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Abstract: The issue of optimising the initial stand density (ISD) of tree plantations has high practical
importance. The objective of this study was to nondestructively evaluate the influence of the initial stand
density of Scots pine plantations located in the European part of the Russian Federation on wood basic density
(BD), moisture content (MC), ultrasound velocity (UV), latewood content, and drilling resistance (DR). 45-year-
old trees with stand densities of 500, 1000, 3000, 5000, and 10000 trees/ha were tested by a 5-cm-long core
sample for gravimetric MCcm and BD, by PULSAR-2.2 for UV along the height (UVH) and through the tree
trunk diameter (UVb), by the IML-RESI PD-400 tool for DR, and by GANN HT 85T for MC based on the
electrical resistance method (MCerm). A significant influence of ISD was found on DBH, UVp, MCaym, and
MCerm. ISD had no significant impact on BD, UVH, and DR. The wood BD ranged from 356 to 578 kg-m, with
a mean value of 434+3.3 kg-m?, and was restricted by the soil and environmental factors. DBH and 70% MCerm
were good indicators of tree vitality. Linear correlations between DBH and MCerm (R?=0.67), DBH and MCam
(R?=0.74), DR and BD (R?=0.71), and the two-factor model MCav=f(DBH, BD), (R?>=0.76) were found.

Keywords: core sample; drilling resistance; moisture content; nondestructive testing; initial
plantation density; ultrasound velocity

1. Introduction

The initial density of forest plantations is one of the key factors determining their productivity,
marketability, viability, and environmental protection. It also affects the overall economic efficiency
(profitability) of forest cultivation. Research literature contains extensive discussion on the issue of
stand density optimisation, which is utterly important from a practical standpoint [1-14]. The
multifaceted nature of the problem and a wide range of possible solutions account for why it has not
lost its relevance [15-27].

A detailed analysis of the data from field experiments, which hardly ever lasted longer than 20-
30 years, revealed that they were all established in various natural zones and using various
approaches. Most of the time, the integrity of the experiments was compromised, necessitating an
immediate termination because the plots were too small. Some researchers used plots of 1x1, 1x2, and
2x2 m?, on which they planted from 5 to 200 seedlings. They then incorrectly projected the results
obtained from small plots to 1-hectare (ha) areas. With all the disparity in the results, it is nevertheless
possible to make certain generalisations:

1) when growing in dense groups, during the first years, seedlings have a higher increase in
height and trunk diameter, thereafter, the situation changes to the contrary;

2) the diameter of trees is far more influenced by the initial stand density than is their height,
which is primarily determined by moisture content and fertility of soil;

3) during the first 15-30 years of plantation establishment, i.e., before crown and root closure,
when intraspecific competition for resources comes into effect, the stocking volume is proportional
to the initial stand density. After that, this dependence gradually changes into a dome-shaped and
even inversely proportional relationship;

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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4) reducing the initial stand density allows for obtaining large-size wood in shorter periods of
time;

5) when stand density is excessively high, wood productivity is reduced as a result of both
intraspecific competition and fallout from snow and wind loads;

6) there is a greater chance of insect damage when plantations are initially planted at a low
density;

7) trees planted too densely will eventually fall, and their width growth will slow down;

8) planting too densely is not viable from an economic standpoint as it leads to overpaying for
labour and seedlings.

It has been established by researchers that there is no relative optimal stand density for the initial
and current plantations [8,10,13,14,28]. The optimal stand density is determined by the set goal, which
can be either increasing complex productivity while accounting for all biological components of forest
ecosystems, obtaining wood of the required quality and quantity in the shortest possible time, or
enhancing the stability and durability of plantations, their environmental and protective functions,
as well as the appeal for human recreation. Accurate purpose determination of the established
plantations well in advance is crucial since it is not feasible, either in theory or in practice, to ensure
that the forest serves all the possible purposes at the same time. For a given tree species, the ideal
stand density cannot be uniform; rather, it must be determined by natural and climatic zones, as well
as by edaphic conditions within the latter. So, for example, it was established [29,30] that with the
deterioration of the growing conditions, the density of tree planting should be increased. It has been
demonstrated in experimental plantations of Scots pine (Pinus sylvestris L.) that their initial density
in the dry steppe zone should be from 30000-40000 trees per ha (trees/ha) [31] to even 100000 trees/ha
[32], in the coniferous-broad-leaved and broad-leaved forests, from 2500 to 7500 trees/ha [33,34]. The
optimal initial density of plantations in fresh suborns was between 2000 and 8000 trees/ha [35].
Uniform seedling planting is ideal since it maximises the growth potential of tree species [36].

Some researchers aimed to investigate the dynamics of taxation indicators. Studies examining
the impact of pine planting practices and their initial density on the mechanical and physical
properties of wood, as well as its technical quality, are very few. The most important parameter of
wood is volumetric density, which also determines the trees' resistance to icing, wind loads,
snowdrifts, and trunk rot. The research findings on this subject are far from conclusive [37-44]. This
is caused by the variety of forest biogeocenoses as well as the way in which environmental conditions
affect them. Thus, for example, Poluboiarinov and Fedorov [41] claimed that in the north-west of the
European part of Russia, increased density of Scots pine plantations led to a significant reduction in
tree height increment (r = -0.62), the width of annual rings (r = -0.95), and wood density (r = -0.58).
Nevertheless, it had a negligible impact on the length of the tracheids (r = 0.20) and the proportion of
the latewood (r = 0.17). Zhu et al. [18] noted that with an increase in red pine (Pinus resinosa Ait.)
stand density, the average width of the annual layer decreases (r = -0.90, -0.96), which, according to
the authors, is the most accurate parameter to describe the influence of stand density on wood density
and anatomical parameters of tracheids. Using the SilviScan, the authors found that with a decrease
in the average width of the annual layer, the wood density as a whole increases (r = -0.30), while the
density of latewood decreases (r = 0.45) and the density of early wood in the annual layer increases
(r=-0.52).

Most researchers [39,40,45-47] came to the conclusion that in order to produce high-quality
wood, Scots pine plantations should have initial stand density of at least 1000-1200 trees/ha. The
physical and mechanical properties of wood deteriorate when fewer trees are planted per hectare:
there was a 47% decrease in modulus of rupture at static bending, a 23% decrease in compressive
strength along the fibres, an 18-26% decrease in the amount of latewood in the annual layer, and only
a 7% decrease in wood density. The best result of wood properties in fresh ramen (forest site type C2)
was observed in a variation with a plantation density of 10000 trees/ha, according to other authors
[48] who carried out research in the Moscow region. The findings of our previous research revealed
that 2500-3000 trees/ha is the optimum initial stand density in the dry coniferous forest of the Mari
El Republic [15,26,44].
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Also, according to [49], the wood density in pine plantations located in the northern and
southern subzones of the taiga ranged from 520 to 540 kg-m-. In pine plantations in the middle taiga
subzone, the wood density did not depend on the forest site type. It changed depending on the
method of plantation establishment: in plantations, from 444 to 483 kg-m?, in seed crops, from 491 to
510 kg-m= [50,51]. The wood density varied from 428 to 484 kg-min 26-year-old pine stands with
varying stand densities (1000040000 trees/ha) established in the Tambov region for subor forests
(forest site type B2). About 20000 trees per hectare was the number at which both wood density and
stock volume reached their maximum levels [42]. On plantations with the lowest and highest number
of trees per ha, the wood density was almost the same (428+2.4 and 427+3.5 kg-m). In the middle
subzone of the taiga, the wood density on a 60-year-old pine plantation with the initial stand density
ranging from 1800 to 3800 trees/ha was almost the same [52]. The method of plantation establishment
(planting or seeding) had a negligible impact on the fluctuation of the wood density indicator.
However, its influence on the latewood content was 30.8%.

Thinning and increased spacing between trees on plantations often resulted in a decrease in the
wood density in coniferous forests [53-56]. Tyurin and Danilov [57] demonstrated that the wood
basic density for 40-year-old spruce plantations established with an initial stand density of 1000 to
4000 trees/ha varied slightly (from 393 to 406 kg-m), reaching the highest values at an average
density value of about 2000 trees per ha. The dependence of wood density on the number of trees in
pine and spruce stands in Lithuania [58], as well as Cariniana legalis in Brazil [59], was low positive.
However, in Australian eucalyptus plantations, the reverse was observed [60]. The density of Populus
tometosa plantations in China, according to some researchers [61], did not significantly affect the wood
density.

Results from research on geographical species reveal that the causes of the variance in wood
density values are not only the number of trees per hectare but also the physical and geographical
conditions as well as the hereditary characteristics of the trees [62—-67]. Some researchers have shown
that wood density increases further south in all types of forests with the exception of lichen-
dominated pine forests [49]. The contrary was observed in the Amur area [68,69]. The influence of
the type of forest is much weaker in this case [49]. With regard to the indicator's variation, the average
annual air temperature has the most impact on it [41,70]. The pine breed is characterised by intensive
growth of wood with low density [71].

A literature review revealed that there was no unanimous opinion on how the initial stand
density affected the variability of the wood basic density or other wood properties of Scots pine.
Presumably, the strength characteristics of wood are predetermined hereditarily, which can be used
in cultivation in order to increase the environmental and resource potential of plantations during
artificial forest regeneration.

Nondestructive testing and evaluation techniques, such as the time-of-flight acoustic method,
based on measuring the acoustic wave velocity and drilling resistance (DR) measurements, is widely
used to evaluate the quality and internal condition of wood in stands [72-74]. One of the main
objectives when using the DR method is to evaluate the accuracy of the indirect prediction of the
wood density in growing trees. The degree of correlation of these parameters (R?) varied from 0.28 to
0.93 [75-78]. The use of DR data with a limited penetration depth of a drill bit into a growing tree
allows for higher accuracy of wood density prediction: R?=0.93 for a drilling depth of 50 mm [75] and
R2>0.80 for a drilling depth of up to 15 mm [79]. Some studies concluded that in order to increase the
accuracy of assessing the mechanical and physical properties of wood in a tree, combined acoustic
and DR measurement methods can be applied [80,81]. Nondestructive acoustic methods for
evaluating wood quality can be used to indirectly determine the density and stiffness of the wood
[82-84].

Using contemporary nondestructive methods and approaches required to optimise methods
and technologies of pine plantations in the Republic of Mari El and the Middle Volga region, the
research aims to clarify previously obtained data on the effect of the initial stand density of Scots pine
plantations on the wood density and other parameters of trees.

2. Materials and Methods
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2.1. Study site

The Scots pine (Pinus sylvestris L.) plantations used in this research are located in the central part
of the Mari El Republic, Russian Federation. Trees were selected from five experimental plots with
densities of 500, 1000, 3000, 5000, and 10000 trees per ha (Figure 1). Tree planting was carried out in
May 1977 on the site, which was originally covered with a 50-year-old natural pine forest destroyed
by wildfire. The plantation was established with 2-year-old Scots pine seedlings and forest planting
equipment. The research site has flat relief. The soil is dry, loose-sandy, subacid, low in nutrients, and
soddy-low in podzolic acid [26]. The groundwater table is located at a depth of over six metres below
the surface. The forest site type is lichen-dominated pine. The plots received no agrotechnical or
silvicultural treatments.

56°41'11,45"

4 N
48°18'51,36"E

500 perha
j 1000 per ha
= 13000 perha_
5000 perha
10000 per ha

Figure 1. Photo-images and location of selected experimental plots with different initial stand density:
(a) 500 trees per ha; (b) 1000 trees per ha; (c) 3000 trees per ha; (d) 5000 trees per ha; (e) 10000 trees per
ha; (f) coordinates and scale of experimental plots.

2.2. Tree measurements

Lines of trees were randomly chosen from experimental plots. Twenty trees from each plot and
a selected line (nearby lines) were measured for diameter, moisture content, drilling resistance, and
ultrasound velocity at breast height (Figure 2). Moisture content was measured by GANN HT 85T
and 40-mm-long needles (GANN Mess- und Regeltechnik GmbH., Stuttgart, Germany) from the
north side using the electrical resistance method.
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Figure 1. Schematic diagram of drilling resistance (DR) and ultrasonic signal transit time (TT)
measurements in radial direction (North-South); wood moisture content (MC), TT along the height of
the trunk and extraction of wood core (North side of a tree).

Ultrasound velocity was determined for each tree by the time-of-flight method. The transit time
of the ultrasound wave was measured using the PULSAR-2.2 tool (Interpribor LLC, Chelyabinsk,
Russian Federation) along the height of the trunk over 500 mm from the north side of the tree and
radially through the trunk diameter in a north-south direction. Additional acoustic sensor
indentations were made in the bark xylem prior to an acoustic measurement. After that, the transit
time was adjusted while taking the average thickness of the tree bark into account. The mean transit
time of five measurements was used to calculate the ultrasound velocity.

In order to conduct the DR measurements, an IML-RESI PD-400 tool and standard drill bit were
used (IML System GmbH, Wiesloch, Germany). Measurements of drilling resistance were made from
bark to bark at a constant feed rate of 1.5 m'min! and a rotating frequency of 2500 min in the north-
south direction. Drilling resistance and feeding resistance (FR) parameters were measured and
digitally recorded every 0.1 mm of the drilling depth. The DR profiles obtained from each tree
included a relative DR curve reflecting the torsion force on the drill bit and a FR curve reflecting the
pressure exerted on the tool, both recorded in percentage of the amplitude. Drilling resistance and
FR data were saved and processed using the PD-Tools PRO-V1.67. The DR profiles were adjusted by
removing the shaft friction component [85-88] based on the hypothesis of its linear increase with
increasing drilling depth.

A 5-cm-long (about 5-mm in diameter) core sample was extracted in close proximity (10-20 mm)
to the location of DR holes from each tree for wood moisture content and basic density evaluation by
the gravimetric method. The cores were placed in individual plastic tubes and measured later in the
day. The volume of cores was evaluated in green condition by calliper (0.01 mm) with the core mean
diameter evaluated in two directions: parallel and perpendicular to the grain direction. The mass of
cores (0.001 g) was measured in green and oven-dried conditions. The basic density of wood cores
was determined as [89]:

P,(BD, X )=my [V, s (1)

where v is the basic density (kg-m?3), mo is the oven-dry mass (kg), and Vmax is the volume at green
condition.

The moisture content of wood cores was evaluated according to standard [90] as the ratio
between the mass of water in the core and the mass of the core in oven-dry conditions. Mean DR and
FR corresponding to the 5-cm-long cores (without DR data for bark and phloem) were compared
between groups of trees with varied plantation densities and correlated with wood basic density. The
estimated parameters of trees and wood properties, their corresponding acronyms, and coding to
make the data easier to read are presented in Table 1.

Table 1. Encoding of the estimated parameters of trees and wood properties/.
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Parameter Code
Diameter at breast height (DBH), cm Xi
Mean width of the annual layer (DBH/(2-tree age)), mm Xz
Latewood content (LC), % Xs
Moisture content by electrical resistance method (MCerm), % X4
Moisture content of the core by the gravimetric method (MCcwm), % Xs
Ultrasound velocity along the tree trunk (UV=), m/c Xs
Ultrasound velocity through the tree trunk (UVp), m/c X7
Basic density of sapwood (core) (BD), kg-m™ Xs
Drilling resistance for 5-cm depth (core length) (DR), % Xo
Feeding resistance for 5-cm depth (core length) (FR), % Xio

In order to evaluate the impact of variables on the observed physical properties of wood, the
study also briefly summarises the findings of the author's earlier research on the growth rate of trees
on experimental plots.

The statistical differences between the mean values were assessed using ANOVA and Tukey’s
HSD (honestly significant difference). All statistical analysis has been performed in Microsoft Excel®,
Statistica 10 (Dell Technologies Inc., Round Rock, TX, USA) and SigmaPlot 14 (Systat Software Inc.,
San Jose, CA, USA) at the 95% confidence level.

3. Results and Discussion

According to our earlier research findings [26], the impact of the initial stand density on the
condition and inventory metrics of trees is more or less evident even after five years. As the forest
stand grows, these differences become more pronounced. While there are notable variations
throughout the experiment's versions, the stand density had the least impact on their height and
annual increment. So, within six years after the plantation establishment, the plots with the highest
stand density had the highest annual increase in height (Figure 3), which is associated with the so-
called Allee effects [91,92]. Accordingly, the development progress and resistance to adverse
environmental factors significantly increase in species growing in groups compared to single trees.
Upon crown closure, this effect is gradually overlapped by the competitive relations between them
in cenoses. After 25 years, the largest annual increase in height was observed in plantations with the
lowest initial stand density, which at the age of 40 years exceeded the height of densely planted stands
by 1.7 m. The differences get much more significant with time, as demonstrated by the prediction
models in Figure 4.
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Figure 3. Dynamics of trees on experimental plots: (a) Annual increase in height; (b) Radial growth.
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Figure 4. Predicted models for trees on experimental plots: (a) Mean height of trees; (b) difference
between mean height in relation to mean height of trees for stand density 10000 trees per ha.

It has been found that there are considerable variations within the estimated parameters of the
trees and wood characteristics on the experiment plots. Significant variations occur in the mean DBH
(X1), the mean width of annual layers (Xz), the proportion of the latewood (Xs), and the gravimetric
moisture content of wood (Xs) (Table 2). The value of the ultrasound velocity in wood undergoes the
least changes (Xs, X7). The basic density of wood, as a target indicator of its quality, varied from 356
to 578 kg-m?with mean value 434 + 3.3 kg-m?3. The variability of tree parameter values is a source of
natural selection of individuals in coenopopulations, ensuring their sustainable development. The
heterogeneity of cenopopulations also indicates the possibility of selection of the most promising
individuals for a target trait.

Table 2. Variability of the estimated parameters.

Parameter Mitm min max S p nCV As E
Xi 16.0+0.6 6.7 286 571 36 614 0155 -1.232
X2 0.80+0.03 034 143 029 36 614 0155 -1.232
Xs 303+£09 189 489 68 3.0 596 0.292 0435
Xa 727+06 60.1 824 548 0.8 435 -0.074 -1.036
Xs 654+16 376 1061 1648 25 592 0514 -0.786
Xe 3117+17 2492 3380 167.0 05 267 -1.388 3.082
X7 1184 +8.0 976 1341 80.7 0.7 389 -0495 0.011
Xs 434 +3.3 356 578 336 0.8 43.0 0549 2.258
Xo 195+£0.26 139 279 256 13 454 0510 0.921

X10 9.15+0.12 6.01 13.0 125 14 398 0462 0.575

M=+m - mean and standard error; min, max — minimum and maximum values; S — standard deviation; p —

accuracy, %; nCV — normalized coefficient of variation, nCV = 100xS/(M-min); %; As — skewness; E — kurtosis.

The effect of the initial stand density on the variation of the estimated parameters was different.
It most significantly influenced the MC, mean width of annual layers, and DBH variability (62.1-
72.7%, Table 3). Less impact of the initial stand density was on ultrasound velocity along the tree
trunk, and particularly, the basic density of wood, which is consistent with previous studies [26,44].

Table 3. Results of variance decomposition for estimated parameters.

The influence of the factor (%) and the level of probability of erroneous
Variance conclusion
X1 Xz X4 Xs X X7 Xs Xo X10

Between the groups of stand
density
Inside the group of stand density 27.3 66.0 33.0 37.9 9.2 805 979 886  83.6

727 34.0 67.0 62.1 3.8 19.5 2.1 11.4 16.4
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<0.001 0.728 0.021

0.002

Most of the parameters exhibited significantly different values across all experiment variations,
indicating the heterogeneity of the tree population (Table 4). Thus, the highest values were observed
in the DBH, proportion of latewood, MC, and DR on the experiment plot with the lowest stand
density. The ultrasound velocity in wood along the height of the trunk was minimal. On the
experimental plot with a stand density of 10000 trees per ha, the wood basic density was the
maximum, and the values of most of the other estimated parameters were minimal. The highest
values of ultrasound velocity along the height of the trunk were observed on plots with a density of
5000 trees per ha, while the highest DBH was observed on plots with a stand density of 1000 trees per

ha.

Table 4. Effect of stand density on mean values and standard error of estimated parameters.

Parameter 500 per ha 1000 per ha 3000 per ha 5000 per ha 10000 per ha

X1 227+0.6 20.3+0.6 14.9+09 122 +0.6 99+05

X3 323+14 251+14 29.7+0.9 26.0+0.6 28.5+0.9

Xa 787+05 76.7+0.7 725+1.0 67.9+0.8 67.7+0.5

Xs 813+£26 799x29 62.0+£28 521+1.7 51.9+1.0

Xs 3078 £26 3094 + 32 3118 £ 49 3174 27 3121 +47

X7 120720 1216+16 1207 £ 16 1166 + 16 1122 + 14

Xs 436+ 6 437 +10 428 +8 429 +7 441 +6

Xo 21.0+0.7 19.9+05 18.6 0.6 18.8+0.5 19.5+04

Xio 10.0+03 9.5+0.2 8.8+0.3 8.6+0.2 8.9+0.2

Figure 5 shows box-plot diagrams illustrating the range of the estimated parameters distributed
by initial plantation density.
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Figure 5. Influence of the initial stand density on: Xi - diameter at breast height (DBH); Xs - basic
density of wood; X4 - moisture content evaluated by the electrical resistance method (MCerm); X5 -
moisture content evaluated by the gravimetric method (MCawm); Xs - ultrasound velocity along the
height of the trunk (Uvn); X7 - ultrasound velocity through the trunk (Uvp); X9 - mean drilling
resistance corresponding to tree diameter; X - mean feeding resistance corresponding to tree
diameter. Box - 25%-75% percentiles; whiskers 10-90t percentiles; dots 5%-95% percentiles; solid line
in the box is the median, dash-line is the mean.

The absence of a statistically significant effect of the initial stand density on the UVH is consistent
with the previously obtained results for red pine (Pinus resinosa) and jack pine (Pinus banksiana) with
two groups of initial plantation density >1997 and <988 trees per ha [83].

According to the data presented, the main contribution to the dispersion of most of the estimated
parameters is made by the individual characteristics of trees. These characteristics are likely fixed in
the tree's genome and show up in the initial data series as odd noises that distort the influence of the
factor of the initial stand density. The value of the standard deviation of the parameters changes
according to the experiment variations without any discernible pattern, reflecting the varying
representativeness of the genotype of trees in cenopopulations. Thus, for example, the experimental
plot with an initial stand density of 3000 trees per ha had the highest variability in DBH, UVH, and
sapwood MC measured by the electrical resistance method. (Table 5, Figure 5). Plots with stand
densities ranging between 500 and 1000 trees per ha had the highest values of the standard deviation
of the mean width of the annual layer. Plots with a stand density between 500 and 10000 trees per ha
had the highest standard deviation of the proportion of latewood. The highest standard deviation
was also observed for: sapwood moisture content estimated by the gravimetric method on plots with
a stand density ranging between 1000 and 3000 trees per ha; ultrasound velocity through the plot
with a density of 500 trees per ha and wood basic density on the plot with the initial 1000 trees per
ha.

Table 5. Effect of stand density on variability of estimated parameters.

Standard deviation of estimated parameters

Parameter
500 per ha 1000 per ha 3000 per ha 5000 per ha 10000 per ha

X1 2.69 2.87 4.27 2.87 2.10
X3 0.68 0.64 0.48 0.40 0.39
X4 11.80 8.30 7.80 10.20 13.20
Xs 2.36 3.00 4.50 3.47 2.18
Xs 11.70 13.00 12.40 7.56 4.57
Xz 118.50 143.00 218.20 119.10 208.60
Xs 90.60 69.50 69.90 73.30 63.30
Xo 25.40 45.20 37.50 30.50 27.30
Xio 3.18 2.260 2.650 2.24 1.75

Some series of the estimated parameters from which a small number of outliers were removed
had a strong correlation (Table 6, Figures 6-8).
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Table 6. Pearson correlation coefficient between estimated parameters.

Parameter Xi X4 Xs Xe X7 Xs Xo Xi10

X1 1.00

Xa 0.82 1.00

Xs 0.86 0.81 1.00

Xe 0.05 0.02 -0.11 1.00

X7 065 031 041 -0.15 1.00

Xs 0.11 0.09 -0.09 043 -0.17 1.00

Xo 031 0.27 023 042 -0.08 0.81 1.00

X0 049 046 040 039 002 071 0.92 1.00

The lower level of significant correlation coefficient was 0.25
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Figure 6. Correlation between diameter at breast height (DBH, X1) and moisture content (MC): (a) MC
evaluated by the electrical resistance method (MCery, Xs); (b) MC evaluated by the gravimetric
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Figure 8. Correlation between the diameter at breast height (DBH) and ultrasound velocity through
the trunk diameter (UVDp) at breast height (circled data are excluded from the linear model).
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Figure 9. Interaction between wood basic density (BD, Xs) and diameter at breast height (DBH, X1) for
trees with varied initial stand density.

Application of ultrasonic techniques to predict the wood density in growing trees is limited since
there was no correlation found between basic density and ultrasound velocity transmitted along the
height of the tree trunk (Figure 10).

The estimated parameters can be integrated into two separate clusters based on the degree of
their correlation and the informative value (Figure 11). The first cluster, reflecting the viability of tree
cenopopulations and the degree of competition between them, includes DBH (X1) and MC (X4 and
Xs), as well as the measurement of ultrasound velocity wave through the tree trunk (X7). The second
cluster characterising the physical, mechanical and technological properties of wood included
indicators of their basic density (Xs), DR and FR (X9 and Xw), as well as the measurement of
ultrasound velocity signal along the trunk height (Xe).
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Figure 10. Interaction between wood basic density and ultrasound velocity through the tree trunk
(UVb) and along the height of the trunk (UVH).
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Figure 10. Dendrogram of the cluster analysis using Ward's method and 1-r distance based on Pearson
correlation coefficient as similarity index for the estimated parameters.
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Wood basic density (Xs) in growing trees can be predicted by the DR according to the linear

regression model, with less predictive power in comparison with results obtained on defect-free cubic
specimens [93]:

BD(X,)=10.67- DR(X,)+225.35, R2=0.71 @)
When assessing the vitality of forest coenopopulations, it is advisable to use only two
parameters: the mean diameter of trees and the MC of water-carrying tissues by the electrical
resistance method. In healthy stands with good development prospects, the average value of MC
should not be below 70%. Wood basic density on the experimental plots does not depend on the
plantation density, DBH, mean width of annual layers, or the proportion of latewood which
contradicts the findings of other researchers [18,37,40,41,43,57]. We believe that the unique
characteristics of the forest site types of the experimental plots account for the variations in the
findings obtained. The initial stand density is not, in our case, a limitation factor for the sapwood
basic density. Wood density is limited at the experimental plots by poor and dry soil, leading to a
decrease in the sell wall thickness and an increase in the proportion of empty space between the cell
walls filled by the water solutions.
The strong interaction between wood MC, basic density, and mean width of the annual layers,

as shown in Figure 12, which can be approximated by the multiple linear model, provides compelling
evidence for this conclusion:

MC,,, (X,)=2.53- MAL(X,)—0.088- BD(X,)+64.24, R2 = 0.71 3)

-
(38
o

(Xs), %

MG gravimetric method
=y
o

Figure 12. Experimental data and smoothed surface of the interaction between basic density, mean

width of annual layers, and moisture content of wood evaluated by the gravimetric method.

Studies have indicated that the drilling resistance is not a constant value but rather decreases
from sapwood to the pith (Table 7m Figure 13), indicating a proportional decrease in the wood basic
density. The nature of the change in DR, shown in Figure 13, occurs almost identically for
conventional groups of trees with low (<400 kg-m?) and high basic density (480-570 kg-m=).

Table 7. Mean and standard error of drilling resistance (DR) for a tree radius divided into five equal
sections (I-V).
Trees/ha I I

II1 IV \%
500 234+06 204+09 190+08 16.1+05 14.0+0.6

1000 23.0£05 19105 172+07 158+0.6 13.7+0.5
3000 233+06 193+05 163+04 149+05 129+0.5
5000 241+07 218+06 178+05 16.0+x04 139+03
10000 25.0+0.6 22.0+06 20.0+05 169+04 143+0.3

doi:10.20944/preprints202311.1797.v1
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Figure 13. Mean drilling resistance (DR) of a tree radius divided into five equal sections (I-V). Two
groups of trees with sapwood basic density (BD) below 400 kg-m= and 480-570 kg-m.

It was also found that earlywood width for trees with high wood density (480-570 kg-m=)
fluctuated intensively and increased with tree age in comparison with trees with low wood density
(<400 kg-m?). The same trees exhibit quite opposite dynamics in the width of latewood (Figure 14).
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Figure 14. Early- (a) and latewood (b) width for trees with sapwood basic hardness (BD) below 400
kg-m- and between 480-570 kg-m=.

Future research will be focused on the relationship between DR and the basic density of wood
for different types of pine forests and the prediction of the mechanical properties of wood using
ultrasonic measurements.

5. Conclusions

1. The high initial density of Scots pine plantations led to a decrease in tree height, diameter
growth, and MC of sapwood. Meanwhile, the wood basic density and ultrasound velocity along the
tree trunk remained unchanged.

2. All measured and evaluated parameters had a high variation. In particular, there was a
considerable variation in DBH, the mean width of annual layers, the proportion of latewood, and the
gravimetric MC. The value of the ultrasound velocity underwent the least variation. Wood basic
density, as a key parameter of its quality, ranged between 356 and 578 kg-m?3, with a mean value of
434 +3.3 kgm?.

3. Selecting the most promising trees for the intended purpose may be possible due to the
variability of tree parameters, which is the foundation for the natural selection of trees in
cenopopulations.

3. The individual characteristics of the trees, which are most likely fixed in their genome, account
for the majority of the variation in the estimated parameters.

4. The two primary factors that most accurately indicated the survival of coenopopulations of a
stand were the mean DBH and the MC of their water-carrying tissues evaluated by the electrical
resistance method, which in healthy stands should not be below 70%. This evaluation suggests that
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the initial stand density of Scots pine plantations should not feature more than 3000 trees per ha, since
higher stand densities will result in weakened trees and a reduction in their physiological functions.

6. The initial stand density is not a limitation factor for the basic density. Its value on the
experimental plots was restricted by the soil and environmental factors that caused the formation of
very thin tracheid walls in trees, thus increasing the proportion of free space between them, which
was filled up by water solutions.

7. The basic density of wood in growing trees can be predicted by DR based on a linear regression
model (R?>=0.71). Ultrasound velocity along the tree truck and through the diameter had no
correlation with the wood basic density.

8. There were differences in the dynamics of the early- and latewood width between trees with
low and high wood density.

6. Patents

The authors filed a patent application for a new nondestructive testing and evaluation method
based on time-of-flight ultrasonic measurements and drilling resistance for assessing the mechanical
and physical characteristics of wood in growing trees. Application No. 2023127590 was submitted on
26.10.2023 to the Federal Service for Intellectual Property of the Russian Federation.
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