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Abstract

Key message This paper proposes a methodology that could be considered as a base for a harmonized protocol
for stem-quality reporting in Europe while conducting National Forest Inventories, in order to cost-efficiently obtain
a visual wood quality proxy. The importance of the variables selected, the limitations identified, and some improve-
ments to the methodology are suggested. Forest areas with better wood quality, which in turn it would be useful
for breeding programs, can be easily detected.

Context The establishment of harmonized standards or indicators that allow us to determine the quality of the wood
present in a forest prior to its exploitation has long been demanded by the European forestry sector, although agreed
methodologies for the evaluation of wood quality in standing trees, which is one of the sector’s most urgent require-
ments, have not, as yet, been implemented.

Aims To develop a protocol that visually characterizes wood quality on standing trees in a cost-effective way
for the National Forest Inventory (NFI). After some improvements, it can be considered as a base for a European har-
monized protocol.

Methods In this article, we analyze the implementation, in the NFI, of a visual wood-quality assessment methodol-
ogy in forests of Central Spain based on the different European standards as well as on research papers addressing
this issue.

Results The silvicultural practices employed are of the utmost importance to obtain the best wood quality, regard-
less of the species. Several areas with higher wood quality were identified as well as areas most affected by specific
pests in the studied region. The impact of the variables measured (e.g., branchiness, crookedness, maximum branch
diameter) is discussed.

Conclusion Itis feasible to estimate a proxy for wood quality on standing trees in the NFI. Furthermore, after study-
ing the inventory data provided, several enhancements are proposed, not only to improve wood-quality estimates
but also to optimize fieldwork costs. Harmonizing NFIs to assess and map European standing wood quality can be
achieved.
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1 Introduction

Given the importance of wood resources and their by-
products in terms of human welfare, it is necessary to
quantify forest stocks as well as variables linked to forest
dynamics such as regeneration, recruitment (when sap-
lings or young trees surpass a certain threshold growth
value), mortality, or harvesting (Vidal et al. 2016a). In
this regard, determining stem quality and assortments
in European forests is important not only for policymak-
ers and the timber industry, but also for carbon-life-cycle
strategies due to the fact that different timber products
have different end uses and thus store carbon for differ-
ent time periods (Bosela et al. 2016).

Fearing that the wood resources would run out and
in order to meet the requirement for information on
the amount of wood resources, their primary products,
and by-products, first forest inventories were imple-
mented at local or regional scale with the aim of pro-
viding robust statistics on wood stocks (Breidenbach
et al. 2021; Gschwantner et al. 2022; Montes et al. 2005).
Sample-based national forest inventories (NFIs) were
implemented in the European Nordic countries (Norway,
Sweden, and Finland) between 1910 and 1920, due to the
importance of forests and wood resources to their econo-
mies (Tomppo et al. 2010). Today, many countries carry
out sample-based NFIs to assess their natural resources
and provide forest indicators to meet the international
and national requirements (FAO 2014). According to
Nesha et al. (2021), 102 of 236 countries and territories
used their NFIs to produce reports for the Food and
Agriculture Organization (FAO) of the United Nations
Global Forest Resources Assessments (FRA) in 2020.

However, many international conventions, as well as
national processes, demand large-scale information on
other ecosystem services such as forest structure, carbon
sequestration, biodiversity, or wood and non-wood prod-
uct quantification (Moreno-Fernandez et al. 2021, 2020;
Alberdi et al. 2017b; Vidal et al. 2016b).

At an international level, there is a growing need for
forest indicators in order to support the development
and implementation of several environmental poli-
cies. However, forest information at a national level, for
which NFIs are the main data source, is not always eas-
ily comparable between countries (Vidal et al. 2016b).
In 2003, the European National Forest Inventory Net-
work was established with the aim of promoting NFIs
as comprehensive monitoring systems by harmoniz-
ing forest information (Tomppo et al. 2010). The har-
monization of NFIs is based on the establishment

of reference definitions and functions to transform
national data into comparable indicators among coun-
tries (Vidal et al. 2016a). There are important ongoing
efforts to harmonize the forest information provided
by European NFIs, leading to the development of sci-
entific methodologies which allow the validation of
results among the different countries (Gschwantner
et al. 2019; Vauhkonen et al. 2019; Alberdi et al. 2020,
among others).

Forest managers and owners require information on
the volume and quality of the wood present in their
forests in order to determine the effects of silvicul-
tural and genetic improvement practices and therefore
take the most appropriate management decisions with
regard to profitability. Moreover, determining the qual-
ity of the wood in a productive forest stand prior to its
exploitation is also necessary in order to identify the
most suitable end use for each log when bucked. Given
that specific qualities and requirements must be con-
sidered when processing different wood, the quality will
partially determine the final use of the felled tree. The
estimation of wood quality is important for the sustain-
able use of forest resources and for the development of
optimal planning and conservation activities. Unfor-
tunately, the lack of harmonized surveys for assess-
ing wood quality continues to pose an obstacle in this
regard.

Wood properties are determined by studying a series
of technical characteristics (e.g., density, stiffness, pro-
portion of juvenile and mature wood, fiber orienta-
tion), chemical characteristics (e.g., percentages of
cellulose, hemicellulose or lignin, tannin content), and
characteristics related to stem growth (e.g., branchi-
ness, distance between knots, stem shape, straight-
ness, and inclination) (Macdonald and Hubert 2002;
Larson 1969; Burdon et al. 2004; Lachenbruch et al.
2011). These technical, physical, and chemical charac-
teristics, which are not visible externally, require either
collecting wood core samples, felling, or evaluation
using non-destructive techniques such as near-infra-
red spectroscopy, resistance drilling, acoustic-based
techniques, or density estimators as proxies for wood
quality. These techniques allow many of these char-
acteristics to be estimated without having to resort to
intrusive or destructive methods (Wessels et al. 2011;
Ruano et al. 2019; Schimleck et al. 2019; Ondrejka
et al. 2020). However, these techniques are still at an
incipient phase as regards field application and more
work is required to validate them and determine their
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performance and accuracy in standing trees of differ-
ent sizes and across species (Gallego et al. 2021; Schim-
leck et al. 2019; Rudnicki et al. 2017; Merlo et al. 2014;
Wang et al. 2007). Moreover, due to both economic and
temporal limitations, the assessment of wood quality
using the abovementioned techniques is not currently
feasible for most national-scale surveys (Bosela et al.
2016). Visual morphological characterization of the
stem (e.g., branchiness, taper, knottiness, slenderness,
straightness, crookedness, forks), which determines the
quality of the usable stem on standing trees, is easily
measurable in the forest without the need for intrusive
or destructive methods. Additionally, the use of this
method of characterization reduces field survey costs
and therefore may be used as a proxy of wood quality
in large-scale surveys (Barger and Ffolliott 1970; Riesco
Munoz et al. 2014; Pretzsch and Rais 2016). Another
approach used to evaluate the quality of standing trees
based on morphological characterization is by means of
photogrammetry or LIDAR techniques (Pyorila et al.
2019; Kedra et al. 2019; Nguyen et al. 2021).

Although the measurement and application of many
variables and definitions associated with forest assess-
ment indicators have been improved and harmonized
in the European NFIs (Tomppo et al. 2010; Vidal et al.
2016a), there has been little progress concerning the ade-
quacy of the wood-quality estimation. Bosela et al. (2016)
made a first attempt to evaluate the potential of European
NFIs to objectively report on stem quality in European
forests in a harmonized manner, highlighting the impor-
tance of standardizing indicators. They concluded that
the majority of European countries have included a direct
or indirect approach to evaluate stem quality. However,
the heterogeneity of variables measured in the NFIs of
different European countries, as well as the different end-
use stem quality classifications, hamper attempts to har-
monize stem-quality reporting.

In Spain, the First National Forestry Inventory (SNFI-
1) was implemented between 1966 and 1975. Since then,
two more have been carried out (SNFI-2 1986—-1996,
SNFI-3 1997-2007) and the fourth cycle is ongoing
(SNFI-4) (Alberdi et al. 2017a). A multi-objective inven-
tory, capable of responding to the demand for informa-
tion on forest biodiversity and conservation, bioeconomy,
forest hazards, and disturbances, is currently imple-
mented. Several wood-quality indicators are already
assessed during the SNFI fieldwork, although these indi-
cators are not as yet used for subsequent quantification
of timber assortments (Alberdi et al. 2017b).

For these reasons, we analyze and propose a methodol-
ogy in this paper to measure and assess stem quality at
national level in the SNFI-4 which entails a compromise
between obtaining the desired information and the time

Page 3 of 20

and effort required to obtain it by means of a visual clas-
sification of the stem. The specific purposes of this paper
are (i) to present a field protocol to select key parameters
for estimating stem quality in standing trees in the con-
text of the SNFIs (which could be extrapolated to other
NFlIs), (ii) to apply the new stem quality assessment to a
case study in a central Spanish region, and (iii) to discuss
the opportunities and limitations identified as well as to
suggest improvements prior to the implementation of the
protocol in other forest monitoring networks.

2 Materials and methods

2.1 Study area for the case study

To implement and test a new stem-quality protocol, we
used data from 4099 plots located in forests of the auton-
omous community (main administrative unit in Spain) of
Castile and Leon (C&L) inventoried during the SNFI-4
(2019-2020). C&L is situated in Northwest Spain cov-
ering 94,225 km? of which 31.65% corresponds to for-
ests while the remaining land use is mainly agricultural
(MAPA 2006). The majority of this region is character-
ized by a large plateau with an average altitude of 850 m
asl and ranging from 116 to 2648 m asl. The plateau is
surrounded by three mountain ranges that act as natural
borders.

The bioclimatic regions vary from Atlantic (Montane)
to Mediterranean (meso-Mediterranean, supra-Medi-
terranean, and oro-Mediterranean) forests (Aemetblog
2019), resulting in quite diverse forest types from Medi-
terranean holm Oak forests to Atlantic European beech
forests. For commercial purposes and wood industries,
the most important forest species are Pinus pinaster Ait.
(not tapped for resin), Pinus radiata D. Don, Pinus syl-
vestris L., Pinus nigra ].F. Arnold, Fagus sylvatica L., and
Quercus petraea (Matt.) Liebl. due to the abundance of
these species and their historical exploitation. Addition-
ally, at a smaller scale, it was decided to include Quercus
robur L. and Castanea sativa Mill. in this study because
of the potential of their wood. For reasons of statisti-
cal power and species representativeness, only those
tree species represented in at least 20 SNFI plots were
considered.

The Koppen-Geiger empirical climate, vegetation-
based, classification system (Kottek et al. 2006), and
the SNFI-4 plot distribution over the region studied are
shown in the Appendix, Fig. 9.

2.2 SNFI and stem-quality protocol

The SNFI consists of permanent plots established sys-
tematically in forested areas (Alberdi et al. 2017a) on a
1-km square grid. Each plot is composed of four concen-
tric subplots of 5, 10, 15, and 25 m radii in which trees
are measured according to minimum diameter at breast
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height (dbh) thresholds which are 7.5, 12.5, 22.5, and 42.5
cm, respectively (Alberdi et al. 2016). For each sampled
tree, the species is identified and georeferenced, then
the dbh and total height are measured, and tree shape
and tree vitality status are classified by category (among
other variables not related to wood quality).

The stem-quality protocol focuses on commercial spe-
cies selected by region, specifically on trees with poten-
tial commercial uses and they are categorized according
to shape and vitality. Within this stem-quality subsample,
additional variables (described below) were specifically
collected through a field survey simultaneously to the
SNFIL.

To characterize tree shape, six broad categories are
considered based on the stem curvature, tree length,
damage, branching, forks, and whether or not the tree
has been pollarded. For stem-quality monitoring only,
the first two of these categories define the best shapes
for potential commercially viable trees. Hence, the trees
used in the study were selected according to the follow-
ing: (i) Shape 1: “the tree has a fusiform bole, the stem
is saw timber yielding, clean, straight and is more than 6
m long, the crook is less than 1% of its length, the fiber
is not inclined and the dbh is greater than 200 mm”; (ii)
Shape 2: “the tree is fusiform, having a saw timber yield-
ing bole of 4 m or more, branches in the upper part” The
complete definitions of the tree-shape categories consid-
ered in the SNFI are included in the Appendix.

Similarly, the SNFI classifies trees by vitality into six
classes according to vigorousness, health status, over-
age, tree shape, and potential assortments. The first three
of these classes are those considered for stem-quality
assortment: (i) Class 1: “healthy, vigorous trees, opti-
mally shaped, with no signs of over-aging, able to provide
many products of value, not suppressed and with excel-
lent prospects for the future”; (ii) Class 2: “healthy, vig-
orous, not suppressed trees, with no signs of over-aging
although with some form defects and able to provide
several products of value”; (iii) Class 3: “trees not totally
healthy and vigorous, or somewhat over-aged or sup-
pressed, with quite a few form defects, but able to pro-
vide some products of value” The complete definitions
of the tree-vitality categories considered in SNFI are
included in the Appendix.

In each SNFI plot in which one or more of the tar-
get species were present, stem-quality parameters
were recorded. This selection is carried out based on
the tree species (up to three) with the greatest crown
cover. In these plots, up to five trees of the three target
species are monitored in the 25-m radius plot, mean-
ing that up to five trees will be selected in monocul-
ture plots while in mixed forests up to fifteen trees
could be selected.
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The tree selection criteria are the following: (i) meas-
ured in the regular SNFI concentric plot design; (ii)
dbh > 18 cm; (iii) classified under one of the two first
categories regarding tree shape defined above; (iv)
classified under one of the three first categories of the
tree-vitality criteria defined above. Finally, if there are
more than five trees of each target species which meet
the above criteria, those closest to the center of the plot
will be selected.

The following additional measurements are specifi-
cally taken for each of the selected trees: (i) two per-
pendicular measurements of the dbh; (ii) height of
the first living branch with a diameter greater than or
equal to 1 cmy; (iii) height of the first dead branch with
a diameter greater than or equal to 1 c¢cm; (iv) height of
the base of the crown; (v) presence of spiral grain; (vi)
bark thickness (two perpendicular measurements with
a bark gauge); (vii) presence of artificial pruning; and
(viii) stem leaning.

For Pinus species (softwoods), certain variables asso-
ciated with knottiness, straightness, and presence of
and/or damage by specific, harmful, and frequent pests
or pathogens are also measured: (i) number of living
branches in the first 6 m; (ii) number of dead branches
in the first 6 m; (iii) number of whorls in the first 6 m
(a whorl is considered if three branches, dead, alive or
bumps, are close to each other); (iv) height of the first
whorl; (v) diameter of the biggest branch in the first 6 m;
(vi) length of the maximum crook (abrupt bend in the
merchantable stem) in the first 6 m; (vii) type of crook
(simple or multiple); (viii) crown length percentage
affected by the pine processionary moth (Thaumetopoea
pityocampa Denis & Schiffermiiller); (ix) crown length
percentage affected by the pitch canker disease (Fusar-
ium circinatum Nirenberg & O’Donnell); (x) presence of
the pitch canker disease (E circinatum) in the stem.

2.3 Tree stem-quality assessment

Once the stem-quality data in each SNFI4 plot had been
recorded, a decision tree was defined to assign stem qual-
ity to each measured tree.

Firstly, the branchiness and crookedness variables
were considered to assess the stem quality of selected
trees due to their importance for wood quality. Other
variables were subsequently considered to reevaluate this
first stem-quality category assigned, such as ovality, lean,
presence of spiral grain, maximum branch diameter, or
presence of diseases (Fig. 1).

The decision tree for assigning stem quality for
each measured tree based on the recorded variables is
described below. Note that Quality 1 indicates the best
stem quality while Quality 4 denotes the worst stem
quality.
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BRANCHINESS QUALITY (Qg):
Q,: Hyg 26m
Q,:2.5m <H;5 <6m
Qs: Hyg <2.5m
Artificial prunning: Q; > Q,
[
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CROOKEDNESS QUALITY (Q):
Q;: Cs<2em/m;  Cy NA
Q,: C; €2.6cm/m ; Cy, <lem/m
Q;: CA Cy €2cm/m

Q: G A CuiA
|

COMBINED QUALITY (Qg)

Highest or worst class obtained of Qg (1-3) or Q. (1-4)

would be the selected one (range 1-4)

OTHER VARIABLES:

Ovality: If dmax/dmin>1.2 then Qg23

Lean: If a210% then Q23

Spiral grain: If presence then Q:=4
branch di

permited:
Pines: Qz=1 NA; Q=2 if dyg,, 0-4 cm;
Q=3 if dpg, 4-7 ; Q=4 A
Broadleaved Q=1 dyg, 0-2; Qz=2 dyg, 2-6;
Q=3 A; Q=4 A

v

Tree stem quality

Q;=Qg — (Other parameters &

HEALTH STATUS

If Fusarium circinatum
presence then if Qgc<4
then Qp=Qgc +1

(Q)

Health status restrictions)

Fig. 1 Synthesized workflow explaining how to obtain the tree stem quality (QF). H1B, height of the first living or dead branch; Cs, Single Crook;
CM, Multiple Crook; dmax, maximum diameter at breast height; dmin, minimum diameter at breast height; a, lean angle; dbém, diameter

of branches in 6-m height; A, allowed; NA, not allowed

Table 1 Stem-quality classification based on tree branchiness in

Table 2 Stem-quality classification based on tree crookedness in

SNFI-4 plots SNFI-4 plots
Height of the first living or dead branch Branchiness Crookedness quality Single crook Multiple crooks
quality (Qg) Qo)
>6m 1 1 <2cm/m Not allowed
2.5-6m 2 2 <26cm/m <1cm/m
<25m 3 3 Allowed <2cm/m
4 Allowed Allowed

2.3.1 Branchiness quality (QB)

To evaluate the tree length free of branches for com-
mercial purposes, three classes were established
according to the insertion height of the first living or
dead branch.

If branchiness quality is assigned as 3 according to
Table 1, but the field team concludes that the tree has
been artificially pruned, then it is reclassified as 2. The
reason for this is that the knots resulting from pruning
are of better quality, if done correctly, than those result-
ing from self-pruning (Mederski et al. 2019; British
Columbia Ministry of forests 1995). If the tree has already
been pruned up to a certain height, further pruning up to
a greater height could be undertaken in the future.

2.3.2 Crookedness quality (QC)

The second classification regards the tree straightness
or crookedness. In this classification, the magnitude of
single or multiple crooks is quantified in cm/m, using a
modified methodology proposed by Baylot and Vautherin

(1991) (Table 2). This variable is only evaluated in soft-
wood species.

2.3.3 Combined branchiness and crookedness quality (QBC)
After assessing branchiness and crookedness, the highest
value, i.e., worst class obtained from these two classifica-
tions, was selected, that is, the combined branchiness and
crookedness quality (Qgc). The Qg can be modified by
other tree features such as ovality, lean, spiral grain, max-
imum branch diameter, or disease indices. The reevalua-
tion of Qg gives the final stem quality (Qp).

2.3.4 Ovality

Ovality is the coefficient obtained after dividing the
larger diameter by the smaller one of the two measure-
ments taken perpendicular to each other at breast height.
Extreme ovality is related to the eccentric pith and reac-
tion wood, and to a reduction in log quality due to warps
produced in the drying process as well as the poorer
mechanical properties of this type of wood (Speidel 1957;
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Constant et al. 2003). If the ovality index is lower than
1.2 for softwoods, 1.1 for Populus, Quercus or Castanea
species, and 1.15 for Fagus species (Speidel 1957; HKS
1969; Jourez et al. 2010; UNE-EN 1316-1:2012; UNE-EN
1316-2:2012), Q¢ remains unchanged. For trees with
Qg 1 or 2, if the ovality index is higher than the above
values, the Qg should be changed to 3.

2.3.5 Lean

Lean is considered when the tree bends or slants in a par-
ticular direction away from a vertical position. As indi-
cated in Barger and Ffolliott (1970), a lean greater than
10° has a high risk of the presence of reaction wood. Thus,
a lean greater than 10° will restrict the Qg to classes 3 or
4, modifying Qg 1 or 2 into 3.

2.3.6 Spiral grain

Spiral grain occurs when the longitudinal arrangement of
wood-fiber deviation presents an inclination, with a spi-
ral-like pattern circling the trunk. Spiral grain is a highly
undesirable characteristic of wood quality. Although
important, this variable can change and even shift along
the stem during the lifetime of the tree (Skatter and Kuc-
era 1998; Hallingback 2010; Watt et al. 2013). Due to
the shift in the grain angle that occurs as it grows, we
will only attempt to determine whether there is a grain
angle greater than 5° in the outer part of the tree rather
than measure the actual value (Harris 1984; Hallingbéck
2010). As regards the grain angle, Hogberg et al. (2010)
identified a strong relationship between the twist in the
inner boards and the angle in the outer ring in 36-year-
old trees. In order to avoid damaging the tree, if a spiral
grain greater than 5° is observed through the bark pattern
relative to the longitudinal axis of the stem, the Qg will
be classified as the lowest quality (4).

2.3.7 Maximum branch diameter

The indicator “maximum basal diameter of branches up
to 6 m height” was taken into account to classify stem
quality according to the Spanish UNE-EN 1927-2:2008
for pines and UNE-EN 1316-1:2012 for beech and oak as
quality constraints. For this reason, the maximum branch
size in the first 6-m height could directly affect the final
quality classification (Qg) (Table 3).

Table 3 Maximum branch diameter permitted in each class of
final stem quality (Qy)

Species Final stem quality (Qg)

Q1 Q;2 Q3 Q4
Pines Not allowed <4cm <7cm Allowed
Broadleaved species <2cm <6cm Allowed  Allowed
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2.3.8 Diseases

The presence of E circinatum on the stem reduces the
stem quality by one category of the Q. This modifi-
cation is not applicable in the case of trees with a Qp¢
rating of 4.

2.3.9 Final stem quality (QF)

Finally, according to the classification scheme shown
in Fig. 1, sample trees were classified into 4 possible
stem quality categories: plus or premium quality (Qgl),
good quality (Qp2), average quality (Qp3) or poor qual-
ity (Qp4), wood suitable only for chipping, firewood, or
other uses before trimming.

2.4 Plot stem-quality assessment

To calculate the average stem quality of the plot per
species (Qp), all trees of the target species measured in
the regular SNFI survey with a dbh > 18 cm were classi-
fied into the two following groups:

+ Group A: Trees of tree-vitality class 1, 2, or 3 and
tree-shape class 1 or 2.

« Group B: Trees not meeting the criteria of Group
A.

First, we calculated the average stem quality of the
five selected trees (Qp) per species in each plot and
ascribed this value to the rest of the trees belonging to
Group A, while the trees belonging to Group B were
ascribed to Qg 4. Secondly, the quality average weighted
by the number of trees within Groups A and B was cal-
culated per species in each plot. Finally, the average Qg
per plot was grouped into a categorical variable (Qp),
as can be seen in Table 4. The synthesized workflow
explaining how to obtain the stem quality of the plot
(Qp) per species is presented in Fig. 2.

2.5 Statistical analysis

We used Cohen’s kappa statistic and a confusion
matrix approach to assess the importance and role of
each variable in the definition of stem quality. Cohen’s
kappa statistic is a chance-corrected method for assess-
ing agreement, rather than association, among raters
(Carletta 1996). In other words, it gives an estimation
of the proportion of values which are agreements but
would not be expected to be agreements by chance if
they were independent (DeVellis 2005). Thus, the lower
the value of Cohen’s kappa statistic, the worse the clas-
sification and the more important the variable. The
confusion matrix (Kohavi and Provost 1998) contains
information on actual and predicted classifications
done using the previously explained classification sys-
tem. The performance of such systems is commonly
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dbh > 180 mm

‘ All trees present in the plot with J

Trees with Vitality Class 1, 2 or 3 &
Shape Class 1 or 2

The quality of these trees will be
assigned with the average Qg of the
sample trees of the plot

Plot stem quality (Qp)

Trees with Vitality Class 4, 5, 6 &
Shape Class 3, 4,5, 6

The quality of these trees will be
assigned to worst stem quality

(Qe=4)

Weighted average of the stem qualities of each
group and grouped into a categorical variable;

A(1-15),B(1.5-2.5), C(2.5-3.5)or D (3.5—4)

Fig. 2 Synthesized workflow explaining how to obtain the plot stem quality per species. dbh, diameter at breast height; QF, final stem quality; QP,

plot stem quality

Table 4 Plot stem quality average per species as derived from
the stem quality of all trees present in the plot for each species

Plot stem quality (Qp) Average
quality
(average Qy)

A 1-1.5

B 15-25

C 25-35

D 3.5-4

evaluated using the data in the matrix. In this study, we
used both techniques to compare results obtained after
eliminating each variable and comparing the results
with the true value (results with all the variables).

3 Case-study results
3.1 Analysis of the variables considered for the estimation
of stem quality

Out of the 19,819 trees evaluated in the study area
according to the selection criteria, 0.32% were Q. robur,
1.15% C. sativa, 1.41% P. radiata, 2.87% Q. petraea, 6.11%
E sylvatica, 11.22% P. nigra, 36.17% P. sylvestris, and
40.66% P. pinaster. Therefore, 89.46% of the trees evalu-
ated were softwoods.

These trees were sampled in 4099 plots, monocul-
ture plots being the most common while mixed-spe-
cies plots were marginal (629). Only 70 out of the 629

mixed-species plots contained a mixture of softwood and
hardwood trees.

P sylvestris, P. pinaster, and P. radiata trees presented
the highest average height of the first living branch with
values between 6.5 and 6.7 m, followed by P. nigra at 5.4
m (Table 5). However, P. radiata presented the lowest
average dead-branch height of the pines (2.3 m) followed
by P, nigra (2.6 m). P. pinaster and P. sylvestris had a simi-
lar dead-branch height, 3.9 m and 3.3 m respectively.
Among the hardwood species analyzed, Q. petraea trees
had a first-living-branch height of 4.9 m and a first-dead-
branch height of 4.2 m. The first living branch in the F
sylvatica trees appeared at around 4.1 m, which was sim-
ilar to Q. robur (4.3 m) and the height of the first dead
branch was 4.4 m for E sylvatica and 4.3 m for Q. robur.
The average height of the first living branch in C. sativa
was 4.3 m and that of the first dead branch was 3.2 m,
this being the lowest of the hardwoods considered.

As regards the variables that consider the percentage
of trees with a branchless stem up to a height of 6 m,
only 15.3% of P. pinaster trees and 12.9% of P. sylvestris
trees had “clean” stems, and these percentages dropped
in the cases of P radiata and P. nigra trees down to 5.3%
and 4.1% respectively. When evaluating the percentage
of trees with living or dead branches at heights below
2.5 m, it was observed that 65.6% of P. radiata trees met
this criterion, 50.1% for P nigra, 44.9% for P sylvestris,
and 29.3% for P. pinaster. In the case of the hardwoods,
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Table 5 Means and standard deviations (in brackets) and percentage of variables considered for the tree-quality assessment by

species

Species N plots N trees dbh H1Abranch H1Dbranch Crown H % SG % Pruned
P sylvestris 1624 7169 30.1(9.9) 6.7 (4.0) 33(26) 76 (4.0) 0.2 16.9

P nigra 535 2224 26.1(7.3) 54(2.8) 26(1.5) 6.0 (2.9) 0 320

P pinaster 2021 8058 33.7(10.1) 6.7 (3.2) 39(23) 72(33) 0 185

P radiata 64 279 33.8(12.8) 6.5 (3.6) 23(2.0) 83 (4.1) 0 30.1

Q. robur 20 63 37.4(17.8) 43(1.9) 4322 6.2 (2.2) 0 0

Q. petraea 147 569 326(14.5) 49(2.8) 42(23) 6.9 (2.8) 04 04

F. sylvatica 298 1210 30.8(13.0) 4.1 (2.7) 44(2.6) 6.0 (3.0) 0 0.1

C. sativa 74 227 304 (14.4) 44 3.2) 32(1.8) 713.0) 04 7.0

N plots number of plots sampled per species, N trees number of trees sampled, dbh mean diameter at breast height (cm), H1Abranch and H1Dbranch mean height of
the first living and dead branch, respectively (m), Crown H crown height (m), % SG percentage of trees with spiral grain (dichotomic variable 0/1), % Pruned percentage

of artificially pruned trees (dichotomic variable 0/1)

the percentages of Q. petraea and E sylvatica trees with
branchless stems up to 6 m were almost the same (17.7%
and 16.8% respectively), increasing in the case of Q. robur
(20.6%) and decreasing in the case of C. sativa to 6.6%.
Regarding the percentage of trees with the presence of
branches at heights below 2.5 m, C. sativa presented the
highest percentages among the hardwoods at 48.9% of
the trees, followed by E sylvatica at 39.6%, while Q. robur
and Q. petraea presented very similar data, 33.3% and
32.7% respectively (data not shown).

In the studied region, pruning treatments were com-
monly found in P nigra (32.0%) and P. radiata (30.1%)
but were somewhat less frequent in P sylvestris and P
pinaster (16.9% and 18.5%, respectively). However, prun-
ing is not carried out up to a height of 6 m, but usually
up to a height of approximately 2—3 m. Repeated pruning
interventions are less common (Moreno-Ferndndez et al.
2014). Regarding hardwood species, C. sativa was the
only species with a significant number of pruned trees
(7.0%).

Spiral grain was not observed apart from a few P syl-
vestris, C. sativa and Q. petrea trees. From the data gath-
ered, it would appear that there is little presence of SG in
the plots studied.

The specific quality variables measured for the pine
species are shown in Tables 6 and 7. P. pinaster, together
with P. radiata, presented the lowest average number of
living branches in the first 6 m (5.9 and 6.1 respectively).
P. pinaster also presented the lowest average number of
dead branches (10.2). P radiata presented a high num-
ber of dead branches (18.8 on average) as did P nigra
with 20.1, this species also displaying the highest aver-
age number of living branches up to a height of 6 m (9.6).
P. sylvestris presented an intermediate average number
of living branches (6.5) as well as an average number of
dead branches (14.0). However, all these variables exhibit

Table 6 Means and standard deviations (in brackets) for the
presence and number of branches in softwoods

Species  NbranchesA NbranchesD Nwhorls Hiwhorl MaxBranchD
P sylvestris 6.5 (10.5) 14.0 (12.0) 11.8(56) 18(23) 424(369)
P nigra 9.6 (134) 20.1(15.0) 140(50) 13(1.2)  351(280)
P.pinaster 5.9 (9.9) 10.2 (9.8) 108(5.0) 17(1.8)  352(340)
Pradiata 6.1 (10.6) 18.8(13.9) 10140 12(12) 385(3.1)

NbranchesA number of living branches in the first 6 m, NbranchesD number of
dead branches in the first 6 m, Nwhorls number of whorls visible in the first 6
m, H1whorl height of the first whorl, (m), MaxBranchD diameter of the thickest
branch in the first 6 m (mm)

Table 7 Mean and standard deviations (in brackets) of variables
for stem straightness and presence of Fusarium circinatum with
regard to stem quality in softwoods

Species % Single crook % Maximum % F.
Multiple  crook circinatum
crooks presence

P sylvestris  93.6 29 8.1(84) 0.1

P nigra 904 26 7.5(7.8) 0.3

P pinaster ~ 80.9 114 152 (17.8) 8.8

Pradiata  62.7 9.0 8.2(7.5) 186

% Single crook percentage of sampled trees with single crook (dichotomic
variable 0/1), % Multiple crooks percentage of sampled trees with multiple crooks
(dichotomic variable 0/1), Maximum crook maximum depth of crook in the first 6
m of the stem (cm), % F. circinatum presence percentage of trees with signs of £.
circinatum in the stem (dichotomic variable 0/1)

a large intra-specific variability (standard deviation)
between all trees studied.

The highest average number of whorls up to a height
of 6 m was observed in P. nigra (14.0), while the num-
ber was slightly lower in P. sylvestris (11.8). The number
was very similar in P. pinaster and P. radiata, 10.8 and
10.1 respectively. The height of the first whorl in the
first 6 m was very similar among the four pines species.
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However, as regards the average diameter of the thick-
est branch in the first 6 m, there were differences, with
P. sylvestris presenting the largest (42.4 mm), followed
by P radiata (38.5 mm), while the smallest diameters
corresponded to P. pinaster and P. nigra, 35.2 mm and
35.1 mm respectively.

The percentage of trees of P. pinaster and P. radiata
with multiple crooks was much higher than that of
the other pine species, about 12.5% for both types
of crookedness (data not shown). With regard to the
maximum crook, the results revealed that P. pinaster
had the highest average at 15.2 cm although this spe-
cies also presented a large variability. The average
maximum crook for P radiata and P. sylvestris was
similar, 8.2 cm and 8.1 cm respectively, but high intra-
specific variability was also detected. Finally, P. nigra
presented the lowest average maximum crook at 7.5
cm. The percentage of crooked trees was very high in
P. pinaster, P. sylvestris, and P. nigra, about 92-96% of
the trees analyzed having some type of crook. How-
ever, the large number of trees with a simple crook was
due to a misunderstanding of the methodology, since
the first range included for the identification of the
curvature showed a zero percentage (0—10%). This was
corrected for future samplings.

The results for E circinatum presence in the stem
revealed that approximately 18.6% of P radiata trees
were affected, the percentage falling to 8.8% in the case
of P. pinaster. The presence was almost negligible for P
nigra and P, sylvestris, 0.3 and 0.1 respectively.

0-10% = 11-20% ™ 21-30% ™ 31-40% ® =41%

A

100km L1 11|

Pinus nigra
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For pine species, the presence of the processionary
moth was also analyzed. Regarding the percentages of
tree crown affected per plot, the sites with the highest
incidence in P. nigra and P. pinaster were above 21% and
even exceeded 41% in some cases (Fig. 3). However, these
data should be interpreted with caution since the data
collection was carried out over the whole year; hence,
identification of damage among sites may be affected by
the month in which they were sampled. In the case of P
radiata, the percentage reached 21-30% in northeastern
stands, while in the rest of the study area the damage was
scarce (0—-10%).

3.2 Stem-quality classification
The results from the stem-quality assessment indicated
that Final Stem Qualities (Qp) 2 and 3 are the most
common for all the studied species (Fig. 4). The high-
est proportion of the worst quality (4) was observed in
pines, with values ranging between 4 and 19%, whereas
the respective percentage of hardwood species did not
exceed 1%. It should be noted that more criteria are used
to classify stem quality for softwoods than for hard-
woods, meaning more restrictions, which could bias the
final results. Finally, the highest, Q; 1, was most preva-
lent in P, sylvestris, P. pinaster, Q. robur, Q. petraea, and F
sylvatica, around 10%, while Qg 1 was rare in P. nigra, P
radiata, and C. sativa (<3%).

To analyze the relative importance of each variable
in the determination of stem quality, the “leaving one

0-10% ™ 11-20% = 21-30% ™= 31-40% = =41%

A

100km L1 11 |

Pinus pinaster

Fig. 3 Regions with high presence of pine processionary moth (red circles) in the P nigra and P. pinaster study area according to the average
percentage of crown affected
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Q.robur Q.petraea C_sativa

F_sylvatica

Fig. 4 Estimated final stem quality (QF) percentage per species in the study region. Plus, or premium quality (QF1), good quality (QF2), average
quality (QF3), and poor quality wood for chipping, firewood, or other uses after trimming (QF4)

variable out” approach was followed using Cohen’s kappa
coefficient (Fig. 5) and a confusion matrix (Table 8).

Cohen’s kappa statistics revealed that Branchiness is
the most important variable (Kappa=40%) for the esti-
mation of the stem quality using the SNFI data in the
studied region. This variable is followed by Crooked-
ness and the Maximum branch diameter with Kappa of
around 80% (Fig. 5). In contrast, diseases, lean, spiral
grain, ovality, and pruning play only a minor role.

When analyzing the confusion matrices in more detail
(Table 8), the weight and role of each variable in stem

Branchiness
1_90{:%1
Crookedness....~ .,754%)

... Pruning
e

MaxDiam

F. circinatum

o i
T, b

o

v/-

Lean
Fig. 5 Cohen’s Kappa value obtained when comparing
concordances between stem characterization without a given
variable

quality classifications could be shown, as well as the
risk of misclassifying the worst stem qualities as higher
qualities.

If the Branchiness (Qp) was not considered, 89% of
Q; 2 and almost 50% of Qg 3 were misclassified as Qg
1. If Crookedness (Qc) was not considered, 2% of the
trees belonging to Qp 2 were classified as the best qual-
ity, and for Q 3 and Qg 4 the correct classification was
reduced to 86% and 64%, respectively. When the Maxi-
mum branch diameter (Qyp) variable was not consid-
ered, 8% of the trees of Qp 3 were misclassified and
almost 50% of the trees of Q 4 could be misclassified
either as Qp 2 or Qg 3. Qp 1 was assumed to not have
branches.

The influence of the presence of Fusarium circinatum
(Qp) was more evident in trees classified as Qp 3 which
should be Qp 4 (15%). As regards the other variables,
without considering the Lean variable (Q;), 2% of trees
were misclassified, and without the Spiral Grain variable
(Qgp) 1% of the trees were misclassified, respectively.

Furthermore, with regard to the confusion matrix, it is
important to note that the values are rounded. Due to the
large number of sampled trees in the study, if a misclas-
sification was found of less than 99 trees (0.5%), it would
not appear in the results. As an example, the variable Qgp
presented a 1% misclassification for the worst quality,
with more than 147 trees being misclassified as having
a better quality. However, since 72 of them were classi-
fied as Qgp 2 and 61 as Qgp 3 respectively, when rounded
there appears to be an error as 1% was missing, but this
was divided between Qgp 2 and Qgp 3.
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Table 8 Confusion matrix obtained when omitting branchiness (Qp), crookedness (Q.), maximum branch diameter (Q,,), presence of
F. circinatum (Qp), lean (Q,), spiral grain (Qsp), ovality (Q), and presence of artificial pruning (Qp) in the determination of the tree stem-

quality. Values are in percentage of trees

Q| 1 | 23| 4|]|oc|l1]2 3 4 QDM 12 3 a4||low|1]2]3]34
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Fig. 6 Percentage of estimated stem quality per plot and species (Qp) in the study region presented according to Table 4

P.nigra P pinaster

3.3 Plot stem-quality assessment

The percentages of estimated stem quality per plot
and species are shown in Fig. 6. The plot quality (Qp)
for P sylvestris and P. nigra, with almost 50% of plots
classified into the two best qualities (Qp A or B), fol-
lowed a similar pattern to the final quality at tree level
(Qp Fig. 4). In contrast, the percentages of the two
best plot qualities (Qp A and B) dropped for the rest
of the species to 24—-32% when extrapolated from tree
level to the plot level, except for Q. petraea (46%). For
the hardwoods studied, it should be noted that there
was an important reduction in plot quality due to the

P radiata

Q.robur Qpetraesa  F.sylvatica C.sativa

number of trees present in the plot that were assigned
to Group B.

For illustration, stem-quality distribution maps
per species were produced. In the case of P pinaster
(Fig. 7), it can be seen that several regions with plots
classified as poor stem-quality plots were those where
the trees were primarily used for resin harvesting,
whereas higher wood quality was found in other areas
(4.1% of the plots) which have been managed to obtain
higher quality wood for longer periods. For P sylves-
tris (Fig. 8), the worst-quality and best-quality plots
represented 5.90% and 4.83%, respectively. Most of the



Ruano et al. Annals of Forest Science (2023) 80:20

Page 12 of 20

% R
" Elevation (m.a.s.l.) P. pinaster

“High:25735 ) OT QUALITY

- Low : 124.9 e D

c

- B

e A

0 125 25 50 75

100
- E— s Kilometers

Fig. 7 Distribution of the plot quality for P. pinaster SNFI-4 plots in the study area

best-quality plots were located in regions with a long
tradition of forest management for timber production.

4 Discussion

4.1 Stem-quality monitoring and assessment in the SNFI
The evaluation of wood quality in forests is a key element
for the European forest bioeconomy (European Commis-
sion, Directorate-General for Research and Innovation
2018) and bio-circular strategy (European Commission,
Directorate-General for Environment 2020). It also pro-
vides important data for forest managers and decision-
makers. Evaluating wood quality is important not only
with regard to the potential value of the standing trees,
but also in order to establish adequate forest manage-
ment prescriptions. Therefore, it is necessary to develop
methodologies that can be applied to large-scale inven-
tories (Bosela et al. 2016). With this goal in mind, this
article presents an improved methodology to moni-
tor and assess stem quality in Spanish forest stands. In
addition, given the transparency and replicability of the
protocol and assessment approach presented here, it
could provide a step towards a required harmonisation

of stem-quality assessment at a European level. Further-
more, an improved methodology to monitor and assess
stem quality in Spanish forests has been proposed follow-
ing the first analysis undertaken in this work.

The case-study results revealed high variability of
the variables considered in the stem-quality protocol
(Tables 5 and 7). For example, the standard deviations
for the number of dead or living branches as well as for
the diameter of the thickest branch in the first 6 m of the
stem were very high in all studied species. The high varia-
bility is understandable because forests considered in this
study had different ownerships, site qualities, and man-
agement regimes.

The quality indicators Qg, Qc, and Qyp are the key
variables in the final stem-quality classification, par-
tially due to the decision tree used for the classifica-
tion. The first two variables (Qp and Qc, determine
the initial quality of the tree, while the rest of the
variables considered only limit the classification to the
quality assigned by Qpc. In the statistical analysis, dis-
eases, lean, spiral grain, ovality, and pruning variables
displayed greater Kappa values, which suggested that
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Fig. 8 Distribution of the plot quality for P. sylvestris SNFI-4 plots in the study area

these variables have virtually no effect on the classi-
fication in terms of the trees misclassified, probably
because the influence of these variables is obscured by
the effect of other variables that are more restrictive
for the quality.

In accordance with the results of this study, the oval-
ity or pruning variables could be omitted in the classifi-
cation. However, since ovality is estimated from diameter
data recorded in NFI, and determining whether artifi-
cial pruning is undertaken or not is considered a prior-
ity to forest management planning, we considered that
it was important to maintain both variables in the clas-
sifications. Moreover, it should be noted that the high-
est pruning percentage was found for P nigra, which is
the species with higher percentages of the two best stem
qualities (Qp A and B). In the study region, the low ovality
and lean are highly conditioned by the low average slope
of most of the forested areas studied. The effect of these
variables could be more significant in inventories of for-
ests with steeper slopes or predominant winds (Kellogg
and Barber 1981), although Duncker and Spiecker (2005)
reported that while the relationship with the slope was

not significant, there was a significant relationship with
the prevailing wind direction.

The percentage of trees with multiple crooks revealed
important differences between species and sites, espe-
cially in the case of P. radiata and P. pinaster, indicating
that silvicultural practices or seed/plant selection played
an important role for stem straightness.

Mapping the plot quality for P. pinaster and P. sylvestris
clearly showed the forest areas with better quality plots. It
is important to note that some studies point to site index
(Aguirre et al. 2022; Riesco Munoz et al. 2014; Watt et al.
2006), long-term forest management (Mikela et al. 2010),
and the genetic origin of seed/plant material (Jacobs and
Davis 2005; Gaspar et al. 2008; Steffenrem et al. 2009;
Konofalska et al. 2021) as having a positive influence on
plot-quality, although further research should address
this matter as we currently lack sufficient data.

In future studies, it would be of interest to verify,
if possible, the expected internal quality of trees and
whether or not the relationship between internal and
external quality is significant. However, this would
have to be done individually for each plot, as most of
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the forested land is privately owned. Additionally, com-
plementing this visual classification with prediction or
modeling of tree quality would be interesting if more
internal data on the tree could be gathered in future
NFIs. For example, Houllier et al. (1995) present a
modeling framework for linking forest inventory meas-
urements and wood properties, although it would be
necessary to first carefully decide on the best modeling
approach (Drew et al. 2022).

4.2 Improving the stem-quality data-collection protocol
After analyzing all the data from the study region, we
proposed several modifications to the field protocol as
well as the need to add or remove certain variables to
ensure the robustness of the stem-quality estimations for
the ongoing SNFI in other regions.

The numbers of dead and living branches in the first
6 m of the stem as well as the average diameter were
considered variables worth including in the determina-
tion of stem quality. For pines, this information could
allow the determination of knot area in the circumfer-
ence of the stem as a proxy of the knot area ratio (KAR)
(e.g., SIA 265/1:2009 for round wood) and also provide
a proxy for the number of whorls and height of the first
whorl in the first 6 m of the stem. Although the two
whorl variables would be of real value to estimate knotti-
ness and would be particularly important for the sawmill
and the finger-joint industries, given that they enable
not only the length of “clear wood” to be determined but
also the capacity to obtain it by cutting out the whorl
knots, there is a lack of field-data homogeneity regarding
the identification of old semi-covered knots. Moreover,
even in the case of apparently clear stems, the identifica-
tion of whorls above a certain height on the tree could be
difficult for field operators and lead to further errors and
inaccuracy in quality assessment.

Although maximum crook and crook type are men-
tioned in all of the European standards as important
defects for stem quality, they are associated with a
certain length of log. Consequently, the straightness
evaluation was improved in this study according to
Macdonald et al. (2009), who evaluated the crook in
terms of the number and length of straight logs in the
first 6 m of the tree height (Table 9). Thus, if there is
a crook of more than 2 cm/m, the number and length
of continuous straight logs that can be obtained from
the first 6 m of the tree are evaluated. Additionally, the
stem straightness and deviations (lean, sweep, crooked,
or straight) were considered, in accordance with the
classification proposed by Barger and Ffolliott (1970). A
deviation of less than 2 cm/m is not considered a defect.
These two new variables related with stem straightness

Page 14 of 20

Table 9 Quality-class assignment for the number and length
of straight logs in the first 6 m modified from Macdonald et al.
(2009)

Class group Continuous straight-log Number of
length in the first 6 m logs in the first
6m
1 >5m 1
2 >3m 1
2 Twologs>2m 2
3 22m 1
4 <2m 1

should be measured for all the target species, hard-
woods and softwoods.

Another variable of particular interest that was dis-
carded due to the amount of time needed to measure
it correctly and the likelihood of inaccurate estimates
was the branch insertion angle, which can be an indi-
cator of the size of knot present in structural timber
or round timber. The presence of Viscum album in the
stem was also discarded as it is mainly found beyond
the first 6 m of the stem, although under European
standards it is considered a reason for rejection from
the higher quality classes.

Slenderness, defined as a coefficient between the total
height (H) and the diameter at breast height (dbh), was
analyzed given the close relationship with wood proper-
ties. Slenderness affects both tree stiffness and the prop-
erties of sawn timber. Several studies have shown that
slenderness, measured prior to felling, can be used to pre-
dict the timber stiffness (Roth et al. 2007; Lasserre et al.
2009; Searles 2012) or timber strength (Lindstrom et al.
2009; Pretzsch and Rais 2016). Slenderness was found to
have a positive relationship with stiffness in young loblolly
pine (Pinus taeda L.) (Roth et al. 2007) associated with
higher densities. Tree and stand stability begin to be com-
promised at slenderness values above 90 because of wind
and snow after thinning. It should also be noted, however,
that a study of primary forests and uneven-aged forests
yielded different results regarding slenderness, pointing to
decreasing quality above a certain value (Chivulescu et al.
2019). It is complicated to use this variable in the stem-
quality classification method; hence, it was discarded.

As mentioned earlier, knots from artificial pruning
have a lesser impact on wood quality (if pruned cor-
rectly) than those from natural pruning, although both
may be present in the stem. In this regard, the “height
of artificial pruning” parameter will provide more use-
ful information than the presence or absence of prun-
ing. Hence, this variable will be substituted in the NFI
by “height of artificial pruning”
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Aside from the abovementioned variables, new vari-
ables will be added in the ongoing NFI to improve
stem-quality estimation, such as the taper of the stem
in the first 6 m. To evaluate this variable, we pro-
pose the use of a laser distance meter, which is able
to measure diameters at different heights. The diam-
eter at 1 m as well as at 6 m (or the maximum vis-
ible height if less than 6 m) will be measured. The
taper will be classified in accordance with the Spanish
(UNE-EN 1927-2:2008 for pines).

Furthermore, average density of the wood has been
defined as a good estimator of wood quality (eg., Frey-
burger et al. 2009). A core at 0.5-m height will be extracted
using an increment borer, as far as the pith and avoiding
reaction wood. The mean density will then be evaluated
through gravimetry in the laboratory after drying.

We also propose to include the status of the largest
branch in the first 6 m (living, dead with bark, or dead
without bark). This data will be used together with
the maximum branch diameter in the first 6 m of the
stem according to the Spanish and European stand-
ards (UNE-EN 1927-2:2008 for pines and UNE-EN
1316-1:2012 and UNE-EN 1316-2:2012 for hardwood
species). Additionally, the presence or absence of resin
bleeding, as one proxy for resin-pocket presence (Cown

Table 10 Variables to be measured in the ongoing SNFI
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et al. 2011), will be considered in the first 6 m of P. pin-
aster stems due to the restrictions in number and size of
resin pockets. They are included in most visual timber
classification systems, including the European stand-
ard. Although resin pockets can also be due to internal
checks, knot holes, improper occlusion of broken or
pruned branches, or scars.

In the case of E sylvatica, the presence of red heart-
wood would also be interesting to determine although
it is difficult to detect visually on standing trees. Some
research into this aspect has been conducted (Wernsdor-
fer et al. 2005) but we decided to discard it until the use
of resistance drilling is implemented in the SNFI.

Clearly, all the abovementioned improvements will make
field work more expensive and complicated but will pro-
vide a large amount of additional data to improve the esti-
mation of standing-timber quality. However, we should
also bear in mind the possible introduction of innovative
forest inventory methods, which could optimize and sys-
tematize many of these measurements, such as the use of
resistance drilling, photogrammetry, or laser scanning.

Finally, in summary, the main variables to be consid-
ered in the field survey with the aim of improving the
ongoing SNFI stem-quality monitoring and assessment
for all species are shown in Table 10.

For all species selected Additional for Pinus spp.

Additional for
Eucalyptus spp.

Tree taper

Height of the first living branch with a diam-
eter greater than or equal to 2 cm in the first
6m

Height of the first dead branch with a diam-
eter greater than or equal to 2 cm in the first
6m

Crown base height, if present, in the first 6 m

Number of living branches in the first 6 m

Number of dead branches in the first 6 m

Average branch diameter in the first 6 m consid-

ering both dead and living branches

Diameter of the largest branch in the first 6 m

Number of stools (coppiced trees that grow new
shoots from the stump) in a coppiced forest
in the 5 m radius subplot of the SNFI

Average number of shoots in the mean stool,
which should also be located in the 5-m radius
subplot

Percentage of the crown foliar surface damaged
by fungal species of the genus Mycosphaerella spp.
in the five selected trees

Percentage of crown damage produced
by the eucalyptus weevil (Gonipterus scutellatus
Gyll) in the five selected trees

Presence of spiral grain

Height of artificial pruning

Type of stem straightness and deviations

The length and number of straight-log lengths
Mean wood density

Diameter at breast height
Leaning
Total height

Phytosanitary status of the largest branch
inthe first6m

Crown percentage affected by the pine proces-
sionary moth (T. pityocampa)

Crown percentage affected by the pitch canker
disease (F. circinatum)

Presence of the pitch canker disease (F. circina-
tum) in the stem

Presence or absence of resin bleeding in the 6
first m of the P, pinaster stems
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5 Conclusion

This paper describes and analyzes a field protocol and
assessment approach that allows the stem quality of
standing trees to be estimated from morphological vari-
ables without the need for specialized tools or materials
apart from those which are already needed for stand-
ard NFI surveys. Although more information and wider
consensus will be needed, it could provide one step
towards harmonizing the methodology for monitoring
and assessing stem-quality information at European level,
thus bridging the current knowledge gap.

On the one hand, the implementation of the meth-
odology proposed in central Spanish forests allowed
us to detect some of the forest areas with better wood
quality, these areas generally being characterized by
stands which have a long history of forest management.
Although this methodology could also be of interest in
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breeding programs, further studies as well as the inclu-
sion of results from other wood quality variables would
be necessary.

In this case study, for the selected trees that fulfilled
the requirements, the findings indicate that the variables
with the greatest impact on visual stem classification are
Branchiness, Crookedness, and Maximum branch diam-
eter in the first 6 m of the stem.

After the implementation of the methodology in the
case study, certain improvements and potential modi-
fications for new field protocols were identified. The
main objectives of these modifications are to optimize
the fieldwork costs and to improve the accuracy of stem-
quality estimation. Future developments on this work
and open discussion with other European countries’
experts could lead to an agreement on the basics for the
NFIs to assess harmonized standing wood quality.
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Fig. 9 Koppen-Geiger classification of the study region and SNFI-4 plots sampled. This classification system divides climates into five main climate
groups: A (tropical), B (dry), C (temperate), D (continental), and E (polar). The second letter denotes the seasonal precipitation type while the third letter

denotes the temperature
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Tree-shape classifications according to the SNFI

Six broad categories are considered in the SNFI based on
the stem curvature, tree length, damage, fork, branching,
and whether or not the tree is pollarded. The tree is then
assigned to the Shape that most closely matches one of
those listed below:

Shape 1: Tree has a fusiform bole; the stem is tim-
ber-yielding, clean, straight, and longer than 6 m;
the crook is less than 1% of its length; the fiber is not
inclined; and dbh is greater than 200 mm.

Shape 2: Tree is fusiform, having a timber-yielding
bole of 4 m or more, branches in the upper part.
Shape 3: Small fusiform trees, in which a trunk
diameter of 75 mm is reached at a height below 4 m.
Shape 4: Trees in which the main trunk forks below a
height of 4 m.

Shape 5: “Trees in which the stem is full of crooks,
damaged or has a lot of branches, so it cannot be
classified under forms 1, 2 or 3. This shape also
includes trees with a stem height of less than 4 m if
they are of different species from those in Shapes 4
and 6”

Shape 6: Topped trees that have had the upper part
of the trunk removed as well as the branches close to
the point where they are joined to the trunk.

Tree-vitality classifications according to the SNFI

Trees will be divided into six classes, taking into
account the health status, the structure with respect
to the optimal structure of the species in question, the
possibility of supplying more or less goods of superior
condition, the exceeding of the mature age (old age),
and the situation of the ecosystem. The vitality class
assigned will be that which most closely matches those
listed below:

Class I: “healthy, vigorous trees, optimally shaped,
with no signs of aging, able to provide many products
of value, not suppressed and with excellent prospects
for the future”

Class 2: “healthy, vigorous, unsuppressed trees, with
no signs of aging but with certain form defects and
able to provide several products of value”

Class 3: “trees not totally healthy and vigorous, or
somewhat old or suppressed, with quite a few form
defects, but able to provide some products of value”
Class 4: “Either a sick, weak or old tree, with numer-
ous shape defects, only capable of providing products
of secondary value”.
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Class 5: “A very sick, weak or old tree, with a very
poor shape and which can only provide a few prod-
ucts of little value”

Class 6: “The tree is dead but not yet rotted and still
able to provide some exploitable goods”.
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