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Abstract

The effects of aging on wood properties are usually evaluated based on cambial age, with the assumption that the
properties do not change once the wood has formed. This study examined changes in wood properties with the
number of years elapsed since wood formation. Near-infrared (NIR) spectra were acquired from various positions of
20 sample trees, and changes in the spectra were examined with respect to elapsed years. We considered changes

in multiple traits inclusively, rather than individually, using the distribution of eigenvalues calculated from NIR spec-
tral matrices. The diffusion of eigenvalues with an increase in elapsed years followed Dyson's Brownian motion. The
gradual increase in the first eigenvalue, which is equivalent to the Helmholtz-free energy, indicates that the xylem in
the heartwood changes to a more ordered physical state over time. The variations in Shannon entropy and density
matrix with elapsed years revealed the irreversibility of the aging process. The proposed method is independent of a
specific coordinate system and can, therefore, be applied using a wide variety of information other than that obtained

from NIR spectra.

Keywords Dyson’s Brownian motion, Fokker-Planck equation, Helmholtz-free energy, Entropy, Irreversible process

Introduction

Trees grow in diameter through cell division of the vas-
cular cambium, a sheath of meristematic cells situated
between the secondary xylem and phloem [1]. In general,
the properties of successive layers of xylem formed every
year vary depending on tree age [2]. For instance, the
wood density of hinoki cypress (Chamaecyparis obtusa)
gradually decreases with age [3]. In other words, the
wood density near the center of the stem is higher than
that near the bark. The variation pattern of wood proper-
ties with respect to tree age has been studied intensively
for several species, and has led to the concept of juvenile
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and mature wood [4]. As juvenile wood differs from
mature wood and is undesirable for some products, tim-
ber industries should carefully consider the type of wood
they use.

The effects of aging on wood properties are normally
evaluated using cambial age [3]. Wood properties are
measured at each growth ring, and their variations are
expressed as a function of the ring number counted
from the pith. These variations primarily arise from the
effects of physiological aging, that is, the maturation of
cambial cells. In this case, it is implicitly assumed that
wood properties do not change once the wood forms.
However, this assumption should be carefully considered.
For instance, the first ring at the base of a 100-year-old
tree endures various phenomena for several years, such
as successive loads generated by the weight of the tree
and growth stress. Therefore, it is expected that wood
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properties would change during this period. Talbert and
Jett (1981) found that juvenile wood of older loblolly pine
(Pinus taeda) trees had a considerably higher specific
gravity than that of juvenile wood of young trees, even
after resin extraction [5]. Tsutsumi and Fujimoto (2016)
also suggested that the extractive content of heartwood
in Japanese oak (Quercus crispula) can change without
physiological activities [6]. However, only a few studies
have been conducted to evaluate changes in wood prop-
erties in accordance with the years elapsed since wood
formation.

After a certain age, trees form heartwood, where the
protoplasm of the living cells in the xylem dies [7]. As
the xylem in heartwood loses its physiological activities
entirely, changes in wood properties that occur after the
formation of heartwood should be considered an anti-
physiological phenomenon. Studies on archaeological
wood help understand these phenomena [8]. Kohara
(1958) reported that the columns and beams used in the
five-story pagoda of Horyuji Temple, the world’s oldest
wooden architecture, showed greater stiffness, dimen-
sional stability, and durability than those of modern wood
[9]. These results are mainly derived from changes in the
crystallinity of cellulose due to the long-term history of
repeated heat and wetting—drying cycles [10-13]. These
facts imply that the possible changes in wood properties
in the heartwood of standing trees are essentially identi-
cal to those in archaeological wood.

Hinoki cypress is one of the most important commer-
cial species in Japan, and its afforested area accounts
for 25% of all forestry plantations in Japan [14]. Histori-
cally, hinoki has been used as a building material owing
to its remarkable mechanical properties and durability.
As mentioned above, the Horyuji Temple was built more
than 1300 years ago, and hinoki was mainly used as its
construction member [8]. However, wood resources have
recently shifted from natural forests to plantation for-
ests, and thus, wood properties of hinoki from plantation
forests would vary with time. Accurately identifying the
effects of aging on wood properties is necessary for ade-
quate forest management and utilization of hinoki.

In a previous study, we discussed the effects of aging
on wood properties from a physiological perspective,
namely, the aging effects were considered as a function
of cambial age [15]. The current study was conducted
from an anti-physiological perspective, that is, the years
elapsed since wood formation. Near-infrared (NIR) spec-
tra were acquired from various positions on the tree, and
changes in the spectra were examined with respect to the
elapsed years (EY) calculated at each position. As wood
properties vary in a complicated manner, we considered
changes in multiple traits inclusively, rather than indi-
vidually, using the distribution of eigenvalues calculated
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from NIR spectral matrices [16-19]. This approach
allowed us to understand the variation in wood proper-
ties from a physical point of view.

Materials and methods

Sample materials

Twenty hinoki cypress trees grown in Tottori University
Forest (35°160°N, 133°360E; approximately 540 m eleva-
tion) were harvested in 2019 to ensure a wide variety of
growth diameters. They were planted artificially for the
experimental purpose. The mean and minimum to maxi-
mum values of tree height and diameter at breast height
of sample trees were 19.5 m (16.6—23.8 m) and 27.5 cm
(20.9-36.0 cm), respectively. Knot-free disks (5 cm thick)
were cut from the base of the trees at 2 m intervals until
they contained the heartwood. Based on the ring number
at the base disk, the age of the sample trees was estimated
to be 42 years. Radial strips (3 cm wide) that included the
pith were cut from each sample disk along an arbitrary
radial direction and left at room temperature until NIR
experiments.

The EY at each growth ring were calculated as follows
[6]: the cambial age (CA) was consistent with the number
of growth rings counted from the center of the disk. If the
disk at the k™ position contains M growth rings, M years
should have passed after the formation of the innermost
ring. Consequently, the EY for each growth ring were cal-
culated as follows:

EY = M; — (CAy — 1),k =0, ,K 1)

where M, is the ring number containing the k™ disk
and CA, is the cambial age of the k™ disk.

NIR measurements

Diffuse reflectance spectra were acquired using a Fou-
rier transform spectrophotometer (MATRIX-F; Bruker
Optics Co., Tokyo, Japan) equipped with a fiber-optic
probe (spot diameter ~ 3.5 mm). The measurement spot
was set across the latewood in the transverse section of
the sample. NIR spectra were obtained at intervals of
8 cm™! over a wavenumber range of 10,000-4000 cm ™.
Zero-filling of two (corresponding to a spectral interval
of 4 cm™!) was applied. Sixty-four scans were collected
to improve the signal-to-noise ratio and averaged into a
single average spectrum. The measurements were con-
ducted every two rings in two radial directions from the
pith side to the outermost ring of the heartwood, and
the mean of both values was used for the subsequent
analysis.

The analyses focused on the wavenumber range of
9000-4500 cm™! to reduce computational complex-
ity [16]. Before the spectral analyses, the original spec-
tra were normalized. A total of 1,168 data points were
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used as spectral variables across the spectral range
(9000-4500 cm ™).

Data analysis

The data analysis procedure followed a previous study
that examined the effects of aging on CA [15]. Briefly, the
set of eigenvalues obtained from the spectral matrix at
each growth ring plays a central role. Eigenvalue decom-
position was applied to the variance—covariance matrix
(C) calculated from the spectral matrix A (C=ATA):

Cu;=Eu;,(i=1,---,n) (2)

where u; is an eigenvector, and E, is an eigenvalue asso-
ciated with #; According to the random matrix theory
[20], the quadratic form u”,Cu; can be optimised as an
energy function, termed Hamiltonian H and determined
by a variance—covariance matrix:

H(u|C) = ul Cu; (3)

The superscript T indicates the transposed matrix.
Once H={E|, E,, ..., E,} is defined, the distribution func-
tion Z can be calculated as [21, 22]

Z =" exp(—BE), @)

i=1

where f is the inverse temperature defined as (k7)~! (k
is the Boltzmann constant and T is the absolute tem-
perature). The distribution function Z provides thermo-
dynamic functions, such as the Helmholtz-free energy
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and entropy, and we discuss the organization and ran-
domness of wood with EY based on the time evolution
of these thermodynamic functions. These calculations
were performed using the standard functions of R ver-
sion 4.0.4.

Results and discussion

Variation of NIR spectra

The variation in the NIR spectra with respect to the EY
is shown in Fig. la. As the original spectra did not show
clear tendencies with EY, we processed them as a second
derivative treatment. As a result, the absorption inten-
sity exhibited characteristic changes in specific bands.
For instance, a gradual decrease in the absorption over
time was observed in the peaks at 5848 cm™!, which
were assigned to the first overtone of the C—H stretching
mode of furanose/pyranose owing to hemicellulose [23].
This result was consistent with those of previous reports
about the age dependency of hemicellulose content [11,
24].

The variation pattern of wood components with EY
was not so obvious, although the second derivative
spectra detected a successive decrease in hemicellu-
lose. Moreover, it is insufficient to consider the changes
in each variable individually as changes in one property
induce changes in other properties. Hence, we did not
consider the spectral variation as an individual variable
(i.e., wavenumber), but rather as a whole for the physical
system with multiple degrees of freedom [16]. This idea
is closely related to statistical mechanics. The basic idea
of statistical mechanics is that instead of considering a
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Fig. 1 Variation of (a) the diffuse reflectance near-infrared (NIR) spectra and (b) their second derivative spectra with respect to the elapsed years
since wood formation in hinoki cypress (Chamaecyparis obtusa). The colors of the lines change from blue to red with an increase in elapsed years
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single dynamic system, we considered a collection of sys-
tems is considered that correspond to the same Hamil-
tonian, that is, a statistical ensemble [25, 26]. Herein, we
assumed that the spectral variables were microscopic ele-
ments comprising the wood system. In other words, the
NIR spectral matrix from an ensemble of wood samples
could be identified with a point cloud in the #-dimen-
sional phase space [27]. Thus, spectral variables serve as
generalized coordinates in analytical mechanics [28, 29].

Changes of the eigenvalue distribution

As the NIR spectral matrix represents the variation in
the ensemble of wood samples, the distribution of the
eigenvalues calculated from the matrix should provide
inclusive information of the ensemble. Moreover, the
characteristic equation to solve the eigenvalue problem
is invariant with respect to changes in the basis [30].
Therefore, the set of eigenvalues reveals the intrinsic vari-
ation of the wood ensemble. The distributions of eigen-
values (E,) for representative EY are shown in Fig. 2. The
eigenvalues in older EY were widely distributed com-
pared to those in younger EY, indicating that the NIR
spectral matrix varied in a more orderly manner as the
EY increased. This is consistent with a previous study in
which eigenvalues were widely distributed with cambial
age [15].

As mentioned above, the set of eigenvalues represents
the energy state of the system in the context of physics
[20, 31, 32]. Therefore, changes in wood over time can
be analyzed from the perspective of thermodynamics
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Fig. 2 Distributions of eigenvalues at representative elapsed years
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and statistical mechanics [21, 33]. Kabashima and Taka-
hashi (2012) showed that the first eigenvalue E; of the
variance—covariance matrix can be evaluated using the
Helmholtz-free energy (F) in the limits of f — oo [34]:

E = 2/3113;0 F(BIC), (5)

where F is defined as a function of 8 conditioned by the
matrix C, that is, F(8|C) = —p tlogZ(B|C). Figure 3a
shows the trajectory of some representative eigenvalues
with respect to EY. Consistent with the results shown in
Fig. 2, the eigenvalues diffused without intersecting with
each other. A clear increase in the first eigenvalue, which
is equivalent to the Helmholtz-free energy, suggests that
the xylem in heartwood changes to a more ordered phys-
ical state with an increase in EY. Based on the aforemen-
tioned suggestion, we confirmed the equivalence between
the xylem in the heartwood of the standing tree and the
archaeological wood. The superior mechanical proper-
ties and dimensional stability of archaeological wood are
largely due to changes in the crystallinity of cellulose, that
is, the regularity of its molecular configuration. Although
many other properties also vary simultaneously with the
mechanical properties and changes in dimensional stabil-
ity, the diffusion of eigenvalues indicates that these com-
plex variations represent the progress of the organization
of the xylem tissue. As the diffusion of eigenvalues was
also observed with an increase in CA [15], the phenom-
ena should progress in both physiological and anti-physi-
ological aging processes.
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Fig. 3 aTrajectory of the representative eigenvalues with elapsed years. b Differential of the probability density of the eigenvalues with respect to

elapsed years. The number in (a) indicate the order of the eigenvalues

An nxn Hermitian matrix has # eigenvalues that
move along the real axis, and the stochastic process of
the eigenvalues is called Dyson’s Brownian motion [35].
Although the variance—covariance matrix is a real-sym-
metric, we discuss the time evolution of the eigenvalue
distribution with respect to EY using the Dyson model.

The stochastic dynamics of the eigenvalues {E;, E,, ..., E,}
of the matrix are described as follows:
dt
dE; = dB; + , l1<i<mn
l l Z Ei—E (6)
I<j<n
J#i

where B; (1<i<un) represents independent one-dimen-
sional Brownian motions [33, 35]. From Eq. (6), the prob-

ability density of the eigenvalues, p = p(E1,--- ,Eyt),
satisfies the Fokker—Planck equation [36]:
n 8 p
7‘0 Z Z E; — E 3 E Z 9 E2 (7)

The trajectory of the differential of p with respect to
the EY was calculated using Eq. (7), as shown in Fig. 3b.
The differential coefficient of p increased negatively with
EY. It remains unclear why the opposite result was found
in the case of cambial aging [15]. However, the compli-
cated aging process can be understood if we solve the
stochastic differential equation (Eq. 7) representing the
motion of the eigenvalues, which contains all the varia-
tions generated by various wood properties. Moreover,
it is important to note that the current results did not
represent the behavior of individual trees, but that of a
statistical ensemble with a large number of elements [20].
Hence, the trajectory of the Fokker—Planck equation

should exhibit highly universal behavior based on the law
of large numbers [37].

Randomness and irreversibility of the aging process

Here, we considered the changes in wood properties
with respect to the elapsed time from the viewpoint of
the randomness of the physical system. Using the distri-
bution function Z (Eq. 4) as a normalization factor, the
probability that the system of interest could occupy the
energy eigenstate E; can be expressed as

can

P = S expl — BE) ®

pi" is equivalent to the canonical distribution in sta-
tistical physics [25]. Let 5 be a constant. The distribu-
tion of pf" corresponding to each energy eigenstate in
the representative EY is shown in Fig. 4a. The p{*" of the
younger EY had flatter distributions compared with those
of the older EY, indicating that the probability distribu-
tion of the eigenstate of energy is biased with an increase
in EY. We can then calculate the Shannon entropy (S) as a

function of pf" [21]:

N

_ Zplgan logplgan
i=1

9)

Both Z and p{*" depend on the inverse temperature
B [see Egs. (4) and (8)]. The entropy S can be evaluated
for each p. Figure 4b shows the change in entropy EY for
various 8 conditions. The curves of S changed from red
to yellow (from top to bottom) as the inverse tempera-
ture increased. The domain of 3 was set from 1 to 100,000
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Fig. 4 a Probability distributions corresponding to each energy eigenstate at representative elapsed years. b Changes of entropy with the elapsed
years for various inverse temperature conditions. The colors of the lines change from red to yellow as the inverse temperature increases

to enable entropy calculation. The entropy gradually
decreased with EY at almost every inverse temperature.
These results are consistent with the trend of the Helm-
holtz-free energy, where the xylem at younger EY is in a
random state as a physical system, and that at older EYis in
a more ordered state.

Suppose that the motion of a wood system of m points in
n-dimensional space is expressed by Hamilton’s equations:

dq; 0H dp; oH

dt  op; dt  oq; (10)

where g = (q1,- - - ,qn) represents the generalised coor-
dinates and p = (p1, - - , pn) represents the momenta. A
space of 2x dimensions spanned by ¢, ..., q,, Py, ..., P, 1S
called the phase space. The point cloud, i.e., an ensemble
of wood samples, can be described as a continuous fluid
with a density of p(q1,- - ,gu>p1, -+ P, t) in the phase
space [29]. Based on the quantum mechanics [32], the
density matrix can be calculated as

n
T can
p= E u;p;, ui
i=1

where u; (i=1, ..., n) is the eigenvector corresponding to
eigenvalue E; (see Eq. 3). The time evolution of the density
matrix is given by the Liouville—von Neumann equation
[25]:

(11)

)
lhi = [p,H],

3t (12)

where i = +/—1 is imaginary unit, % is reduced Planck
constant, H is the diagonal matrix whose elements are
eigenvalues calculated using Eq. (3), and the bracket [,] is

the commutator defined by two operators [A, B]=AB-
BA. This can be interpreted as a volume change of the
fluid in the phase space. Liouville’s theorem states that
the fluid volume in the phase space is invariant if the sys-
tem satisfies the law of conservation [29]. Thus, the den-
sity matrix p is the first integral of Hamilton’s Eq. (10),
which is determined by the Hamiltonian H (Eq. 3) if,
and only if [p, H] =0. The right-hand side of Eq. (12) was
calculated for each EY and was a non-zero matrix. The
matrix norms of commutator [p, H] exhibited the same
trend as the first eigenvalue (data not shown). The den-
sity matrix changed significantly with EY and did not
conserve its volume. As energy invariance refers to the
symmetry of a process from a geometrical perspective
(Noether’s theorem [25]), the results infer that the aging
phenomenon with respect to the elapsed years is an irre-
versible process, and symmetry breakage during the pro-
cess becomes more pronounced with the elapsed years.
A previous study found similar irreversibility in the aging
phenomenon with respect to the CA and proposed that
wood with the same properties is never renewable [15].
The current study supports this proposition as wood
cannot be restored to its original state through the anti-
physiological aging process.

Conclusions

The effects of aging on wood properties can be consid-
ered from two perspectives: physiological and anti-phys-
iological. This study focused on the anti-physiological
aging in which the xylem in heartwood changes with the
number of years elapsed since wood formation. Changes
in wood properties in heartwood of standing trees were
analogous to those in archaeological wood, where the
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diffusion of eigenvalues indicated that the xylem in heart-
wood changed to a more ordered physical state with an
increase in EY. It should be noted that as the aging pro-
cess is irreversible, wood with the same properties is
never renewable. The results of this study have implica-
tions for forest ecology and management.

Abbreviations

CA Cambial age
EY Elapsed years
NIR Near infra-red
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