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Abstract: Norway spruce (Picea abies (L.) H.Karst) trees planted with high stem densities produce
finely branched, solid logs but are vulnerable to extreme weather events, e.g., storms. Over the
last decades spruce stands have been planted at lower stand densities, resulting in wider crowns,
lower crown bases, and higher stand stability, but this might decrease the quality of coniferous
timber due to an increased growing rate and wider annual rings. Therefore, in this case study we
investigated the influence of different silvicultural treatments and stand densities on tree morphology
and wood properties of 100 spruce trees up to sawn timber as the final product. Tree morphology
was assessed using mobile laser scanning. Ring width analysis, wood density measurements, and
the four-point bending strength test on visually graded boards were conducted to gain information
on wood properties and product quality. In stands thinned from below, higher wood densities were
observed due to smaller annual rings compared to stands that were thinned from above at equal
annual ring widths. In addition, crown asymmetry and the height-to-diameter ratio were identified
as proxies for wood density. Lastly, visually assessed quality differences between the forest stands
were discerned on the examined boards.

Keywords: annual ring analysis; bending strength; mobile laser scanning; Norway spruce; quality
grading; wood density

1. Introduction

In response to climate change, the Earth’s average surface temperature is rising,
precipitation patterns are changing, and the probability of severe meteorological events is
increasing [1]. Consequently, recent storms, droughts, and heat events in central Europe
have led to direct and significant losses in forest stands and large diebacks [2,3]. In Germany,
pure stands of Norway spruce (Picea abies (L.) H.Karst) are highly susceptible to such risks,
as spruce has been extensively planted far beyond its natural range of distribution [4,5]. In
order to reduce the risk of stand losses and to increase stand stability, pure spruce stands
are thus being converted into mixed stands [6,7] or forest management has been adapted
and stand densities have been adjusted [8]. This adaptation of forest management has
been carried out over the years. In this regard, the number of plants per hectare has been
reduced in order to improve individual tree stability within pure spruce stands in the face
of more frequent and more severe weather extremes [8].

While trees in less dense stands are more stable due to a wider crown radius, a lower
crown base height (CBH), and an increased radial growth, wood quality has declined in
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stands with greater tree spacing [9]. The silvicultural treatment applied in this process is
thinning from above (TFA) with the aim of creating a layered and more or less even aged
stand [10]. By TFA, the dominant trees are promoted by removing neighboring dominant
or co-dominant trees of lower quality and/or vitality [10].

Norway spruce has formerly been cultivated in pure stands at high stand densities [11],
focusing on the production of large amounts of timber with rather homogeneous dimen-
sions and properties [5]. The silvicultural treatment used in this process is thinning from
below (TFB), with the aim of establishing an even-aged and single-layered stand in order
to support the best dominating trees [10]. At the same time, higher height-to-diameter
ratios (h/d ratio) resulting from higher stand densities have been shown to decrease stand
stability [8].

Therefore, forest management has been adapted and focused on reducing the number
of plants per hectare over the years in order to improve the stability of Norway spruce
stands. Since trees planted in lower stand densities grow faster, larger annual rings are
formed. Conversely, this means that the proportion of latewood, which is decisive for wood
density, decreases [12-14]. Wood density, in turn, is one of the most important parameters
influencing the strength properties and thus the usability of wood as construction material
and for wood products. The elastic and strength properties, hardness, abrasion resistance,
as well as thermal conductivity, also decrease with decreasing wood density [14]. As a
result, the quality of coniferous timber is deteriorating and there are already large areas
of coniferous trees whose timber no longer meets the strength grading requirements for
structural application (e.g., European grading standard: DIN 4074-1;2012-06 and DIN EN
338:2016, [15,16]).

The harmonized European standard EN 14081 [17] regulates the requirements for
sawn timber for structural applications. Next to mechanical grading with optical sensors,
visual grading is a fast and easy system but depends on human perception. The basis
for visual assessment on the German timber market is provided by DIN 4074 [15]. The
resulting property profile divides sawn timber into the visual grading classes 57, 510, and
513 of increasing quality. The visual properties provide a simple prediction model for the
mechanical properties. Other studies have tried to advance the non-destructive quality
assessment of timber in varying ways. Hu et al. [18] have modelled the local module of
elasticity (MoE) of sawn timber as a dependent variable of fiber orientation measured by
optical sensors and processed in a finite element model. Different endeavors have been
made to predict the timber quality of standing trees, mostly focusing on tree age, tree
spacing [19], or pruning [20]. For works not focusing on silvicultural parameters, quality
estimation has been done via acoustic and resonance techniques [21], which employ the
linear relationship between impulse velocity across a tree section and the static MoE. This
technique corresponds to state-of-the-art devices in the sawing industry, which are used
to estimate the wood density of sawn timber. Nevertheless, distortions due to strongly
varying wood moisture impact the results and can only be addressed by correction factors.
Non-destructive evaluation approaches have also found application in heretical analysis as
possible selection methods for tree breeding programs to promote wood quality [22,23]. A
controlled thinning experiment was done for Black pine (Pinus nigra J.F. Arnold) with a
measurement of the dynamic velocity eleven years later to measure the effect of different
thinning intensities by Russo et al. [24].

One of the objectives of this case study is to identify the influence of the two different
silvicultural management practices (TFA and TFB) and thus the effects of different tree
morphologies on the mechanical strength of timber. When addressing the morphology of
a tree and its relationship with internal timber quality, the interactions with neighboring
trees are essential. Competition from neighboring trees not only affects nutrient and light
availability but also space occupation and growth behavior [17].

Conventionally, the parameters describing tree morphology and timber quality were
assessed manually and required considerable time and personnel resources. Terrestrial
laser scanning (TLS) has been shown to be a precise tool for automatically estimating these
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parameters from terrestrial point cloud data in forests [18,19]. However, the application of
TLS can also be quite laborious if a multiple scan approach is used to acquire each study
tree from several directions [20]. In addition, post-processing of the scans (co-registration
and filtering) requires a considerable amount of time. Alternatively, mobile laser scanning
(MLS) with simultaneous localization and mapping (SLAM) can be performed. Studies have
shown that while point cloud density is lower with MLS compared to TLS, the advantages
in terms of time efficiency, sample size, and labor costs can outweigh the disadvantages [21].
Using a hand-held mobile laser scanner, forest structure, tree parameters such as diameter
at breast height (DBH), tree height, or biomass, as well as tree morphology such as crown
shape or branchiness can be easily assessed [22,23]. Morphological tree properties, together
with the grading criteria of the visual method according to EN 4074 [15] were therefore
used as a central part of the comparative analysis of the investigated study sites.

Overall, the objectives of this case study were, first (i), to investigate the relationship
between tree morphology and strength properties of differently managed spruce trees:
these effects were monitored all the way to the final product (sawn boards). In this context,
second (ii), the well-known relationships between annual ring width and wood density
(for coniferous species, e.g., [12,24,25]) of differently managed spruce trees were also
investigated. Third (iii), the relationship to mechanical properties was examined to provide
possible suggestions for future silvicultural decisions regarding the establishment of mixed
forests and the reforestation of calamity areas.

2. Materials and Methods
2.1. Study Sites and Study Objects

This case study was conducted in pure Norway spruce stands of the forest districts Brei-
denbacher Grund (forest office Biedenkopf, Hessen-Forst, Hesse, Germany; 50°52/31.39” N
8°23'1.33” E and 50°52/39.69” N 8°23'25.71" E) and Lilienberg (forest office Riefensbeek,
Niedersichsische Landesforsten, Lower Saxony, Germany; 51°43'01.0” N 10°25'00.3" E,
51°43/03.7” N 10°25'16.9” E, and 51°42'13.9” N 10°25'18.4"” E). In the forest district Brei-
denbacher Grund, two study sites were selected; in the forest district Lilienberg, three
study sites were selected. The total of five study sites (P2-P6 with P = plot) consisted of
stands of different ages (~40 and ~80 years). The sites were treated by different silvicul-
tural management concepts: (i) TFA or (ii) TFB (see Table 1). In each stand, we selected
20 dominant to co-dominant Norway spruce sample trees (tree classes 1-3 according to
Kraft [26]), resulting in a total of 100 study trees. The selection was done in cooperation
with local district foresters following the procedure for a standard commercial harvesting
operation, in which three future crop trees were also included. This case study is not
intended to examine the influence of the current silvicultural treatment. Rather, it is aimed
to investigate the influence of the previous silvicultural treatment up to the time of harvest.
Detailed stand information and description of site condition can be found in Table 1.
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Table 1. Description of the site conditions of the five study sites (P2-P6 with P = plot) from the forest districts Breidenbacher Grund and Lilienberg.

P2 P3 P4 P5 P6
226-2 227 Al 1528a 2226¢ 1517b2
GPS-Coordinates 51°43/01.0" N

50°52/31.39" N 8°23'1.33" E

50°52/39.69" N 8°23/25.71" E

51°43/03.7" N 10°25'16.9” E  51°42/13.9” N 10°25'18.4" E

(Degrees, Minutes, Seconds) 10°25’00.3" E
. = Altitude above sea level 450-490 m 430-520 m 551-600 m 501-550 m 551-600 m
Site condition Slope exposure N (<36%) NW-W (<36%) N S S
Soil condition Mesotrophic Mesotrophic Mesotrophic Mesptrophic Mesotrophic
Moisture condition Moderately fresh Moderately fresh Fresh Fresh Fresh
Annual average temp. ! 1961-1990 (7.7 °C); 1991-2020 (9.7 °C) 1961-1990 (5.9 °C); 1991-2020 (6.9 °C)
Annual total precipitation 1961-1990 (902 mm); 1991-2020 (822 mm) 1961-1990 (1263 mm); 1991-2020 (1303 mm)
Share [%] 100 100 95 90 100
Area [ha] 1.7 2.3 16.4 5.9 6.3
Tree species PCAB* PCAB PCAB PCAB PCAB
Stand description Age? 41 83 80 80 39
Dominant height [m] 30.8 29.3 18
Basal area [m?-ha~!] 34.1 37.2 37.1 28.3 35
MATIpay 3 17.8 114 12 11 12
Mean height [m] 253 29.8 33.8 28.2 20.5
Sample tree information Mean DBH [cm)] 28.5 323 46.3 424 28.6
Visually graded boards 132 97 231 177 59
Mechanically tested boards 15 14 44 23 14
Thinning category TFA® TFB © TFA TFB TFA
Thinning interventions [m®-ha~!] 2012 (67) 2012 (71) 2014 (2.9); 2018 (12.7) 2014 (25.9) 2014 (41.3)

! The weather stations for P2 and P3 are located at Biedenkopf/Célbe and for P4-P6 at Braunlage [27,28]; > Age: A stand of 40 years that had been TFB was unable to be studied as it was
not a common practice and therefore no study site with this combination has been found; 3 MAL mean annual increment; * PCAB: Picea abies (L.) H. Karst; > TFA: thinning from above;
6 TFB: thinning from below.
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The sample trees were harvested in September 2019 (Biedenkopf, P2 and P3), Novem-
ber 2019 (Riefensbeek, P4), and March 2020 (Riefensbeek, P5 and P6). Prior to harvesting,
all 100 sample trees were scanned using a mobile laser scanner (ZEB horizon, GeoSLAM
Ltd., Nottingham, United Kingdom) to receive quantitative in-situ information on external
quality features and tree morphology (e.g., crown asymmetry, branchiness) but also to
acquire tree measures like DBH and height. Carrying the hand-held mobile laser scanner,
each sample tree was surrounded twice in concentric circles (see Figure 1) and with normal
walking speed (approximately 3-4 km*h~1). First, with a small circle close to the sample
tree followed by a wider and larger circle to capture the tree from all possible directions.
For each plot, two scans were performed including ten sample trees each. Subsequently,
the DBH as well as the direction to geographical north was tagged on each tree for later
stem disc sampling. Then, all sample trees were harvested motor-manually and cut into
log sections of 2.70 m length. For the investigation of annual ring widths, stem discs were
taken at 1.30 m above the ground (DBH) and at CBH (crown base height, defined as the
height of the first needle-bearing branch).

Figure 1. Shown are 10 exemplary Norway spruce trees with the corresponding trajectory consisting
of two concentric circles per sample tree. Colors indicate passing minutes; the unit is equal to meter.

2.1.1. Annual Ring Analysis

In order to reduce internal stress of the stem discs and to minimize cracking during
drying, the stem discs were sawn into so-called ‘measuring crosses’ with four radii oriented
by geographic direction (see Figure S1, supplementary material). After drying from forest-
fresh to forest-dry, the tops of the measuring crosses were sanded with a belt sander
to improve the visibility of the individual annual rings. Subsequently, the annual ring
widths of all four geographic directions were measured with the LINTAB TM 6 annual
ring measuring device from Rinntech (Rinntech-Metriwerk GmbH & Co. KG, Heidelberg,



Forests 2022, 13,1910

6 of 20

Germany). The annual ring analysis was conducted from bark to pith and started directly
at the latewood border of 2019. Simultaneously, the data were transferred to the software
TSAP WIN TM (Version 4.81, Rinntech, Rinntech-Metriwerk GmbH & Co. KG, Heidelberg,
Germany), which automatically assigned the respective absolute annual ring width to
the calendar year. For the data analysis, the mean ring width was calculated using the
measurements of all four cardinal geographic directions (north, east, south, west). This
way, ring width was determined without any confounding effects of non-circularity that
would introduce bias as in the case of simply dividing stem radius by the number of tree
rings (years of age). Additionally, it was also used to check whether slope or reaction wood
had an effect by testing for significant differences in mean annual ring width of the four
different geographic directions.

2.1.2. Wood Density

The wood density was assessed on samples (oven dry weight, 103 °C £ 2 °C; [29])
with a maximum dimension of 50 mm X 50 mm Xx 150 mm (length of the samples was
dependent on stem disc radius: see Figure S2, supplementary material) by radiometric
density profile determination [14]. The radiometric density profile was generated using
a ‘Density Analyzer X-ray’ (DAX 6000, Fagus-GreCon Greten GmbH & Co. KG, Alfeld,
Germany) in cooperation with the Fraunhofer Institute for Wood Research (Wilhelm-
Klauditz-Institut WKI, Braunschweig, Germany). The annual rings of the samples had to
be as parallel to the edges as possible and the samples had to start and end with complete
annual rings. In addition, the east-west axis was initially cut along the edge of the north—
south axis. This left the north—south axis as one complete piece which was divided at the
pith. Samples longer than 150 mm were cut in half. The density was determined in 20 pm
sections in the direction from the pith to the bark at a rate of 1 mm/s, from which the mean
density was subsequently calculated.

2.1.3. Visual Timber Grading and Four-Point Bending Strength

The harvested log sections above 1.3 m with 2.70 m length were sawn into boards with
the dimensions 13 cm x 3 cm x 210 cm. The logs were plain sawn into smaller diameters
to maximize the yield. Logs with diameters larger than 30 cm were halved and cant (cant
= completely edged piece of wood) sawn, resulting in flat grained and angled boards.
The heart center was cut out every time. The boards were dried in a climate chamber
under controlled conditions, starting at 40 °C and gradually increasing to 60 °C while
simultaneously lowering the relative humidity from 75% to 55% and including a relaxation
phase with raised humidity and lower temperature for 24 h. The wood moisture content
after drying was 11% =+ 2%. Once dried, the sawn boards were planed to 12 cm X 2 cm
x 210 cm to ensure even dimensions and smooth surfaces. The specimen size was not in
accordance with the ideal length to height ratio described in standard EN 408 [30], due
to limitations in maximum span width of available test equipment, but it was within the
range for mathematical adjustment. This was followed by a visual sorting according to DIN
4074-1 [15] to allocate the 696 examined boards into visual grading classes (57, S10, and
S13). Sawn timber that negatively exceeded one of the visual grading criteria thresholds
was labeled as rejected. The four-point bending strength was assessed in accordance with
EN 408 in an edgewise bending test [30] for a sample of 110 boards. The bending test of
EN 408 [30] was chosen as a central evaluation instrument because the module of rupture
(MoR), module of elasticity (MoE), and wood density can be employed to calculate the
remaining mechanical properties, e.g., tensile, compression, and shear strength, in EN
384. The bending strength was therefore deemed to be a sufficient quality indicator. The
test setup was a four-point-on-edge bending test, with the outer support bearings 15 &
(height) apart due to limitations of the employed support beams’ span width. The force was
applied symmetrically with bearings 6 I apart. Testing speed was adjusted to 0.36 mm/s to
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ensure material failure within 300 & 120 s. Bending strength (f,;) and elasticity (Em,g) were
calculated from F max according to standard EN 408 [30] using the following formulae:

3xFxa
Jm = T M

3xax? — 4xq3

- 3 wr—wi 6xa
2xbxh’x (ZX L-h 5><G><b><h)

@

Em, g

F = force [N]; a = distance between load site and bearing [mm]; b = length of smaller
cross-section-edge; h = sample height or broader cross-section-edge; | = distance between
bearings [mm]; F; measured at point of linear load increase; F, measured at 20% of
maximum load; wy = deformation of sample [mm] at Fy; G = modulus of shear, which is set
at infinite when grading into strength classes of EN 338 [16].

2.1.4. Point Cloud Processing

The acquired three-dimensional point clouds from the three-dimensional laser scan-
ning were automatically processed and exported as LAZ files using the point cloud pro-
cessing platform GeoSlam Hub 6.0.1 (GeoSlam Ltd., Nottingham, UK). Subsequently, the
processed point clouds were imported to the open source software ‘CloudCompare’ (Ver-
sion 2.10.2 “Zephyrus’; http:/ /www.danielgm.net, last accessed on 13 November 2022) in
order to manually extract the sample trees from the scanned forest scenes (see Figure 2). Us-
ing Mathematica Software (Version 12, Wolfram Research, Champaign, USA), we selected
the lowermost 12 m of the logs for further analysis. This was done for three reasons: First,
stem sections of equal length should be compared. Second, this lower part of the tree is the
most valuable part in terms of timber production and, finally, the quality of the point cloud
is highest for those parts of the tree that are located closer to the scanner during scanning,
which is naturally the lower stem area.

Figure 2. Point clouds of randomly selected individual Norway spruce trees as seen from the side
(from left to right: P2-P6 with P = plot). The unit is equal to meter.
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Next, the free software CompuTree (Version 4, [31]) was used to derive several param-
eters for each stem after transforming the point cloud into a cylinder model (quantitative
structure model; abbr. QSM). A QSM represents the whole tree based on cylinders of vary-
ing lengths and diameters that were fit to the point cloud based on statistical approaches.
The branch orders are persevered during the cylinder-fitting process. Details on the QSM
approach can be found in Piboule et al. [31]. First, the volume of the stem, from the bottom
to the end of the 12 m long section, was determined by summing up the volumes of all
cylinders denoted ‘stem’ in the output of the CompuTree software [31]. In addition, we
considered the merchantable volume of the log section separately, by summing up only
the volume of cylinders with a diameter larger than 7 cm. Furthermore, the number of
first order branches as well as the number of branches greater 4 cm [32] were counted. In
addition, the following morphological properties of the study trees were derived: crown
asymmetry, CBH, crown length, crown radius, crown surface area, crown volume, DBH,
total tree height, and lean; lastly, the h/d ratio was calculated [18,20,33-35].

2.2. Statistical Analysis

All statistical analyses were performed using the free and open source software R
(version 4.1.0, [36]) and OriginPro (version 2021b, [37]) with a significance level of p < 0.05.

The Kolmogorov-Smirnov test for sample sizes with n > 50 was applied to test for
normal distribution of the data and Levene’s test was used to test for variance homogeneity.
For the smaller sample sizes of sawn timber boards and their visual and mechanical proper-
ties, the Shapiro-Wilk test was used in combination with Levene’s test to discern normality
and variance homogeneity. Kruskal-Wallis and subsequent post-hoc Kruskal-Dunn test
(with Bonferroni correction) were performed to test for differences in mean density and
mean ring width between the investigated plots. Should the Levene’s test suggest variance
inhomogeneity, a Games—-Howell test was conducted, as a multigroup form of the Welch
test, to discern significant groupings, as can be seen in the results for elasticity after me-
chanical testing of sample boards. For parametric data, Pearson’s correlation coefficient
was used to indicate significant correlations, e.g., between the mechanical MoR and the
visual criteria single knot and knot cluster, fiber angle, and growth ring width. Spearman’s
rank correlation coefficient (range: —1 to +1) was calculated and tested for significant
relationships between the response variable (y) mean density and the explanatory variable
(x) mean ring width at two different heights of the stem (DBH and CBH). Since both mean
ring width and mean density at DBH were highly correlated with mean ring width and
mean density at CBH, it was decided to use mean ring width and mean density at CBH as
some stem discs from DBH were not available for either ring width measurement or density
sampling due to stem rot. Spearman’s rank correlation coefficient was also calculated and
tested for significant relationships between (y) mean density and (x) the tree morphology
was assessed using MLS (e.g., crown asymmetry, crown radius, lean, h/d ratio). Only
properties that were significantly correlated with mean density were used for further inves-
tigations. To further describe the mechanical results of MoR for the different plots, which
were proven to be parametric by the aforementioned statistical tests, a one-way ANOVA
was conducted to reveal distinct groupings in the resulting properties of on-edge bending
strength tests.

To investigate the relationship between mean density and mean ring width linear
mixed-effect models (package Ime4; [38]) were calculated with silvicultural treatment and
age as fixed effects and site condition (=plot) as random effect (with random intercept) to
account for the hierarchical structure of the data and to control for differences in mean
density among the five investigated plots. The authors are aware of the problem and
limitation of the case study with only one silvicultural treatment carried out per site
condition. In order to counteract confounding of the factors, two silvicultural different
treated plots per site condition should have been investigated. Due to a lack of spruce study
sites caused by calamities, this experimental setup was impossible to conduct. Since the
interaction between mean ring width and silvicultural treatment was not significant it was
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assumed that slopes were not significantly different. Therefore, a random intercept model was
used. Furthermore, linear regression models were used to describe the relationship between
the wood property mean density and the morphological tree properties crown asymmetry,
h/d ratio, and DBH (the only properties that significantly correlated with mean density).

For the visual quality grading, a total of 760 spruce boards were sawn and assigned
to the grading classes specified by DIN 4074-1 [15]. The higher the quality class, the more
demanding the requirements. Thus, the value ranges of the different grading criteria
become smaller and their share of the response surface model for MoR decreases. For each
grading class, a random sample was selected according to its proportion of the experimental
setup, so that a total amount of 130 boards was mechanically tested based on their visual
properties, grading class, and stand origin. The number of mechanically tested boards was
reduced compared to the total amount of available boards due to the costs of processing
and the need for an adequate sample size in additional experiments with glue-laminated
timber in further studies of the project.

3. Results
3.1. Mean Ring Width and Mean Density

In the following, the five plots were considered individually despite different silvi-
cultural treatments because of potential differences in site conditions. The range of mean
ring width at DBH and at CBH varied between the investigated five sample plots and thus
between the applied silvicultural treatments (Figure 3). At DBH (Figure 3a), the smallest
annual rings were observed in sample trees of plot 3 (mean: 178.0 4= 21.3 1/100 mm; TFB;
age group 80), while the largest annual rings were found in sample trees of plot 6 (mean:
374.0 £ 77.8 1/100 mm; TFA; age group 40). At CBH (Figure 3b), the smallest annual
rings were also observed in sample trees of plot 3 (mean: 185.3 & 19.5 1/100 mm), while
the largest annual rings in trees were found in sample trees of plot 6 (mean: 409.8 £ 70.6
1/100 mm). Trees from stands that were thinned from above (plots 2 (age group 40), 4 (age
group 80), and 6 (age group 40)) had wider annual rings compared to trees from stands
that were thinned from below (plots 3 and 5; both age group 80; exception: plot 5 was only
significantly different to plot 6 for DBH and not significantly different to plot 4 for CBH).

(a) (b)
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Figure 3. Range of mean ring width [1/100 mm] at (a) DBH and at (b) CBH for the investigated five
plots with different silvicultural treatment (light gray: TFA, dark gray: TFB; hatched: age group 40,
not hatched: age group 80). Letters (a—d) indicate significant differences between the plots at p < 0.05
(non-parametric, Kruskal-Wallis test with Bonferroni correction).
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The range of mean density at DBH and at CBH also varied between the inves-
tigated five sample plots and between the applied silvicultural treatments (Figure 4).
At DBH (Figure 4a), the highest densities were observed in trees from plot 3 (mean:
511.4 + 37.5 kg-m~2; TFB; age group 80) and the lowest densities were observed in trees
from plot 6 (mean: 414.7 + 23.2 kg-m~3; TFA; age group 40). Trees from stands that were
thinned from below (plots 3 and 5; both age group 80) showed higher densities compared
to trees from stands that were thinned from above (plots 2 (age group 40), 4 (age group 80),
and 6 (age group 40); exception: plot 4 was not significantly different to plot 5). At CBH
(Figure 4b), trees from plot 3 showed the highest densities (mean: 468.7 & 28.9 kg-m~3),
while lower densities were observed in all other plots (not significantly different). Compar-
ing mean density at DBH with mean density at CBH (Figure 4a,b), it can be seen that with
increasing tree height, mean density decreased to a greater extent in trees from stands that
were thinned from below compared to trees from stands that were thinned from above.
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Figure 4. Range of mean density [kg~m*3 ] at DBH (a) and at CBH (b) for the investigated five plots
with different silvicultural treatment (light gray: TFA, dark gray: TFB; hatched: age group 40, not
hatched: age group 80). Letters (a—c) indicate significant differences between the plots at p < 0.05
(non-parametric, Kruskal-Wallis test with Bonferroni correction).

3.2. Relation between Mean Ring Width and Mean Density

Spearman’s rank correlation coefficient revealed that mean ring width at DBH was
negatively correlated with mean density at DBH (p = —0.754, p < 0.001; Table 2) and with
mean density at CBH (p = —0.634, p < 0.001; Table 2). Additionally, mean ring width at
CBH was also significantly negative correlated with mean density at DBH (p = —0.763,
p <0.001; Table 2) and at CBH (p = —0.612, p < 0.001; Table 2).

Table 2. Spearman’s rank correlation (o) and corresponding p value for the relationship between
mean density [kg-m_3 ] and mean ring width [1/100 mm] and at DBH and at CBH.

p . Mean Ring Width Mean Density

Spearman’s Rank Correlation DBH CBH DBH CBH
DBH o 0.937 —0.754 —0.634

mean ring width p value <0.001 <0.001 <0.001
8 cp P ~0.763 —0.612

p value <0.001 <0.001

. 0 0.754

mean density DBH p value <0.001

The linear mixed-effect modelling confirmed a significant negative relationship be-
tween mean ring width and mean density at DBH and at CBH observed in this case study.
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With increasing mean ring width by 1/100 mm, mean density significantly decreased by
—-0.2 kg-m’3 (for DBH) and by —0.3 l<g~m’3 (for CBH) (Figure 5a,b and Table 3). Further-
more, we observed differences between the applied silvicultural treatments: TFB led to
smaller mean ring widths and to significantly higher mean density at DBH (by 49.5 kg-m~3)
as well as at CBH (by 29.4 kg-m ) (Figure 5a,b) when compared to TFA. Moreover, small
annual rings had higher densities from the sample trees from stands that were thinned
from below (intercepts: 550.4 and 545.4 kg-m~3) compared to sample trees from stands
that were thinned from above (intercepts: 500.9 and 515.9 kg-m~3). Regarding the fixed
effect age group, no significant influence on mean density was observed (p = 0.86) for the
linear mixed-effect model at DBH. For CBH, trees of age group 80 showed a significantly
lower mean density than trees of age group 40 by —34.3 kg-m 3. The random effect site
condition explained 0% of the variance for both linear mixed-effect models due to the lack
of replications.
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Figure 5. Relationship between mean density and mean ring width at (a) DBH and at (b) CBH. The
lines refer to the applied linear regression models showing significant relationships at p < 0.05. Please
note: some density and ring width measurements are missing due to stem rot.

Table 3. Results of the linear mixed-effect models (diameter at breast height, DBH; crown base height,
CBH) with mean density as response variable and mean ring width as explanatory variable. Given
are the parameter estimates, standard error (SE), degrees of freedom (df), t-statistics (t-value), model
significance (p-value), and marginal R2 (R%,,) and conditional RZ (R2,.).

Fixed Effects

Estimates SE df t-Value p-Value Ry R2, Random Effect  Variance SD
DBH Intercept  500.94 25.36 64 19.75 <0.001 0.59 0.59 sc?3 0.00 0.00
MRW ! —0.24 0.07 —3.28 0.002 Residual 1081 32.87
TFB 2 49.47 16.48 3.00 0.004
Age 80 —2.99 16.43 —0.18 0.86
CBH Intercept  515.92 19.70 83 26.20 <0.001 0.47 0.47 SC 0.00 0.00
MRW —0.28 0.05 —5.63 <0.001 Residual 759.4 27.56
TFB 29.43 9.40 3.13 0.002
Age 80 —34.30 10.21 —3.36 0.001

1 MRW: mean ring width; 2 TFB: thinning from below; 3 SC: site condition.

3.3. Visual Timber Grading and Bending Strength

For the visual grading of timber, the growth-related properties knottiness (individual
knot size and size of knot clusters), compression wood, growth ring width, and the fiber
inclination, which all reduced strength and resulted in drying defects, proved to be decisive
for a downgrading of the grading class. A summary of the grading class distribution of
the examined board surfaces (Figure 6) showed that plots 3 and 5 (thinning from below,
both age group 80), with 17% and 15%, respectively, had the highest proportions of sawn
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timber graded in 513 and also produced the lowest reject rates (plot 3: 24%, plot 5: 25%).
The results of plot 4 (thinning from above), which, like plots 3 and 5, has 80-year-old
sample trees, were worse due to larger diameters of single knots, and with 33% rejects still
remained behind plot 2 (29%, thinning from above, age group 40). Plot 6 (thinning from
above, age group 40), on the other hand, had the highest percentage of rejects (62%) and
no sawn timber could be graded into the quality class S13. Based on the visual grading,
a clustering of the strength results of plots 2 and 4, as well as of plots 3 and 5, would
be expected.

o b 5 6
() ,.7’:\\ 813
S10
V) s7
[ Irejects
62%
33%
29% | | 24% | 25%

Figure 6. Distribution of the quality grading classes of spruce lamellae of plots 2 to 6. Visually sorted
according to DIN 4074-1 [15].

The modulus of rupture (MoR) of the sawn timber from plot 3 (thinning from below,
age group 80) was significantly higher with a mean value of 51.8 N-mm~2 (standard
deviation: +10.6 N-mm~2), while sawn timber from plot 6 (thinning from above, age
group 40) had significantly lower bending strengths with a mean value of 22.0 N-mm~?2
(standard deviation: £7.3 N-mm~2) (Figure 7). The plots can be divided into the statistically
distinct groups a, b and c. A one-way ANOVA for the comparison of the grading classes
using the same statistical method could not prove a significant difference in bending
strength. Statistical tests indicated significant correlations between the mechanical MoR
and the visual criteria single knot and knot cluster (—0.24), fiber angle (—0.33), and growth
ring width (—0.26). The non-parametric Spearman correlation test revealed significant
correlations between MoR and the stand characteristics age (0.38) and h/d ratio (0.18), as
well as a correlation of —0.28 comparing the forest management type thinning from below
to thinning from above.

The calculation of the global modulus of elasticity (MoE) has shown a more diverse
grouping of results (Figure 8). Determined by Games-Howell post-hoc testing, the samples
of plot 5 have proven significantly better elastical properties compared to plot 4. A result
which was not apparent from the bending strength alone. Due to a high correlation of
MoE and MoR (Spearman: 0.79), the relative results appear graphically similar, with plot
3 achieving the best results at a median MoE of 15,899.3 N-mm~2 and with plot 6, in the

distinct d grouping, with the lowest median of 7832.5 N-mm 2.
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Figure 7. Results of the on-edge four-point bending test following EN 408 [30] for plots 2 to 6.
Normal distribution was assumed using the Shapiro-Wilk test with a significance level of p < 0.05.
Assignment to significantly different groups ((a—) at p < 0.05) by one-way ANOVA with Holm—
Bonferroni correction.
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Figure 8. Results of the on-edge four-point bending test in accordance with EN 408 [30] for plots 2 to
6. Normal distribution could be assumed, variance inhomogeneity led to determination of groups
with a Games-Howell test.

3.4. Relationship between Tree Morphology and Mean Density

Mean density (at CBH) was significantly influenced by DBH (Figure 9a), h/d ra-
tio (Figure 9b), and crown asymmetry (Figure 9c). With increasing DBH, mean density
decreased significantly for trees of both silvicultural treatments (Figure 9a): The mean
density of trees from stands that were thinned from below, decreased by 2.8 kg-m 2 with
increasing DBH and by 1.0 kg-m 3 for trees from stands that were thinned from above.
Furthermore, TFB led to higher mean densities (intercept = 546.4 kg-m~%) compared to TFA
(intercept = 439.1 kg-m ).
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Figure 9. Relationship between mean density (at CBH) and the tree morphology attributes
(a) diameter at breast height (DBH), (b) height-to-diameter ratio (h/d ratio), and (c) crown asymmetry.
Regression models were computed separately for plots with different silvicultural treatment (TFA and
TEB). The lines refer to the applied linear regression models showing only significant relationships at
p <0.05.

Additionally, mean density increased with increasing h/d ratio for both silvicultural
treatments (Figure 9b). Mean density increased by 0.7 kg-m~3 (TFA) and by 1.2 kg-m 3 (TFB).
The intercept was higher for trees from stands that were thinned from below (351.9 kg-m~2)
compared to the intercept for trees from stands that were thinned from above (348.2 kg-m~3).
An increase in the h/d ratio of 10 corresponded to an increase in mean density of about
6.8 kg:m 3.

The morphological attribute crown asymmetry only significantly influenced mean
density for trees thinned from above (Figure 9c); with increasing crown asymmetry, mean
density increased by 36.4 kg-m 3. The crown asymmetry of trees from stands that were
thinned from below was more scattered (standard deviation: £0.7 m) compared to the
crown asymmetry of trees from stands that were thinned from above (standard deviation:
£ 0.4 m). In the studied trees growing in a stand managed with thinning from above, we

found 1 m of crown asymmetry to correspond to an increase in mean density of about
36.4 kgm3.
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4. Discussion

Wood density is one of the most important properties of wood for industrial use and
is frequently used as an indicator for timber quality [39]. According to earlier studies,
wood density is, among other factors, influenced by the growth rate of a tree, which in
turn is controlled by environmental conditions [40-42]. Hence, with increasing growth rate,
the proportion of earlywood increases more than the latewood proportion (for conifers
only, [12,43]), and since earlywood of coniferous timber generally has a lower density
than latewood, a higher growth rate of a tree thus reduces wood density [13]. This is
in accordance with the findings of the present case study, as a decrease in mean density
was observed with increasing mean ring width. Also, the share of rejected boards due to
growth rate-related criteria increased with increasing mean ring width as expected. Trees
from stands that were thinned from below had a higher mean density compared to trees
from stands that were thinned from above. This is consistent with, e.g., Pape [44,45] and
Lindstrém [46], who stated that forest management practices, such as regulating stand
density, directly affect wood density by changing the environmental factors that influence
crown development and thus tree growth. In our case study;, trees from stands that were
thinned from above had wider crowns and lower crown base heights than trees from stands
that were thinned from below.

The regulation of tree growth with silvicultural treatments (thinning, fertilizing) can
thus control wood density and timber quality [13,41,44,47,48]. For example, Pretzsch and
Rais [41] explained that the crown links tree growth with timber quality while Mékinen
and Isoméki [47] stated that regulating stand density through silvicultural treatments has
been the primary method of controlling growth of trees and thus enhancing timber quality.
Against this background, the regulation of stand density is an effective silvicultural tool to
control competition [49] and thus tree growth, crown and branch development, and finally
timber quality [20,50]. In our stands with low crown space availability due to TFB (plots
3 and 5), we clearly observed that the competition-induced reduced crown development
reduced mean ring width and thereby increased mean density and bending strength. This
finding is in accordance with earlier studies (e.g., [41]), explaining that trees in forests with
limited growing space have higher wood density compared to trees growing in widely
spaced and heavily thinned stands. Furthermore, for equal mean ring widths, the wood
from trees from stands that were thinned from below nonetheless had a higher mean density
than the wood from trees from stands that were thinned from above. We hypothesize that
this may be a predetermined growth pattern that is established at an early age and does
not change in later years. This would be analogous to Dutilleul et al. [25], who reported
a negative relationship between wood density and ring width for slow-grown Norway
spruce trees. Dutilleul et al. [25] thus suggested a preconditioning of this relationship
already before the first thinning, together with a difference in this relationship between
trees that are genetically predisposed to grow faster than others. Here, anatomical studies
of the cell wall structure or the latewood proportion might provide possible insights and
will be the focus of future studies.

According to studies by, e.g., Jyske et al. [51], wood density increases with increasing
log height. Similarly, it was found in this study that mean density for trees from stands
thinned from above was higher at CBH than at DBH. However, for stands that were thinned
from below, mean density was shown to be slightly lower at CBH. It is suspected that the
increase in density at higher stem heights may be related to low precipitation influenced
by climate change. Due to low precipitation, the early wood content in juvenile wood,
which is predominant in conifers at higher stem heights, becomes smaller. Since juvenile
wood in particular is characterized by age-related wider growth rings compared to mature
wood, as well as a significantly larger proportion of earlywood containing primarily water-
conduction tracheids [52,53], it seems reasonable to assume that lower precipitation is likely
to reduce the proportion of earlywood. Consequently, the proportion of latewood would
increase, which largely determines the density in the growth ring. Although juvenile wood
is also present at lower stem heights, which influences the mean density, this wood has
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never been exposed to the lower precipitation. Even though mean density was higher
for equal mean ring width in wood from trees in stands that were thinned from below in
this case study, the mean density of these trees also decreased more with increasing tree
height compared to wood from trees from stands that were thinned from above. The gain
in timber quality is thus lost with increasing tree height, and the most valuable part of the
logs is still in the first few meters (value timber production of conifers is usually limited to
the lower half of the stem and can contain up to 80% of the timber value [54,55]). In case of,
e.g., heavy browsing, peeling, or damages through harvesting operations, this would lead
to extreme financial losses, as the first three and sometimes even six meters are unusable.

Based on the three-dimensional data from the laser scanning approach, relationships
between morphological measures of the trees and wood properties were also observed.
Positive relationships between both, h/d ratio and crown asymmetry and the corresponding
mean density of the trees were found. For the positive relationship between mean density
and crown asymmetry, the formation of compression wood as compensation in areas of
uneven crown formation (branch- and wind-related) [56] would be a possible explanation,
as compression wood has a higher density, bending, and compressive strength compared
to normal wood [14]. Although compression wood was observed on the boards in this
case study, it did not significantly affect bending strength of the examined boards of
the lower sections (up to a height of 6.7 m). Therefore, we argue that both increased
crown asymmetry [33] and an increased h/d ratio are indicators for competitive pressure
and hence relate to reduced growth ring width. Therefore, trees showing high crown
asymmetry or high h/d ratios do have higher mean densities than trees growing with
more canopy space available. This is an important finding from a silvicultural point of
view, as forestry has so far used other variables such as stocking density, DBH, or crown
length for silvicultural decisions. Until now, the h/d ratio was mainly an indicator for the
stability of a tree. The present results suggest that the h/d ratio is also a good indicator of
timber quality.

With regard to the morphological measures number of first-order branches or the
number of branches greater than four cm, no significant correlation was found with mean
density. This result differs from studies by, e.g., Osborne and Maguire [57] or Richter [56],
stating that branch diameter and thus knots affect several properties of wood (strength,
stiffness, swelling, shrinkage) due to deviations in the anatomical structure and should
hence affect mean density. Although the branch diameter is the most important factor for
quality grading of coniferous timber [58], it did not influence mean density in this case
study. The values for the morphological properties of branches of first order or branches
greater than four cm affected the visual grading criteria single knot or knot cluster only
weakly (correlation coefficient 0.2). This can be explained by growth dynamics at different
ages. As the lower parts of the logs were used for the production of timber to emulate
realistic timber acquisition, we can assume that the current state of crown anatomy is
representative for branch characteristics in the tree’s youth only to a certain degree. The
remaining investigated morphological properties (e.g., lean) were also not significantly
correlated with mean density, which is probably due to the low degree of variability among
these properties in our dataset.

The lack of significant differences in the measured bending strengths (MoR) between
the grading classes is of concern from a technical point of view. Based on the present
results, the origin and silvicultural treatment of the raw timber had a stronger predictive
power for the achievable bending strengths than the classification according to visual
criteria. Comparable rejection ratios were found by Burawska-Kupniewska et al. [59] in a
study on the effectiveness of grading processes dependent of log type, resulting in 3.3%
rejects by machine grading and 42.7% rejects by the visual process. Though the sawn
timber product standard EN 14081 [60] demands a validated characterization of sawn
timber for each different origin with regard to silvicultural treatment, the results of this
case study show that differences in mechanical properties can differ even on the smallest
scale. This holds especially true for the comparison of plots 2 and 3, which are adjacent
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but differ significantly with regard to their silvicultural treatment and their measured
properties. These results suggest that a significant proportion of visually graded sawn
timber is not graded accordingly to its potential [61,62]. Both the bending strength and
visual characteristics of plot 6 performed poorly compared to the other plots. Thus, the
silvicultural treatment (thinning from above, mean CBH was 6.2 m) of plot 6 should be
critically questioned, as 62% of the boards were rejected. It can also be noted that spruce
of about 80 years produced less board rejects compared to spruce of about 40 years. This
was mainly related to the clustering of branches in the investigated lower stem area, which
were more widely distributed in the stem cross-section for larger stem diameters. Longer
rotation periods seem to be preferable for the production of the visually highest quality
assortments. Regarding the mechanical quality, the coefficient of determination between
density and tree anatomy of up to 0.59 is comparable to the results of Llana et al. [63] that
achieved 0.59 for MoE prediction by velocity and 0.48 for the prediction of MoR. Russo
et al. [64] have found that the dynamic MoE was highest in stands of low and medium
intensity thinning while no thinning or high intensity thinning resulted in lower wave
velocities. This is in accordance with the results of this study and additionally taking the
deductions of Pretzsch [65] regarding the total yield of different thinning intensities into
account, a low to medium intensity thinning strategy seems advisable.

5. Conclusions

This case study confirmed earlier findings that identified a relationship between
silvicultural management regimes in pure spruce stands and the corresponding wood
density of trees growing in these stands. Although many of the results of this case study
confirm well-known relationships, the limited sample size of 100 trees at six study sites
in two regions only justifies the term of case study, for which an upscaling of the results
remains limited. Furthermore, possible causes for some of the observed results remain
unclear due to the lack of replications. Nevertheless, we assume that the investigated trees
appear to follow a growing pattern and retain their wood anatomical structures despite
changes of forest management. Spruce trees from stands that were thinned from below at
young ages still showed higher wood densities when thinned more intensively at a higher
age compared to spruces with the same annual ring widths but larger growing space at a
young age. With wood density being an important property of timber intended to be used
for construction, i.e., in a load-bearing function and not just as cladding or for palettes, the
results for density, MoR, and MoE may contribute to an optimization of the management of
spruce and other coniferous species by serving as model references. Especially with regard
to the conversion of pure coniferous stands to site-adapted mixed stands, these results may
be beneficial to the production of high quality coniferous timber in the future. Additionally,
we identified two morphological measures, namely the h/d ratio as well as the extent of
crown asymmetry, as proxies for wood density, which may serve as helpful indicators for
practical field work. While crown asymmetry is difficult to measure in the field, it would
be an interesting topic for future studies to investigate the h/d ratio at which the wood
quality suffers exceedingly in order to then take this into account as a recommendation for
silvicultural decisions. In addition, the possibility to assess the potential quality of stands
in a non-destructive manner on standing trees would provide a tool to accurately price and
distribute wood resources according to mechanical quality [66,67].

The results of the technological tests clearly suggest that it could be beneficial to
change the grading criteria for a strength-oriented classification of structural timber. No
significant correlation was found for the grading criterion compression wood to bending
strength (r?> = 0.04), which can, however, be decisive for bonding and dimensional stability.
For a combined model, a fast way to measure the wood density is needed, considering
the aforementioned relationship between growth ring width, density, and management
style, which for a visual grading system seems hardly possible. Incorporating the h/d ratio,
which showed significant correlation to the MoR into a holistic prediction model, seems
appropriate but would require the transfer of trackable data from forestry to processor.
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Currently, provenance (as expressed by SC) and management system seem to be the best
predictors. In further investigations, the correlations will be verified by means of multiple
regression and also investigated for the final glulam product.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/f13111910/s1, Figure S1: Image of an exemplary mea-
suring cross for the tree ring analysis carried out with LINTAB TM 6 annual ring measuring device
from Rinntech (Rinntech-Metriwerk GmbH & Co. KG, Heidelberg, Germany); Figure 52: Image of an
exemplary density sample for the radiometric density profile generated using a ‘Density Analyzer
X-ray’ (DAX 6000, Fagus-GreCon Greten GmbH & Co. KG, Alfeld, Germany).
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