iririedl applied
e sciences

Article

Wood Material Properties of Forest Fire-Damaged Norway
Spruce and Scots Pine for Mechanical Wood Processing

in Finland

Juhani Marttila '*(0, Veikko Méttonen 100, Antti Haapala (7, Pekka Ylimiki 3, Petri Kilpeldinen *

and Erkki Verkasalo !

check for
updates

Citation: Marttila, J.; Mottonen, V.;
Haapala, A.; Ylimaki, P.; Kilpeldinen,
P,; Verkasalo, E. Wood Material
Properties of Forest Fire-Damaged
Norway Spruce and Scots Pine for
Mechanical Wood Processing in
Finland. Appl. Sci. 2024, 14, 238.
https://doi.org/10.3390/
app14010238

Academic Editors: Stefano Invernizzi,
Emilia-Adela Salca, Lidia Gurau
and Mihaela Campean

Received: 15 November 2023
Revised: 7 December 2023

Accepted: 14 December 2023
Published: 27 December 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Natural Resources Institute Finland (Luke), Production Systems, Yliopistokatu 6B, FI-80100 Joensuu, Finland;

veikko.mottonen@luke.fi (V.M.); erkki.verkasalo@luke.fi (E.V.)

Department of Chemistry, Faculty of Science, Forestry and Technology, University of Eastern Finland (UEF),

Yliopistokatu 7 (Futura), FI-80100 Joensuu, Finland; antti.haapala@uef.fi

3 UPM Forest, Kaarinantie 700, FI-20540 Turku, Finland; pekka.ylimaki@upm.com

4 Natural Resources Institute Finland (Luke), Production Systems, Viikinkaari 9, FI-00790 Helsinki, Finland;
petri kilpelainen@luke.fi

*  Correspondence: juhani.marttila@luke.fi; Tel.: +358-29-532-2164

Abstract: Due to climate change, the risk of forest fires has increased in Europe, resulting in challenges
in the allocation of salvaged wood. We studied the raw material potential for wood products of
Norway spruce and Scots pine sawn log trees that remained standing after a large forest fire in
Kalajoki, Finland, in July 2021. Eight burned trees, with four reference trees per species, were sampled
as standard specimens, and measurements were analyzed with linear mixed models. The effects of
fire on the modulus of elasticity and rupture, Brinell hardness, moisture gradient, and color were
measured on clear wood specimens of sapwood and heartwood. The wood density, level of fire
damage, and height location of a tree were used as additional predictors. The results show some
changes in the sapwood material. Spruce wood underwent stronger changes after the fire than pine
wood, probably due to spruce wood having a thinner bark and a longer crown. The moisture content
decreased in spruce, and the color darkened in both spruce and pine. Changes in the mechanical
properties were mostly negligible, but a small increase in the Brinell hardness in spruce and a small
decrease in the modulus of rupture in pine were observed. Fresh salvaged wood can be a suitable
material for middle-quality and lower-quality wood products. The spread of char and soot into wood
and wood processing machinery still limits its usage, especially for spruce.

Keywords: Picea abies; Pinus sylvestris; wildfire; forest fire; salvaged wood; sawn wood; wood
products; clear wood properties; moisture gradient; density; mechanical properties; wood color

1. Introduction

Wildfires and resultant forest disturbances have become common globally, and their
scale and severity have increased since the beginning of the 2000s [1-4]. This has mostly
been attributed to climate change and sudden regional weather phenomena, such as
droughts and heat loads during summer seasons, but partly due to human behavior and
machine work activities in nature and the built environment [5-10]. Most wildfires, with
respect to the overwhelmingly largest areas, have been in the Russian Federation, Canada,
the U.S. West, Australia, and Mediterranean countries [2].

In Finland, the forest fire incidence level is very low [3]. For example, 470 hectares of
land damaged by forest fires was reported in 2017, and the benchmark of over 1000 hectares
was destroyed only in 2006 [11]. There is a short span of seasons when forests are vulnerable
to fire, ranging from May to September, with June and July remaining as the peak periods;
relatively cool and rainy summers, high forest and second-home road densities, and efficient
aerial fire control and prevention have contributed to the low incidence rate [12]. However,
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with climate change causing drought periods during summer, more trees suffering and
drying from bark beetle damage, and the practice of leaving standing and wind-fallen trees
for biodiversity management after final harvesting, vulnerability to fires is predicted to
increase in the coming decades [13].

The forest stand structure and site, tree species, and fire intensity largely determine
the consequences for trees and their probability of surviving a forest fire [7,14,15]. A
dense stand, dry site, small diameter, thin bark, and large crown have been observed to
lead to a high mortality of trees [5-10]. Owing to fire, drying that results in checking
may occur in sapwood if the bark deteriorates first; additionally, notable charring and
grayish discoloration occur because of char and soot, but the heartwood should remain
essentially unchanged [6,8,12,15,16]. In wood material, drying starts slowly due to direct
heating at a temperature as low as 20-100 °C; thereafter, the rate increases, and the intensity
multiplies [17]. Chemical transformation affecting the physico-mechanical properties starts
at 50-100 °C with the decomposition of certain extractives, and the major changes begin at
160-180 °C with the decomposition of hemicelluloses and above 250 °C with lignin [18].
Physical changes start above 150 °C with a decrease in the equilibrium moisture content and
a reduction in hygroscopicity, absorbability, and surface activity; these changes continue
and later cause an increase in dimensional stability, color changes, and a decrease in some
mechanical properties [17-19].

Few studies have considered the effects of forest fires on the physico-mechanical
properties of wood or wood products. No effects on density or shrinkage properties have
been found in the wood of loblolly pine in Brazil [20] or maritime pine in Portugal [21].
However, significant reductions in the bending properties (the modulus of rupture, MOR,
and the modulus of elasticity, MOE), compression strength, and toughness values have
been observed for loblolly pine when flames consume the total crown, and the compression
strength has been shown to be reduced when the crown is partially consumed [20]. Mar-
itime pine wood showed a similar response in a severe forest fire, but the reduction in the
properties was traced more to biological degradation due to prolonged wood harvesting
than the fire [21]. Fire effects on physico-mechanical properties and chemical composition
do not cause sufficient chemical degradation or strength reduction, which would cause
the rejection of these woods for commodity uses of mechanical wood processing; however,
in structural uses, caution should be taken for wood from trees that have been fully or
partially consumed by fire. In Uganda, Caribbean pine wood from 10-year-old burned
trees has a significantly lower density, MOE, and MOR than wood from unburned trees,
and it should not be used for high-strength structural purposes but rather in low-strength
construction works, such as shuttering and ceilings [22].

Both the direct and indirect effects of forest fire are present in wood salvaged from fire ar-
eas, and their nature and severity depend on the time between the fire and harvesting [5,14,16].
Trees with lowered vitality are susceptible to insect and microbial attacks and wind falls; the
resultant wood defects lower the basic quality of sawn timber and veneer-based products
but do not ruin their potential use. The susceptibility varies a lot between individual forest
stands, but the following generalizations have been presented [16,23]: (1) blue stain occurs in
the first year after the fire, lowering the visual quality; (2) heartwood starts to decay, and the
deterioration of sapwood accelerates in the second year, reducing the quality for high-strength
products; and (3) the sapwood of most coniferous species is unworthy for any construction
purpose three years after the fire. The types and rates of deterioration of burned wood after
forest fires in North America are illustrated in Figure 1.
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Figure 1. Effects of forest fire on the deterioration of softwood timber according to time from
harvesting in the northern and western regions of the United States and Canada [16].

In practice, wood salvaged from forest fire areas has been allocated to either bioenergy
or low-grade sawn timber; in North America, some wood has also been allocated to
laminated veneer lumber (LVL) [16,24-26]. The suitability of burned wood has also been
studied for oriented strand board (OSB) and medium-density fiberboard (MDF) [27,28].
Burned wood is not accepted for pulp, paper, or paperboard processes or products due to
char and soot [28]. In North America, burned timber has been posited to still be usable for
sawn timber if the logs are harvested within two years after the fire [29], but other sources
claim that harvesting should be done at the latest one year after the fire to recover the full
economic benefits of such logging [30,31]. In Finland, the Forest Damage Prevention Act
suggests that forest-damaged trees should be harvested from the forest if their volume
exceeds 10 or 20 m?/ha for Norway spruce or Scots pine, respectively, counting trees with
a stump diameter of more than 10 cm [32].

The objective of this study was to investigate the raw material potential of sawn wood
and to select further processed products of Norway spruce and Scots pine sawn log trees
from salvage harvesting in forest fire areas with northern European climatic conditions
by comparing selected physical and mechanical properties of fire-affected trees and virgin
reference trees. The effects of fire on the MOE, MOR, Brinell hardness (HB), moisture
gradient, and wood color (CIE L*a*b*) were studied on clear wood specimens of outer
sapwood and inner heartwood, and linear mixed models were constructed to analyze
the sources of variation. Recommendations are provided for sawmill managers, further
processors, and forest owners on wood allocation and potential products from forest fire
areas in Finland.

2. Materials and Methods

Wood samples of forest fire trees were collected from burned stands of Norway spruce
and Scots pine in an area of 227 hectares in Kalajoki, Western Finland (64°00'15.0” N
24°08'09.0” E), in November 2021, four months after the fire in July 2021. In Kalajoki,
flammability was high before the fire. The local temperature was 27 °C, and the air
humidity was 44% on the first day of the fire, 26 July 2021. The wind speed was 3.5 m/s,
and in gusts, it was 9-10 m/s. In the beginning, the fire spread 2-3 m/min, and at its
highest, the rate of spread was 15-20 m/min. The fire reached the entire area in two and
a half days (until 28 July 2021), and in its most intense phases, it spread into forests as a
crown fire [33].
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The studied stands are presented in Figures 2 and 3. The samples of the reference
trees were collected simultaneously from stands located near the fire area in Kalajoki and
supplemented with trees in February 2022 from Raahe (64°23/36.8” N 25°03/01.8" E) to
obtain comparable reference data in terms of tree age and diameter.

Figure 2. The burned Norway spruce stands studied in Kalajoki, Finland, at the time of sample
collection in November 2021.

Figure 3. The burned Scots pine stands studied in Kalajoki, Finland, at the time of sample collection
in November 2021.

The stems of the burned trees and reference trees were cut in the forest into 4 m logs
up to a top diameter of about 10 cm, which is close to the commercial minimum diameter of
small-diameter logs. Four normal-sized log burned trees (diameter at breast height, DBH,
about 25-30 cm) and four small-log burned trees (DBH, about 14-18 cm) of both Norway
spruce and Scots pine were selected, and the total number of logs with references was 24
(Table 1). Before the cut, the length of the area damaged by the fire was measured on the
burned trees based on the signs visible on the bark in two ways: (1) by considering the
entire circumference of the stem, i.e., the shell surface burned, and (2) by considering all
clear signs of the effects of the fire on the bark of the stem. From each 4 m log, a block of
approximately 60 cm was further cut as the material to be used in physical and mechanical
tests. The blocks (total number of 72) represented the butt, middle, and top logs.

In the case of spruce, the diameters and lengths of the burned and reference trees
were comparable, but the normal-sized log burned trees were younger than the reference
trees (Table 2). For pine, the lengths and diameters of the burned and reference trees were
comparable, but the burned trees were slightly older than the reference trees.
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Table 1. Framework of tree sampling by species and size of burned trees in Kalajoki and reference
trees in Kalajoki and Raahe.

. DBH ! Class, N, Burned N, N,
Species Stem Class mm Kalajoki Reference Reference
Kalajoki Raahe
Norway spruce  Normal-log tree 250-300 4 0 2
Norway spruce Small-log tree 140-180 4 2 0
Scots pine Normal-log tree 250-300 4 0 2
Scots pine Small-log tree 140-180 4 0 2

1 DBH = diameter at breast height.

Table 2. Age (at stump), dimensions, and length of the burned area of forest fire trees and ref-
erence trees by species and stem class: means and ranges of variation. The burned area is the
vertical extent from the stump upwards: Burned 1 = complete surface mantle of the tree is burned.
Burned 2 = burned parts are visible in the surface mantle area of the tree.

Fire Class Species Stem Class Age, Years DBH, mm Height, m Burned 1, m Burned2,m
Burned Spruce Normal-log tree 52 (50-56) 268 (259-284)  18.0 (16.9-19.4) 2.0(0.5-3.1) 5.2(2.3-6.7)
Burned Spruce Small-log tree 52 (45-56) 169 (145-183) 14.0 (10.2-16.6) 1.0 (0.7-1.3) 7.0 (1.7-11.5)
Burned Pine Normal-log tree 82 (72-90) 267 (252-280)  19.4 (16.7-20.7) 2.6(1.8-3.0) 4.3 (4.0-4.6)
Burned Pine Small-log tree 69 (56-82) 156 (135-174)  16.5(15.5-17.7) 1.8 (1.1-2.7) 3.1 (2.0-3.6)
Reference Spruce Normal-log tree 74 (68-79) 263 (255-271)  20.1 (20.0-20.1) - -
Reference Spruce Small-log tree 54 (53-55) 159 (151-167) 13.9 (13.5-14.3) - -
Reference Pine Normal-log tree 76 (74-77) 261 (252-271)  21.4(20.4-22.4) - -
Reference Pine Small-log tree 62 (53-71) 158 (147-168) 15.6 (15.2-16.0) - -

Sixty-centimeter blocks were through and through sawn with a band saw in Joensuu
in February 2022. A 60 mm thick pith-centered balk from each block was sawn towards the
surface, totaling 72 balks for further tests. If there were visually noticeable differences in
the intensity of the burning on different sides of the block, the direction of sawing was set
in such a way that the most heavily burned area (the more damaged side) of the stem was
placed on one edge of the pith-centered balk. The slightly burned area (the less damaged
side) was placed on the opposite edge of the balk. The sawing direction was set for the
reference blocks and the blocks that were burned entirely around the circumference to
minimize knots and other defects in the final balks.

The balks were stored at room temperature (around 20 °C) for one week. The top end
was trimmed with a blade saw from each balk (length of 60 cm); one cross-sectional slice
was sawn to determine bark thickness, basic density, and moisture content; and two slices
(thickness of 10 mm) were sawn for annual ring and chemical analyses.

The ring width was, on average, larger in the burned trees than in the reference trees,
excluding the top and middle logs of Scots pine, indicating the somewhat younger age
of the burned trees. The bark was generally thin in all materials, partly because of the
multiple handling of logs and balk during sampling. As expected, the bark was thinner
in the burned trees than in the reference trees for both species. Among the butt logs, the
bark was thicker for Scots pine than for Norway spruce but thinner in the middle and top
logs. A large ring width may indicate tree vitality and recovery ability after a fire. Thick
bark before the fire may indicate a high protective capacity against the fire, while thin bark
after the fire may indicate its large reductive and devastating effects. The variations in ring
width and bark thickness in the data are described in Table 3. Before the preparation of the
mechanical test specimens, the bark and outer branches were removed with a precision
circular table saw from the outer faces of the remaining part of each balk (approximate
length of 55 cm). Subsequently, the balks were planed on flat sides to a 60 mm thickness,
and bars of 60 x 30 mm (tangential x radial) were sawn in the longitudinal direction
from the outer faces (sapwood section) and the core of 10-15 annual rings from the pith
(heartwood section). It was hypothesized that the effect of the fire was at its highest in the
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sapwood pieces, which were located immediately close to the bark. The nominal number
of bars was 288.

Table 3. Mean bark thickness (mm) and annual ring width (mm) on the more damaged and less
damaged sides of forest fire trees and on the two opposite sides of reference trees by species and
vertical log location in the balks after being sawn. Middle logs and top logs have common means of
bark thickness.

Norway Spruce Scots Pine
Burned Trees Butt Log Middle Log Top Log Butt Log Middle Log Top Log
Bark thickness, more damaged side 3.30 3.02 3.02 4.56 1.71 1.71
Bark thickness, less damaged side 2.89 3.42 3.42 4.46 1.76 1.76
Ring width, more damaged side 2.71 2.69 2.55 2.06 1.73 1.24
Ring width, less damaged side 2.80 2.75 2.53 2.06 1.75 1.26
Reference Trees Butt log Middle log Top log Butt log Middle log Top log
Ezﬁz thickness, side of maximum 433 3.87 3.87 5.58 1.89 1.89
Bark thickness, opposite side 419 3.93 3.93 5.42 1.73 1.73
Ring width, side of maximum bark 1.88 2.12 2.50 1.68 1.84 1.80
Ring width, opposite side 1.73 1.90 2.40 1.70 1.81 2.13

The bars, coded with marks on the outer faces, were conditioned for 7-8 days in a
weather chamber (60 °C, RH 45%). Subsequently, the bars were slightly planed on both
sides. A piece of 340 mm was cut and planed from the pith side to a thickness of 20 mm.
The samples were finished with a dual-blade circular saw to standard test specimens
(20 x 20 x 340 mm) for determining the bending properties of clear wood (Table 4). The
specimens were conditioned under standard conditions (20 °C, RH 65%) to reach a moisture
content of 12% (dry weight basis). From the remaining parts of the bars, specimens
for the HB test (60 x 28.5 x 90 mm) and CIE L*a*b* color analysis (30 x 20 x 60 mm)
were prepared.

Table 4. The number of samples used for testing air-dry density, modulus of elasticity (MOE), flexural
strain, and modulus or rupture (MOR) by species, damage class, radial position, and log type.

Norway Spruce Scots Pine
Wood Material Butt Log Middle Log Top Log Butt Log Middle Log Top Log
Sapwood, heavily burned side 8 12 6 15 6 5
Sapwood, slightly burned side 8 12 4 15 6 5
Heartwood, burned trees 20 12 - 20 7 -
Sapwood, reference trees 12 8 8 16 8 6
Heartwood, reference trees 12 6 - 11 4 4

For the mechanical tests, the air-dry density was determined for each specimen ac-
cording to ISO standard 13061-2 [34]. The MOE (E;3, GPa) and the static bending strength,
the MOR (01,12, MPa), were determined using a three-point bending test in the tangential
direction according to standards ISO 13061-4 and ISO 13061-3, respectively [35,36]. Flexural
stress (0, MPa) and strain (e, %) were calculated according to standard I1SO 178 [37]:

pr
Eyp = 2bIF 1)
3Pl
Ob12 = ﬁ 2)
_ 3Pyl .

2bh?
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600fh
where P is the difference between the higher load and the lower load (N); ! is the span
(mm); b is the specimen width (mm); % is the specimen height (mm); f is the deflection
(mm); Py is the maximum load (N); and Py, is the applied load (N).

Stored energy (U, MJ/m?) at maximum stress was calculated using the following formula:

"Emax
u= /0 opde (5)

where €,y 1s the strain at maximum stress.

The moisture content of the samples was determined after each mechanical test and
oven drying, and it was calculated on a dry weight basis, according to ISO standard
13061-1 [38]. The samples were weighed, dried at 103 °C for 24 h, and weighed dry. On
average, the moisture content was 9.9% in pine samples and 10.7% in spruce samples. An
approximate adjustment of the MOE and MOR to 12% moisture content was performed
according to the given ISO standard.

HB was determined under air-dry conditions following standard EN 1534 [39]. A force
of 1 kN was applied to a steel ball with a contact radius of 10 mm. In the test, defect-free
spots from the outer edge of the sample were chosen.

HB = 2F (6)

nD(D—m)

d = 2./(10h — h2) )

where HB is the Brinell hardness (N/mm?); F is the maximum load force (N); D is the
diameter of the ball (mm); d is the diameter of the residual indentation (mm); and # is the
depth of the residual indentation (mm). The MOE, MOR, and HB were determined using
the universal material testing machine Zwick Z050 (ZwickRoell GmbH, Ulm, Germany;
maximum load of 50 kN).

Variations in basic density and moisture content variation, called the moisture gradient,
were determined starting from the 72 battens, which were sawn in the radial direction from
the cross-sectional slices (see before). The samples were stored in airproof plastic bags.
From each batten, 2—4 cubes (dimensions of 20 x 20 x 20 mm) were sawn between the pith
and bark, with the number of cubes depending on the diameter of the original log. The first
cube was always taken immediately under the bark, and the following cubes were taken
towards the pith at a distance of 20 mm each. If the log diameter did not allow for a 20 mm
distance between the third and fourth cubes, the fourth cube was taken with a smaller
distance from the third cube. The basic density and moisture gradient were determined
from the same samples. The basic density of wood (kg/m?) was determined using the
oven-dry method, according to standard ISO 13061-2 [34].

A color analysis was performed on HB specimens according to standard ISO/CIE
11664-4 [40] with a portable spectrophotometer (Konica Minolta 2600d, Osaka, Japan). In the
CIELAB color space, L* indicates lightness from black to white, a* represents the red/green
coordinate, and b* represents the yellow /blue coordinate. Two measurements were taken
from each specimen on its outer edge. The specimens were conditioned in a weather
chamber approximately 1 week before the measurements. The color difference between the
reference trees and burned trees was calculated using the CIE76 color difference formula:

AE%, =/ (AL") + (Aa®)2 + (Ab7)? ®)

where AE}, is the color difference, and AL*, Aa*, and Ab™ are the differences in the corre-
sponding CIELAB coordinates.
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Descriptive statistics of the density and mechanical properties and the Pearson cor-
relation between them are reported. Linear mixed-effect models (LMMs) were used to
determine the variability in the mechanical properties, moisture gradient, color, and effects
of selected factors on them:

Aj =bo+dmgj+ b+ 1+ pa + 7% pg + U + s + ¢, )
MC =bo +dmgj + hg+r1+pp +dmgj*r+rxpp+u_+us+e (10)
Cm:bo+dmgj+hk+r+dmgj*r+us+uts—i—s, (11)

where A; is the modulus of elasticity (GPa), modulus of rupture (MPa), or Brinell hardness
(N/mm?2); MC is the moisture content (%); C,, is the CIELAB color coordinate L*, a*, or
b*; by is the intercept; dm gj is the fire damage class; I is the height class; r is the dummy
term of the radial position (sapwood); p, is the air-dry density (kg/m?); p, is the basic
density (kg/m?); r * p, is the interaction term of the radial position and air-dry density;
dmg; * r is the interaction term of the fire damage class and radial position; r x p; is the
interaction term of the radial position and basic density; u; is the random stand effect; s
is the random tree effect; and ¢ is the random error term.

The LMM allows for the inclusion of dependent fixed effects (such as fire damage and
radial position) and more than one source of random variation (such as tree and stand-level
effect) in the model [41]. The fire damage class was included as a fixed factor in all models.
The linear mixed-effects model (MIXED) procedure in IBM SPSS Statistics fits the model to
the data. Normal probability distributions were tested and therefore assumed in the models.
The accuracy of the predictions of the linear model was determined by calculating the
proportion of explained variance (R?), bias, and root mean square error (RMSE) using only
the fixed effects. The relative bias (bias, %) and relative error (RMSE, %) were calculated by
dividing the bias and RMSE by the mean of the measured values.

3. Results
3.1. Mechanical Properties
3.1.1. Density

Descriptive statistics of the air-dry density are presented in Table 5. The highest
density was observed in sapwood in both spruce and pine. In pine sapwood, the density in
the butt logs was higher than in the middle or top logs. In spruce, the density variation
between log types was small, especially in the burned trees. The highest variation was
observed in the butt logs of pine, where the variation decreased in the middle and top logs.
The variation in the density of spruce was smaller than that of pine, and the differences in
the variation between the log types were modest. Due to the young cambial age of the top
logs, heartwood samples did not occur in the burned trees or spruce reference trees. The
results indicate that the spruce reference trees and burned pine trees had higher density
values than the respective burned spruce trees and pine reference trees. The low density
in the burned Norway spruce trees indicates rapid growth in young stands. Pine had
more variation in size and age than spruce, which partly explained the higher variation in
pine density.
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Table 5. Air-dry density by species, damage class, radial position, and log type (kg/m3). Values are
presented as the means, with the standard deviation in parentheses.

Norway Spruce Scots Pine

Wood Material

Butt Log Middle Log Top Log Butt Log Middle Log Top Log

Sapwood, heavily burned side
Sapwood, slightly burned side
Heartwood, burned trees
Sapwood, reference trees
Heartwood, reference trees

446.5 (42.6) 448.7 (32.5) 4420 (184)  581.3 (71.8) 489.9 (41.3) 489.2 (33.4)
4489 (44.1) 4555 (32.5) 446.1 (344)  585.4 (67.4) 476.2 (31.3) 489.0 (38.8)

388.3 (32.3) 402.0 (25.1) - 544.2 (95.5) 478.3 (28.4) -
474.8 (40.7) 448.9 (55.5) 4480 (47.3)  527.7 (78.1) 476.3 (63.5) 446.2 (45.9)
467.5 (38.8) 446.6 (33.4) - 468.6 (62.2) 447.1 (22.4) 450.0 (60.6)

3.1.2. Modulus of Elasticity

Descriptive statistics of the MOE are presented in Table 6. The MOE and air-dry
density were strongly correlated in spruce (0.761) and pine (0.752). The differences in
variation between the species and between the log types were more minor than in density.
The differences in the MOE between the burned trees and reference trees in both species
corresponded to the differences in density. The highest MOE was observed in the pine
sapwood of the burned trees in the butt logs and the smallest in the spruce heartwood of
the burned trees in the butt logs.

Table 6. Modulus of elasticity (MOE) by species, damage class, radial position, and log type (GPa).
Values are presented as the means, with the standard deviation in parentheses.

Norway Spruce Scots Pine
Wood Material Butt Log Middle Log Top Log Butt Log Middle Log Top Log
Sapwood, heavily burned side 8.0 (1.6) 9.2 (1.6) 7.7 (1.6) 12.3 (1.7) 9.1(14) 8.9 (1.2)
Sapwood, slightly burned side 8.5(1.9) 9.3 (1.0) 8.0(0.4) 11.6 (2.0) 9.7 (1.6) 9.3 (1.4)
Heartwood, burned trees 5.4 (1.3) 7.0 (0.8) - 94 (14) 9.1(1.2) -
Sapwood, reference trees 104 (2.7) 9.8 (2.2) 9.6 (2.4) 10.6 (2.9) 9.5 (2.4) 7.7 (2.4)
Heartwood, reference trees 9.8 (2.5) 10.0 (2.1) - 8.3 (2.6) 79 (2.1) 6.7 (1.6)

In the linear mixed model for the MOE, significant fixed factors differed between the
species. Density was the most significant factor for both species (p < 0.01) (Table 7). Height
class was very significant for spruce and significant for pine (p < 0.01). The radial position
was a significant factor for pine but had no statistical significance for spruce. Fire damage
class was not a significant factor for either species, although the significance was close to
0.05 in spruce. The interaction between the radial position and density was very significant
for pine (p < 0.001) but did not have any significance for spruce.

The fixed coefficients of the models for the MOE are presented in Table 8. A higher
density indicates a higher MOE. In both spruce and pine, the MOE was the lowest in the
top logs and the highest in the middle logs. In pine, the MOE was higher in sapwood
than in heartwood. The positive interaction between the radial position and density in
pine indicated that density had a more substantial positive effect on the sapwood MOE
than on heartwood. However, fire damage did not have any significant effect on the MOE.
In spruce, the RMSE and proportion of stand-level variation (83.0%) of the total random
variation were high. Most of the random variation in pine was residual (51.8%), and the
RMSE was smaller.
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Table 7. Fixed effects in the linear mixed model (Equation (9)) for the modulus of elasticity (MOE)
and the variation in random effects.

Norway Spruce Scots Pine
Source F df1 df2 Sig. F df1 df2 Sig.
Fire damage class 2.782 2 120 0.066 0.760 2 119 0.470
Height class 10.522 2 120 <0.001 5.644 2 119 0.005
Radial position 0.062 1 120 0.804 7.100 1 119 0.009
Air-dry density 17.392 1 120 <0.001 66.026 1 119 <0.001
. A
Radial position * air-dry 0.287 1 120 0593 14.004 1 119 <0.001
density
Random effect Variance Variance
Stand 6.866 0.068
Tree 0.269 0.983
Residual 1.135 1.130
Fitting statistics
R? 36.7% 64.5%
. -1.01 .

Bias (11.9%) 0.00 (0.0%)
RMSE 2.14 (25.4%) 1.47 (15.0%)

* refers to interaction.

Table 8. Fixed coefficients in the linear mixed model (Equation (9)) for the modulus of

elasticity (MOE).

Norway Spruce Scots Pine
Variable Estimate Std. 95% CI Estimate Std. 95% CI
Error Error
Lower Upper Lower Upper

Intercept 1.717 2.866 -3.956 7.391 1.314 1.375 -1.408 4.036
Fire damage class (ref: no damage)

More damaged side 0.869 0.442 -0.007 1.745 -0.020 0.443 -0.897 0.857

Less damaged side 1.056 0.450 0.165 1.947 -0.206 0.442 -1.082 0.669
Height class (ref: top log)

Butt log 0.034 0.313 -0.586 0.654 0.729 0.401 —-0.065 1.524

Middle log 0.938 0.311 0.323 1.552 0.864 0.415 0.042 1.686
Radial position (ref: heartwood)

Sapwood -0.584 2.353 -5.243 4.074 -4.899 1.764 -8.391 -1.407
Air-dry density 0.015 0.005 0.005 0.025 0.013 0.003 0.008 0.019
Interaction of radial position with air-dry density (ref: heartwood * density)

Sapwood * density 0.003 0.005 -0.007 0.013 0.012 0.003 0.005 0.019

* refers to interaction.

3.1.3. Modulus of Rupture

The descriptive statistics of the MOR are presented in Table 9. The MOR had a strong
correlation with air-dry density (0.720 and 0.770) and a very strong correlation with the
MOE (0.919 and 0.900) in spruce and pine, respectively. Therefore, the MOR in each group
mainly followed the MOE. Although the MOR in heartwood in the burned butt logs of
spruce was the smallest of all groups, the relative difference from the other groups was
smaller than in the case of the MOE.
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Table 9. Modulus of rupture (MOR) by species, damage class, radial position, and log type (MPa).
Values are presented as means, with the standard deviation in parentheses.

Norway Spruce Scots Pine
Wood Material Butt Log Middle Log Top Log Butt Log Middle Log Top Log
Sapwood, heavily burned side 74.3 (13.5) 75.2 (11.8) 62.4 (13.5) 104.2 (19.6) 81.2 (11.6) 81.2 (9.8)
Sapwood, slightly burned side 75.3 (12.3) 77.1(7.8) 62.8 (7.5) 108.3 (19.1) 82.9 (11.8) 81.9 (17.5)
Heartwood, burned trees 51.7 (10.6) 58.7 (9.3) - 84.4 (12.5) 82.6 (9.0) -
Sapwood, reference trees 86.4 (16.9) 77.2 (12.8) 77.5 (14.8) 92.8 (20.7) 83.8 (18.7) 71.8 (15.5)
Heartwood, reference trees 77.3 (20.5) 77.4 (12.8) - 67.2 (16.8) 72.1 (13.9) 67.3 (13.2)

No significant differences were observed in the MOR of the spruce sapwood of the butt
or middle logs, but the MOR of the sapwood of the burned trees in the top logs was lower
than in the reference trees (Table 10). As for the MOE, density was the most significant
factor affecting the MOR of spruce and pine (p < 0.001). The radial position was a very
significant factor in pine (p < 0.001) but did not have any significance in spruce. Height
class was a significant factor in spruce (p < 0.05), but it did not have any significance in
pine. In contrast to the MOE, fire damage class was a significant factor in pine (<0.05). The
interaction between the radial position and density was a significant factor in pine (p < 0.01)
but not in spruce. The RMSE values were lower in pine than in spruce. As in the case of the
MOE, most of the random variation was on the stand level (69.0%) for spruce and on the
residual level for pine (55.3%).

Table 10. Fixed effects in the linear mixed model (Equation (9)) for the modulus of rupture (MOR)
and the variation in random effects.

Norway Spruce Scots Pine

Source F df1l df2 Sig. F df1l df2 Sig.
Fire damage class 0.981 2 120 0.378 3.593 2 118 0.031
Height class 4.478 2 120 0.013 0.649 2 118 0.525
Radial position 0.028 1 120 0.867 20.600 1 118 <0.001
Air-dry density 18.419 1 120 <0.001 81.054 1 118 <0.001
Radial position * air-dry density 0.399 1 120 0.529 31.767 1 118 <0.001
Random effect Variance Variance
Stand 215.127 53.704
Tree 0.000 22.311
Residual 96.850 94.116
Fitting statistics
R2 42.8% 67.1%

. -5.76 o
Bias (£8.1%) 0.86 (1.0%)

14.0 o

RMSE (19.8%) 11.6 (13.3%)

* refers to interaction.

Table 11 shows the fixed coefficients of the models for the MOR. The effect of density
was positive for the MOR. The sole fixed coefficient of the dummy factor of the sapwood
position was negative in pine. However, because of the observed positive interaction
between sapwood and density, the density indicated an increase in the MOR, and the
effect of density on sapwood was larger than on heartwood. In spruce, the top logs had a
lower MOR than the butt logs or middle logs. The only significant effect of fire damage
was observed in pine, where the burned wood had a lower MOR than the wood from the
reference trees.
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Table 11. Fixed coefficients in the linear mixed model (Equation (9)) for the modulus or

rupture (MOR).
Norway Spruce Scots Pine
Variable Estimate Std. Error 95% CI Estimate Ersrti 95% CI
Lower Upper Lower Upper
Intercept 15.511 19.585 —23.266 54.288 42.146 11.974 -23.266 54.288
Fire damage class (ref: no damage)

More damaged side 3.505 3.198 -2.827 9.838  -11.485 4.285 -2.827 9.838

Less damaged side 4.496 3.288 -2.013 11.006 -9.319 4316 -2.013 11.006
Height class (ref: top log)

Butt log 6.391 2.865 0.719 12.064 2.830 2.894 0.719 12.064

Middle log 8.474 2.834 2.864 14.084 3.137 2.899 2.864 14.084
Radial position (ref: heartwood)

Sapwood -3.182 19.017 —40.833 34470 -57.080 12.576 —-40.833 34.470
Air-dry density 0.108 0.038 0.033 0.183 0.065 0.021 0.033 0.183
Interaction of radial position with air-dry density (ref: heartwood * density)

Sapwood * density 0.027 0.043 —-0.058 0.112 0.144 0.026 —-0.058 0.112

* refers to interaction.
3.1.4. Flexural Strain
Typical stress—strain curves in the three-point bending test are illustrated in Figure 4.
The higher force values at the same deformation (deflection) in Scots pine than in Nor-
way spruce indicated higher MOE and MOR values. The corresponding stored energy
values at maximum stress for the curves presented in Figure 3 were 0.81 MJ/m?3 (spruce,
burned), 0.58 MJ/m? (spruce, reference), 1.16 MJ/m? (pine, burned), and 0.73 MJ/m3
(pine, reference).
120 - 120 -
| =——DBurned
_ 100 100 -
- -
80 - Reterence —
: T w0
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Figure 4. Typical flexural stress—strain curves of sapwood in burned wood (heavily burned side) and
reference wood of Norway spruce (left) and Scots pine (right) in butt logs.

The flexural strain at maximum force during the three-point bending test is presented
in Table 12. Strain and air-dry density had a modest negative correlation in spruce (-0.266)
and a negligible correlation in pine (—0.071). The highest strain values at maximum force
were observed in the reference trees in pine sapwood in the top logs and the lowest in
the slightly burned trees in spruce heartwood in the butt logs. In Norway spruce, strain
generally decreased towards the top, but in Scots pine, the lowest values were observed
in most cases in the middle logs. In the middle and top logs, the strain values were, on
average, higher in pine than in spruce in all groups.
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Table 12. Flexural strain at maximum force by species, damage class, radial position, and log type
(%). Values are presented as means, with the standard deviation in percentage points in parentheses.

Norway Spruce Scots Pine
Wood Material Butt Log Middle Log Top Log Butt Log Middle Log Top Log
Sapwood, heavily burned side 1.47 (0.11) 1.34 (0.11) 1.29 (0.18) 1.42 (0.19) 1.39 (0.11) 1.43 (0.08)
Sapwood, slightly burned side 1.48 (0.15) 1.28 (0.15) 1.19 (0.32) 1.52 (0.19) 1.40 (0.11) 1.47 (0.07)
Heartwood, burned trees 1.53 (0.37) 1.24 (0.32) - 1.37 (0.21) 1.44 (0.09) -
Sapwood, reference trees 1.42 (0.18) 1.31 (0.21) 1.35(0.14) 1.59 (0.25) 1.46 (0.13) 1.60 (0.23)
Heartwood, reference trees 1.23 (0.18) 1.32 (0.16) - 1.47 (0.22) 1.36 (0.21) 1.46 (0.10)

3.1.5. Brinell Hardness

Descriptive statistics of HB are presented in Table 13. HB was strongly correlated with
air-dry density in spruce (0.629) and pine (0.701). The correlations of HB with the MOE
and MOR were moderate in spruce (0.465 and 0.476, respectively) but higher in pine (0.678
and 0.721, respectively). This was consistent with the more significant effects of density on
the MOE and MOR in pine in the linear mixed model analysis than in spruce.

Table 13. Brinell hardness (HB) by species, damage class, radial position, and log type (MPa). Values
are presented as means, with the standard deviation in parentheses.

Norway Spruce Scots Pine
Wood Material Butt Log Middle Log Top Log Butt Log Middle Log Top Log
Sapwood, heavily burned side 12.4 (1.9) 12.0 (2.7) 11.8 (2.0) 15.3 (2.4) 12.4 (1.0) 12.6 (2.0)
Sapwood, slightly burned side 11.9 (1.8) 11.4 (1.6) 10.1 (1.8) 14.9 (2.6) 12.3 (1.1) 12.6 (0.7)
Heartwood, burned trees 9.9 (1.8) 9.6 (1.3) - 14.7 (2.2) 12.5 (1.8) -
Sapwood, reference trees 11.4(1.1) 10.6 (2.1) 10.2 (2.0) 13.9 (4.3) 12.2 (2.9) 10.3 (2.1)
Heartwood, reference trees 11.2 (2.1) 11.2 (2.6) - 11.7 (2.1) 10.7 (1.3) 9.9 (2.2)

Similar to other mechanical properties, density was the most significant factor for HB
(Table 14). In pine, the radial position and the interaction between the radial position and
density had some effects, similar to the MOE and MOR. In spruce, these factors were not
significant. Instead, fire damage class proved significant (p < 0.01). The RMSE value was
slightly smaller in spruce than in pine. Most of the random variation in both species was
residual (74.8% for spruce and 53.6% for pine). Density had a positive effect on HB in both
spruce and pine (Table 15). In spruce, the sapwood position was a positive predictor of HB.
Although the estimate for the dummy term of sapwood was negative in pine, because of
the positive interaction between the dummy term or sapwood position and density, the
higher density indicated a higher HB in pine sapwood. Similar to the MOR, density had a
higher effect on hardness in pine sapwood than in pine heartwood. It was notable that fire
damage positively affected HB in spruce.

Table 14. Fixed effects in the linear mixed model (Equation (9)) for Brinell hardness (HB) and variation
in random effects.

Norway Spruce Scots Pine
Source F df1l df2 Sig. F df1l df2 Sig.
Fire damage class 5.093 2 120 0.008 2.661 2 119 0.074
Height class 1.800 2 120 0.170 1.914 2 119 0.152
Radial position 0.037 1 120 0.848 4.549 1 119 0.035
Air-dry density 25.152 1 120 <0.001 31.115 1 119 <0.001
Radial position * density 0.068 1 120 0.794 6.071 1 119 0.015
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Table 14. Cont.
Norway Spruce Scots Pine
Source F df1 df2 Sig. F df1 df2 Sig.
Random effect Variance Variance
Stand 0.000 1.782
Tree 0.600 1.034
Residual 1.779 3.254
Fitting statistics
R? 46.9% 42.9%
Bias 0.00 (0.0%) 0.01 (0.0%)
RMSE 1.49 (13.6%) 2.21 (16.6%)
* refers to interaction.
Table 15. Fixed coefficients in the linear mixed model (Equation (9)) for Brinell hardness.
Norway Spruce Scots Pine
Variable Estimate  Std. Error 95% CI Estimate  Std. Error 95% CI
Lower Upper Lower Upper
Intercept 0.163 2.357 —4.505 4.830 7.452 2.2330 3.030 11.873
Fire damage class (ref: no damage)

More damaged side 1.509 0.519 0.483 2.536 -1.568 0.7980 -3.148 0.012

Less damaged side 0.659 0.525 —-0.380 1.699 -1.832 0.7973 -3.411 -0.254
Height class (ref: top log)

Butt log 0.697 0.392 -0.080 1.474 0.879 0.5381 -0.187 1.944

Middle log 0.364 0.389 -0.407 1.134 0.139 0.5398 -0.929 1.208
Radial position (ref: heartwood)

Sapwood 0.568 2.958 -5.288 6.424 —4.992 2.3406 -9.626 -0.357
Air-dry density 0.023 0.006 0.012 0.034 0.001 0.010 0.0039 0.002
Interaction of radial position with air-dry density (ref: heartwood * density)

Sapwood * density -0.002 0.006 -0.015 0.011 0.012 0.0048 0.002 0.021

* refers to interaction.

3.2. Moisture Gradient

The moisture content at different distances from the log surface is illustrated for the
burned wood and the wood of the reference trees of spruce and pine by log type in Figure 5.
A clear trend of decreasing moisture content from the surface to the pith was observed in
all cases. The highest moisture content was observed in the surface layer of the reference
trees for all log types (140-160%), and the lowest moisture content was observed in the
core of the butt logs and middle logs of the burned and reference trees (30—40%). Due to
the smaller diameter of the top logs, no samples were obtained there at 12-14 cm from the
log surface.

Because the logs had varying thicknesses and the moisture content was expected to
vary by distance from the log surface, the fixed effect of the radial position in the linear
mixed models was divided into two classes. The specimen at 0-2 cm from the log surface
represented the tree surface (outer sapwood), and the specimen at the farthest distance
from the log surface represented the core (inner heartwood).

The fixed effects are illustrated in Table 16. In spruce, height class was highly signifi-
cant for the moisture gradient (p < 0.001); other significant factors included fire damage
class and the interaction between fire damage class and the radial position. In pine, the
radial position and the interaction between the radial position and basic density were
highly significant factors (p < 0.001), and basic density and height class were significant
(p < 0.01). Most of the random variation was residual in spruce (53.5%) and pine (50.0%).
The RMSE values were lower for pine than for spruce. For both spruce and pine, the mois-
ture content was the lowest in the butt logs and the highest in the top logs (Table 17). In
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spruce, the burned wood had a lower moisture gradient than the wood from the reference
trees because the forest fire decreased the moisture content in sapwood. The moisture
content was higher in sapwood than in heartwood in pine and spruce. In pine, the fixed
coefficient for basic density was positive, but due to the interaction between the radial

position and basic density, the higher the basic density, the lower the moisture content
in sapwood.
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Figure 5. The moisture content of wood at different distances from the log surface in the butt, middle,
and top logs.
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Table 16. Fixed effects in the linear mixed model (Equation (10)) for moisture gradient and variation
in random effects.

Norway Spruce Scots Pine

Source F df1 df2 Sig. F df1 df2 Sig.
Fire damage class 5.943 2 133 0.003 0.410 2 150 0.665
Height class 9.215 2 133 <0.001 4.974 2 150 0.008
Radial position 1.400 1 133 0.239 93.330 1 150 <0.001
Basic density 1.563 1 133 0.213 8.400 1 150 0.004
Fire damage class * radial position 5.367 2 133 0.006 0.671 2 150 0.513
Radial position * basic density 0.040 1 133 0.841 54.860 1 150 <0.001
Random effect Variance Variance
Stand 654.551 373.526
Tree 275.985 151.485
Residual 1070.354 525.179
Fitting statistics
R2 42.4% 79.5%

. o 0.00
Bias 1.55 (1.6%) (0.0%)

o 21.6

RMSE 42.4 (44.9%) (26.0%)

* refers to interaction.

Table 17. Fixed coefficients in the linear mixed model (Equation (10)) for moisture content.

Norway Spruce Scots Pine
Variable Estimate Std. 95% CI Estimate Std. 95% CI
Error Error
Lower Upper Lower Upper
Intercept 134.068 51.752 31.704  236.431 17.895 31.324  —43.998 79.788
Fire damage class (ref: no damage)

More damaged side -30.077 16.500 -62.713 2559  -18.665 29.080 -76.124 38.793

Less damaged side -30.108 16.946  -63.627 3.411 -20.975 29.098 -78.471 36.520
Height class (ref: top log)

Butt log —-29.964 7100 —44.007 -15.922  -14.387 5682 25614 -3.160

Middle log -14.362 8.178  -30.537 1.813 -2.399 5890 -14.037 9.239
Radjial position (ref: heartwood)

Sapwood 92.055 59.173 24986  209.097  292.496 28989  235.217 349.775
Basic density -0.107 0.126 -0.356 0.142 0.136 0.060 0.016 0.255
Interaction of fire damage class * radial position (ref: no damage or heartwood)

More damaged side * sapwood -44.223 13.530 -70.985  -17.462 -9.415 9.096 -27.387 8.557

Less damaged side * sapwood -24.310 13.809  -51.624 3.003 -0.641 9.064  -18.550 17.268
Interaction of radial position with basic density (ref: heartwood * basic density)

Sapwood * basic density -0.032 0.157 -0.343 0.280 -0.530 0.072 -0.672 -0.389

* refers to interaction.

3.3. Wood Color

The CIE L*a*b* color values differed between the burned and reference spruce sap-
wood at all tree heights. In pine sapwood, the difference in color between the burned and
reference trees was evident in the butt logs but smaller in the middle and top logs. The L*,
a*, and b* values are presented in Figure 6, Figure 7, and Figure 8, respectively.
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Figure 6. Lightness (L*) of spruce and pine wood by log type: sapwood of burned trees on the
opposite sides (concerning the intensity of forest fire) and heartwood of burned trees, sapwood, and
heartwood of reference trees. Moisture content is 12%.
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Figure 7. Redness (a*) of spruce and pine wood by log type: sapwood of burned trees on the opposite
sides (concerning the intensity of forest fire) and heartwood of burned trees, sapwood, and heartwood
of reference trees. Moisture content is 12%.
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Figure 8. Yellowness (b*) of spruce and pine wood by log type: sapwood of burned trees on the
opposite sides (concerning the intensity of forest fire) and heartwood of burned trees, sapwood, and
heartwood of reference trees. Moisture content is 12%.

The fixed effects for the CIE L*, a*, and b* coordinates are presented separately for
spruce wood in Table 18. The radial position was highly significant (p < 0.001) regarding
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all color coordinates. Height class was significant for the L* and a* coordinates (p < 0.05).
The interaction between fire damage class and the radial position was very significant
(p < 0.001) for the L* coordinate and significant (p < 0.05) for the a* coordinate. Most of the
random variation was residual for all color coordinates (59.3-62.1%). The RMSE value was
at its lowest, and the R? value was the highest for the L* coordinate. The fixed coefficients
of the models for the color coordinates of spruce wood are presented in Table 19. Sapwood
was darker and closer to green and yellow than heartwood, possibly because of the higher
content of darker latewood in sapwood than in heartwood. Sapwood in the butt logs and
middle logs was also darker than in the top logs. In the top logs, the a* coordinate was
closer to green than in the butt and middle logs. Due to the fire damage class and radial
position interaction, sapwood was darker and closer to green in the burned trees. This was
explained by the most substantial effects of forest fires on the outer layer of the wood.

Table 18. Fixed effects in the linear mixed model (Equation (11)) for the color of Norway spruce wood
and the variation in random effects.

L* a* b* L* a* b*
Source F F F df1 df2 Sig. Sig. Sig.
Fire damage class 0.084 0.286 0.093 2 234 0.919 0.751 0.911
Height class 4.202 5.974 0.156 2 234 0.016 0.003 0.856
Radial position 75.455 16.096 23.851 1 234 <0.001 <0.001 <0.001
Fire damage class * radial position 12.827 6.100 0.385 2 234 <0.001 0.003 0.681
Random effect Variance Variance Variance
Stand 6.677 1.481 9.158
Tree 0.654 0.046 0.064
Residual 10.704 2.427 15.125

Fitting statistics

R? 31.9% 16.8% 9.4%
Bias —0.01 0.00 0.06
(0.0%) (0.2%) (0.3%)
1.54 3.91
0,
RMSE 3.29 (3.9%) (62.7%) (18.9%)
* refers to interaction.
Table 19. Fixed coefficients in the linear mixed model (Equation (11)) for the color of Norway spruce
and the variation in random effects.
L a* b*
Variable Estimate Std. Error Estimate Std. Error Estimate Std. Error
Intercept 86.309 2.750 1.446 1.287 19.544 3.191
Fire damage class (ref: no damage)
More damaged side 1.725 3.781 -0.266 1.770 -0.931 4.393
Less damaged side 1.243 3.780 -0.219 1.770 -0.861 4.393
Height class (ref: top log)
Butt log -1.727 0.649 0.950 0.308 0.101 0.765
Middle log -0.810 0.691 0.395 0.327 0.380 0.815
Radial position (ref: heartwood)
Sapwood -0.872 0.777 -0.142 0.369 2.045 0.921
Interaction of fire damage class * radial position (ref: no damage or heartwood)
More damaged side * 4968 1.066 1395 0.506 0.709 1261
sapwood
Less damaged side * 4364 1.068 1.650 0.507 1.095 1265

sapwood

* refers to interaction.

The fixed effects for the CIE L*, a*, and b* coordinates are presented separately for
pine wood in Table 20. Similar to spruce, height class was highly significant (p < 0.001)
for all color coordinates. The radial position was very significant (p < 0.001) for the L*
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and b* coordinates, but not for the a* coordinate, albeit the naturally red-brown color of
pine heartwood. The fire damage class was significant for the a* coordinate. The fixed
coefficients of the models for the color coordinates are presented in Table 21. As for pine,
most of the random variation was residual, primarily for all color coordinates (61.0-32.4%).
The R? values were, in general, lower than in spruce. Due to the apparent color difference
between earlywood and latewood, the variation in the share of earlywood and latewood in
the measurement spots probably explains most of the color variation. All R? values were
relatively low.

Table 20. Fixed effects in the linear mixed model (Equation (11)) for the color of Scots pine and the
variation in random effects.

L* a* b* L* a* b*
Source F F F df1l df2 Sig. Sig. Sig.
Fire damage class 0.719 3.541 0.952 2 252 0.488 0.030 0.387
Height class 12.434 7.621 7.885 2 252 <0.001 <0.001 <0.001
Radial position 13.129 0.233 31.437 1 252 <0.001 0.629 <0.001
. .o 1
Fire damage class " radial 1.120 1.673 2.068 2 252 0328 0.190 0.129
position
Random effect Variance Variance  Variance
Stand 6.451 1.860 9.699
Tree 0.000 0.079 0.446
Residual 10.692 3.041 15.849
Fitting statistics
R2 17.0% 13.4% 16.9%
Bias 0.00 (0.0%)  0.00 (0.1%) 0.04
. U7 . A7 (0.20/0)
RMSE 3.32 (4.0%) 1.74 (53.9%) 3.96
. . o . . o (16.00/0)
* refers to interaction.
Table 21. Fixed coefficients in the linear mixed model (Equation (11)) for color coordinates of Scots
pine and variation in random effects.
L a* b*
Variable Estimate Std. Error Estimate Std. Error Estimate Std. Error
Intercept 86.663 2.633 1.744 1.423 19.463 3.251
Fire damage class (ref: no damage)
More damaged side -2.359 3.687 1.543 1.988 2.333 4.542
Less damaged side -1.517 3.680 0.280 1.984 0.810 4.533
Height class (ref: top log)
Butt log -2.925 0.595 1.255 0.322 2.906 0.735
Middle log -1.947 0.667 0.960 0.358 2.507 0.818
Radial position (ref: heartwood)
Sapwood -2.403 0.664 0.108 0.359 4.309 0.819
Interaction of fire damage class * radial position (ref: no damage or heartwood)
More damaged side * sapwood 1.476 1.034 -0.828 0.557 -2.573 1.272
Less damaged side * sapwood 1.039 1.013 0.165 0.546 -1.354 1.247

* refers to interaction.

The color differences between the wood from the burned trees and reference trees is
presented in Table 22 as AE*;;, values. The values were calculated based on the L, a*, and
b* estimates in Tables 19 and 21. In the sapwood layer, a noticeable color difference was
observed on the more damaged and less damaged sides compared with the wood from the
reference trees in Norway spruce and Scots pine. In heartwood, the color change was less
perceptible, especially in Norway spruce and on the less damaged side. However, due to
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the relatively high standard error in the estimated L, a*, and b*, caution is needed when
interpreting single AE*;, values.

Table 22. AE*;, (Equation (8)) values between damaged wood and Norway spruce and Scots pine
reference wood.

Fire Damage Class Radial Position Norway Spruce Scots Pine
More damaged side Sapwood 4.61 5.29
More damaged side Heartwood 1.98 3.66
Less damaged side Sapwood 4.77 4.77
Less damaged side Heartwood 1.53 1.74

4. Discussion

Due to the global increase in forest fires during the 2000s, the direct and indirect
damage that deteriorates raw wood materials has become more frequent in tree stock,
resulting in challenges in the allocation of salvaged wood to the roundwood market and
profitable utilization in forest industries [3,16,24]. The risk increase is not only commonly
traced to climate change, regional droughts, and heat loads but also to human behavior
and working with machines in nature and the built environment [5-10].

The data from this study represent a typical forest fire in Finland in terms of vastness,
intensity, and season. According to our visual observations in the studied stands, the
mortality of trees and fire patterns were consistent with previous findings in practical
forestry. Based on the crown’s status, most spruces were judged as dead or dying, whereas
almost all pines remained living. The vertical length of the fire effect, starting from the base
of the tree, was relatively short, with values of 9% for spruce and 12% for pine when the
bark was required to have burned for the entire circumference, but the values were as high
as 39% for spruce and 20% for pine when any signs of the fire effect were considered on
bark. In a study on two forest stands in northern Europe, 20% of Scots pine trees survived
in a heavy forest fire, with the proportion reaching 50% for trees with a DBH of 20 cm
or more if the fire remained at a low height and below the living crown, whereas 99% of
Norway spruce trees and 98% of broadleaved trees died [42].

Our results show that fire damage had only minor or no significant effects on the
wood properties studied, evident only in sapwood. The changes in wood properties were
more substantial in spruce than in pine, presumably because of the thinner bark, especially
in the lower parts of the trees, that protects wood less from deterioration, and the longer
crown that accelerates the spread of fire in the middle and top parts of trees [12,15,23,42].

In the mechanical tests, the physical properties and position of a tree explained most
of the variation in wood properties. As expected, wood density proved to be the strongest
predictor by far, followed by height location and the radial position. The fire damage
class of trees at respective heights was identified as a significant factor only for the MOR
in Scots pine (decrease) and for HB in Norway spruce (increase). In general, the models
obtained were more accurate in predicting the mechanical properties of Scots pine. In
Norway spruce, the bias and variation by random effects were relatively high, and the R
values were relatively low. This indicates that only some of the essential factors in modeling
the bending properties of spruce are recognized. In flexural strain at maximum force, no
clear differences were detected between the burned and the reference trees. In spruce logs,
flexural strain decreased towards the top, but in pine, the lowest values were observed in
the middle logs.

In studies on Brazilian loblolly pine and Portuguese maritime pine, where the forest
fire intensities were heavier than in our study, more substantial effects on wood properties
were observed. The consumption of the full crown of loblolly pine by fire led to a decrease
in the MOE and MOR in static bending by 17% and 12%, respectively, in addition to
decreases in ultimate stress and stress at the proportional limit in parallel compression by
19% and 34% and the resilience coefficient for toughness by 17% [20]. Similar reductions in
these properties have been observed for maritime pine, albeit associated with reductions
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in biological degradation because of harvest 5-7 months after the fire [21]. The effect of
the biological and chemical degradation of wood translates into changes in viscoelastic
behavior [43].

Clear positive correlations between density and mechanical properties were noted
in our study, as in numerous previous studies [44,45]. In sapwood (mature wood), the
mechanical properties were also higher than in heartwood (juvenile wood), particularly
in pine. Structural differences between the mature wood and juvenile wood of softwoods
have been reported in several compilation works [45-47].

Forest fire caused a decrease in the moisture content in spruce sapwood due to its
thin bark and partly dead wood (high mortality of trees). The moisture gradient between
sapwood and heartwood after the fire was larger in pine wood than in spruce. The radial
position and basic density had significant effects on the moisture content. Density and
the moisture content were partially negatively correlated for pine but not for spruce. In
both species, the moisture content decreased from the butt to the top. When modeling the
moisture content, the RMSE values were relatively high in both species, and the model’s
explanatory power was higher in Scots pine. The slight difference in harvesting time may
have influenced the moisture content difference between the burned trees and reference
trees, with the former being harvested in November and the latter in February (except
for small-log spruce trees). In Northern Europe, the moisture content of spruce and pine
is the highest in the middle of winter and usually 2-4% lower in November than in
February [48,49].

In Norway spruce and Scots pine sapwood, a perceptible color difference due to the
fire was observed. In heartwood, the AE values indicated slight changes in color but were
mostly below the perceptibility level of AE*;, = 2 for wooden surfaces [50]. The wood color
was the darkest in the burned Norway spruce wood of all studied wood materials.

Changes in wood color might indicate some chemical changes in the wood at high
temperatures during the forest fire or some staining due to soot and char. The increase in the
relative proportion of darker latewood with an increased cambial age explains the difference
between heartwood and sapwood. In Scots pine, the color difference due to heartwood
formation is naturally visible between sapwood and heartwood. A sharp boundary between
heartwood and sapwood occurs naturally in Scots pine, while in Norway spruce, yellowish
heartwood is not clearly distinguished from sapwood [51,52]. The differences in color
parameters between heartwood and sapwood can mainly be explained by their different
chemical compositions. The color of Scots pine heartwood is usually brown with a hue
of red. The color of sapwood, especially earlywood, is typically very light, with a hue
of yellow in both species. In addition, the proportion of darker latewood is higher in
heartwood than in earlywood.

It is well known that the temperature level and burning time of the exposed area during
a fire are critical factors for changes in the physico-mechanical and chemical properties
of wood [12,23]. We had no information available on the thermal circumstances during
the forest fire, but we assumed that the temperature elevation stayed lower than in the
prescribed burning. The following temperatures were measured in experiments in the
forest: 400-500 °C at ground level, 220 °C at the 3 m level, 150 °C at the 6 m level, and
45 °C at the 9 m level [15].

In a forest fire, bark provides protective support for wood, slowing or inhibiting the
rise in temperature and the chemical and physical alteration of wood. Accordingly, in the
loblolly pine study in Brazil, only the most severe burning level, where the flames consumed
the total crown, had any effect on the chemical composition of the wood, decreasing the
content of cold water-soluble extracts (tannins, gums, sugars, pigments, or colorants) due
to the movement of water within the wood tissue [20]. Similarly, no chemical effects of fire
on wood were observed in an Aleppo pine study conducted in Turkey [53].

The mortality rate of the burned trees and the high deterioration rate of fire-affected
wood were evident for Norway spruce but less severe for Scots pine. Similar to North
American softwoods [16], rapid wood procurement after a fire is essential to prevent
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excessive drying and further biological-physical degradation of the material. In Finland,
the Forest Damage Prevention Act effectively prevents the advancement of secondary
defects to a harmful degree in salvaged wood [32].

The partial suitability of burned wood has also been found for wood panel applications.
Jack pine wood in Wisconsin, USA, had a similar engineering performance for oriented
strand board (OSB) at four fire damage levels and met the standard mechanical properties
when all char was removed from the flakes [27]. In a parallel study on red pine wood from
fire-killed, fire-affected, and virgin trees, the addition of 20% charred bark among flakes
reduced bending strength, still providing OSB mechanical properties meeting the standard
requirements for all fire levels, but bark addition of up to 20% improved the stability of the
boards. Scots pine fiber material from burned wood was tested as a mixture of virgin beech
and oak to manufacture a medium-density fiberboard (MDF) in Turkey. All test panels met
the mechanical properties of general-purpose MDF panels, but surface roughness remained
higher and dimensional stability remained weaker than control panels from unburned
beech and oak [28].

5. Conclusions

This study, based on wood materials from a forest fire area and a neighboring forest
area in Western Finland, showed fire-induced changes in the physical and mechanical
properties of the sapwood of Norway spruce and Scots pine in Northern Europe. The
changes in the properties were more substantial in spruce than in pine, presumably because
the thinner bark, especially in the lower parts of trees, protects wood less from deterioration,
and the longer crown accelerates the spread of fire in the middle and top parts of trees.

In spruce, the moisture content decreased, and the color darkened compared to the
reference trees. In pine, color changes were observed. Spruce wood underwent greater
changes, probably due to the thinner bark and the longer crown being more susceptible
to fire. The changes in mechanical properties were mostly unessential. In spruce, a
slight increase in HB was observed, and in pine, a slight decrease in bending strength
was observed.

Due to the minor deterioration, and from a mechanical point of view, fresh wood
salvaged from forest fire areas, especially Scots pine but also Norway spruce, is a potential
raw material for middle-quality and low-quality sawn timber and selected end-uses where
the requirements for quality are moderate and aesthetic or hygienic criteria are not critical,
including the following: varieties of construction, non-food packaging and pallets, and
other less sensitive uses of wood. However, most physico-mechanical properties of virgin
wood change only a little in a forest fire, especially in spruce char and soot, making use
difficult in many product applications and manufacturing processes. Sapwood is prone to
excessive drying, which may initiate checking in wood after being sawn, sliced, or rotary
cut but reduces the need for drying wood products. We recommend further studies on
the following to create and develop the use of wood from forest fire areas: (1) chemical
composition and surface activity of burned wood, (2) performance and usability in different
types of production and products (mechanical, chemical, and hybrid), (3) potential for
diversified biorefining processes and chemical treatments, and (4) technical procedures to
remove or reduce char and soot in wood material before processing.
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