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Abstract: Background and Objectives: The study aimed to determine the changes of the main stem
and branch parameters of Norway spruce (Picea abies (L.) H. Karst) trees under different stand
densities. More specifically, the objective was to develop the models for the determination of branch
diameter in 0-6 m log from root collar, taken as one of the parameters directly influencing the
stem quality. The study continues a piece of research on stem and branch parameters’ responses to
different stand density (SD) in the plantations of coniferous tree species in Lithuania. Materials and
Methods: The following key parameters were measured in this study: total tree height, diameter at
breast height, height to the lowest live branch, height to the lowest dead branch, and diameter of all
branches in 0-6 m log. The linear regression models to predict branch diameter in 0-6 m log were
developed based on stand density (SD), tree characteristics (tree diameter at breast height, DBH; and
tree height, H) and other related stem and branch parameters. Results and Conclusions: Directly
measured tree DBH, branch diameters and number of branches in 0-6 m log decreased significantly
with the increasing SD. In the 0-6 m log, the branch diameter and the diameter of the thickest branch
were identified as the main parameters related to stem quality. The best fitted models, developed
including SD, tree DBH, branch diameter, and diameter of the thickest branch in 0-3 m log, can be
proposed as a predictor for stem-wood quality for Norway spruce in hemiboreal forest zone.

Keywords: Norway spruce; stand density; tree-based characteristics; branch diameter; number of
branches; butt log

1. Introduction

The growth of trees with high-quality stemwood depends on tree genetics, environ-
mental factors, and applied forest management methods [1-4]. Most often silvicultural
techniques are planned to increase tree growth and to enhance short-term wood sup-
ply [5,6]. To improve the final forest production and timber yield, the variety of forest
management methods are applied in the managed forests. The following measures are
often preferred: improved regeneration material (seedlings), fertilization, selection of site-
specific regeneration methods, different intensities of intermediate cuttings, etc. [6-8]. The
optimal environmental conditions, appropriate silvicultural techniques and harvesting
regime provide the basis for the growth of good quality wood [2,9]. It is well known that
intermediate cuttings improve the growth of the remaining trees. Otherwise, the develop-
ment of the good quality stem-wood requires a complex knowledge on past management
practices, soil fertility and moisture regimes, and climatic parameters, etc. For example,
relatively large variations in stem-wood quality of Scots pine are found in the sites of
medium soil fertility [10]. Most often, the codominant trees with narrow crowns and thin
branches develop the stems of better quality.
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Extensive studies on experiment-based forest thinnings, representing different designs
and methods, were established for growth and yield assessment of Scots pine and Norway
spruce [5,11-16]. The timber quality is affected by several variables, such as stand density
at different stand age, stem radial increment, tree diameter at breast height (DBH), tree
height increment, number and size of branches, and branch age [14,17,18]. As reviewed by
Maikinen et al. [19], earlier findings indicated that the wood quality of Norway spruce is
less affected by site fertility or growing space than Scots pine.

The study by Huuskonen et al. [20] showed that high initial stand density and thinning
of Scots pine stand were associated with lower branching, while a large increase in tree
DBH resulted in a higher probability of branching. For Norway spruce, the relationships
between living branch basal diameters, stem height, DBH, and stand age were analyzed in
France [21]. Following this study, the branch diameter could be expressed as a function of
branch insertion height, stem size and stand parameters. As shown by Schmidt, Kédndler, [9],
DBH, height-DBH-ratio, age, and distance to forest edge; also, altitude, terrain slope, stand
type and inventory team competences were the variables, which significantly affected the
quality of Norway spruce.

Norway spruce (Picea abies (L.) H. Karst) dominates Europe’s forests, and this species
is one of two dominated coniferous tree species in Lithuania. The wood of Norway spruce
is widely used in timber industry, especially in the northern European countries. Otherwise,
only a limited number of studies in the Baltic countries have analyzed the stem and wood
properties of Norway spruce [22-25].

This study aimed to determine effect of different stand densities on stem and branch
parameters along butt logs (0—6 m log) of Norway spruce trees. More specifically, the
objective of this study was to develop the models for the determination of branch diameter
in 0-6 m log, taken as one of the parameters directly influencing the stem quality. The study
continues a research on stem and branch parameters response to different stand densities
in the coniferous stands in Lithuania, conducted within a long-term experiment [26].

2. Material and Methods
2.1. Study Site and Material

The study was conducted in the territory of Lithuania, representing the southern
hemiboreal forest zone. In the territory, the forests cover 33.6% of the land area and
55.6% of the forested area is covered by coniferous stands; among them, Norway spruce
(Picea abies (L.) H. Karst) covers 21.0% [27].

For this study, four pure Norway spruce study sites were selected in a long-term
experimental area, established for the investigation of Norway spruce growth under
different thinning regimes in 1990-1992 [24]. The study sites were selected in different
geographical regions of Lithuania (Figure 1). The typical 36-43-year-old Norway spruce
stands represented different stand densities and thinning regimes. General information
about the study sites is given in Tables 1 and 2.

The first and second study sites (202 and 203) were ploughed in rows every 2.0 m
before planting. In sites 202 and 203, two-year-old spruce seedlings were planted with an
initial density of 5000 seedlings ha~! in 1982, and 10,000 seedlings ha~! in 1980, respectively.
In the third study site (204), four-year-old spruce seedlings were planted with an initial
density of 4000 seedlings ha~! in 1981, followed by additional planting a year after. In
the fourth study site (205), the area for planting was ploughed and 0.4-0.7 m high rows
were made every 2.0 m. Two-year-old spruce seedlings were planted on the rows with
the initial density of 10,000 seedlings ha~! in 1983. In each study site, a different thinning
intensity was selected (see Table 2), with the first thinning being performed in 1990-1992.
The number of trees left in 1 ha after the first thinning is taken as a reference stand density
(SD) in this paper.



Forests 2021, 12, 201 3o0f12

56.27°
53.53°

20.56° 26.50°

Figure 1. The location of selected study sites in Lithuania. General information about study sites No.
202-205 is given in Tables 1 and 2.

Table 1. General information about selected Norway spruce study sites.

Study Number of Year ?f Site Area,  Stand Age, . Latitude, . ¢ Forest Site
. Study Establish- Location . Soil Type d
Sites b ha Years Longitude Type
Plots ment
Suderve, 54°68'31" Dystric
202 > 1990 202 38 Vilnius distr. ~ 25°10'42”  Planosol Nep
Rozalimas, 55°89/78" Calcic
203 4 1991 0-80 39 Pakruojis distr. ~ 23°75/39” Luvisol Nds
Mikoligkes, 55°82/88" Calcic
204 > 1992 117 43 Kretinga distr. ~ 21°4692" Luvisol Nds
Mostaiciai, 55°77'08" Haplic
205 4 1992 0-34 36 Plunge distr. ~ 21°74'64" Luvisol Nes

2 Original site numbering, taken from field maps; ® Number of different stand densities (study plots) within each study site; ¢ Soil classified
according to World Reference Base for Soil Resources 2014 [28]; d Ncp: normal moisture regime fertile sandy loamy soil with sandy soil
bedding rock; Nds: normal moisture regime very fertile sandy loamy soil; Ncs: normal moisture regime fertile sandy loamy soil with sandy
loamy soil according to the Lithuanian classification of forest site types [29].

Table 2. Characteristics of Norway spruce study plots chosen within study sites in the long-term experimental area
established in 1990-1992.

Stand Density ?, Thinning Stand Age at Sf::i:zz:zt?;at Area of Study Number of
Trees ha—1 Intensity Thinning, Years Trees ha-1 ! Plot, m? Assessed Trees
Study Site-202
4038 no thinning — 3036 4071 60
3100 4 times 9,15,21,34 955 3991 60
2100 3 times 9,15,34 909 4037 60
1100 2 times 9,34 842 4026 60
500 1 time 9 498 4100 60
Study Site-203
2947 no thinning — 1604 2001 30
No data - - - - -
2200 3 times 11,16, 35 961 2040 30
1200 2 times 11,35 921 2030 30

600 1 time 11 582 1890 30
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Table 2. Cont.
Stand Density 2, Thinning Stand Age at Szgigﬁiit?;at Area of Study Number of
Trees ha—1 Intensity Thinning, Years Trees ha-1 ! Plot, m? Assessed Trees
Study Site-204
4118 no thinning - 2510 2331 60
3000 4 times 15, 20, 14, 26 928 2338 60
2000 3 times 15, 20, 26 634 2350 60
1200 2 times 15,26 678 2346 60
600 1 time 15 545 2332 60
Study Site-205
5196 no thinning - 1450 841 30
No data - - - - -
2300 3 times 8,13,32 922 781 30
1200 2 times 8,32 1077 733 30
600 1 time 8 585 1059 30

2 Stand density in each study plot left after the first thinning (1990-1992); ® Stand density in each study plot at the assessment time

(2018-2019).

2.2. Field Measurements

At the initial stage of this study, all trees in four sample sites were mapped, and a
probabilistic systematic sample system was applied for the selection of trees. For each
selected tree, the following stem and branch parameters of standing trees were measured:
tree height (H), diameter at breast height (DBH, c¢m), height of the lowest live branch (Hy,),
height of the lowest dead branch (Hgp,), and the diameters of each branch (cm) along a butt
log (hereafter, 0-6 m log). Tree H and Hj;, were measured with a clinometer Haglof EC 11
(precision 0.1m), and Hgp, was measured with a tape measure (precision 0.01 m). Tree DBH
was measured with a tree calliper (precision 1 mm) at 1.3 meters above ground.

The measurements of the other parameters were performed according to the following
scheme. For each live and dead branch equal to or thicker than 10 mm, branch diameter
was measured 1 cm from the branch bark ridge and collar, parallel to the stem axis. The
mean branch diameters were calculated for individual groups, representing different part
of stem log: 0-3, 3-6, and 0-6 m log (Dp,.¢) from root collar. Additionally, the diameter of
the thickest branches per 0-3, 3-6, and 0-6 m log (D axbro-6) Were measured. The number
of branches per 0-6, 0-3, and 3-6 m log (Ny,,3.¢) were fixed. The percentage branch area
(Brarea), as a ratio between cumulative cross-sectional area at branch collar (cm?) and outer
surface area of 0-6 m log (cm?) of every tree multiplied by 100, was calculated.

The sections of 0-3, 3-6, and 0-6 m logs were analyzed following the National stan-
dard [30]. In total, 840 trees were measured in eighteen study plots within four study sites.
The field measurements were made in 2018-2019. The field measurements described above
were planned to follow the scheme used for the study of Scots pine, described in detail in
Ref. [26].

2.3. Data and Statistical Analysis

The significant differences between the sites with different stand densities were de-
termined using analysis of variance (ANOVA) followed by Duncan’s multiple-range test.
Different letters next to the mean values show statistically significant differences at p < 0.05
between the sites. Pearson correlation was applied to measure the linear correlation
between two variables, giving an example of the site 204, chosen accidentally.

One of the main parameters for the assessment of the stem quality, the parameter
Dyro.6, Was selected to model. Using SAS general linear models, the model for Dy, was
developed including the following variables: stand density (SD), tree characteristics (H
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and DBH), and other related parameters, such as Dyo.3, Dpr3-6, Nbro-3, Nbrs-6, Dmaxbro-3,
Diaxbr3-6, and Brarea. For the prediction of Dy,¢.¢, the general Equation (1) was developed:

Duro-6 = ag +a1SD + aDBH + agH + a4Dyo.3 + a5Dpr3.6 + ag Npro3 + a7 Np36 + ag
Diaxbr0-3 + @9 Dmaxbr3-6 + @10 Brarea + €

)

where, ag is the intercept; aj,ay, . .. an are parameter estimates; SD is stand density; DBH
is diameter at breast height; H is tree height; Dy.3 is the branch diameter in 0-3 m log
from ground level; Dy,3 4 is branch diameter in 3-6 m log; N3 is the number of branches
in 0-3 m log; Np,3.6 is the number of branches in 3-6 m log; Dyyaypro-3 is the diameter of
the thickest branch in 0-3 m log; Diyaxbr3-6 is the diameter of the thickest branch in 3-6 m
log; Brarea is the percentage branch area from 0-6 m log surface area (Brarea); and ¢ is an
error term.

All parameters in the models were chosen as random effects. The linear models to
describe Dy, .4 in relation to different stand and tree characteristics were determined by
the stepwise procedure. The linear models were improved by eliminating nonsignificant
parameters at p < 0.05. The statistical package SAS 9.4 (SAS Institute Inc., Cary, NC, USA)
was used to analyze the data in this study.

3. Results
3.1. Tree Stem and Branch Characteristics at the Sites of Different Stand Densities

The mean tree height (H) ranged between 18.1 and 23.7 m and did not clearly respond
to different stand densities (SD) in all Norway spruce sites (Table 3). The highest mean
tree H difference of 3.1 meters between the lowest and the highest stand density was fixed
in the study site 202. In other study sites, slight differences in mean H were obtained.
Statistically significant (p < 0.05) differences in mean tree diameter at breast height (DBH)
were fixed between the stand densities in all study sites. Similar values of mean DBH were
found between the stand densities of 1200 and 21002300 trees ha~!. The highest difference
of mean DBH between the lowest and highest stand densities amounted 10.94-13.02 cm in
the study sites 202 and 204; and 6.6-7.9 cm in the study sites 203 and 205.

Table 3. Mean tree height (H) and tree diameter at breast height (DBH) of Norway spruce trees
at sites with different stand densities. Different capital letters given next to the mean value show
statistically significant differences for H and DBH within each study site between different stand
densities at p < 0.05.

Stand Density, Trees ha—1 H, m DBH, cm
Study Site-202
4038 19.12+0.19D 15.03+ 031D
3100 21.09 £ 0.16 B 19.81 £ 0.28 C
2100 20.57 £ 0.18 C 20.00 £0.30 C
1100 2219+0.15A 22.64 +£0.40B
500 2218 £0.17 A 28.05 +0.44 A
Study Site-203
2947 18.10 + 0.43B 16.19 + 0.64 C
2200 19.20 £ 024 A 1891 + 051 B
1200 19.09 £ 0.28 A 20.56 + 0.72 B
600 18.72 + 0.31 AB 2279 £ 0.73 A
Study Site-204
4118 2097 +£0.22 B 17.90 £ 048 D
3000 2219+ 023 A 22.66 £0.48 C
2000 2222 +£0.17 A 26.65 + 0.52 B
1200 21.79 £ 0.17 A 2554+ 0.44 B

600

2222 £021 A

28.84 £ 047 A
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Table 3. Cont.

Stand Density, Trees ha—1 H,m DBH, cm
Study Site-205
5196 22.30 £0.34 B 21.28 +£0.78 C
2300 23.73 +£0.24 A 2441 £ 051 B
1200 23.72 + 025 A 24.46 + 0.59 B
600 2294 4+ 0.22 AB 29.15 4+ 0.57 A

The number of branches in 0-6 m log (Np,0.¢) tended to decrease with increasing SD
(Table 4). However, nonsignificant differences in Ny,.¢ were found between the adjacent
stand densities in the study sites 203 and 205. The Ny,.¢ differed by 1.3-2.1 times between
the highest and the lowest SD in all Norway spruce sites with the lowest difference of
1.3 times in the site 203.

Table 4. Mean values of branch parameters in four Norway spruce study sites. Different capital letters given next to the

mean value show statistically significant differences for each stem and branch parameter within each study site between

different stand densities at p < 0.05.

Stand Density,

Trees ha-1 Nbro-6 * Dpro.6, cm Dpro-3, cm Dpy3-6, cm Hp,, m Hgp, m Brarea, %
Study Site-202
4038 44.63 £191E 122 +0.01D 1.14+0.01 D 1294+0.02D 11.90+0.14D 0.43 £0.07B 017 £0.01 E
3100 59.85+2.04D 1.37 £0.02C 1.24 £0.02C 148 £0.02C 11.32£019C 029 +0.03 AB 022+0.01D
2100 67.60 £1.82C 1.42 +0.02 BC 1.29+0.02C 1.58+£0.02B 1056+021B 0.29£0.13 AB 0.27£0.01C
1100 84251+ 248B 145+ 0.02B 1.36 = 0.02B 158 £0.03B 1211+ 016D  0.16 £ 0.02 A 0.31£0.01B
500 90.87 £2.60 A 1.84 £ 0.03 A 1.69 £ 0.03 A 205+004A 989+019A 0.09 £0.01 A 0.45+£0.02A
Study Site-203
2947 62.87 +3.40B 1.34 + 0.03 D 1.28 £0.03C 140 £0.04C 894 +0.34C 0.37 +0.06 B 0.28 £0.02B
2200 70.83 £2.96 B 145+0.02C 1.35+0.02C 1.59 £0.03B 8.00£0.21 B 0.24 £0.03 A 0.31 £0.02B
1200 81.67 +4.63 A 1.56 + 0.03 B 1.46 +0.03 B 1.69 +0.04 B 773+ 0.32B 022 +0.03 A 0.38 +0.02 A
600 83.90 £3.56 A 1.72+0.05 A 1.58 £ 0.05 A 190+ 006 A  4.66 £0.26 A 0.21 £0.03 A 044 +£0.02A
Study Site-204
4118 59.47 £2.65D 1.29 £0.02D 1.19+0.01 D 140+0.03C 1264 £017D 0.27 £0.05B 0.22£0.01C
3000 56.28 £1.54 CD 1.33 £ 0.02D 121 £0.01D 147+0.02C 1095+029C 0.27 £ 0.03 B 0.18 £ 0.01D
2000 64.35 £1.59 C 147 £0.02C 127 +£0.01C 1.67 £ 0.03B 991 £0.27B 0.26 £0.04 B 0.21 £0.01C
1200 71.07 £ 193 B 1.53+0.02B 1.34+0.01B 1.73+0.02B 920+025A 024+0.02AB 0.26 £ 0.01 B
600 81.82+1.84 A 1.82 £ 0.02 A 1.59 £0.02 A 211+004A 865£026A 0.16 £ 0.02 A 0.38 £ 0.01 A
Study Site-205
5196 43.63 £4.28C 1.25 4+ 0.03 D 1.08 £0.04 D 1.34+£004C 11.84+050B 0.86 +£0.18 B 0.13+0.01C
2300 78.93 £3.49B 147 £0.02C 1.29+0.02C 1.67£0.04B 1272+0.21B 0.19 £0.04 A 0.28 £0.02B
1200 81.00 + 3.90 B 1.56 + 0.02 B 1.37 £ 0.02B 1.75+0.04B  12.65£0.30B 0.15+0.02 A 0.32£0.03B
600 9240 £291 A 1.72+0.04 A 146 £ 0.03 A 2.00£0.06 A 10.56 £0.26 A 0.16 £0.02 A 0.38 £0.02 A

* Npro-6, number of branches in 0-6 m log from root collar; Dy,g.¢, diameter in 0-6 m log; Dy,.3, diameter in 0-3 m log; Dy,;3.6, diameter
in 3-6 m log; Hyp,, height of the lowest live branch; Hgy,, height of the lowest dead branch; Brarea, percentage branch area from 0-6 m log

surface area.

The mean branch diameter in 0-6 m log (Dpy(.¢) decreased significantly with increasing
SD (Table 4, Figure 2). The Dy,.¢ values between the lowest and the highest stand densities
differed by 1.3-1.5 times in all study sites.
The mean branch diameters in the bottom (Dy,.3, 0-3 m log) and upper (Dy,3.6, 3-6 m

log) stem logs also decreased significantly with increasing SD, except for some similarities
between the adjacent stand densities.

The mean height to the lowest live branch (Hj,) increased statistically significantly
(p < 0.05) with increasing SD at sites 202, 203 and 204 (Table 4). At these sites, the Hy,
values differed by 1.2-1.9 times between the highest and the lowest SD. However, the Hy,
values did not significantly differ among different stand densities at site 205. Only slight
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Dyro.es CM

differences of the height of the lowest dead branch (Hg,) were found among the sites with
different SD.

SD, trees ha-! 04038-5196
27 03000-3100
@2000-2300
=1100-1200
2.0 - m500-600
1.5 -
—E—
—=—1 +
1.0 -
0.5 A1
*
0.0
202 203 204 205

Study site

Figure 2. Mean values of branch diameter in 0-6 meter log, Dy, .6, in four Norway spruce study sites. Bars show standard

error of the mean. For statistically significant differences between the sites at p < 0.05, see Table 4. No data marked as sign *".

The highest percentage branch area for 0—6 m log surface area (Brarea) was found in
the sites with the stand density of 500-600 trees ha~! (Table 4). The mean Brarea tended to
decrease with increasing SD. The difference of mean Brarea between the lowest and highest
stand densities amounted from 1.6-1.7 (the sites 203 and 204) to 2.6-2.9 times (sites 202
and 205).

3.2. Relationships between Stand, Tree Stem and Branch Characteristics

The correlation coefficients between stand and tree characteristics with stem quality
parameters for Norway spruce study sites are presented in Table 5. As an example, the
data analysis from study site 204 was given. The SD and main tree characteristics (H, DBH)
showed different correlations with the branch parameters. Moderately strong negative
correlations between SD and DBH, Hy,, Dyy9.6, Dpro.s and Dy,5.4 were obtained. The
correlation between SD and Ny, was weak; however, the correlations were moderate
between SD and Djnaxbro-3, Dmaxbr3-6, and Brarea. The correlations between DBH with
Duro-6, Dbro-3, Dbr3-6, PDmaxbro-3, @ad Dinaxbr3-¢ were moderate (r = 0.55-0.64). The correlation
between Dy, and all branch parameters was strong to very strong (v = 0.79-0.98).

Table 5. Correlation coefficients between tree characteristics and some parameters of stem quality for the selected Norway
spruce trees in the study sites 204 (n = 300). The coefficients given in bold are statistically significant at p < 0.05.

H* Hlb Hdb DBH Nbr0—6 Dbr0—6 Dbr0—3 Dbr3—6 DmaxbrO—S Dmaxbr3—6 Brarea

SD —0.20 0.59 0.14 —0.68 —0.46 —0.72 —0.67 —0.69 —0.59 —0.65 —0.52

H —0.02 0.03 0.60 0.05 0.18 0.17 0.16 0.18 0.18 —0.14

Hy, 0.12 —0.49 —0.33 —0.46 —0.41 —0.45 —0.40 —0.49 —0.33

Hap —0.15 —0.36 —0.24 —0.24 —0.27 —0.27 —0.22 —0.32
DBH 0.43 0.64 0.58 0.62 0.55 0.62 0.29
Nbro-6 0.49 0.54 0.44 0.55 0.48 0.78
Dhro-6 0.95 0.98 0.88 0.90 0.79
Dpyros 0.89 0.92 0.84 0.81
Dirso6 0.82 0.89 0.75
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Table 5. cont.

Hjp Hap

DBH

Npro-6

Dyro-6

Dypro-3

Dp3-6 Dimaxbr0-3 Dmaxbr3—6 Brarea

Dmaxbr0—3
Dmaxbr3—6

0.83

0.77
0.72

* SD, stand density; H, tree height; Hy,, height of the lowest live branch; Hyp, height of the lowest dead branch; DBH, diameter at breast
height; Ny,0.¢, number of branches in 0-6 m log from root collar; Dy,.¢, branch diameter in 0-6 m log; Dy,.3, branch diameter in 0-3 m log;
Dpy3.6, branch diameter in 3-6 m log; Dyaxbro-3, diameter of the thickest branch in 0-3 m log; Dyaxbr3-6, diameter of the thickest branch in

3-6 m log; Brarea, percentage branch area from 0-6 m log surface area.

3.3. Modelling Branch Diameter in Relation to Stand, Tree Stem and Branch Characteristics

The linear models to describe Dy, in relation to different stand and tree characteris-

tics were determined by the stepwise procedure (Table 6). First, Model 1 was determined
as a general linear model and included all variables available from this study. The Dy,
was predicted by the SD, tree DBH, tree H, branch diameters Dy,.3 and Dy,3., amount of
branches Ny,.3 and Ny, 3.4, diameters of the thickest branch Dy,aybr0-3 and Diaxbra-6, and
the percentage branch area from 0-6 m log surface area (Brarea). As the next step, the linear
model was improved by removing nonsignificant (p > 0.05) variables from Model 1. Focus-
ing on the potential practical benefits of the model, several options were tested. Model 2
included SD, DBH, Dy.3, and Dpaxpr0-3 (R? = 0.900). Model 3 included all variables from
Model 2 and, additionally, H was included (R% =0.901).

Table 6. The selected linear models to describe branch diameter in 0—6 m log from root collar (D) in relation to stand
density (SD) and tree characteristics (H, tree height; DBH, diameter at breast height; Dy, 3, branch diameter in 0-3 m
log; Dy, 3.4, branch diameter in 3-6 m log; N3, number of branches in 0-3 m log; Ny,,3.¢, number of branches in 3-6 m

log; Dinaxbro-3, diameter of the thickest branch in 0-3 m log; Dyy,axpr3-6, diameter of the thickest branch in 3-6 m log; Brarea,

percentage branch area from 0-6 m log surface area) in Norway spruce (n = 840).

Variable Parameter Pr> Il Variance Parameter Pr> Il Variance Parameter Pr> Il Variance
Estimate Inflation Estimate Inflation Estimate Inflation
Model 1 Model 2 Model 3
Intercept 0.13914 <0.0001 0 0.07575 0.0174 0 0.14675 0.0013 0
SD —0.000002 0.0294 2.38865 —0.000005 0.0944 2.03319 —0.000004 0.1836 2.08029
H 0.00044 0.4533 2.50019 - - - —0.00426 0.0295 2.29310
DBH 0.00331 <0.0001 7.40240 0.00904 <0.0001 1.74858 0.01061 <0.0001 3.76615
Diro-3 0.40631 <0.0001 8.99331 0.86774 <0.0001 5.16032 0.85451 <0.0001 5.39296
Dpis.6 0.43160 <0.0001 9.44931 - - - - - -
Npro-3 —0.00263 <0.0001 4.68097 - - - - - -
Nbr3-6 0.00080 <0.0001 4.32472 - - - - - -
Dinaxbro-3 0.00442 0.1401 4.98863 0.02682 0.0078 4.63008 0.02680 0.0077 4.63009
Dinaxbr3-6 —0.00361 0.0127 2.36321 - - - - - -
Brarea 0.29408 <0.0001 21.51302 - - - - - -
R? 0.9919 0.9007 0.9013
Adj R? 0.9918 0.9002 0.9007
Model 4 Model 5 Model 6
Intercept 0.03975 0.1689 0 0.81499 <0.0001 0 0.86950 <.0001 0
SD —0.000004 0.1262 2.02758 —0.00004 <0.0001 1.78864 —0.000013 0.0019 2.10136
H - - - - - - —0.00825 0.0031 2.33134
DBH 0.00941 <0.0001 1.67449 0.00936 <0.0001 1.74813 0.02270 <.0001 3.20227
Dpro-3 0.92787 <0.0001 1.96218 - - - - - -
Dinaxbro-3 - - - 0.26671 <0.0001 1.76056 - - -
Brarea - - - - - - 1.09151 <.0001 1.73320
R? 0.8998 0.7916 0.8032
Adj R? 0.8995 0.7909 0.8022

In search of a most simplified but well-fitted model, three simple models were esti-

mated: Model 4 included the variables SD, DBH and Dy,o.3 (R? = 0.900); Model 5 included
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the variables SD, DBH and Dy ,yp:0-3 (R? = 0.792); Model 6 included the variables SD, DBH,
H and Brarea (R? = 0.803) (Table 6).

4. Discussion

The present study was designed to determine the effect of different stand densities on
stem and branch parameters along butt logs (0—6 m log) of Norway spruce trees; also, the
models for the determination of branch diameter in 0—6 m log, as one of the parameters
directly influencing the stem quality, were developed. Continuing the research on stem and
branch parameters of coniferous species in Lithuania [26], this study was also performed
within a long-term experiment, established in 1990-1992 [24].

The results of this study showed that the stand density (SD) affected the number
of stem and branch parameters: the mean branch diameter in 0-3 m (Dy,9.3) and 3-6 m
(Dpy3-6) log from root collar; the diameter of the thickest branch (Dpyaxpro-3 and Dpaxbrs-6);
the number of branches (Nj,o.3 and Ny,3.4), and the percentage branch area from 0-6 m
log surface area (Brarea). Following previous studies, SD at different stand age, DBH, tree
H, number and size of branches, and branch age affect tree stem parameters, defining the
stem-wood quality [14,17,18].

Our study found greater impact of SD on tree H than on tree DBH. It is likely that the
greatest increase in height of the studied Norway spruce trees was fixed before the age of
36—43 years. The competition and intensive growth of height in Norway spruce started
at around 10 years and finished around 30 [31], therefore the older trees show mainly
increases of DBH. In accordance with the present results, previous studies of coniferous
tree species have demonstrated that SD influenced tree growth, development, and final
stand productivity [26,32-35]. Lower SD or increased growing space positively influenced
tree DBH and increased tree volume but reduced total yield [32,33]. The wider spacing
caused significantly lower mean tree H for Scots pine, while higher SD caused lower tree
DBH [35]. Otherwise, the regulation of SD by thinning can reduce stem-wood quality
by promoting branching and the development of thicker and longer branches [34,36]. A
decrease in SD reduced the tree H and DBH ratio but increased the number of living
branches [36]. Krajnc et al. [3] mentioned that the decrease in SD was associated with the
increase in the mean and maximum branch lengths and also the branch diameter. The
study by Auty et al. [37], who studied SDs of 2858, 1452, 725, 477, and 320 trees ha™1
in 57-year-old Sitka spruce stands, showed that maximum branch diameter and branch
frequency were significantly influenced by respacing.

The results of the present study showed that the basic branch parameters, including
the number of branches in 0-6 m log (Np,(-¢), the mean branch diameters in the 0-6, 0-3,
and 3-6 m log (Dy,3.6), differed significantly between the highest and lowest SD, and some
similarities were only recorded in the adjacent SDs. Overall, the Ny,0.6, Dbr0-6, Dbr0-3, Dbra-6
decreased consistently with the increase in SD. In the sites with higher SD, the height from
the root collar to the first living branch (Hy,) was higher than in the sites with lower SD.
The mean height to the first dead branch (Hgp) showed insignificant variation due to the
different SDs. These results are consistent with the measured stem and branch parameters
of Scots pine obtained in Ref [26].

The results of the present study showed moderate to strong correlations between
tree DBH and branch parameters; moderately strong correlations were also obtained
between SD and branch diameters (Dyo.6, Dpro-3 and Dy,3.¢) but weak correlation was
found between SD and Ny,g The main tree characteristics H, DBH, and related stem
and branch parameters, which can be directly measured for standing trees, showed close
relation with stem-wood quality measures [17]. Previous studies indicated that a strong
relation between the DBH and branch diameter exists, and the increase in one parameter
goes along with increase in another [14]. Loubere et al. [21] also found close statistical
relationships between branch basal diameters, tree size and stand parameters.

With respect to the above-discussed research questions, the models for estimation
of branch diameter in 0-6 m log (Dypyy.¢) were developed including SD, different tree
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characteristics (DBH and H), and related stem and branch parameters (for practical reasons,
mainly focused on the lower part of the stem, i.e., 0-3 m log). The estimated models
(see Table 6) included the variables SD and DBH (and H in Model 6) that are mainly
available in the databases and other variables, such as branch diameter in 0-3 m log (Dy,0-3),
branch diameter in 3-6 m log (Dy,,3.¢), diameter of the thickest branch (D axbro-3, Dmaxbr3-6)
number of branches (Npy9.3, Npi36), and the percentage branch area (Brarea). Several
models for branch properties of Norway spruce were developed in Sweden, Norway and
France [38,39]. It was an attempt to predict the branch properties in Finland [40]. The
branch characteristics found to be predicted by tree level variables [19]. These authors
analyzed the variety of SDs, from high to moderately dense plots.

For the practical benefits, relatively simple linear models for Norway spruce were
estimated, including directly measured branch parameter Dy,.3 or Diyaxbr0-3 together with
SD and DBH in a single equation (Model 4; R? =0.900, and Model 5; R? = 0.792). Despite
relatively good results (R? > 0.900), the variable SD in the Model 3 and Model 4 showed
nonsignificance, which could further cause the inaccuracies in the estimations. Among
the above mentioned models, the Model 5 could be considered as the most appropriate
for the practical use in Norway spruce stands. Previous studies also indicated that branch
characteristics can be estimated using tree parameters reflecting the effect of the stand
conditions [19]. For the predicting branch diameter of Scots pine, DBH, the ratio between H
and DBH, also branch age were indicated as the best variables [18]. In a modelling context,
the number and diameter of the branches could be reliably estimated from the stem
DBH and volume for Norway spruce [40]. When analyzed the effect of wide spacing on
increment and branch properties, the branch diameter of young Norway spruce increased
with decreasing SD [41]. A generalized analysis was made by Huuskonen et al. [20], who
found that the branching can be estimated by the SD at an early stage of stand development,
and growth rate of tree DBH and H. The present study was designed to estimate the branch
parameters in 0-6 m log; however, earlier studies found that the size of whorl branches
may be predicted at any point along the stem [38].

When comparing the linear models developed for Norway spruce with similar models
developed for Scots pine [26], we identified comparable relations between SD and branch
parameters. In both cases, the branch diameter in the bottom part of the stem (0-6 m log)
was well described by similar stand and tree variables in the even-aged coniferous stands.
The best fitted models included the stand SD, tree DBH, and the diameter of the thickest
branch in 0-3 m log. These models could be applied as simplified tool for the estimation
of the branch diameter in 0-6 m log, partially representing stem wood quality. This study
provided some knowledge about stem and branch parameters of coniferous tree species in
response to different stand densities in relatively young stand age. However, the obtained
findings do not allow estimation of the stem and branch parameters over the entire stand
rotation. Furthermore, specific studies should be carried out to analyze the influence of
tree genetics, tree social status, site fertility, climate conditions, and tree age in a modeling
context [5].

5. Conclusions

The main aim of the current study was to determine the effect of different stand
densities on stem and branch parameters along 0-6 m stem log in 36—43-year old Norway
spruce (Picea abies (L.) H. Karst) stands. In addition, models for the estimation of branch
diameter in 0-6 m log, taken as one of the parameters directly influencing stem quality,
were developed. This study has identified that the mean branch diameters and the number
of branches per 0-6 m stem log, similarly to per bottom (0-3 m log) and upper (3—6 m
log) stem logs, decreased significantly with increasing stand density. The height from
the root collar to the first living branch increased but no response was obtained for the
height up to the first dead branch. For the estimation of branch diameter in 0-6 m log,
the linear regression models were developed based on stand density, tree characteristics
(DBH and H), and branch parameters. For practical reasons, the mean branch diameter,
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and the diameter of the thickest branch per 0-3 m log were chosen, and the simplified
models were developed for Norway spruce. The branch parameters in 3—-6 m log from the
root collar were excluded from the model due to high correlation with the parameters in
0-3 m log. The best-fitted model for the estimation of branch diameter in 0-6 m log, taken
as one of the factors for the assessment of Norway spruce stem-wood quality, included
stand density, tree DBH, mean branch diameter or the diameter of the thickest branch in
the bottom 0-3 m stem log section.
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