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Abstract

dimensions, and the value in EUR was calculated.

Background: Stand density changes during forest growth. Various types and intensities of thinning operations can
be applied in order to improve the volume of the remaining trees. It is not clear whether or not thinning results in
better total volume increment although timber value is usually higher when thicker logs are obtained from trees.
The objective of this study was to determine if Scots pine (Pinus sylvestris L) stands of lower density would produce
timber of a higher value than stands with a higher density and thinner trees.

Methods: The research was carried out on 20 experimental plots in 81-90-year-old Scots pine stands, located in north-
western Poland. The data obtained were used to simulate the logging of the trees into either 2.5-m logs or tree tops,
which were classified into five quality classes of timber. The volume of each assortment was calculated, based on its

Results: It was found that the correlation between stand density and the total value of the wood was very weak and
not statistically significant. However, taking each assortment separately, the values of sawmill wood, pulpwood and
energy wood were significantly correlated with stand density.

Conclusions: It was concluded that lower densities were more profitable for sawmill wood production, while higher
densities might be more beneficial in biomass production.

Keywords: Forest management, Pinus sylvestris, Stand volume, Basal area, Tree diameter

Background

The main goals in timber production are to increase stand
growth or improve its quality on a sustainable basis. The
control of stand density by thinning and by initial spacing
is a major tool for achieving this goal. Stand density is one
of only a few factors that can be controlled efficiently for
profit. In short, according to Zeide (2004), forestry is the
science of stand density optimisation.

Thinning reduces stand density and increases resource
availability to the remaining trees, thus improving their
growth (Giuggiola et al. 2013; Kojola et al. 2012; Tahvonen
et al. 2013). Therefore, the impact of thinning on stand
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productivity has been extensively studied. Research includes
findings from multi-annual thinning experiments as well as
results based on large inventory data sets from regular
commercial forests (Borecki et al. 2016; Castedo-Dorado et
al. 2009; Curtis et al. 1997; Mékinen et al. 2005; Mékinen
and Isomiki 2004a; Nilsson et al. 2010; Zeide 2001). These
studies focused mainly on a comparison of volume growth
between stands subjected to thinning operations of dif-
ferent intensities and unthinned control plots. The results
obtained have been contradictory, and there has been
long-standing controversy as to whether an optimum stand
density can be found or whether unthinned stands with a
high density are the most productive (Zeide 2004).
Research indicates that thinning intensity is particu-
larly significant for forest growth (Mékinen et al. 2005).
Heavy thinning was usually associated with a lower
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stand volume increment than that found on unthinned
control plots (del Rio et al. 2008; Mékinen and Isoméki
2004a; Valinger et al. 2000). For light thinning, weak or
no correlations were found (del Rio et al. 2008; Zhang et
al. 2007). Other studies found that, immediately after
thinning, there was a decrease in stand volume growth,
typically lasting approximately 10 years, levelling off
after this period (Egnell and Ulvcrona 2015). In addition,
greater tree volume growth occurred in the remaining
trees if thinning were heavier (Gizachew and Brunner
2011; Kuliesis et al. 2010; Moulinier et al. 2015). Not-
ably, however, the growth of those trees that remain
after heavy thinning or those grown at an initial low
density may have poorer wood quality than trees grown
at higher densities. Wood qualities affected include
wood density, the compressive strength, the modulus of
rupture and the strength quality coefficient (Czajka and
Fabisiak 2016; Mederski et al. 2015).

In some studies, the authors found no significant impact
of thinning on stand productivity (del Rio et al. 2008;
Giuggiola et al. 2013; Gizachew and Brunner 2011) or
total biomass growth (Routa et al. 2012). Furthermore,
some studies have found that merchantable volume incre-
ment remained unchanged or was even higher when stand
volume increment decreased as thinning intensity in-
creased (Curtis et al. 1997; Niemisto 2013; Nilsson et al.
2010; Tahvonen et al. 2013; Zeide 2001).

The equivocal (or even contradictory) reports on the
impact of thinning on stand productivity by various au-
thors may result from differences in experimental condi-
tions and site quality, the species studied, environmental
factors, and a diversity in the definitions of density and
volume (cumulative, gross, net, total, merchantable)
(Zeide 2001). Changes in forestry treatments over time
have also been substantial, including, for example,
changes in initial spacing, changes in thinning frequency
and intensity, and adjustments to the mechanisation of
forest harvesting operations (Mékinen et al. 2005; Nils-
son et al. 2010).

Most studies on the effect of stand density on product-
ivity have used stand volume increment (in cubic me-
tres) as the measure of productivity. Economically,
however, production optimisation should be based on
the value of the products, in particular timber assort-
ments (Alegria 2011; Nilsson et al. 2010; Tahvonen et al.
2013; Zeide 2001).

Scots pine (Pinus sylvestris L.) has the largest geo-
graphic distribution of all pine species and is probably
the most widely distributed coniferous species in the
world (Tahvonen et al. 2013). It is also an economically
important species (e.g. Giuggiola et al. 2013; Mékinen
and Isomiki 2004b; Valinger et al. 2000). Despite numer-
ous studies on pine stand volume increment, few publi-
cations so far have focused on the economic aspects of

Page 2 of 9

Scots pine management (e.g. Hurttala et al. 2017; Hyy-
tidinen et al. 2006; Pasalodos-Tato and Pukkala 2007;
Tahvonen et al. 2013).

The present paper is based on the hypothesis that
Scots pine stands of similar age growing under similar
habitat and climate conditions, and only distinguished
by tree density, will have similar volumes and basal
areas, but the value of the products obtained will be
higher in the case of lower-density stands.

The objective of the study was to identify correlations
between the main parameters of a stand, i.e. diameter at
breast height (dbh), tree height, stand volume and basal
area, and the total value of the timber assortments ob-
tained from the stand. The assortments analysed in-
cluded sawmill wood, pulpwood and energy wood, and
the analysis was performed in mature commercial Scots
pine stands of various densities, ranging from 476 to 836
trees per hectare.

Methods

The research was carried out on 20 sample plots in
Scots pine stands (one plot per stand), located in the
Drawno Forest District (Fig. 1), in north-western Poland
(E 15°50'-16°0", N 53°10°'=53°13"). The stands were all
located in the same complex, established as planted for-
est, and grown under the same climatic conditions. The
average annual rainfall in this area is 589 mm, the aver-
age temperature is 7 °C and the growing season lasts
200-220 days. It can be assumed that the stands had
been established in a similar way (the same initial spa-
cing) and similarly managed (the same owner and man-
ager). Since 1945, the stands have been managed by the
State Forests National Forest Holding, and, up until the
present day, stands have been thinned once per decade.
In the last period, positive thinning was applied to gen-
erate the best possible growing conditions for the
remaining dominant trees. The experimental plots,
0.5 ha each (Table 1), were selected so as to make tree
density the distinguishing variable.

The plots were established in even-aged, 81-90-year--
old, single-species, single-layer stands, growing on the
same soil type, classified as Carbic Podzols. The stands
had not been thinned over the previous 5 years. In the
sample plots, all the diameters at breast height (dbh)
were measured (each tree on each plot) and, for 20% of
the trees (every fifth tree), the height was also measured.
Based on this data, Ndslund’s height curves were devel-
oped to establish the height of the trees in sampled
stands (Naslund 1929).

d2
h=——"+13
(kl —+ kzd)

d—diameter at breast height (cm)
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Table 1 Stand characteristics of sample plots (0.5 ha) selected for the study
Sample  Age, Density, Relative  Arithmetic mean dbh  Quadratic mean ~ Mean height  Top Basal area,  Merchantable
plot years treeha ' spacing  (+SD), cm dbh, cm (+SD), m height, m  m? ha™' volume, m> ha™
1 82 476 0.19 282 +£45 286 229+ 17 245 30.5 319
2 87 518 0.17 275+ 49 279 236+ 20 256 318 344
3 82 534 0.18 259+ 43 26.2 224 +15 241 284 293
4 82 564 0.16 280 + 45 283 245+ 14 26.2 355 394
5 82 594 0.18 257 £ 4.7 26.1 208 £ 14 226 315 301
6 82 596 0.18 271 £52 27.6 216+ 14 234 357 352
7 82 618 0.18 246 + 40 249 204+ 15 220 302 283
8 82 632 0.17 240 £ 4.7 24.5 211 £ 14 229 296 288
9 82 632 0.17 256 £ 4.7 26.0 220+ 14 239 336 341
10 82 634 0.17 246 £ 46 25.1 214+ 16 23.1 310 305
1 82 640 0.16 260 £ 4.7 264 234 £ 1.7 254 35.1 378
12 82 644 0.16 264 £ 44 26.7 230+ 14 24.7 359 377
13 82 648 0.16 259+ 52 26.5 223 +17 245 354 366
14 82 674 0.18 236+ 43 240 196 £ 1.5 21.5 30.1 275
15 82 682 0.15 247 £49 252 228 £1.7 24.9 340 357
16 82 708 0.18 218 £42 22.2 195+ 22 21.6 27.3 246
17 82 720 0.14 223+ 43 22.7 247 + 38 274 29.1 339
18 82 756 0.16 21.7 £ 44 22.2 205 £ 20 226 289 276
19 82 758 0.16 239+53 244 20.1 £20 223 357 334
20 82 836 0.16 218 £ 40 22.1 19317 214 315 286
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h—height of the tree (m)

The parameters k; and k,, determined for Scots pine
in Poland by Rymer-Dudzifiska (1994), were used in the
equation.

D

ki = ———
H-13

—koD

ky = 0.7445H 04531

D—mean diameter of the stand (cm)

H—mean height of the stand (m)

Every tree was then assigned its individual height de-
rived from the curve. The goodness of fit of the model
was determined by the coefficient of determination (R).
For Nislund’s height curves of the 20 sample plots, R*
ranged from 0.703 to 0.986 (mean = 0.849, standard de-
viation = 0.078).

A database was then created based on the measure-
ments, comprising information on all the trees in the 20
experimental plots (6393 trees in total). Subsequently,
the data were used to simulate the classification of the
trees into assortments (2.5-m logs and tree tops). These
were classified into one of five timber assortments based
on the measurements (Table 2).

For this purpose, the diameters of the logs (under the
bark) at the large and small ends and in the middle were
calculated. The dbh under the bark was calculated using
the dbh measured over the bark and a modifier deter-
mined empirically by Bruchwald (1969) for Scots pine in
the same forest complex (Drawska Forest).

The stem diameter at any height was calculated based
on the dbh and tree height, using the taper model devel-
oped by Lee et al. (2003).

dx — kldk2<1_z)r122+r2z+r3

dx—stem diameter at height /sx (cm)

d—diameter at breast height (cm)

relative height: z = hx/h

hx—height along the stem (m) above ground

h—total height of the tree (m)

The following parameters, determined for Scots pine
by Petrauskas et al. (2011), were used in the equation:

Page 4 of 9

k1 =1.6102, ky=0.9025, r; =2.7407, ry=-3.8678, r3=
2.0559.

The parameters were established for Lithuania where
climate conditions are similar to northern Poland. How-
ever, to test the goodness of fit of the model, 50 trees
(representing whole dbh range) were cut on the sample
plots. Following this, the length of the felled trees was
measured as well as the diameters every 1 m along the
trunk. The diameters obtained were compared with the
Lee et al. (2003) formula based on dbh and tree height.
The root mean square error (RMSE) for all the trees was
1.08 cm, with range from 0.49 to 1.99 cm. For all the
measured diameters, R? = 0.989 (N = 997).

All the simulated logs from the stems were classified
into five assortment types based on their dimensions
(Table 2). These assortment types included sawmill
wood of third thickness class (SM3), sawmill wood of
second thickness class (SM2), sawmill wood of first
thickness class (SM1), pulpwood (PW) and energy wood
(EW) from the tree tops. The total volume of each type
of assortment was calculated as the sum of all the log
volumes within the same assortment type on the sample
plot. The volume calculation of one log was based on
the top and bottom diameters and log length; top log
volume was obtained from the cone formula.

Subsequently, based on the volume of each assortment
type, the value in Euro (EUR) was determined. The assort-
ment types were valued based on the average local timber
sale prices in Polish Zloty (PLN), expressed finally in Euro
(EUR 1 =PLN 4.1981). For each of the 20 stands analysed,
the arithmetic mean dbh, the quadratic mean dbh, the
mean height and the top height (mean height of 50 trees
with the biggest dbh for each sample plot) were deter-
mined, as well as the relative spacing (the ratio of the aver-
age distance between the trees to the average dominant
height of the stand) by Wilson (1946), the basal area (in
square metre per hectare), the merchantable volume (in
cubic metre per hectare), the value of each assortment (in
EUR) and the total value of all the assortments from all
the trees (in EUR per hectare).

Statistical analyses were performed using the Stats and
Agricolae packages of R software (R Core Team 2012). To
determine the linear correlation between stand density
and selected stand parameters (arithmetic mean dbh,

Table 2 Parameters of timber assortment types used for stem wood classification

Type of timber assortment Symbol Middle diameter Small-end diameter Length, m Price per cubic metre
(under bark), cm (under bark), cm (under bark), EUR

Sawmill wood third thickness class SM3 235 214 25 65.0

Sawmill wood second thickness class SM2 25-34 214 25 56.9

Sawmill wood first thickness class SM1 <24 =14 2.5 488

Pulpwood PW - 25 25 38.1

Energy wood (stem residuals) EW - - - 136
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mean height, stand merchantable volume and basal area),
on the one hand, and timber assortment values (SM, PW,
EW), on the other, Pearson’s correlation coefficient matrix
was used and the significance of the correlation coefficients
found was verified. The analyses were preceded by the
Cramer-von Mises normality test for all the variables ana-
lysed. A significance threshold of & = 0.05 was used for the
tests.

Results

Using model simulation, the stems of all the trees on the
20 experimental plots were divided into sections, which
were subsequently classified into one of five assortments
(Table 2). For all the assortments, the total volume on the
0.5-ha experimental plots was calculated and converted
into values per 1 ha. The mean volume ranged between
1.0 (SW3) and 145.5 (SW1) m® ha™ (Table 3, Fig. 2).

For all the stands, the total value of all the assortments
was calculated, which ranged between 4506 and 7610
EUR ha™! (mean 6098). Pearson’s coefficients were cal-
culated for correlations between stand density and total
timber value on the one hand and selected stand param-
eters on the other (Table 4). All the characteristics ana-
lysed had normal distributions at p = 0.05.

Stand density did not correlate with the stand’s mer-
chantable volume or basal area. For correlations, arith-
metic mean diameter was used, which depends on stand
density. Quadratic mean diameter is more similar to
basal area, which however does not correlate with dens-
ity of the stand. A negative correlation was found with
the arithmetic mean dbh, mean height and value of saw-
mill wood, while a positive correlation was found with
the value of the pulpwood and value of the energy wood.
The total value of the wood did not correlate signifi-
cantly with the value of the pulpwood or value of the en-
ergy wood but was positively correlated with the
arithmetic mean dbh, mean height, stand volume, basal
area and value of the sawmill wood (Table 4, Fig. 3).

The correlation between stand density and total value of
the wood was very weak and not statistically significant
(R*=0.105, p=0.159). Stand density was significantly
correlated with the value of the sawmill wood (R? = 0.280,
p=0.016), value of the pulpwood (R*=0.866, p <0.001)
and value of the energy wood (R*=0.918, p <0.001).

Table 3 The volume of the timber assortment types per 1 ha
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Discussion

As expected, the mean dbh of the trees on the experi-
mental plots had a strong (p < 0.001) negative correlation
with the stand density (Table 1). This association is com-
monly known and has been reported by multiple authors
(e.g. Alegria 2011; Dean et al. 2013; del Rio et al. 2001;
Kuliesis et al. 2010; Mékinen and Isoméki 2004a, 2004b;
Moulinier et al. 2015; Nilsson et al. 2010; Tang et al.
2016; Zeide 2010).

The mean tree height was also negatively correlated
with stand density. The correlation was significant but
weaker (p=0.026) than with dbh. Similar results were
obtained by other authors, who reported that height was
not as strongly correlated with stand density as dbh
(Mékinen and Isoméki 2004a; Stankova and Shibuya
2007; Valinger et al. 2000) or even that there was no cor-
relation at all (Méakinen et al. 2005).

No correlation was found between stand density and
either stand basal area or merchantable volume (Table 1).
Similar volumes of wood were found in all the stands
analysed despite the differences in stand density (be-
tween 476 and 836 trees per hectare). This result con-
firmed the hypothesis that site quality ultimately
determines the optimal level of productivity, i.e. similar
volumes of mature stands, within a certain range of tree
numbers and individual tree volumes.

When analysing the relationship between stand density
and volume or basal area, two important factors need to
be considered: (1) the age of the stand; and (2) the time
from last thinning. For factor (1), the number of trees de-
creases, while volume and basal area increase with age.
Therefore, density and basal area may be strongly corre-
lated in stands of different ages (Gizachew and Brunner
2011). Comparisons between stands of different densities,
but similar ages, yield different results. In these cases,
basal area is not dependent on stand density, as corrobo-
rated by the present study and by other authors (Curtis et
al. 1997; del Rio et al. 2008). For factor (2), the heavier the
thinning, the lower the number of trees remaining. There-
fore, greater thinning intensity is associated with larger de-
creases in stand volume and basal area. These differences
are only compensated for after several years, due to the
intense growth of the remaining trees (Gizachew and
Brunner 2011; Latham and Tappeiner 2002).

Type of timber Minimum volume, Maximum volume,

Mean volume, Coefficient of variation Share of assortment

assortment m> ha™! m* ha”! m> ha™' of mean volume per ha, %
SM3 00 37 1.0 1.06 04

SM2 16.2 89.6 506 041 19.7

SM1 1119 171.8 145.5 011 56.6

PW 332 84.9 56.2 0.24 219

EW 2.8 4.7 3.7 012 14
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In the stands analysed, the total value of the wood was
strongly correlated with arithmetic mean dbh (r=0.711),
which, in turn, correlated with stand density (r= - 0.850)
(Table 3). On this basis, a correlation could also be ex-
pected between the total value of the wood and the stand
density. However, this correlation proved to be very weak
and not statistically significant (Fig. 3). What might have
caused this? First of all, the total value of the wood in-
cludes the values of each assortment (SM3, SM2, SM1,
PW and EW). The stand density was correlated negatively
with the value of the sawmill wood and positively with the
values of the pulpwood and energy wood (Fig. 3). These
associations cancelled each other out. The second reason
for the weak correlation might have been the small differ-
ence between the values of the sawmill wood in each
thickness class: €65.0, €56.9 and €48.8 for SM3, SM2 and
SM1, respectively (Table 2). Larger differences between
the assortment values would have resulted in a stronger
correlation between the total value of the wood and the
stand density (Kangas et al. 2010).

A previous pilot study (Bembenek et al. 2014), using
the same experimental plots, investigated the value of

the 10-m-long butt logs only (round wood, mainly saw
logs) from individual trees and the total value per
100 m? in three groups of stands with different densities.
Statistically significant differences were found among
these groups. The wood from the least dense groups of
stands had the highest value, while that from the densest
groups of stands had the lowest value. The present study
was more detailed and compared values of assortments
from whole stems, and without stand grouping. How-
ever, the results were not so clear in this case (Fig. 3).
The observed differences between the two studies are
also due to the fact that the analysis by Bembenek et al.
(2014) did not include the top sections of the stems nor
the assortment values (PW and EW), which were corre-
lated with the stand density in a different way than in
the case of the assortments from the lower sections of
the stems (Table 3).

In some density ranges, a lower stand density could re-
sult in higher assortment values (Alegria 2011; Kojola et
al. 2012; Zeide 2001). It is also important to note that
the lower stand density obtained at the end of the grow-
ing period (before final felling) is a result of more

Table 4 Pearson’s correlation coefficients for stand density and total value of wood and selected stand parameters on the 20 Scots

pine sample plots

Parameter  Pearson'’s Arithmetic Mean Merchantable Basal area, Value of Value of Value of Total value
correlation  mean dbh, cm  height, m  volume, m>ha' m?ha’’ sawmill wood, pulpwood, energy wood, of wood, EUR
EUR EUR EUR
Stand r —0.850 - 0497 —0.248 —0.022 -0529 0.931 0.958 -0.327
density 0.000 0026 0.291 0927 0016 0.000 0.000 0.159
Total value r 0711 0.780 0.996 0.844 0.970 —0.387 —0.255 -
of wood 0.000 0,000 0.000 0.000 0.000 0092 0278 -

Statistically significant correlations at p < 0.05 are shown in italics
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intensive thinning during earlier periods of stand devel-
opment. Therefore, more income was collected from the
stands currently characterised by lower density. Unfortu-
nately, it was not possible to reconstruct the history of
the analysed stands in order to find out how much tim-
ber was obtained from thinning operations throughout
the life of the stands. However, it is likely that more tim-
ber was collected, and thus more income generated,
from the stands that, at the moment, are the least dense.

Trees grown in stands of lower densities are particularly
important for sawmill wood production. After wood qual-
ity, tree dimensions are the most important factor affect-
ing value of sawn timber: the larger the diameter, the
higher the price (Carino and Biblis 2009; Makinen and
Isoméki 2004a; Pasalodos-Tato and Pukkala 2007; Ranko-
vi¢ et al. 2013). Moreover, harvesting trees with larger di-
ameters increases productivity (Mederski et al. 2016) and
decreasing costs (Karlsson et al. 2015; Mederski 2006;
Moulinier et al. 2015) as fewer trees are required to obtain
a given volume of wood.

In contrast, higher stand densities may be more bene-
ficial for pulpwood and biomass end uses (Carino and
Biblis 2003; Mikinen et al. 2005; Routa et al. 2012).

Timber assortment value also depends on wood quality.
Here, stand density has a bi-directional impact. On the
one hand, trees growing in denser stands may produce
better quality wood due to smaller knots and slower
growth (Carino and Biblis 2009; Grace et al. 2015; Maki-
nen et al. 2005). On the other hand, thinning, which de-
creases stand density, often eliminates low-quality trees
(Gizachew and Brunner 2011; Zeide 2001).

In the present study, the total value of the wood corre-
lated with arithmetic mean dbh, mean height, stand vol-
ume and basal area. However, stand density correlated
only with arithmetic mean dbh and mean height (Table 4).
This result demonstrates the complexity of the relation-
ships among parameters, meaning that decisions concern-
ing the optimisation of stand density require the
consideration of a variety of factors. First of all, one must
identify the final product that is to be obtained. If sawmill
wood is the primary focus of production, maintaining a
lower stand density index could be more beneficial, espe-
cially in older stands, where the risk of growing trees with
excessively thick branches is lower. This strategy makes it
possible to obtain the highest quality wood from optimal
habitats (Wasik et al. 2016).
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Conclusions
The strong correlation between the stand density and
arithmetic mean dbh indicates that by implementing thin-
ning at various intensities and frequencies, it is possible to
grow stands of different densities, which in turn affects
the structure of the timber assortments obtained. The lack
of correlation between the stand density and basal area
and volume means that the trees remaining in the stand
after thinning compensate for the losses by growing faster.
The value of the wood was found to be correlated with
the dbh, tree height, basal area and stand volume. This
means that the dimensional structure of trees is a signifi-
cant factor in the economic aspects of timber production.
The value of the sawmill wood was negatively correlated
with the stand density, while the values of the pulpwood
and energy wood were positively correlated with the dens-
ity. This indicates that lower densities are more beneficial
in sawmill wood production, while higher densities may
be more beneficial in biomass production. However, for
very accurate financial differences in the timber value ob-
tained from stands of different density, wood defects and
log quality should also be considered.
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dbh: Diameter at breast height; EW: Energy wood; PW: Pulpwood;

SM1: Sawmill wood of first thickness class (mid-diameter up to 24 cm under
bark); SM2: Sawmill wood of second thickness class (mid-diameter between
25 and 34 cm under bark); SM3: Sawmill wood of third thickness class
(mid-diameter 35 cm and higher under bark)
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