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Heat treatment increases the decay resistance of wood by decreasing its hygroscopicity, but the wood material
remains degradable by fungi. This study investigated the degradation of heat-treated wood by brown rot fungi,
with the aim of identifying fungal-induced hygroscopicity changes that facilitate degradation. Scots pine
sapwood samples were modified under superheated steam at 200 and 230 °C and then exposed to Coniophora
puteana and Rhodonia placenta in a stacked-sample decay test to produce samples in different stages of decay.
Sorption isotherms were measured starting in desorption from the undried, decaying state to investigate their
hygroscopic properties. Although there were substantial differences in degradative ability between the two fungi,
the results revealed that decay by both species increased the hygroscopicity of wood in the decaying state,
particularly at high relative humidity. The effect was stronger in the heat-treated samples, which showed a steep
increase in moisture content at low decay mass losses. The reference samples showed decreased hygroscopicity in
absorption from the dry state, while the heat-treated samples still showed an increase at low mass losses. Near
infrared spectroscopy showed that the early stages of decay were characterised by the degradation of hemicel-
lulose and chemical changes to cellulose and lignin, which may explain the increase in hygroscopicity. The
results provide a new perspective on brown rot decay and offer insight into the degradation of heat-treated wood.

1. Introduction

Heat treatment is a wood modification technique that relies on
thermal degradation reactions to bring about changes in wood compo-
sition and properties. Of the wood cell wall polymers cellulose, hemi-
cellulose and lignin, heat treatment has the strongest effect on the
hemicellulose fraction, resulting in depolymerisation as well as dehy-
dration and volatilisation of the resulting sugar units (Tjeerdsma et al.,
1998; Gonzalez-Pena et al., 2009). Lignin is also affected by heat
treatment and undergoes cleavage as well as condensation reactions
with itself and with carbohydrate degradation products (Tjeerdsma
et al., 1998; Nuopponen et al., 2005; Gonzalez-Pena et al., 2009).
Crystalline cellulose is relatively resistant to thermal degradation, while
amorphous cellulose shows behaviour similar to hemicellulose
(Gonzalez-Pena et al., 2009).

The degradative changes caused by heat treatment change the hy-
groscopicity of the wood material (Hill et al., 2021). Wood is
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hygroscopic because the wood cell wall polymers all contain hydroxyl
groups that attract water molecules, causing the absorption of moisture
from the surrounding environment until an equilibrium state is ach-
ieved. Most of the hydroxyl groups accessible to water are found on the
hemicelluloses, and as hemicelluloses are the most thermally labile cell
wall polymer, heat treatment causes a reduction in the hygroscopicity of
wood and reduces the amount of water that the wood can absorb at any
given relative humidity (Hill et al., 2021). However, the reduction in
hygroscopicity is not solely dependent on the loss of mass (Altgen et al.,
2016, 2020), hemicellulose (Repellin and Guyonnet 2005) or accessible
hydroxyl groups (Rautkari et al., 2013; Altgen et al., 2018). When the
modification is carried out under dry conditions, heat treatment also
causes other changes in the wood cell walls that further contribute to the
reduction in hygroscopicity. Several explanations have been offered to
explain the reduction in hygroscopicity, but none of them has been able
to fully account for the behaviour of heat-treated wood (Hill et al.,
2021).
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Heat treatment also improves the decay resistance of the wood ma-
terial. Although the thermal degradation of the most easily digestible
polymers in wood (hemicelluloses) can decrease the rate of fungal
degradation, it is thought that the primary reason for the improved
decay resistance of heat-treated wood is related to reduced hygroscop-
icity (Thybring 2013; Ringman et al., 2014, 2019; Zelinka et al., 2016).
While the reasons for improved durability as a result of reduced mois-
ture content are not fully understood, it is thought that the improvement
is due to inhibited or reduced diffusion of fungal degradative agents into
the wood cell wall (Thybring 2013; Ringman et al., 2014, 2019; Zelinka
et al., 2016).

Although heat treatment improves decay resistance, wood decaying
fungi are still able to colonise the modified substrate and degrade it.
Heat treatment appears to both delay the onset of wood degradation as
measured by mass loss due to decay and reduce its rate after decay has
begun (Ringman et al., 2016). It has also been shown that some wood
decaying fungi are more efficient in degrading heat-treated wood than
others, with the brown rot fungus Rhodonia placenta often emerging as
the most efficient degrader (Kamdem et al., 2002; Welzbacher and Rapp
2007; Metsa-Kortelainen and Viitanen 2009; Chaouch et al., 2013). The
eventual degradation of heat-treated wood and the differences in
degradative ability between fungi suggest that the fungal degradative
process may involve modification of the heat-treated wood that make it
more amendable to further fungal degradation. As the decay resistance
of heat-treated wood is primarily due to its reduced moisture content, it
is possible that the modifications induced by fungal degradation coun-
teract the changes caused by heat treatment and render the material
more hygroscopic. Sorption isotherm measurements on brown rotted
wood have indicated a reduction in hygroscopicity with increasing
decay (Anagnost and Smith 1997; Chauhan and Nagaveni 2009;
Brischke et al., 2019), but these measurements were conducted after the
decaying material had been dried, which means that the moisture
behaviour of the wood was not captured in its decaying state. No mea-
surements have been conducted on decayed heat-treated wood. Our
hypothesis is that fungal decay increases hygroscopicity in the undried
decaying state and that it at least partially eliminates the moisture
exclusion effect caused by heat-treatment.

2. Materials and methods
2.1. Wood sample preparation

Defect-free wood blocks sized 8 mm x 8 mm x 12 mm (orientation
longitudinal x tangential x radial) were prepared from commercial
kiln-dried boards of Scots pine (Pinus sylvestris) sapwood obtained from
south-east Finland. The wood species was identified based on the
anatomical features described by Richter et al. (2004). The blocks were
dried at 105 °C for 24 h to determine their initial dry mass (precision
0.0001 g, average initial mass 0.4005 g). Heat treatments were per-
formed in an oven (Air-o-steam Touchline, Electrolux) under super-
heated steam at atmospheric pressure. The samples were first held at
105 °C for 30 min in the absence of steam, after which steam injection
was started and the temperature increased stepwise every 15 min by 15
°C until reaching the treatment temperature. The treatment temperature
was held for 3 h, after which the heating was turned off and the tem-
perature allowed to decrease to <100 °C. One set of samples (N = 84)
was treated at 200 °C, one at 230 °C, and one was left untreated to act as
reference. After heat treatment the samples were vacuum impregnated
with deionized water and leached for two weeks with frequent water
changes (every 1-3 days) to remove water-soluble degradation prod-
ucts. The leached samples were dried at room temperature for 24 h and
then at 105 °C for another 24 h to determine their modified dry mass and
mass loss due to treatment. The untreated samples were subjected to the
same leaching and drying procedure as the treated samples. Before the
decay test the samples were sterilised by ionising radiation (25-50 kGy
dose) and then conditioned at 85% RH at room temperature over a
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saturated solution of KCI for 8 weeks.
2.2. Decay test

The decay test was performed in 16-mm-diameter glass test tubes
using a similar setup as in Belt et al. (2022). The test tubes contained 4
ml of 2% malt extract agar and were inoculated with a plug of mycelium
excised from stock cultures of Coniophora puteana (strain BAM Ebw. 15)
and Rhodonia placenta (strain BAM 113) maintained on 2% malt extract
agar plates. A piece of plastic netting was placed over the mycelial plug,
followed by six wood samples per tube stacked on top of each other (see
Fig. 1a). Seven replicate tubes were prepared per sample type and fun-
gus. The tubes were plugged with cotton wool and then incubated at
85% RH (saturated solution of KCl) and room temperature for 15-33
weeks in an area with limited light exposure. All seven replicate tubes
corresponding to one wood-fungus combination were removed from the
decay test when the visible mycelial front reached the top of the topmost
sample in one tube. The samples left untreated, heat-treated at 200 °C
and heat-treated at 230 °C were incubated with C. puteana for 15, 16 and
26 weeks, respectively, and with R. placenta for 33 weeks.

After removal from the decay test, the samples were brushed to
remove adhering fungal mycelium and weighed to determine their wet
mass. The measured wet masses were used to select one of the seven
replicate tubes in each wood-fungus combination for sorption mea-
surements. The samples in these tubes were stored frozen at —20 °C in
sealed tubes until analysis, while the samples in the remaining tubes
were dried at room temperature for 24 h and then at 105 °C for another
24 h to determine their decayed dry mass and mass loss due to decay.
The sorption measurement samples were dried at 105 °C for 24 h after
sorption analysis.

2.3. Sorption measurements

The dynamic mass change of the samples during exposure to
different relative humidity (RH) steps at a constant temperature of 20 °C
was measured in an automated sorption balance (SPSx-1p-High-Load,
ProUmid, Germany). Before the analysis, the samples selected for
sorption measurements were soaked in deionized water at room tem-
perature until reaching the water-saturated state. Excess water was
removed from the surface before placing the whole samples on
aluminium cups in the sample carousel inside the sorption balance. The
sample carousel held 24 aluminium cups, of which one was kept empty
to correct for a balance drift and one was filled with microcrystalline
cellulose as reference material for humidity validation. The remaining
cups were used for the simultaneous sorption measurements of all
samples degraded by the same decay fungus. The samples were first
conditioned at RH steps of 90, 75, 60, 45, 30, 15, and 0% during
desorption, before the same RH steps were applied in the reverse order
during absorption. The position of each sample was changed regularly
by rotating the carousel. The mass of each sample was recorded at 20-
min intervals, during which the air flow was stopped. Each RH step
was held until the sample mass change was less than 0.01% for all
samples, calculated based on the slope of a linear regression line within a
100-min time window that moved forward with each weighing step. The
average sample mass within this moving time window was used as
reference mass. The step at 0% RH was held for additional 48 h.

After the measurements, the moisture content (MC) at each weighing
step was calculated by relating the mass of absorbed water to the dry
sample mass, which was determined as the average sample mass within
the final hour of the 0% RH step. MC ratios were calculated for each RH
step by relating the MC of the samples with the highest decay mass loss
to the corresponding MC of the sample with the lowest decay mass loss
from the same decay test tube. Finally, the rate of sample MC change was
recalculated using the dry sample mass as reference mass and a 3-h
regression window. This rate was used as indication if the samples
were close to reaching a stable mass at the end of each RH step.
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Fig. 1. Sample positions in the stacked-sample decay test (a), and average decay mass losses of the reference and heat-treated (200 °C and 230 °C) samples due to
C. puteana (b) and R. placenta (c) as a function of sample position. The decay test durations for the reference, 200 °C and 230 °C samples were 15, 16 and 26 weeks for

C. puteana and 33 weeks for R. placenta. Error bars are +SD.

2.4. NIR spectroscopy

The samples used in sorption measurements were analysed by NIR
spectroscopy. NIR spectra were acquired in reflectance mode using a
Specim SWIR (Specim, Spectral Imaging, Ltd.) short wavelength
infrared hyperspectral camera. Images were collected from the radial
surfaces of the decayed samples after smoothing the sample surfaces
using a rotary microtome. The prepared samples were stored in sealed
tubes with silica gel until imaging to prevent the absorption of moisture.
The samples to be imaged were placed on a vertical translation stage
under the camera, and the height of the stage was adjusted to match
each sample surface with the focal plane of the camera. Images were
recorded in line scanning mode, with each scan recording 384 pixels and
288 spectral variables over a spectral range of 930-2550 nm at a spectral
resolution of 12 nm (full width at half maximum). A calibration reflec-
tance target was scanned along with the samples, resulting in overall
image dimensions of 1244 x 384 pixels. The camera was equipped with
an OLES macro lens with a field of view of 10 mm, yielding images with
a nominal pixel size of ~26 x 26 pmZ Two halogen lamps generated
polychromatic light, and a HgCdTe detector array with a grating prism
monochromator gathered the reflected wavelengths from the exposed
surface of the samples.

2.5. Spectral data analysis

The raw NIR images consisted of the imaged sample, the background
and the reflectance target. The removal of the background was accom-
plished by performing principal component analysis (PCA) and applying
a threshold to the principal component scores (Bro and Smilde 2014;
Amigo et al., 2015). The extracted pixels were subsequently corrected
with the recorded spectral reflectance target and the dark current in-
tensities (Makela et al., 2020). The region of interest was selected based
on rectangular coordinates originating from the local centre of the
sample, resulting in an image with dimensions of 331 x 277 pixels. The
images were converted into a two-dimensional array, and an average
spectrum was extracted from each image. The acquired average spec-
trum was then converted into absorbance using the equation A = log10
(1/r), where A represents the estimated absorbance and r represents the
unitless reflectance values.

Two separate test sets were prepared for the two fungi, with each set
consisting of 18 objects arranged in rows and the wavelengths in col-
umns. The wavelength range was restricted to 1400-2400 nm (179
spectral variables). The test sets underwent pre-processing using the
standard normal variate (SNV) method (Barnes et al., 1989), followed by

mean centring. PCA (Bro and Smilde 2014) was conducted separately on
each test set. The general PCA model is defined by Equation 1:

X:t]plr +t2p§+ +tnp: +E,

X denotes the pre-processed test data matrix containing objects
spectra, t represents orthogonal scores, p contains orthonormal loading
vectors, and E, represents a residual matrix. The score values were
subsequently interpreted with their corresponding loading vectors. Data
analysis was performed using a combination of in-house MATLAB
(MathWorks, Inc.) scripts and commercial functions from the PLS
Toolbox (Eigenvector Research, Inc.).

3. Results
3.1. Mass loss

The heat-treatment of the Scots pine sapwood samples at 200 and
230 °Cresulted in average treatment mass losses of 5.9 + 0.4% and 12.3
=+ 0.7%, respectively. The decay mass losses caused by C. puteana and
R. placenta on the treated samples and the untreated references are given
in Fig. 1 as a function of sample position in the stacked-sample test. As
the objective was to produce a range of decay mass losses in the refer-
ence and treated samples, different test durations were used for the
different wood-fungus combinations. Fungal colonisation of the samples
was used as the end criterion, with each test ending when the visible
myecelial front of the fungus had reached the top of the topmost block in
one replicate sample stack.

C. puteana colonised the untreated reference samples in 15 weeks,
producing a linear increase in decay mass loss from —0.5% to 32.7%
from sample position 1 (top) to position 5, followed by a decrease in
mass loss at position 6 (bottom). The decrease in mass loss may be due to
the presence of nutrient agar residues on the sides of the decay test
tubes, which may have allowed the fungus to grow along the agar rather
than through the bottommost sample. The samples treated at 200 °C
were colonised by C. puteana in 16 weeks and reached a decay mass loss
of 20.1% at position 5, while the samples treated at 230 °C were
colonised more slowly over the course of 26 weeks and reached a
maximum decay mass loss of only 9.0%. In the samples treated at 230
°C, maximum mass loss was reached at position 4 rather than position 5.
R. placenta grew into the samples more slowly than C. puteana, taking 33
weeks to colonise the reference as well as the heat-treated samples. The
decay mass losses caused by R. placenta increased nonlinearly from
position 1 to position 6, reaching an average of 48.4% in the reference
samples. The decay mass losses of the heat-treated samples were only
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slightly lower than those of the reference samples, and there was
virtually no difference between the samples treated at 200 °C and 230
°C.

3.2. Sorption measurements

In agreement with previous findings (Ringman et al., 2016), our
results showed that heat-treated wood can be colonised and degraded by
fungi. To investigate the hygroscopicity changes caused by fungal
degradation, we measured the sorption isotherms of the decayed sam-
ples starting in desorption from an undried, water-saturated state to
capture the hygroscopic properties of the samples in their decaying
state, followed by absorption to assess their properties after drying. The
isotherms of reference and treated samples with minimum decay mass
loss are given in Fig. 2a, while the isotherms of the samples with
maximum decay mass loss due to C. puteana and R. placenta are given in
Fig. 2b and c. All sorption isotherms are shown in Fig. S1.

The sorption isotherms of the minimally decayed reference and heat-
treated samples showed a clear reduction in hygroscopicity as a result of
heat treatment, particularly at high RH. Decay by both C. puteana and
R. placenta on the other hand resulted in increased hygroscopicity. To
clearly show the changes in the sorption isotherms from the minimally
degraded samples to those with maximum decay mass loss, MC ratios
were calculated by dividing the MC of the sample with maximum mass
loss by the MC of the sample with minimum mass loss (Fig. 2d—f). The
ratios show that in the untreated reference (Fig. 2d), decay resulted in an
increase in MC at 90% RH in desorption from the saturated, undried
state and a slight decrease in MC over the entire hygroscopic range in
absorption from the dry state. In the samples heat-treated at 200 °C
(Figs. 2e) and 230 °C (Fig. 2f), the desorption MCs showed an increase
over the entire hygroscopic range but particularly at 90% RH. The in-
crease was stronger in the samples treated at 230 °C and in the samples
degraded by R. placenta. The samples treated at 230 °C also showed a
clear increase in MC in absorption. Although the RH steps used in
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sorption measurements were not held until constant sample mass, the
mass changes measured at the end of each step were less than |3| pg g~*
min~! (see Fig. S2), in line with stability criterion recommended by
Glass et al. (2018). This means that the samples were close to reaching
equilibrium and that the differences in MC seen between the decayed
and undecayed samples were due to differences in MC and not to dif-
ferences in sorption rate.

To gain more insight into the hygroscopicity changes caused by
decay, the MCs of the samples at 90% RH in both desorption and ab-
sorption were plotted against decay mass loss caused by C. puteana and
R. placenta (Fig. 3). In the untreated reference samples the MC in
desorption increased over the entire measured mass loss range, while in
absorption the MC decreased slightly as a function of mass loss. The
heat-treated samples showed a strong increase in MC in desorption at
low decay mass losses (<5%), followed by a more gradual increase in
MC upon further mass loss similar to the increase seen in the reference
samples. Unlike the reference samples, however, the increase in MC at
low mass losses was also visible in absorption, and no decrease in ab-
sorption MC as a function of mass loss was seen in the heat-treated
samples. Finally, despite the differences in their ability to degrade
heat-treated wood, the two fungi produced similar increases in MC at a
given decay mass loss.

3.3. NIR spectroscopy

The SNV transformed and mean-centred average NIR spectra of the
samples with minimum and maximum mass loss due to decay are shown
in Fig. 4, while the average spectra of all samples used for sorption
measurements are given in Fig. S3. Important NIR bands are summarised
in Table S1. For both fungi, the samples with minimum decay mass loss
revealed substantial spectral differences between the heat-treated and
reference samples. All three sample types had a positive band at 1906
nm assigned to hemicellulose (Schwanninger et al., 2011), but its in-
tensity was highest in the reference samples, indicating a decrease in
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Fig. 2. Sorption isotherms of reference and heat-treated (200 °C and 230 °C) samples with minimum decay mass loss (a) and with maximum decay mass loss due to
C. puteana (b) and R. placenta (c), and moisture content (MC) ratios of reference (d), 200 °C heat-treated (e) and 230 °C heat-treated (f) samples with maximum mass
loss due to C. puteana and R. placenta. MC ratios were calculated by dividing the MC of the sample with maximum decay mass loss by the MC of the corresponding
sample with minimum decay mass loss. The decay mass losses of the maximum decay reference, 200 °C and 230 °C samples were 42.8, 22.3 and 12.8% due to

C. puteana and 49.2, 45.4 and 39.8% due to R. placenta.
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Fig. 4. SNV transformed and mean-centred average NIR spectra of reference and heat-treated (200 °C and 230 °C) samples with minimum decay mass loss (a, b), and
maximum decay mass loss (c, d) due to C. puteana (a, b) and R. placenta (c, d). The decay mass losses of the maximum decay reference, 200 °C and 230 °C samples
were 42.8, 22.3 and 12.8% due to C. puteana and 49.2, 45.4 and 39.8% due to R. placenta.

hemicellulose content as a result of heat treatment. All three sample
types also had a positive band at 2045-2124 nm. These bands were
assigned to cellulose (Schwanninger et al., 2011; Belt et al., 2022), and
the changes in their intensity and position are likely to reflect changes in
carbohydrate composition and crystallinity due to heat treatment. The
average spectra of all three sample types had negative bands at 1648 nm
and 2174-2247 nm. The 1648 nm band was assigned to the aromatic
C-H stretch of lignin (Schwanninger et al., 2011; Belt et al., 2022), and
the increase in its intensity in the heat-treated samples is a reflection of

increased lignin aromatic content. The 2174-2247 nm bands are also
likely to be lignin-derived, and the changes in their intensity and posi-
tion reflect both the increase in lignin content and changes to its
composition.

In the most extensively decayed samples, the reference samples
degraded by C. puteana and R. placenta showed positive bands at 1648
nm and 2225 nm and negative bands at 1480, 1906 and 2068 nm. The
band at 1648 nm was again assigned to lignin, and while the 2225 nm
band could not be conclusively identified based on the literature, it has



T. Belt et al.

been previously found in brown rot degraded pine sapwood in associ-
ation with other lignin bands and is therefore also likely to be lignin-
derived (Belt et al., 2022). The negative bands were assigned to carbo-
hydrates: 1480 nm to semi-crystalline cellulose (Schwanninger et al.,
2011), 1906 nm to hemicellulose (Schwanninger et al., 2011), and 2068
nm to cellulose (Schwanninger et al., 2011; Belt et al., 2022). In the
C. puteana sample set, the average spectra of the decayed heat-treated
samples differed substantially from the decayed reference spectrum,
presumably due to the low decay mass losses recorded in the treated
samples, while in the case of R. placenta, the heat-treated and reference
samples showed very similar spectral features, suggesting that
R. placenta decay brings the composition of the heat-treated samples
closer to that of the reference.

To identify the most important spectral changes associated with
decay, the NIR spectra were analysed by PCA. Given its efficiency in
degrading heat-treated wood (Fig. 1), the results on the R. placenta
sample set are shown in Fig. 5 and discussed below, while the results on
the C. puteana sample set are given in Fig. S4. In the R. placenta data set,
PCs 1, 2 and 3 explained 83.8%, 11.0% and 2.9% of the data variation,
respectively. The PC1 loading showed positive bands at 1648 nm
(lignin) and 2225 nm (lignin) and negative bands at 1480 nm (semi-
crystalline cellulose), 1906 nm (hemicellulose) and 2063 nm (cellulose),
which means that PC1 effectively separates the samples according to
their lignin-carbohydrate ratio. The PC2 loading on the other hand had a
strong positive band at 1906 nm (hemicellulose) and negative bands at
1491 nm (cellulose) and 2118 nm. The 2118 nm band was tentatively
assigned to cellulose; bands in the region of 2100-2120 nm were pre-
viously found to first increase and then decrease over the course of
brown rot decay (Belt et al., 2022), in agreement with the assignment to
cellulose. The PC2 loading also had a smaller positive band at 2012 nm.
The band could not be conclusively assigned, but it has been previously
found in association with lignin-derived bands in wood degraded by
R. placenta (Belt et al., 2022) and may therefore represent brown

International Biodeterioration & Biodegradation 186 (2024) 105690

carbohydrate-derived bands in the loading, PC2 can be thought of as
primarily  separating the samples according to their
hemicellulose-to-cellulose ratio. Finally, the PC3 loading had a positive
band at 2023 nm and negative bands at 1603, 1895, 2270 and 2331 nm.
The band at 2023 nm is likely to be of similar lignin-derived origin as the
2012 nm band in PC2, while the 1603 nm and 2270 nm bands are
derived from crystalline cellulose and cellulose or hemicellulose,
respectively (Schwanninger et al., 2011). The 1895 nm band could not
be conclusively identified but it is likely due to the C=O0 stretch of lignin
or hemicellulose (Schwanninger et al., 2011; Popescu and Popescu
2013). Bands at similar wavelengths have been previously detected in
brown rotted wood where they first decreased and then increased over
the course of decay (Belt et al., 2022), suggesting that they may be
derived from lignin. PC3 therefore separates the samples according to
modifications to lignin and cellulose.

The PC1 vs. PC2 score plot showed that PC2 in particular provided
effective separation of the samples according to treatment. The PC2
scores were the highest in the reference samples and the lowest in the
samples heat-treated at 230 °C, indicating a decrease in hemicellulose-
to-cellulose ratio with treatment. Despite these differences in initial
composition, all three sample types showed similar changes in their PC1
and PC2 scores with increasing decay (=position in the decay test tube).
The earliest stages of decay (positions 1-3) were characterised by a
decrease in PC2 scores with little change in PC1 scores, indicating that
the samples underwent a decrease in hemicellulose content with little
change to overall lignin-to-carbohydrate ratio. The presence of the 2012
nm band in the PC2 loading tentatively assigned to lignin suggests that
the initial decrease in hemicellulose content may be accompanied by
chemical changes to lignin. From position 4 onwards the PC1 scores
increased, revealing extensive carbohydrate degradation and an in-
crease in residual lignin content. The PC2 scores increased as well,
suggesting an increase in hemicellulose-to-cellulose ratio as a result of
cellulose degradation.

rot-related changes to lignin. Given the dominance of the The PC1 vs. PC3 score plot also revealed similar spectral changes for
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all three sample types with increasing decay. The PC3 scores increased
in the early stages of decay (positions 1-3 in reference samples and
positions 1-4 in heat-treated samples), then decreased and finally sta-
bilised in the late stages of decay. The initial increase and subsequent
decrease in PC3 scores were stronger in the heat-treated samples than
the references. The tentative assignment of the 2023 nm band to lignin
suggests that the early stages of decay involve an increase in an un-
specified functionality in lignin, followed by a decrease in more
advanced decay. The 1895 nm band tentatively assigned to lignin C=0
suggests changes in carbonyl functionality; unlike the 2023 nm band,
this band first decreased and then increased in more advanced decay.
The lignin-related changes were accompanied by a decrease in cellulose-
derived bands at 1603 nm and 2270 nm in early stages of decay, fol-
lowed by an increase in later stages. The 1603 nm band is derived from
crystalline cellulose (Schwanninger et al., 2011), which means that the
changes may indicate a decrease in cellulose crystallinity in the early
decay stages.

4. Discussion

The mass losses recorded after the decay test (Fig. 1) revealed
notable differences in degradative ability between the two fungi. The
C. puteana results demonstrated the durability-enhancing effect of heat
treatment; treatment at 230 °C was particularly effective, resulting in
greatly increased colonisation time and reduced decay mass loss at full
colonisation. Previous studies have produced similar results, with
treatment mass loss in the range of 12-15% emerging as a threshold for
substantially increased decay resistance (Sustersic et al., 2010; Chaouch
et al., 2010, 2013; Mohareb et al., 2012; Altgen et al., 2020). Unlike
C. puteana, R. placenta colonised all the samples at equal rates, and there
was little difference in the decay mass losses recorded for reference and
heat-treated samples. Many previous studies have also shown R. placenta
to be an effective degrader of heat-treated wood, commonly producing
high mass losses compared to other wood decaying basidiomycetes
(Kamdem et al., 2002; Welzbacher and Rapp 2007; Metsa-Kortelainen
and Viitanen 2009; Chaouch et al., 2013). The degradative efficiency of
R. placenta usually decreases at 10-15% treatment mass loss (Sustersic
et al., 2010; Chaouch et al., 2010, 2013; Mohareb et al., 2012; Altgen
et al., 2020), but no decrease was seen in this experiment.

The sorption isotherm measurements (Figs. 2 and 3) revealed a
reduction in hygroscopicity due to heat treatment, in agreement with
previous studies on wood heat-treated under superheated steam (Olek
et al., 2013; Altgen et al., 2016; Lillqvist et al., 2019; Cermék et al.,
2022). The decrease was particularly strong at high RH, which is
thought to be due to heat-induced changes that increase the stiffness of
the cell wall matrix, resulting in increased resistance to cell wall
expansion and thus reduced MC (Altgen et al., 2016). A decrease in MC
at high RH has also been seen in wood modified using cross-linking
agents (Himmel and Mai 2015; Awais et al., 2022).

The sorption results on the decayed samples on the other hand
revealed an increase in hygroscopicity in desorption from the undried
state, in contrast to results obtained from previous experiments on dried
samples (Anagnost and Smith 1997; Chauhan and Nagaveni 2009;
Brischke et al., 2019). The increase was particularly strong at low decay
mass losses in the heat-treated samples (Fig. 3). In contrast to the
reference samples, the heat-treated samples also showed an increase in
MC at low mass losses in absorption from the dry state. Our results
therefore showed for the first time that the hygroscopicity of wood
actually increased as a result of brown rot decay when the measurements
were performed before drying, confirming our hypothesis that brown rot
increases the hygroscopicity of wood in the wet, decaying state. Our
results also revealed that brown rot decay caused additional changes in
the heat-treated samples that were not seen in the untreated references,
confirming our hypothesis that brown rot degradation partially elimi-
nates the moisture exclusion effect caused by heat treatment.

The samples used for sorption measurements were analysed by NIR
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spectroscopy to obtain information on the chemical changes responsible
for the changes in sorption properties. The spectra (Fig. 4) showed
extensive chemical changes in the samples as a result of heat treatment
and decay and revealed that advanced decay generally brought the
composition of the heat-treated samples closer to that of the untreated
reference. The PCA results on the R. placenta dataset (Fig. 5) suggest that
the early stages of decay were characterised by the degradation of
hemicellulose and chemical alterations to cellulose and lignin, in
agreement with the established mechanisms of brown rot decay. Brown
rot fungi are known to utilise hydroxyl radicals generated by a biological
Fenton reaction in the early stages (Arantes et al., 2012; Zhang et al.,
2016), resulting in oxidative changes to the wood cell wall polymers.
Cellulose is rapidly depolymerised (Kleman-Leyer et al., 1992; Monrroy
et al., 2011), while lignin is thought to be depolymerised and subse-
quently repolymerised, resulting in extensive oxidative modifications to
the polymer (Yelle et al., 2008, 2011). After oxidative attack the fungi
hydrolyse the cell wall carbohydrates into digestible sugars, with
hemicellulose consumed at a faster rate than cellulose (Winandy and
Morrell 1993; Curling et al., 2002).

The decrease in the ratio of hemicellulose to cellulose (PC2) is likely
to reflect the initiation of hydrolytic carbohydrate degradation, at least
in the reference samples, where the decay mass loss reached 5% at po-
sition 3. The chemical changes to cellulose and lignin on the other hand
are likely the result of oxidative attack. The presence of the 1603 nm
band in the PC3 loading suggests that the modifications may include the
degradation of crystalline cellulose. Previous research into the effects of
brown rot on cellulose crystallinity have revealed an initial increase
followed by a decrease over the course of decay (Howell et al., 2009; Zhu
et al., 2022), although some studies found a decrease or no change
throughout the decay process (Monrroy et al., 2011). The initial increase
in crystallinity is thought to be due to the preferential degradation of
amorphous polysaccharides, resulting in an increased proportion of
crystalline material. However, it is possible that crystalline cellulose is
also degraded in early decay as a result of radical attack, just at a lower
rate than amorphous components. The degradation of crystalline cel-
lulose would be expected to increase hygroscopicity as OH groups in the
tightly packed crystallites become accessible for interaction with water.

The chemical changes to lignin suggested by PC2 and PC3 are
tentative and could not be conclusively assigned. However, similar
spectral changes have been previously detected by NIR imaging in wood
degraded by R. placenta: a band at 1894 nm was found to decrease in
early decay and then increase in later stages, while a band at 2012 nm
was found to increase along with other lignin-derived bands in the
latewood regions of the samples (Belt et al., 2022). Brown rot decay is
known to cause lignin demethylation and the degradation of inter-unit
linkages, resulting in the creation of new functional groups with
carbonyl and hydroxyl functionality (Yelle et al., 2008, 2011). The PC3
scores likely reflect these changes. It has been thought that the purpose
of the oxidative lignin modification is to open up the wood structure to
allow the fungal hydrolytic enzymes to penetrate the wood cell wall
(Arantes et al., 2012), but recent studies have indicated that radical
attack may instead liberate soluble carbohydrate fragments that diffuse
into the cell lumen where they are hydrolysed by the fungal enzymes
(Goodell et al., 2017; Zhu et al., 2022). Although the purpose lignin
modification and its effects of on the properties of the wood material
remain poorly understood, the new functional groups added to the
polymer can be expected to increase its hygroscopicity.

The chemical changes revealed by PCA suggest that brown rot decay
may increase the hygroscopicity of the wood cell wall polymers. How-
ever, the NIR spectra were collected from the samples after drying,
which means that the spectra do not represent the samples in their
decaying state. Differences in hygroscopicity were seen between the
desorption and absorption measurements (Figs. 2 and 3), which suggests
the involvement of drying-induced structural rearrangements. Drying-
related changes have been documented in untreated wood (Thybring
et al., 2017; Penttila et al., 2020; Paajanen et al., 2022), but they are
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even more prominent in hot water extracted wood (Kyyro et al., 2021),
where hemicelluloses have been removed from the cell wall by the
treatment. Hot water extraction and decay likely have similar effects:
the removal of material creates space in the cell wall that can accom-
modate water but then collapses upon drying. It is likely that the
increased hygroscopicity of the decayed samples in desorption is due
both to an increase in cell wall space able to accommodate water and to
chemical changes that increase hygroscopicity of the cell wall polymers.
Our results have important implications for the use of heat-treated
wood since they indicate that wood decaying fungi can partially elimi-
nate the durability-enhancing moisture exclusion effect provided by the
treatment. Heat-treated wood is used in many outdoors applications due
to its increased decay resistance, but our results suggest that the resis-
tance will persist only as long as fungal activity is prevented. Heat-
treated wood usually performs well in applications without permanent
wetting (such as cladding and decking), presumably because its mois-
ture exclusion effect keeps the wood sufficiently dry over extended pe-
riods (Welzbacher and Rapp 2007; Humar et al., 2019). However,
heat-treated wood shows little resistance in ground-contact where the
wetting is permanent (Welzbacher and Rapp 2007), which may be
explained by the elimination of decay resistance by fungal activity.

5. Conclusions

Sorption measurements confirmed our hypothesis that brown rot
decay increases the hygroscopicity of wood in the undried, decaying
state and that brown rot fungi are able to partially eliminate the
durability-enhancing moisture exclusion effect of heat-treatment.
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