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Abstract

Evaluating the sawlog quality is vital for both forest managers and wood processors. While external
traits, such as tree form, branch architecture and visible growth features, can be evaluated through
visual inspection, many key wood quality indicators remain hidden such as knot type and
distribution, or the heartwood-to-sapwood ratio. This highlights the need for technologies capable of
“seeing through” logs. Today, X-ray scanners in sawmills enable comprehensive, continuous, non-
destructive assessment of internal stem structure at large scale. This study leverages a newly
compiled database of approximately 726,000 scanned logs to characterize variability in knot
distribution and sapwood proportion across three major European softwood species and estimate the
moisture content. The analysis highlights inter-and intra-species differences. Sapwood proportion
decreases with sawlog diameter in Spruce and Silver fir but remains high in Pine. Pine also presents
significantly larger and more variable knots. Between March and August, we observed a seasonal
trend in sapwood moisture content, affecting fresh density, while heartwood moisture content
remained stable. These findings provide valuable information to support decision-making processes,
linking tree characteristics to wood qualities and guiding forest management.

Keywords: wood quality; sapwood; knots; Xray; computed tomography; Picea abies (L.) H. Karst,;
Abies alba Mill.; Pinus sylvestris L.

1. Introduction

The efficient use of forest resources is fundamental for a sustainable bioeconomy, placing the
demands on the entire wood products value chain, from forest management to the final consumer
[1]. Detailed understanding of the sawlog quality is essential for both forest managers and wood
processors. On one side, forest managers require information on how silvicultural practices influence
tree growth and key wood properties to optimize stand value and guide genetic improvement
programs [2]. On the other side, wood processors must accurately assess the characteristics of raw
material in order to maximize yield and product value by optimizing bucking and sawing strategies
[3,4]. The objective is to achieve a more precise knowledge to better handle the natural variability of
raw timber and the specific demands requirements for finished products, thereby reducing the
volume of downgraded wood and increasing profitability [5]. This challenge is highlighted by the
efforts on digitization of the sector, often termed Industry 4.0, which drives the need for more
sophisticated, with large data for decision-making processes [6].

The primary obstacle to process optimization is the natural variability of wood. Key
characteristics such as sapwood thickness [7], moisture content and density [8,9], and knot attributes
are highly variable, influenced by species, genetics, and growth conditions like stand density [10,11].
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Wood quality assessment relied on external visual features and destructive analysis of small, often
unrepresentative, samples. This manual approach is not only labor-intensive but has been shown to
be inconsistent, with grader accuracy sometimes falling below 75% [12,13], resulting in the allocation
of resources that is not optimal.

The integration of advanced scanning technologies, particularly industrial X-ray computed
tomography (CT), has revolutionized the industry's capacity for non-destructive evaluation. The
development of specialized industrial scanners allows for the creation of a "virtual log" before the
first cut is made, a concept focused in research using X-rays for knot detection [14,15] and now
realized in industrial practice [5,16]. These systems enable comprehensive, continuous data collection
on internal sawlog attributes in a high-speed production environment, offering an unprecedented
opportunity to analyze vast datasets ([17]).

Among the most critical internal features determining a sawlog's value are knots and the
properties of sapwood and heartwood. Knots, as the main natural defect, directly influence both the
mechanical strength and visual grade of lumber. Their presence creates stress concentrations that can
compromise the integrity of structural components and engineered wood products such as glulam
([18]). For this reason, knots are a primary reason for downgrading sawn timber in the context of
structural applications ([13]). However, knots are attracting growing scientific interest in the field of
green chemistry due to their higher concentration of extractives [19-22], which can be used for the
production of biobased chemicals. The development of algorithms for automated knot detection from
CT data ([23,24]) and modeling their characteristics ([10,25]) are therefore active areas of research.
The impact of a knot depends heavily on its status. Sound knots, originating from living branches,
are structurally integrated with the surrounding wood, whereas dead knots, from deceased branches,
represent discontinuities that are treated more severely in grading rules[26]. Previous research has
highlighted the methodological importance of distinguishing between branch types to create robust
predictive models. For instance, ([27]) demonstrated that separating living and dead branches was
crucial for achieving model stability for Norway Spruce across different regions in France. Following
this principle, the present study will analyze sound and dead knots as distinct populations in order
to depict the relationships between knots sizes and number and the sawlog geometrical
characteristics.

Moreover, the sapwood-to-heartwood ratio is a decisive factor for many applications. The higher
moisture content of sapwood impacts drying processes and energy consumption[28], while its lower
natural durability and different coloration affect end-use suitability and aesthetic quality, especially
for species like Scots Pine where specific visual grading rules apply [7,8]. Furthermore, the basic
wood density of these components is a quality indicator, as it is correlated with the stiffness and
strength of the final product and is a key parameter in structural grading standards [13,29]. Given
that wood density varies considerably from the stem base to the top and over time as a tree ages [29]
and that it can be predicted from operational data [30], understanding its distribution within
sapwood and heartwood is essential for accurately assessing wood quality and optimizing resource
allocation.

Although numerous studies have been published on modeling the variations in wood
properties, many are based on limited samples (sawlogs from one hundred trees) and from
laboratory-grade scanners. There is still a need to characterize the variability of key quality indicators
using data from industrial scanners operating at a production scale. Such an analysis, grounded in a
large dataset, can offer valuable insights into the variability of major commercial softwood species
and serve as a foundation for developing accurate predictive models.

This study provides a new, comprehensive database containing data from approximately
726,000 sawlogs scanned on line in the Groupe SIAT sawmill by an industrial MiCROTEC CT Log
scanner We quantify for each sawlog, the status (dead, sound) number and size of knots and sapwood
dimension for three major European softwood species: Norway Spruce (Picea abies (L.) H.Karst.),
Silver Fir (Abies alba Mill.), and Scots Pine (Pinus sylvestris L.). The objective is analyzing this
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variability in order to create decision-making tools that can bridge the gap between forest
management and industrial wood processing.

2. Materials and Methods

2.1. CT Log Scanner

A brief description on the CT scanner is given here, but readers requiring further information
can refer to [31] and thesis of [32].

CT scans were performed using the MiCROTEC CT Log scanner (Bressanone, Italy), operating
at 180 kV and 15mA, with a transverse resolution of 1 mm, longitudinal resolution of 1 cm, and a
scan speed of 126 m/min. CT Log images were processed by MiCROTEC’s Interopt software to extract
stem shape and internal quality metrics at 10 cm intervals.

2.2. Wood Singularities Detection

The industrial CT Log scanner operates on the principle of differential X-ray attenuation. As
wood is a heterogeneous material, X-rays are absorbed differently according to local variations in
density and chemical composition. The system reconstructs a 3D density map of the sawlog,
represented as a series of transverse tomographic images where grayscale variations correspond to
these density differences Erreur! Source du renvoi introuvable.. The internal features are
automatically detected and identified while the quality metrics are computed by the CT Log system.
A brief overview of the principles behind the image analysis algorithms used in the Interopt software
is provided below; for more detailed information, readers can refer to the thesis [32].

(a) (b)

Figure 1. Example of pith detection using the Hough transform to find the convergence point of concentric

annual rings, and the subsequent heartwood-sapwood delineation. (b) Polar representation of a CT slice, in the
abscissae the distance from the pith and in the ordinates the angular position and shows the transition from

heartwood to sapwood (adapted from [32]).

a) Heartwood-Sapwood Delimitation

In fresh softwoods, sapwood has a higher moisture content than heartwood. This moisture
difference results in a corresponding density variation that is visible on X-ray images, where the
denser, high-moisture sapwood typically appears darker. To facilitate detection, the image is
transformed into polar coordinates (distance from pith vs. angle) as shown in Erreur ! Source du
renvoi introuvable.. Image filters are applied to smooth the data and reduce noise from fine details
like grain texture. An algorithm then identifies a grayscale gradient along the radius (distance from
pith), which marks the transition from heartwood to sapwood.
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b) Knot Detection and Characterization

Knots, which are former branches embedded in the stem, typically have a higher density than
the surrounding clear wood. Their shape is generally conical, extending from the pith toward the
bark[33,34].

Initial knot identification relies on Convolutional Neural Networks (CNNs). These models are
trained to recognize the characteristic density, texture, and shape patterns of knots in CT images and
generate a 3D probability map of their locations within the sawlog.

Based on this probability map and the knowledge that knots originate at the pith, algorithms
including Hough transform variants—are used to identify the central axis of each knot. Once a knot's
axis is located, a 3D zone around it is extracted for finer analysis:

¢  Dimensions: Other CNN-based algorithms analyze this zone to measure the knot diameter along
its axis.

e  Status (Sound/Dead): The distinction between a sound (living) and dead (black) knot is based
on density and texture differences at the knot-wood interface. A sound knot is structurally
integrated, while a dead knot is often encapsulated by a bark layer or poorly connected.
Specialized CNN models, often trained on data verified from sawn boards, classify sections of
the knot as "sound" or "dead,” allowing for a precise delineation of the dead knot boundary.
Finally, the number of knots per meter is calculated from the detected knots and the sawlog
length.

Validation of the knots and sapwood detection are detailed in [32] in which they had 88%
accuracy on knots status and 82% on knots diameters.

2.3. Selected Descriptive Variables

The raw data from the scanner is exported into a readable format for spreadsheet software (e.g.,
Microsoft Excel, RStudio). In the resulting dataset, each row corresponds to a single scanned sawlog,
and the columns represent the measured variables, including sawlog identification, species,
dimensions, and the synthetic indicators calculated for sapwood and knottiness (mean values for the
entire sawlog).

The variables selected for this study were grouped into four main categories: (a) sawlog
dimensions, (b) sapwood metrics, (c) knot metrics and (d) density/moisture content.

a) Sawlog Dimensions

. Commercial diameter

For all subsequent analyses, the characteristic diameter used for each sawlog was its commercial
diameter i.e. the diameter at the mid-length of the sawlog, as illustrated in Erreur ! Source du renvoi
introuvable..

“2lc

B )

Lc

Dc Commercial diameter

Lc Commercial length

Lc/2 Middle of commercial length
S Overlength

Figure 2. Method for calculating the commercial diameter of a sawlog according to the NF B53-020 standard
[35].

° Length
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The length is the distance from one end of the sawlog to the other (also in Erreur ! Source du
renvoi introuvable.).

b) Sapwood Dimensions

Erreur ! Source du renvoi introuvable. visually describes the corresponding measurement for
each variable on the CT cross sectional images. For each scanned sawlog, the heartwood diameter
was provided by the CT scanner. We modeled the heartwood as a circle using this value. From this
and the section diameter, the sapwood width (SW) was calculated by subtracting the heartwood
radius from the section radius.

Sapwood Width = Section radius - Heartwood radius (1)

Next, the cross-sectional areas of the sawlog, heartwood, and sapwood were calculated. The
sapwood proportion is the ratio of the sapwood area to the total cross-sectional area.

Sapwood Proportion (%) = 100 * Sapwood area / Section area (2)

D,ections Dheartwood ¢ S€ction and heartwood diameter
SW : Sapwood Width
section 7 Aheartwood * Section and heartwood Area

Sapwood Area= Asecﬁon = paustwosd
Sapwood Proportion (%) = A,pwe0d/ Asection 100

Figure 3. [llustration of the metrics measured on a scanned cross-section.

¢) Knot Dimensions and Status

e  Knot selection criteria (minimum diameter threshold)

The minimum knot size considered significant varies by sawmill, depending on the products
and quality standards. For this study, a threshold of 7 mm in diameter was chosen. Only knots with
a CT-detected diameter of 7 mm or larger were included in the metrics, such as the number of knots
per meter and the average diameter used for optimization. This decision stems from the fact that
knots smaller than this threshold are primarily small, inter-whorl knots, which have little impact on
the quality and appearance of the sawmill's target products. Setting this threshold helps avoid
overestimating the level of knottiness, which could otherwise lead optimization algorithms to
unnecessarily downgrade logs or potential products.

e  Average knot diameter

The diameter of a knot is defined as the average of its maximum diameter measured along the
knot axis and its diameter measured perpendicular to that axis at its widest point. The average knot
diameter for the sawlog is the mean of the diameters of all knots that meet the selection criteria.

e  Knot status (Sound vs. Black)

The schematic representations in Figure 4 clarify the morphological distinction between sound
and black (dead) knots and specify the conventional measurement location for their respective
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maximum diameters. A sound knot, formed from a branch that was living as the trunk grew, is shown
as a continuous and structurally homogeneous feature (light green); its maximum diameter is defined
at its widest point near the sawlog's periphery. In contrast, a dead knot results from the encapsulation
of a dead branch and is structurally heterogeneous, comprising an inner zone of the original sound
branch wood (light green) and an outer zone of non-adhered dead wood (dark brown). Accordingly,
the maximum diameter of a dead knot is conventionally measured at the distinct interface between
the sound and dead portions.

e  Number of knots per linear meter

This metric is not a simple average across the entire length of the sawlog; instead, it represents
the maximum value obtained using a moving window approach. A virtual window, 1 meter in
length, is slid along the sawlog’s axis. At each position, the number of knots that meet the defined
selection criteria within that 1-meter interval is counted. The final value reported in the CT
measurement file is the highest knot count found throughout the sawlog. This calculation is
performed separately for sound and dead knots.

d) Heartwood/Sapwood Density and Moisture Content

For each sawlog, mean density values for heartwood and sapwood were obtained directly from
measurements performed by the CT scanner. These density values were then used to estimate the
moisture content (MC) for both wood types. The MC calculation used a two-step, conditional formula
to account for wood shrinkage below the Fiber Saturation Point (FSP), which was assumed to be 30%
for the species under study.

First, an initial MC was calculated by:

d i eartwoo or sapwoo
MC (%) = 100 » (Sheartwood or sapwoodl ) G)

Where ID is the average basic density of wood, defined as the oven-dry mass divided by the
saturated volume.

If the MC value was below the 30% FSP threshold, volume changes due to shrinkage had to be
considered. A second formula, including a volumetric shrinkage coefficient (Rvt), was applied to
correct for these dimensional changes:

densityheartwood dq) / ID) * (1 — Rvt) -1

0, — % ( [hear wood or sapwoo ]

MC (A)) 100 1 - densityrheartwood or sapwood] , Rot (4)
ID 0.3

The species-specific basic density of wood (ID) and total volumetric shrinkage (Rvt) were
obtained from the XyloDensMap data[36].

It is important to note that this MC calculation serves as an approximation for our study. The
use of a single, average ID per species introduces some uncertainty, as ID varies between trees within
each species [37-39].

Consequently, the resulting MC values are intended to provide an estimate of the average
relative variation and order of magnitude over the months of the study, rather than precise or
absolute measurements for each sawlog.

2.4. Sample Description

This study consists of six months of production data from CT scanner export measurements,
with metric values averaged for each sawlog. Figure 2 shows the repartition of the study sample in
function of the sawlog diameter classes for the three species. The dimensional characteristics of the
726,895 sawlogs analyzed in this study are summarized in Erreur ! Source du renvoi introuvable..
The sample included three species: Pine (n = 9,522), Silver fir (n = 269,534), and Spruce (n = 447,839).
Overall, diameters were relatively consistent across species, whereas mean sawlog length was shorter
for Pine compared to Spruce and Silver fir.

Table 1. Descriptive statistics of the study sample (expressed as mean + SD (min-max)).
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Species n Diameter (mm) Length (mm)
Pine 9,522 269 +75 (100 - 580) 3368 + 527 (2170 - 7020)
Silver fir 269,534 266 + 76 (90 - 590) 4003 + 823 (2020 - 8520)
Spruce 447,839 241 +69 (100 - 580) 4042 + 765 (2120 - 8520)

1 Position of knot diameter
1

Knot diameter calculation Black knot

1
1

' Dead part
Live part! of the knot

of the!
knot Position of knot diameter
4

d=(d,, + dge)2

max

Sound knot

Figure 1. Diagram showing diameter calculus and its location measurement point for sound and black knots
(Groupe SIAT, Urmatt, France).

2.5. Statistical Analysis

To address the imbalance in sample sizes, a subsampling procedure was implemented for the
statistical analysis. A balanced dataset was created by randomly sampling 9 522 observations (the
size of the smallest group, Pine) from each of the three species. We used RStudio software ([40],
version 2023.12.0 Build 369). The “seed” function in Rstudio (set.seed(123)) was used to ensure that
the random sampling is reproducible for each set of tests and ensures that the results are not biased
by the over-representation of Silver fir and Norway Spruce.

a) Sapwood Proportion

An Analysis of Covariance (ANCOVA) framework permits to compare the mean
sapwood_proportion (the dependent variable) across the different species groups (the independent
variable) while statistically controlling for the effect of diameter (the covariate). A crucial assumption
for a standard ANCOVA model is the homogeneity of regression slopes, which postulates that the
relationship between the covariate (diameter) and the dependent variable (sapwood proportion) is
the same for all species. To test this, a model including an interaction term was fitted
(sapwood_proportion ~ diameter * species). A significant interaction term (p < 0.05) indicates that this
assumption is violated, meaning the slopes are not parallel. Therefore, the standard ANCOVA model
could be inappropriate. The analysis must instead proceed with the interaction model. Interpretation
then focuses on how the effect of the covariate (diameter) differs between the groups, rather than
comparing overall adjusted means. Post-hoc analysis using the “emmeans” package can be used to
compare the slopes of the regression lines (emtrends) for each species.

b) Knot Diameter Variability

To assess the influence of tree species on knot dimension variability, a series of linear models
were fitted to the data. The standard deviation of sound and black knot diameters was modeled
separately as dependent variables, each tested against two predictors in separate models: sawlog
diameter and mean knot diameter. To determine if the relationship between knot variability and the
given predictor differed among Pine, Spruce, and Silver fir, each model included an interaction term
between the predictor and species. When a significant interaction effect was found (p < 0.05), post-
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hoc pairwise comparisons were conducted to identify which species showed significantly different
regression slopes. All analyses were performed on a balanced dataset to ensure comparability.
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3. Results and Discussion
3.1. Sapwood Metrics

a) Descriptive Statistics

The Table 1 shows the descriptive statistics of the sapwood metrics and reveals distinct
differences between species. Pine exhibited the highest mean sapwood width at 64 + 24 mm, followed
by Silver fir at 58 + 20 mm, and Spruce, which had the narrowest sapwood at 41 + 13 mm. This trend
was reflected in the proportion of sapwood area, where Pine also had the highest mean value (71 *
15%), compared to Silver fir (68 + 15%) and Spruce (57 + 12%). Notably, Pine also displayed the
greatest variability in absolute sapwood width (SD = 24 mm), while Spruce was the least variable in
both its width (SD = 13 mm) and proportion (SD = 12%). These overall statistics confirm clear, species-
specific patterns in sapwood characteristics.

Table 1 Descriptive statistics of the sapwood metrics for the three species.

Species n Sapwood width (mm) Sapwood proportion (%)
Pine 9,522 64 +24 (18-178) 71 + 15 (28-96)

Silver fir 269,534 58 +20 (13-212) 68 +15 (19-99)

Spruce 447,839 41 +13 (13-204) 57 +12 (17-98)

b) Sapwood Proportion

e  For Spruce and Silver Fir

For both Spruce and Silver fir, a clear decreasing trend in sapwood proportion was observed
with increasing sawlog diameter (Figure 3). At any given diameter class, Spruce consistently
exhibited a lower sapwood proportion than Fir. For example, in the 150 mm diameter class, the
sapwood proportion was approximately 65% for Spruce and 75% for Fir. This decreased to around
52% and 60%, respectively, in the 500 mm diameter class. This trend suggests that in these two
species, the relative allocation of radial growth shifts with age—from prioritizing conductive
sapwood towards increasingly forming inner wood serving primarily mechanical support functions.
The distinct difference between Spruce and Fir may reflect species-specific physiological strategies
related to growth and water conduction.

301

Spruce: n = 447 839
Silver fir: n = 269 534
Pine:n= 9522
Total logs: n = 726 895

20+

10+

Sawlog count proportion (%)

100 200 300 400 500
Sawlog diameter class (mm)

Species: Pine A Silver fir ll Spruce

Figure 2. Distribution of samples by diameter classes for the three studied species.

. For Pine



10 of 22

In contrast, the sapwood proportion for Pine remained relatively high and more stable, starting
around 80% and decreasing only slightly to approximately 70% in the 400 mm diameter class before
appearing to increase again. This high sapwood proportion may reflect an adaptive strategy of this
pioneer species, centered on efficient water conduction and delayed duraminization, likely
enhancing its tolerance to various soil types. Pine maintains a high proportion of conductive xylem
area, which can be accurately measured using techniques based on wood moisture content rather
than staining methods [41]. This has direct implications for processing: large-diameter Pine sawlogs
will contain a proportionally larger volume of sapwood, which is less durable and non-colored, and
has a higher moisture content. This directly affects the yield of colored heartwood and dictates
different requirements for the drying process.

The knowledge of sapwood properties allows for more advanced sorting; larger sawlogs can be
preferentially allocated to products where heartwood properties are desired by the customers. Works
by [7,42] also documented sapwood thickness variations in relation to tree characteristics, confirming
that these patterns are inherent and could be predictable. The ability to model these species-specific
trends provides a powerful tool for optimizing raw material allocation before the first cut is made.

c) Sapwood Width

For all three species, the mean sapwood width showed a clear increasing trend with sawlog
diameter. However, the rate of increase differed. Pine consistently presented the greatest sapwood
width, starting at approximately 40 mm in the 100 mm diameter class and increasing to over 140 mm
in the 550 mm class. Silver fir displayed an intermediate width, while Spruce consistently had the
narrowest sapwood, growing from roughly 30 mm to 80 mm across the same diameter range.

It is important to note that for diameter classes exceeding 450 mm, the sample size for all species
decreases substantially. Overall, for 500 and 550 mm class have 1164 and 77 samples respectively,
across all species. The apparent upward trend in sapwood proportion for Pine in the largest diameter
classes, for instance, may not be representative of the general population and should be interpreted
with caution due to the low number of observations.

d) Statistical Analysis

The test for the homogeneity of regression slopes, via the diameter and essence interaction term,
was highly statistically significant (F(2, 28560) = 125.02, p < 0.001). This finding indicates that the
assumption of parallel slopes is violated. Therefore, the relationship between sawlog diameter and
sapwood proportion is fundamentally different among the species. Because the interaction is
significant, we analyze the slopes from the interaction model as shown in Appendix A. The estimated
slopes (the rate of change in sapwood proportion per mm of diameter) were: Pine: -0.038; Silver fir: -
0.073; Spruce: -0.073.

A post-hoc pairwise comparison of these slopes revealed that the slope for Pine is significantly
different from both Silver fir (p < 0.001) and Spruce (p < 0.001). However, the difference in slopes
between Silver fir and Spruce was not statistically significant (p = 0.9909). This indicates that the
sapwood proportion of Pine decreases significantly more slowly with increasing sawlog diameter,
whereas Silver fir and Spruce exhibit a statistically similar and steeper decline. This finding is critical
for accurately modeling wood properties, as it shows that pine follows a distinct developmental
pattern regarding sapwood proportion compared to spruce and fir.

3.2. Knots Metrics

a) Descriptive Statistics

As detailed in Table 2, knot characteristics varied by species and type. Particularly, sound knots
were larger in diameter than black knots for all three species, a trend that is most pronounced in Pine.
Pine sawlogs consistently presented the largest and most frequent sound knots. In contrast, Spruce
was characterized by having the smallest knots of both types and the lowest frequency of black knots.
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However, the knots diameters measured in our study are comparable in magnitude to those modeled
for Scots Pine and Norway Spruce in other previous European studies [43,44].

Table 2. Descriptive statistics of sound and black knots (expressed as mean + SD (min-max)).

Species n Sound knots Black knots

Number per Number per

Diameter (mm) Diameter (mm)

linear meter linear meter
Pine 9,522 34 +£12(0-77) 5+2(0-14) 22 +9 (0-77) 3 +2(0-16)
Silver fir 269,534 22 +7(0-127) 4+3(0-26) 16 + 5 (0-66) 4 +3(0-24)
Spruce 447,839 205 (0-154) 4+3(0-20)  13£5(0-61)  2+2(0-20)

b) Dimensions of Sound Knots and Variability

Figure 4 illustrates the variations in the average diameter of sound knots and their standard
deviation as a function of sawlog diameter classes. For all three species, the average diameter of
sound knots increases with sawlog diameter. Comparatively, as mentioned previously, Pine tends to
have the largest sound knots, followed by Silver Fir, with Spruce having the smallest.

100+ 30 200+ r30

751

[N
S]

501

(56892L = u)
(%) 3uno3 |e30) J0 oBEjUBOIEY

(568922 = u)
(%) 3uno3 |e30) J0 aBEjUBOIEY

=)

251

Mean sapwood proportion (%)
Mean sapwood width (mm)
o
o

0 0 0 0
100 200 300 400 500 100 200 300 460 500
Sawlog diameter class (mm) Sawlog diameter class (mm)
Species : Pine # Silver fir # Spruce Species : Pine # Silver fir # Spruce
(a) (b)

Figure 3. Sapwood metrics in function of the sawlog diameter class for the three species. In a) the sapwood

proportion (%) and in b) the sapwood width on the radius of the section.

This marked increase directly reflects branch growth dynamics; branches that persist longer on
larger trees, which are often older or have benefited from more growing space, reach larger
dimensions. These findings are consistent with models for other conifer species that link larger
branch and knot diameters to increasing tree size and stem diameter.

The standard deviation of sound knot diameter increases with the sawlog diameter class,
indicating a greater dispersion of knot sizes in larger sawlogs. Pine is distinguished by higher
variability compared to Spruce and Fir, which both exhibit similar levels of variation on this criterion.

This suggests a greater heterogeneity in the development of living branches in Pine. Such
variability may stem from a broader range of branch vigor within the crown (e.g., a mix of dominant,
vigorous branches and smaller, suppressed ones), a more plastic response to environmental
conditions, or different genetic controls on growth. Indeed, several studies have highlighted
significant genetic influences on growth traits in Pine, which may contribute to this variability. This
heterogeneity complicates the prediction of sawn timber quality from Pine sawlogs and underscores
the importance of detailed, individual sawlog assessment. It should be noted that the lower number
of Pine samples in this study could amplify the apparent heterogeneity.
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¢) Dimensions of Black Knots and Variability

Figure 5 shows the relationship between the mean diameter of black knots and the sawlog
diameter class for the three species. A positive correlation is observed for all species, where the
average diameter of black knots increases with sawlog diameter. This trend may reflect, in part,
biological processes such as crown dynamics, where dominant trees develop larger branches that
persist longer before dying due to crown recession and natural pruning. It may also result from the
fact that large-diameter sawlogs are often taken from the lower part of the stem (i.e. butt logs), where
older and larger branches had formed early in the tree’s development, before being naturally pruned.
The resulting black knot diameter is therefore corresponding to the maximum size the branch
achieved while it was alive. In inter-species comparison, Pine consistently presents the largest black
knots, followed by Silver fir, with Spruce having the smallest.
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Figure 4. Mean sound knots diameter by sawlog diameter class for the three species.

The variability in black knot diameter, indicated by the standard deviation, also increases with
sawlog diameter class. This suggests a greater range of dead branch sizes being occluded within
larger sawlogs. Pine is distinguished by higher variability compared to Silver fir and Spruce, which
shows more constrained and similar levels of variation. This pronounced heterogeneity in Pine likely
reflects a greater plasticity in its response to stand density and competition for this pioneer species,
leading to more diverse branch growth and mortality scenarios. This high variability in a key wood
defect complicates quality assessment based on external sawlog features alone and stresses the
challenge in predicting the final grade of sawn timber from Pine.

e) Number of Sound and Black Knots per Linear Meter

Figure 6 shows that the number of sound knots per linear meter decreases as sawlog diameter
increases for all three species. The reason is that large-diameter sawlogs in the wood supply are
typically butt sawlogs, from which lower branches have naturally shed over time, resulting in fewer
sound knots from the original living crown. In contrast, small-diameter sawlogs are often top sawlogs
that originate entirely within the live crown, where nearly all knots are sound. This distinction
between the living crown and the dead branches is critical for accurately modeling knots
characteristics. Among the species, Silver fir exhibits the highest density of sound knots, particularly
in the intermediate diameter classes.
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Figure 5. Mean black knots diameter by sawlog diameter class for the three species.

f) Statistical Analysis

The ANCOVA test was found significant for the linear models of either for black or sound knots
showing that there is no homogeneity of the regression slopes. Therefore, there is an interaction of
the species on knots variability.

The analysis investigated how knot diameter variability is influenced by tree species, sawlog
diameter, and mean knot size. All four linear models were highly significant (p < 0.001), explaining
66-79% of the variance (Adjusted R?) in knot standard deviation (Figure 7). The summary of the
models is available in Appendix B - Table B1. The key findings relate to the moderating effect of
species on these relationships.
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Figure 6. Number of knots per linear meter, a) for sound knots and b) for black knots.

e Influence of sawlog diameter on knot variability

A significant interaction was found between sawlog diameter and species for both black and
sound knot variability, indicating that the relationship between sawlog size and knot variability
differs among species. For black knots, the variability in Spruce increased significantly less with
sawlog diameter compared to Pine (p =0.005). The trend for Silver fir was not significantly different
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from Pine. For sound knots, the increase in variability with sawlog diameter was significantly steeper
for Pine than for either Silver fir (p <0.001) or Spruce (p = 0.004). The slopes for Silver fir and Spruce
did not differ significantly from each other.

¢ Influence of mean knot diameter on knot variability

The relationship between the mean diameter of knots and their standard deviation (a measure
of heteroscedasticity) was also significantly moderated by tree species. The variability of black knots
in Spruce showed a significantly different relationship with mean knot size compared to Pine (p =
0.003). Specifically, the slope of this relationship was less pronounced for Spruce. A similar
interaction was observed for sound knots, where the relationship between mean size and variability
for Spruce was significantly different from that of Pine (p =0.010). In this case, the variability in sound
knots increased more sharply with their mean size in Spruce than in Pine.

Pine consistently showed the strongest positive relationship between sawlog diameter and
sound knot variability. Furthermore, the relationship between mean knot size and its own variability
was distinct for Spruce compared to Pine and Silver fir, particularly for sound knots

3.4. Sapwood and Heartwood Density and Moisture Content

The seasonal data, presented in Figure 8, reveals distinct and physiologically trends in wood
moisture content (MC) and density for all three species, particularly within the sapwood.
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Figure 7. Standard deviation (SD) of knots diameters vs a) Sawlog diameter for sound knots, b) Sawlog diameter
for black knots, c) Mean sound knot diameter and d) Mean black knot diameter.

In Erreur! Source du renvoi introuvable., the analysis shows a pronounced difference in
moisture content (MC) between the two wood types across all three species. Sapwood consistently
exhibited substantially higher MC, with mean values ranging from 93% for Pine to 105% for Silver
fir. In contrast, heartwood was drier, with mean MC values between 23% (Spruce) and 43% (Silver
fir). This clear distinction aligns with the primary physiological roles of sapwood in water conduction
and heartwood in structural support.

The species ranking in our data (Silver fir > Spruce > Pine) are similar in the XyloDensMap
reference data[37-39]. Silver fir is the species with the highest moisture content in both datasets.
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Furthermore, the maximum MC values recorded in our study (136-172%) show correspondence with
the maximums reported in XyloDensMap (150-180%), suggesting a similar upper limit for moisture
saturation across the species.

Table 4. Moisture content (MC) of heartwood and sapwood for the species studies with MC values from XDM
data.

Species n Heartwood Sapwood XyloDensMap MC
Mean + sd (%) Max (%) Mean +sd (%) Max (%) Mean (%) Max (%)

Pine 9,522 29 +23 131 93 +28 136 70 150

Silver fir 269,534 43 +22 174 105+ 35 158 98 170

Spruce 447,839 23+19 168 100 £ 42 172 60 180

a) Seasonal Dynamics of Moisture Content in Sapwood

The most noticeable trend observed across Spruce, Silver fir, and Pine is a consistent and marked
decrease in sapwood moisture content from early spring (March) to late summer (August). For all
species, sapwood MC begins at its peak, typically between 110-120%, and progressively declines to
70-85% by August. This pattern directly corresponds to the seasonal cycle of tree physiology. The
high initial MC in spring reflects the mobilization of water for budbreak and the onset of
transpiration. As the summer progresses, higher temperatures and increased evapotranspiration
rates lead to a gradual desiccation of the sawlogs post-harvest, a well-documented phenomenon as
initial moisture content is typically high, especially in sapwood, and decreases over time due to
drying [45,46]. This seasonal variation in wood MC has practical implications for the timber industry,
as it affects both the sawlog weight during transport and the amount of water to be evaporated during
the drying of sawn products. Managing a log yard effectively requires adapting to these seasonal
supply variations [47].

b) Contrasting Seasonal Behavior of Sapwood and Heartwood MC Dynamics

In contrast to the dynamic nature of sapwood, the heartwood in all three species demonstrates
remarkable stability in both moisture content and density throughout the observation period.
Heartwood MC remains low and relatively constant, typically ranging between 25% and 45%, with
minimal variation. This stability is expected, as heartwood is composed of non-living cells and does
not participate in active water transport[48]. Studies on various softwood species show that sapwood
typically has higher initial moisture content and drying rates than heartwood[49]. This fundamental
physiological difference highlights the contrast between the water-conducting sapwood and the
inert, structurally focused heartwood. It is worth noting that the low MC observed in the heartwood,
sometimes falling below the fiber saturation point (FSP), may partially reflect drying that occurred
between tree felling and the CT scanning.

¢) Inter-Species Variations

While the overall trends are similar, subtle differences between species are apparent.

Silver fir and Spruce shows very similar patterns: a steep, consistent decline in sapwood MC and
highly stable heartwood properties. This suggests a comparable physiological response to seasonal
changes and post-harvest drying.

Pine displays a slightly more different pattern, particularly in its heartwood. A minor but
noticeable increase in heartwood MC is observed from April to July. While the variability is large,
this could be an artifact of the smaller sample size for this species in certain months as indicated by
the sawlog count bars. Furthermore, the initial sapwood MC in Pine appears slightly lower, likely
due to its reduced porosity compared to the other two species.
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Figure 8. Mean densities (left) and MC (right) of heartwood and sapwood for each species: (a) Spruce, (b) Silver

fir, and (c) Pine.
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3.5. Current Limitations

While this study is based on an exceptionally large dataset, it has certain limitations. The sample
sizes were imbalanced across the three species, and there were relatively few sawlogs in the largest
diameter classes. These factors may affect the robustness of the observed trends at the upper end of
the sawlog diameter range. Future work should aim to increase the number of sawlogs for the higher
sawlog diameter classes.

Furthermore, the potential confounding effect of fungal decay, such as butt rot caused by
Heterobasidion annosum[50], on density readings, and consequently on MC estimation, warrants
further investigation. Similarly, colonization by bark beetles like Ips typographus also warrants
consideration as the fungi they introduce are known to alter wood's physical properties[51]. Over
time, these fungal infestations can cause weight loss and increase wood permeability, which would
also introduce variability into density-based moisture content estimations.

5. Conclusions

This study successfully leveraged a massive industrial CT scanner dataset to provide a
comprehensive, quantitative characterization of key wood quality indicators for three major
European softwood species. By analyzing for the first time nearly 726 000 sawlogs, we have detailed
the intrinsic variability of sapwood, sound knots, and dead knots, providing a critical foundation for
bridging the gap between raw material assessment and value-optimized industrial processing.

Our key findings and perspectives are:

e Distinct species patterns:

The three species—Norway Spruce, Silver Fir, and Scots Pine—shows fundamentally different
patterns in wood structure. For instance, the proportion of sapwood decreases with increasing
sawlog diameter in Spruce and Fir, while it remains consistently high in Pine. Additionally, Pine
is characterized by significantly larger and more variable knots than Spruce or Fir, a trait linked
to its specific genetics and growth strategies.

e  Contrasting patterns of size and number variations for both sound and dead knots:

The dynamics of sound and black knots are distinct and often inversely related to sawlog
diameter. The frequency of sound knots tends to decline in larger-diameter butt sawlogs, which
contain a growing number of dead knots resulting from natural pruning and crown rise. This
confirms that the two knot types result from different biological processes—active branch
growth versus branch mortality—and should be modeled as separate populations to more
accurately predict sawlog quality.

e Seasonal variation in sapwood moisture content (MC):

A clear seasonal trend was observed in the fresh density of sapwood, primarily driven by
fluctuations in moisture content. In contrast, heartwood MC remained nearly constant
throughout the year. This temporal pattern, consistent with known physiological processes, was
confirmed at an industrial scale. It highlights the importance of accounting for seasonal moisture
dynamics in operational planning, particularly for sawlog transport and sawn wood drying.

This study lays the foundation for improving sawmill decision-making through species-specific
quality models. Future work will focus on developing predictive models/tools to estimate internal
wood quality, enabling more advanced, multi-criteria optimization strategies in processing. The key
next step is to link these models with forest growth simulators, establishing a fully digital value chain
from forest to final product.

Beyond processing, detailed data on knot characteristics opens new research opportunities.
While traditionally viewed as defects, knots may hold biochemical value due to their extractive
content. Exploring this potential could support dual-optimization strategies that integrate solid wood
production with green chemistry valorization. In the longer term, these models could feed into
broader decision systems that account for lumber value, processing costs, and carbon footprint.
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Abbreviations

The following abbreviations are used in this manuscript:

CNN Convolutional Neural Network

CT Computed tomography

Fsp Fiber saturation point

ID Infradensité (average basic density)
MC Moisture content

SW Sapwood width

Appendix A

Sapwood proportion vs. Log diameter by species

Slopes for Spruce and Silver fir are similar, but differ from Pine
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The ANOVA type III on the interaction model = Im(sapwood_proportion ~ diameter * essence)
showed that p-value for 'diameter:essence’ is < 0.05, so the assumption of parallel slopes is violated.
Analyzing the interaction model was needed, not a simpler ANCOVA model.
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Estimated slope analysis was obtained by the function : emtrends (interaction_model, ~ essence,
var = "diameter") which outputted a diameter.trend of -0.0378, -0.0733 and -0.0729 respectively for
Pine, Silver fir and Spruce. Table Al shows the pairwise comparison by the function: pairs
(slope_analysis, adjust = "tukey")

Table Al. Pairwise slope comparison for sapwood proportion vs sawlog diameter by species.

Contrast estimate p-value
Pine - Silver fir 0.035482 <.0001
Pine - Spruce 0.035141 <.0001
Silver fir - Spruce - 0.000341 0.9909
Appendix B
Table B1. Summary of models by knot types (sound and black) vs sawlog diameter and mean knots diameter
by species.
Signif. codes: 0 “***" 0.001 **” 0.01*" 0.05°."0.1°" 1
Knot Models with species
Analysis parts Term Estimate | Std_Error | p-value | Significance
type interaction
(Intercept) -0.758 0.788 0.338
Diameter 0.034 0.002 <0.001 o
Species: Silver fir 0.628 1.13 0.579
Coefficients
Species: Spruce -0.007 1.142 0.995
SD vs Sawlog diameter Diameter x Species: Silver fir -0.013 0.003 <0.001 o
Diameter x Species: Spruce -0.011 0.003 0.002 **
Pine - Silver fir 0.0133 0.0034 <0.001
Slope
Pine - Spruce 0.0111 0.0034 0.004
comparison
Sound Silver fir - Spruce -0.0022 0.0034 0.798
knots (Intercept) -4.703 1.299 <0.001 ook
Mean Sound Knot Diameter 0.406 0.035 <0.001 o
Species: Silver fir 0.051 2.113 0.981
Coefficients
Species: Spruce -5.234 2.853 0.069
SD vs Mean knot
Mean Diameter x Species: Silver fir 0.06 0.077 0.431
diameter
Mean Diameter x Species: Spruce 0.371 0.124 0.003 **
Pine - Silver fir -0.0604 0.0765 0.71
Slope
Pine - Spruce -0.3708 0.1241 0.01
comparison
Silver fir - Spruce -0.3104 0.1371 0.065
(Intercept) 7.469 0.624 <0.001 ok
Diameter 0.004 0.002 0.044 *
Species: Silver fir -3.163 0.895 <0.001 o
Coefficients
Species: Spruce -1.69 0.904 0.064
SD vs Sawlog diameter Diameter x Species: Silver fir -0.002 0.003 0.388
Black Diameter x Species: Spruce -0.009 0.003 0.002 **
knots Pine - Silver fir 0.0023 0.0027 0.663
Slope
Pine - Spruce 0.0086 0.0027 0.005
comparison
Silver fir - Spruce 0.0063 0.0027 0.056
(Intercept) 7.232 0.828 <0.001 ok
SD vs Mean knot
Coefficients Mean Black Knot Diameter 0.061 0.034 0.077
diameter
Species: Silver fir -2.378 1.271 0.064
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Species: Spruce -0.283 1.262 0.823

Mean Diameter x Species: Silver fir -0.065 0.066 0.327

Mean Diameter x Species: Spruce -0.245 0.072 <0.001 o

Slope Pine - Silver fir 0.0647 0.0658 | 0.589

comparison Pine - Spruce 0.2448 0.0723 0.003

Silver fir - Spruce 0.1801 0.0849 0.09
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