not meet the
forest definition. To reduce the influence of topography,
Norway is tessellated into Latin squares. Each Latin
square consists of 5 x 5 =25 blocks, each with an area of
81 km? (Fig. 3) (Viken 2018, p. 9). Each block contains 9
plot locations on the 3km x 3km grid. The panel of 1
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year consists of the plot locations within one block of
each row of the Latin square. The arrangement of plots
in blocks of a Latin square has the dual advantage that it
reduces travelling costs by concentrating the plots within
a panel in blocks, while assuring that no adjacent blocks
are within the panel of plots of 1 year.

Stratification by adjusting the grid size is often used to
sample more observations in productive areas than in
low-productive areas. In the NFI, a denser sampling grid
is used in regions where conifers can be of economic
interest. The northernmost county of Finnmark was not
included in the NFI before 2005. Therefore, four design
strata are utilized in the NFI; two in Finnmark (approxi-
mately east of longitude 22° east), and two outside Finn-
mark that cover most of Norway’s area (Fig. 4). For
simplicity, we will refer to the latter as being located
south of Finnmark. The sampling grid in the area south
of Finnmark has a size of 3km x 3 km in the lowland re-
gion (stratum 1) and 3 km x 9 km in the low-productive
alpine region (stratum 2). In the latter, coniferous trees
and active forest management seldom occur (Table 1).

Stratum 1 covers approximately 46% of Norway’s land
area and more than 80% of the country’s forest. In Finn-
mark, a 3km x 3km grid is used within regions where
coniferous trees, which in Finnmark is mainly Scots
pine, can form stands of economic interest (stratum 3)
and a 9km x 9km grid is used outside these regions
(stratum 4). As opposed to the rest of the country, the
coniferous region is not mainly determined by elevation
but by local topography. While spruce, pine, and decidu-
ous forests cover approximately equal parts in stratum 1,
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Fig. 3 The Latin square design of the NFI. The numbers in the blocks indicate the panel of plots measured in 1 year. The blocks belonging to
panel #1 are grey to visualize that blocks in one panel do not share borders. Nine sample plot locations on a 3 km x 3 km grid are located within
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Fig. 4 NFI stratum map (aggregated to large hexagons for display purposes)

almost 95% of the forests in stratum 4 are dominated (in
terms of volume proportion) by deciduous trees. The
forest proportion in the different strata ranges from
9.5% to 80.0%, of which up to 0.8% are unstocked areas
(i.e. regeneration areas). Although the two coniferous
species Norway spruce and Scots pine stand for the ma-
jority of biomass in Norway (42% and 30% respectively),
areas dominated by deciduous trees (especially birches

Betula pubescens Ehrh. and B. pendula Roth.) make up
the largest fraction (42%) of the forest area (Table 1). Be-
cause the sampling fraction differs among the strata, the
plots represent different portions of Norway’s land area
(sampling weights). The sampling weights for plots in
strata 1—4 are approximately 9, 27, 9 and 82 km?.

While the Finnmark strata 3 and 4 are based on a map
of productive and non-productive forest, the decision on

Table 1 Forest area by dominant tree species group in the four NFI strata and all of Norway based on the NFI cycle from 2014 to

2018

Stratum Spruce Pine Deciduous Unstocked Area Forest # plots in forest Forest area
%) %) %) %) (km?) %) (km?)

1 340 337 318 06 149,885 66.4 11,046 99,551

2 36 8.1 87.8 05 125,281 95 442 11,906

3 00 64.2 358 00 1350 800 120 1080

4 0.0 42 949 0.8 47,266 20.5 118 9683

Norway 280 29.1 423 06 323,782 37.7 11,726 122,220
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whether a plot belongs to stratum 1 or 2 was taken dif-
ferently. For the municipalities along the west coast and
in northern Norway (north of the Arctic Circle), areas
above a certain elevation threshold were defined as al-
pine. These thresholds range from 100 to 800 ma.s.l.
and were defined in cooperation with the local forest ad-
ministration. Many municipalities in southern and
south-eastern Norway do not contain high mountains.
For the remaining area (approximately 40% of the coun-
try), the stratum allocation was made by the field staff
that visited each sample plot on a 3km x 3 km grid. If a
plot showed characteristics of the alpine zone, this was
recorded, and the plot was only included in the sample
if it aligned with the 3km x 9km grid. For this area, a
stratum map based on universal Kriging using logit-
transformed elevation as the covariable was created to
utilize remotely-sensed data in estimates. A spherical
variogram model used to this end had a zero nugget, a
range of 5600 m and a sill of 0.73. The model was used
to interpolate among the full 3km x3km grid with
stratum information at each plot to create a 16 m x 16 m
resolution map aligning with the forest resource map
SR16 (Astrup et al. 2019).
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Field measurements
Different sampling units are used to record the various
variables in the field (Fig. 5):

e Variables such as growing stock volume, biomass, or
increment are based on tree-level measurements on
circular 250 m? plots (8.92 m radius) (Fig. 5a). The
plot center is marked with a metal stick buried in
the ground and the center coordinate is measured
using a handheld GPS. In addition, for 74% of the
sample plots in forest so far, the coordinates have
been measured using survey-grade GNSS equipment
in an effort to measure all center coordinates within
the next years. If the sample plot center is located
close to a stand border, the plot is split into a max-
imum of two parts, if the stands are markedly differ-
ent with respect to growing stock volume, maturity
class (Section “The maturity class system”) or site
index. Plots are also split if one part covers a differ-
ent land-use category. In any case, the smaller plot
part must have an area of at least 37.5 m* (15% of
the total plot area) to split a plot. Assessments of
variables are carried out for each plot part. In

’ -————
’ = >

1000 m?

Fig. 5 Design of the permanent plots. a Dendrometric variables for individual trees are measured on a plot sized 250 m? here indicated in grey,
while landscape- and stand-level variables, and biodiversity habitats are recorded on larger plots of 0.1 and 0.2 ha, respectively. b Tree densities
and tree heights in young stands are measured on five 16 m? subplots (dotted circles). ¢ Four subplots are used to assess cover of bilberry and
lingonberry (black squares), and for recording the number of trees with dbh <5 cm and browsing intensity (dotted circles). d Patches of
droppings from moose and red deer are counted on a 100 m? plot (dark grey), while downed deadwood is measured along perpendicular
transects of length 18 m (thick dotted lines)
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addition to the tree-level measurements, some other
variables like the dominant vegetation type and soil
depth are assessed on the 250 m? plot.

e Stand- and landscape-level variables such as forest
type (dominant tree species), stand age, site index,
maturity class (Section “The maturity class system”),
soil type (mineral or organic), and land-use category
are recorded on 0.1 ha circular plots concentric with
the 250 m” plot (Fig. 5a). If the 250 m? plot is split,
variables are assessed on two circle-segments, main-
taining the assessment area for each plot part at 0.1
ha by adjusting the radius of the circle segments
correspondingly.

e Biodiversity key habitats (Section “Assessment of key
habitats on 0.2 ha plots”) are recorded on 0.2 ha
circular plots concentric with the 250 m?* plot (Fig.
5a).

e In young forests (maturity classes 1 and 2, see
Section “The maturity class system”), regeneration is
assessed on five 16 m? circular sample plots (2.26 m
radius) located concentric with the plot center and
12 m in the cardinal directions from the plot center
(Fig. 5b). Among other things, species and the
number of trees > 30 cm are recorded.

e Small trees (dbh <5 cm) are assessed on circular 5.3
m? plots (1.3 m radius) located 5 m from the plot
center in the cardinal directions. Tree species, the
number of trees in two diameter classes, and
browsing damages are recorded (Fig. 5c).

e The ericaceous shrubs bilberry (Vaccinium myrtillus
L.) and lingonberry (Vaccinium vitis-idaea L.) are
important food sources for wild animals and
resources for berry picking. Their coverage is
recorded on 0.25 m? squares located 5 m from the
plot center in the cardinal directions (Fig. 5c).

e Downed deadwood is assessed along two 18 m long
east-west and north-south oriented transects
through the plot center (Fig. 5d).

e The number of moose (Alces alces L.) and red deer
(Cervus elaphus 1.) dropping patches are recorded
on a 100 m? plot concentric with the plot center
(Fig. 5d).

As of today, more than 120 variables are recorded in
the NFI including bilberry cover, drainage status, dead-
wood, occurrence of root rot on stumps, and forest
health (Viken 2018). In the following sections we will de-
scribe some of the sampling units and variables in more
detail.

Dendrometric variables on 250 m? plots

Tree-level measurements Diameter at breast height
(dbh), tree species, vitality status (dead or alive), and
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polar coordinates are recorded for all trees with a dbh
>5 cm. Predictions of volume, biomass, and increment
for these trees are utilized in the national estimates of
these variables. A caliper with the scale pointing to the
plot center is used to measure dbh. At 1.3 m height, a
(discrete) mark of red spray paint is applied such that
subsequent measurements can be done at the same
height. Experience from plots close to hiking trails shows
that the marks are only visible to those that know they
exist. The measured dbh is manually recorded in the
field computer which selects a subsample of height-
measurement trees, denoted h-trees.

Tree heights are measured for a subsample of approxi-
mately 10 trees per plot (h-trees) using Vertex III
(Haglof 2002) devices. To obtain the subsample, a basal
area factor determined by the previous measurements of
distances from plot center and dbhs, is used. In case of
large changes or a new establishment of a plot, the basal
area is determined using ACS before calipering trees. If
10 or fewer trees are within the plot radius, the heights
of all trees are measured. The decision to measure 10 h-
trees was made in 2005 (previously, three h-trees were
measured), to provide better reference data for remote
sensing applications. For the same reason, survey grade
GNSS measurements of the plot coordinates are carried
out by specialized field teams that do not measure other
variables.

Prediction of volume and height For each tree re-
corded on the 250 m? plot, a height is first approximated
using tree h-dbh functions (Vestjordet 1968; Fitje and
Vestjordet 1978; Eid and Fitje 1993). Using dbh and the
approximated height, volumes are predicted using allo-
metric functions (Braastad 1966; Brantseg 1967; Vestjor-
det 1967; Bauger 1995). Volume functions for Norway
spruce (Vestjordet 1967) are used for all spruce and fir
species except for Sitka spruce (Picea sitchensis (Bong.)
Carr.) where a separate function (Bauger 1995) is used.
Volume functions for pine (Brantseg 1967) are used for
all other coniferous trees and volume functions for birch
(Braastad 1966) are used for all broadleaved species. For
h-trees, tree volumes are additionally predicted using
dbh and measured tree height. From the two volume
predictions for h-trees, correction factors are calculated
per sample plot and tree species group (spruce, pine, de-
ciduous) as the ratio of the sum of tree volumes pre-
dicted using dbh and measured height and the sum of
volumes predicted using dbh and approximated height.
Each single tree volume is hereby inversely weighted
with its angle-count selection probability such that trees
with a smaller diameter and consequently a smaller se-
lection probability have larger influence. If no trees with
height measurements are available for a tree-species
group on a sample plot, average correction factors given



Breidenbach et al. Forest Ecosystems (2020) 7:46

maturity class, site index class, tree species, and sam-
pling region are used. Finally, the tree volume predicted
for trees with no height measurements is multiplied by
the correction factor. For h-trees, volumes are predicted
using dbh and measured tree height. The heights of trees
without height measurements are predicted by solving
the volume function for height and using the predicted
volume and dbh as input variables. Adjustments are
made for breakages of stem parts with a diameter > 10
cm. Above and below-ground biomass of conifers are
predicted using single-tree allometric regression func-
tions for spruce and pine developed in Sweden (Mark-
lund 1988; Petersson and Stahl 2006), while Norwegian
birch functions (Smith et al. 2014, 2016) are used for the
deciduous tree species.

Increment, mortality and harvest The volume incre-
ment calculation is based on repeated diameter measure-
ments. Assuming a growing season length of 100 days,
the number of growing seasons is between 4.00 and 6.00
in a 5-year inventory cycle. The difference between the
current and previous dbh is divided by the number of
growing seasons to get a dbh 1 year before the current.
For ingrown trees or in the case of establishing a new
plot, the annual dbh differences are predicted from the
average dbh of trees of the same tree species, diameter
class, two maturity class groups, and site index. Volume
1 year before the current measurement is then predicted.
Assuming the same diameter-height relationship as in
the previous inventory cycle (see section before), a vol-
ume is predicted with the predicted dbh. Finally, the an-
nual volume increment is the difference between the
current volume and volume 1 year before.

The likely cause is recorded for broken or removed
trees and the volumes of dead trees still present at the
plot that were alive in the previous inventory cycle are
predicted in the same way as for live trees. The volume
of removed trees is predicted by adding 2.5 years of the
previous increment to the previous volume prediction to
account for the unobserved volume increment.

Stand- and landscape-level variables on 0.1 ha plots
Land-use and land cover

Land-use and land cover (LULC) categories fully or
partly covered by a sample plot are recorded. Because
they do not belong to stand-level variables, we refer to
them as landscape-level variables. For non-tree covered
plots that are not visited in the field, they are identified
using aerial images and other map data. LULC categories
are mainly required for GHG reporting and a documen-
tation of them can be found in the latest national inven-
tory report (Norwegian Environment Agency 2019,
Chapter 6). Except for houses (as part of settlements), all
LULC categories must have an area of at least 0.1 ha to
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be identified as an independent class. If covered by trees,
measurements on the 250 m?* plot are carried out on
grasslands, wetlands, other land types, and some types of
settlements that are accessible, but not in gardens, parks,
and croplands.

The maturity class system

In productive forest, the maturity class of the stand is
defined based on a combination of stand age, dominant
tree species, and site index. This means, highly product-
ive forests will move to an older maturity class at youn-
ger age than low-productive forests. Therefore, the age
ranges of the maturity classes overlap if not separated by
species and site index:

Class 1: Forest under regeneration (age 0 yrs.)
Class 2: Young forest (age 1-54yrs.)

Class 3: Young production forest (age 15—84 yrs.)
Class 4: Older production forest (age 25—119 yrs.)
Class 5: Mature forest (minimum age 40—120 yrs.)

A further division of the maturity classes 2—5 is made
to describe whether the stand is sufficiently or poorly
stocked, as defined by either the number of potential
crop trees (class 2) or by basal area (classes 3-5). Fur-
thermore, in stands with some scattered mature trees,
basal area is used to determine whether a stand is to be
considered a poorly stocked mature stand (class 5) or
under regeneration (class 1).

Stand age

Upon establishment of a permanent plot, stand age is
determined from increment cores taken on one or more
representative trees just outside the 250 m*-plot. The
biological age, rather than chronological age, is recorded,
by reducing for years of suppression below canopy after
germination. Alternatively, the number of branch whorls
is counted in young forest where this is possible. In for-
ests that consist of either one or more than two layers,
age is the basal-area weighted age of all trees. In two-
layered forests, age is the basal-area weighted age of all
trees in the overstory. Updates in subsequent inventory
cycles are typically made by increasing the previously re-
corded stand age by another 5 years unless the stand has
been harvested since the previous measurement. A new
independent assessment must nonetheless be made in
each inventory cycle. The new assessment may some-
times require a correction, e.g. if the stand has experi-
enced substantial mortality or has been subject to
harvests. The time series on stand age documents a clear
trend towards an increased proportion of forest in the
older age classes since the permanent plots were estab-
lished (Fig. 6).
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Fig. 6 Distribution of productive forest area beneath the coniferous limit, by forest types and age classes for periods 1986-1993 and 2014-2018
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Site index

Since the 5th inventory, the H40-system (Tveite 1977;
Tveite and Braastad 1981) is adopted, using dominant
tree height at a base age of 40 years at breast height as
the site index value. The measured site index is recorded
as a class variable, using incremental steps of 3 m range
where e.g. site index 14 corresponds to a dominant
height between 12.5 and 15.5 m at 40 years breast height
age. In cases of heterogenous soil conditions, i.e. where
parts of the 0.1 ha plot area differ in productivity com-
pared with the measured value, a subjective correction is
made by the surveyor.

Deadwood measurements along 18 m line transects

During 1994-1998, downed deadwood was measured for the
first time by assessing the full 250 m* plot. In subsequent in-
ventories the supply of new dead trees was recorded. Since
2010, the standing and downed deadwood volume are esti-
mated using line intersect sampling (De Vries 1986, Chapter
13). In addition to decay status, species, length, and diame-
ters at cross, root, and top of dead trees are measured. On
more than 200 plots, both assessment methods were com-
pared, but no significant difference in the resulting estimate
was found. Since the first assessment, the amount of dead-
wood in productive forest has considerably increased (Fig. 7).
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Assessment of key habitats on 0.2 ha plots

In 2003, the Complementary Hot-spot Inventory meth-
odology for mapping woodland key habitats (Gjerde
et al. 2007), hereafter referred to as CHI habitats, was
implemented in the NFI on 0.2 ha plots (Fig. 5). The re-
sults serve as a regional reference in the prioritization
among candidate areas considered for retention, as re-
quired by certification schemes such as PEFC. To be de-
fined as a CHI habitat, the area extent needs to be at
least 0.2ha and some fraction of the habitat needs to
overlap with the 0.2 ha plot area. The area extent within
the plot is mapped on paper in the field and is later digi-
talized into polygons at the office. Table 2 lists the main
CHI habitats, their inclusion criteria and occurrence in
productive forest. In addition to the listed habitats, se-
lected topographical features (ravines, gorges, and steep
rock walls) and objects (hollow deciduous trees) are in-
cluded in the CHI habitat registrations (Viken 2018).

Field work

Many variables recorded in the NFI require careful work,
a lot of experience and training, and are partially or fully
based on subjective estimates by the field staff. One ex-
ample is stand age which is based on one or a few incre-
ment core measurements and subjective estimates of the
basal area by stand layers. Other such examples are the
estimation of bilberry and lingonberry cover, and the
classification of land-cover types. The latter can be chal-
lenging for example in higher elevation areas where the
landscape is often a rather fine-scaled matrix of product-
ive and unproductive forest, and even with other land

types blended in, such as other wooded land and areas
without tree cover, and often with gradual transitions
between the categories. Therefore, field crews are
schooled for 1 week before every field season. At the
time of writing, due to restrictions imposed by the
Covid-19 situation, it is going to be the first year since
the establishment of permanent plots without a field
course. New fieldworkers are additionally schooled by an
experienced supervisor for some weeks on the job, and
each year the field workers are visited in the field by
personnel from the office. The average experience of the
fieldworkers is more than 10 years.

Quality assurance
In addition to the annual field course and training of
fieldworkers, several other measures are taken to assure
a high data quality. Control inventories are done most
years, which means that an experienced fieldworker is
doing a “blind” registration of all variables on plots that
have been measured by another person. While the main
purpose is to identify whether certain variables may be
understood and recorded differently by different persons,
it also helps to identify systematic measurement errors
due to human error or erroneous use of measurement
devices. In turn, this may lead to a higher focus on se-
lected variables during the subsequent field course, dir-
ect feedbacks to the fieldworkers, or to changes or
additions to the NFI protocol. On average, about 2 % of
the plots are subjected to such a control per year.

Data quality assurance is also aided by several logical
tests in the data collection program in the field
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Table 2 Woodland key habitats recorded in the NFI since 2003, following the Complementary Hot-spot Inventory (CHI)
methodology, with the main criteria for defining and mapping whole or parts of the 0.2 ha plot as a habitat polygon. The rightmost
column gives the occurrence of the respective CHI habitats as of 2016 (inventory period 2014-2018)

CHI habitat Main criteria for inclusion in polygon

Occurrence in productive
forest (% of area)

Standing deadwood
- Distance to other dead trees <15m

Downed deadwood

« 2 40 standing dead treesha™" with dbh =10cm 2.7

- > 40 downed dead treesha™" with diameter at root end =10 cm 17.7

- Distance to other downed dead trees <15m

Trees with nutrient-rich bark
lobarion group

« Occurrence of maple (Acer platanoides L) or any tree species with bark lichens of the 03

« > 20 treesha ' of any of the above categories (60 in West and North Norway)
- Distance to other trees with nutrient-rich bark <25 (15) m

Trees with pendant lichens

+ 2100 treesha™' with at least 10 individuals/groups of pendant lichens of more than 10 3.1

cm length within 1 m? of the vertical tree crown area
- Occurrence of trees with lichens of the species Evernia divaricata (L) Ach. or Usnea

longissima Ach.

- Only assessed for the lower 5m of the tree

Deciduous boreal trees in late
successional stage

« > 40 treesha™" with dbh 220 cm of any of the species Populus tremula L., Sorbus 1.5
aucuparia L., Alnus incana L, Salix caprea L., Prunus padus L., or Betula spp.

+ Northern Norway: only P. tremula is considered

1

Old trees + 2 30 standing old trees-ha™

+ Minimum age for spruce/pine = 150/200 yrs.

25

« Deciduous trees are included dependent on dbh and species (minimum dbh is 30-40
cm for boreal species and 40-50 cm for noble hardwoods)

- Distance to other old trees <20 m

Luxuriant ground vegetation

« Nutrient-rich forms of selected vegetation types sensu (Larsson 2005) 3.1

computer, allowing obvious measurement or punching
errors to be corrected before leaving the plot. Upon the
weekly transfer of data by email to the data repository, a
control is also conducted by office personnel to identify
likely errors, which includes a check of the new versus
old data from the same plot. If likely errors or inconsist-
encies are identified at this stage, this may be communi-
cated to the field crews, allowing a correction while the
actual plot is still fresh in mind. After these initial rou-
tine checks, the data is stored temporarily in a separate
database and later subjected to a more thorough and
final quality control before being merged into the NFI
database.

Specialized inventories based on the NFI

County inventories

Since the establishment of permanent plots in the sixth
NFI (1986-1993, Section “The following NFIs until the
1990s”), additional temporary field plots are used to en-
able reliable estimates on county level approximately
every 15years. Until 2011, the temporary plots were
concentric as in the sixth NFI in a cluster of up to 12
plots associated with the permanent plots. Since then,
the measurement of dendrometric variables is also based
on 250 m” fixed area plots but the number of variables
to measure is considerably reduced compared to the per-
manent plots. Due to the production of the Forest Re-
source Map SR16 (Section “Current developments and

the foreseeable future”), the number of temporary plots
was also considerably reduced.

Inventory of protected areas

The environmental authorities need data on how the
currently protected areas are distributed among different
forest types to make sound priorities among candidate
areas offered for protection by forest owners. Because
more precise estimates were needed than could be pro-
vided using the existing grid of plots, additional perman-
ent plots 1.5km north and east of the existing
permanent plots have been established since 2012 if they
were located within a forest reserve (Astrup et al. 2011).
A detailed report for the protected areas was published
using these new data (Hylen et al. 2018). As the area of
protected forest is currently increasing, new plots are
continuously installed. Due to economic reasons, re-
measurement of the plots that were established during
2012-2016 is currently limited to productive forest. To
allow for a direct comparison of the forest conditions in
reserves with other forest land, measurements follow the
general NFI protocol.

NFI use cases

International reporting

NFI data are used for various international reporting re-
quirements such as to FAO’s Forest Resource Assess-
ment (MacDicken 2015) or to Forest Europe. However,
no other international commitment has influenced the
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NFI design in the last 15years more than the Climate
Convention (UNFCCC) (UN 1992) and its Kyoto proto-
col. The NFI is the most important data source for the
reporting in the LULUCF sector (Norwegian Environ-
ment Agency 2019, Chapter 6). The inclusion of areas
above the coniferous forest line and Finnmark in the
NFI are due to the UNFCCC reporting needs. Since the
use of the NFI for reporting under the UNFCCC, other
land use categories besides forest have been included or
received more attention in the NFI and area estimates of
land uses including settlements, agriculture, and wet-
lands, and changes among these, are reported using the
NFI grid. Also new variables, such as the status of drain-
age on organic soils on all land use categories and the
measurement of trees outside forest, have been imple-
mented due to the reporting under the UNFCCC.

Ecosystem services

Since the 1990s, a considerable number of new variables
have been included in the NFI to accommodate the
growing need of information about non-wood ecosystem
services provided from forests, including biodiversity.

In the early 2000s, registration of important woody
browsed species, such as rowan, aspen and willow, and
browsing intensity from wild herbivores on trees with
dbh <5cm was implemented, together with the assess-
ment of bilberry cover. These data are annually reported
to the Norwegian Monitoring Program for Cervids (Sol-
berg et al. 2012) and have also recently been used to
study whether the NFI estimates of woody browsing
availability may be suitable for predicting browsing avail-
ability at local scales. Data from the bilberry cover regis-
trations have been used to develop a model applicable to
predicting the abundance of bilberry in Norwegian forest
(Eldegard et al. 2019).

The many variables related to biodiversity and carbon
accounting that have been implemented in the NFI since
the 1990s have proven to be useful for a variety of pur-
poses, in some cases even within a context that could
not be foreseen at the time they were introduced. For
example, data on deadwood and bilberry cover, and CHI
habitats with old trees (Table 2), are currently used to-
gether with other indicators in the nature index for
Norway (Nybe 2015), which is a framework for con-
densed reporting on the state of Norwegian nature. The
nature index was launched in 2010 and is updated every
5 years. We believe that the NFI data related to biodiver-
sity and other non-wood ecosystem services will see
even more widespread use in the future, as the length of
the time series increases.

Research and the role of international cooperation
Besides the generation of forest statistics, the Norwegian
NFTI has also been an important basis for research. More
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than 60 scientific articles using NFI data have been pub-
lished until today — the majority of them after 2000
(Tomter 2019, p. 170). Topics of those studies were
among others the improvement of inventory method-
ology, biological models, and forest sector prognosis.
Early research was rarely internationally published. For
example, Alf Langseeter, one of the first NFI analysts,
published several scientific reports in Norwegian (e.g.
Langsaeter 1932, 1934). Among these was a work on un-
certainty estimation in systematic strip sampling (Lang-
seeter 1926) which contained early descriptions of
estimators that are still studied today (Magnussen et al.
2020).

International cooperation was of great importance for
the development of the Norwegian NFI. The first NFI
report highlights the knowledge exchange with and in-
fluence of the Swedish NFI on the chosen sampling
design (Landsskogtakseringen 1933, p.6). This close co-
operation was maintained throughout the years, which is
visible from similar developments in both NFIs (Fridman
et al. 2014). The exchange with the other Nordic coun-
tries was, and still is, significant (Kangas et al. 2018). Co-
operation through the European National Forest
Inventory Network (ENFIN) and beyond has also been
an important source of inspiration and quality assurance
for the recent Norwegian NFIs (Tomppo et al. 2010).

Current developments and the foreseeable future
Forest growth and yield simulation and new variables
Providing forecasts on the development of the Norwe-
gian forest has been an important task of the NFI, and
prognoses, e.g. on sustainable yield, have been produced
regularly during the past decades. Earlier prognosis tools
(Eid and Hobbelstad 2000) were mainly used to forecast
the development of timber resources given a set of as-
sumptions on silvicultural strategies. Recent years have
seen a growing need for a more flexible tool that may
operate at the individual-tree level and accommodate
also other ecosystem services such as carbon sequestra-
tion and the effects of climate change. Aided by ad-
vances in software and computational resources, this
need has spurred a considerable effort in the develop-
ment of a new open-source single-tree simulator during
the last years. The developed simulator, named SiTree,
is written in the R language for statistical computing
(Antén-Ferniandez and Astrup 2019).

The simulator includes single-tree models for Norway
and uses the soil model Yasso07 (Liski et al. 2005), such
that also changes in soil carbon may be forecasted. In-
crement, mortality, and ingrowth of individual trees are
forecasted either by a traditional empirical model-based
approach or by imputation. In the latter, the future de-
velopment of the focus tree is predicted by assigning the
information of the nearest neighbor among the
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measured trees in the NFI database, using predictor vari-
ables from published empirical models to define the
nearest neighbor tree. The simulator can flexibly accom-
modate a set of different silvicultural management op-
tions, different harvest pathways (Antén-Fernidndez and
Astrup 2012), and changes in forest productivity due to
changing climatic conditions (Antén-Ferndndez et al
2016). Recently, the SiTree simulator has proven to be a
valuable tool to analyze the effect of different climate
mitigation measures in Norwegian forest (Bright et al.
2020, submitted) and in establishing a forest harvest ref-
erence level for Norway (Ministry of Climate and Envir-
onment 2019). Further development of the simulator
will allow for even better tailored and more detailed sce-
nario analyses in the years to come.

Classification of the NFI plots according to the
Nature in Norway system (NiN) (Pedersen and Nybe
2015) was planned as of the field season 2020. Be-
cause the NiN system requires major additional field
work and thus further qualification of the field staff,
the implementation is currently postponed to 2021
due to the Covid-19 situation. Moreover, an initiative
from the Ministry of Food and Agriculture and the
Norwegian Environment Agency to elaborate on a soil
sampling system may possibly lead to additions to the
field protocol. While this would enable better
parameterization of the Yasso soil carbon model and
thus improving soil C estimates for Norway, it would
require substantial resources for field sampling and
subsequent laboratory analyses. Whether funding will
be available for this task is still an open question.

Utilization of remotely sensed data

Many users prefer maps over NFI statistics for ad-
ministrative units because spatially-explicit informa-
tion is (seemingly) easier to interpret. We notice that
maps provide an intuitive access to data and the flexi-
bility of aggregation for arbitrary regions. We there-
fore believe that the advantages of providing the
required maps to users weighs stronger than local
systematic errors that are inevitable in model-based
maps. The NFI tries to satisfy these user needs with
the Forest Resource Map SR16 (Astrup et al. 2019)
which provides model-based raster maps of the most
important variables in 16 m x 16 m resolution. Consid-
erable research efforts towards the integration of re-
mote sensing technologies in the NFI (Rahlf et al.
2014, 2015, 2017; Schumacher et al. 2020) have en-
abled its publication since 2015. As for numerous
earlier developments of the NFI, SR16 and its
satellite-based precursor (Gjertsen 2007) profited from
the close knowledge exchange among the Nordic for-
est inventory community (Kangas et al. 2018) and the
Nordic NFIs that provide similar systems to their

Page 16 of 19

users (Tomppo et al. 2008; Nord-Larsen and Schuma-
cher 2012; Nilsson et al. 2017).

In SR16, metrics based on image matching and air-
borne laser scanning data are used to fit linking models
for variables such as timber volume, biomass, and
Lorey’s height, observed at the NFI sample plots. Dom-
inant tree species are mapped using optical satellite data
(Breidenbach et al. 2020) which improves the maps of
other variables by enabling the stratification of models
by tree species. The models are used to predict the vari-
able of interest in the form of raster maps where
remotely-sensed data are available. This means that the
raster cells are the expected values of the models given
the explanatory variables based on remotely sensed data.
In addition to the expected values, maps of prediction
intervals are provided as information on the uncertainty
in the maps.

The SR16 maps are regularly updated for growth
using linking models with updated parameter esti-
mates using current NFI data. Changes due to larger
removals such as harvests are updated by setting the
predicted forest attributes in pixels with a Global For-
est Watch change (Hansen et al. 2013; Rossi et al.
2019) to zero. This also provides harvested volume as
a new map product. A comparison of synthetic esti-
mates of SR16 harvest volume within several munici-
palities in south-eastern Norway with the official
harvest statistics by Statistics Norway that is based on
the mandatory reporting of harvested timber volume
(Fig. 8) can also be seen as a form of validation of
the SR16 volume map. In the synthetic estimates of
harvest volume, it is assumed that 20% of the stand-
ing timber volume remains within the forest, which is
based on analysis of NFI plots with harvests.

Owing to wuser requests, SR16 also provides
synthetic estimates and their model-based uncertain-
ties (Breidenbach et al. 2016, 2018) of the mapped
(predicted) attributes for automatically generated seg-
ments that resemble forest stands. The segmentation
and a parallel update of the official forest cover map
(Ahlstrem et al. 2019) is carried out by NIBIO’s Geo-
matics department, which also hosts SR16 as a freely
available part of Norway’s natural resource infrastruc-
ture map server (Kilden 2020).

The NFI utilizes the remotely-sensed data prepared for
SR16 in small area estimations on the municipality level
(Breidenbach and Astrup 2012) which are disseminated
to users by a web interface. The NFI web interface is
available in English and Norwegian and gives access to
standard NFI data as well (Breidenbach 2016-2020). Al-
though alternative options are currently considered
(Magnussen et al. 2020), conservative variance estima-
tors assuming simple random sampling are utilized in
the NFI web interface.
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Future developments

Besides the further integration of remotely sensed data
(Solberg et al. 2019; Puliti et al. 2020a, b), NFI researchers
also work on improved tree-level assessments through ter-
restrial (Ducey and Astrup 2013; Astrup et al. 2014) or
drone-based scanning techniques (Puliti et al. 2019, 2020a,
b). We perceive the great potential of these relatively new
measurement techniques in documenting the vegetation
status, which enables new measurements at a later stage
and provides additional information, for example on stem
and crown shapes (e.g. Hyyppd et al. 2020). However,
more research and development, especially with respect to
all-weather capabilities and costs, will be needed to make
them operational under the rough requirements of an
NFI. Many of the variables assessed in the NFI will then
still require careful assessment by field workers. A general
tendency that can be read from the NFI development over
the years is the need for more information. So far, the
relatively simple design with fixed permanent plots for the
primary variables has proven to be robust to the changing
and increasing information requirements since its imple-
mentation in the 1990s. The fundamental societal changes

required to form a fossil fuel-free bioeconomy without the
loss of today’s welfare will require dramatic policy deci-
sions. We are therefore confident that data provided by
NFIs will be of high importance also in the future.
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