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Abstract

e Key message Variability and interrelations between
wood density, water content, and related properties
were analyzed by CT scanning of five species. Relative
water content of lumens is proposed as the best com-
plement to basic specific gravity for discrimination of

species with respect to their functioning.
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Context X-ray computed tomography (CT) is an effi-
cient tool for analysis of wood properties related to
density and water content all along a tree stem. Basic
specific gravity, an inherent property of the wood mate-
rial, is well known and widely used in wood sciences.
Aims The first aim of this study was to describe a
method for mapping a set of wood properties within a
tree stem. The second objective was to analyze the rela-
tions among these properties and to identify the one that
offers the best information in addition to basic specific
gravity for discrimination of species.

Methods Wood discs were collected at various heights
along a tree stem. We used a method consisting of com-
paring the CT images of the discs in the green state
and after oven drying. Finally, 10 variables were com-
puted for 115 trees of five temperate species: green,
oven-dry, and basic specific gravities; moisture con-
tent; relative water content; relative water content of
lumens; and fractions of air, water, free water, and cell
walls.

Results Maps of wood properties summarizing the
radial and vertical variations were obtained, allow-
ing us to highlight species-specific patterns. The five
species were discriminated best when plotted in the
plane defined by basic specific gravity and relative
water content of lumens.

Conclusion The proposed method is original and sim-
ple enough to process large samples. Because it corre-
lated less with basic specific gravity than with moisture
content, relative water content of lumens was selected
for species characterization. This is the first study of
such wood properties at this fine scale within a tree
stem, simultaneously and for a substantial number of
trees of five species including both hardwoods and
softwoods.
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1 Introduction

Numerous wood properties can be quantified for studies
on tree growth, tree functioning, tree mechanical behav-
ior, or wood quality. The sampling of increment cores or
discs is the usual approach and enables researchers to ret-
rospectively understand wood formation and to study wood
properties and their variations.

X-ray computed tomography (CT) is a method that
is widely used to measure wood density and is known
to be accurate (Lindgren 1991; Freyburger et al. 2009;
Watanabe et al. 2012). One of the advantages of CT scan-
ning is that it provides detailed maps of density (CT slices),
not only an average value for a sample. By measuring
wood density of a given sample both at given moisture con-
tent and in the oven-dry state, it is possible to compute
a large set of variables representing wood properties. For
example, Fromm et al. (2001) illustrated the possibility to
assess, through CT scanning, wood density, and water con-
tent by subtracting dry-density profiles from fresh-density
profiles.

Some wood properties are inherent to the wood mate-
rial, e.g., basic specific gravity (BSG). Other properties
vary with time and are interesting in particular for studying
living trees or when they are measured in green-wood sam-
ples, e.g., moisture content (MC) and relative water content
(RWC).

Some properties and their variations are studied because
they are related to the quality of the wood material (e.g.,
Ormarsson and Cown 2005; Forest Products Laboratory
2010), while others are studied because they provide infor-
mation on some functional characteristics (Chave et al.
2009). BSG (or sometimes oven-dry or air-dry SG) is widely
studied for several reasons: (1) it is a key variable of wood
quality because it strongly correlates with physical and
mechanical properties of dry clear wood, (2) it is useful for
estimates of biomass and carbon stock and flux in studies
on forest resources (Nogueira et al. 2008), and (3) although
this topic is controversial (Larjavaara and Muller-Landau
2010; Zanne et al. 2010), BSG is also an indicator of some
mechanical and hydraulic traits (Hacke et al. 2001; Chave
et al. 2009). Green (or fresh) SG is interesting for explaining
some mechanical characteristics related to standing trees. It
is also important for logistical parameters of wood trans-
portation after harvesting because it allows to calculate
green weight from green volume. Wood MC and its distri-
bution within stems is an input required for estimation of a
biomass value per ton of fresh wood after harvesting and for
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control of subsequent drying or conversion-to-energy pro-
cesses. The relative water content of lumens can be linked
to hydraulic functioning because it provides information on
the rate of lumen utilization for water transportation.

In this work, 10 variables were computed and studied:
basic, oven-dry, and green-specific gravities; relative water
content; the relative water content of lumens; moisture con-
tent; and volumetric fractions of cell walls, of total water,
of free water, and of gas. Three hardwood species (Quercus
petraea/robur, Fagus sylvatica, and Acer pseudoplatanus)
and two softwood species (Abies alba and Pseudotsuga
menziesii) were studied. The method that we developed in
this work is based on X-ray analysis of discs in fresh and
oven-dry states; this approach is original and gives access to
three-dimensional (3D) within-stem variations of the above
variables. Because it requires few manual interventions and
no complex or time-consuming data processing, the method
is fast enough to be applied to large sample sizes. Here,
1228 wood discs from 115 trees were processed; this sam-
pling makes our work novel and original. The advantages
and drawbacks of the method will be discussed and then two
questions will be answered:

e  Among the variables under study, which one is the most
complementary to basic specific gravity for discrimina-
tion of species?

e  What information about the functioning of our five
temperate-zone tree species can be gained from this
complementarity?

The species-specific patterns of radial and vertical varia-
tions within stems and a comparison with typical patterns
from the literature will be the subject of a second paper.

2 Materials and methods
2.1 Experimental material

A total of 115 trees of five temperate species were sampled:
three hardwood species (Q. petraea/robur, F. sylvatica, and
A. pseudoplatanus) and two softwood species (A. alba and
P. menziesii). The Quercus trees could be either Q. petraea
or Q. robur because the two species were not differentiated
in the field.

The Q. petraea/robur, F. sylvatica, and A. pseudopla-
tanus trees were sampled within the framework of the
EMERGE project, which was aimed at the development
of models for evaluation of the available forest biomass
in France (Deleuze et al. 2010; Rivoire et al. 2010). The
F. sylvatica and A. pseudoplatanus trees were sampled in
February 2009 in a mixed even-aged high forest located in
Montiers forest (48.538 N, 5.305 E). This means that this
stand was managed as an even-aged high forest and had the
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Table 1 Characteristics of the sampled trees

Species Number of trees Number of discs Height range (m) H FLB® range (m) DBH?" range (cm) Age range (years)
Fagus sylvatica 30 255 15-28 2-16 1142 34-76

Acer pseudoplatanus 21 163 16-25 3-12 1241 28-64

Quercus petraea/robur 6 73 28-32 11-13 30-53 ~140

Abies alba 29 339 7-19 1-9 6-32 36-80
Pseudotsuga menziesii 29 398 10-30 1-19 9-50 20-43

4Height of the first living branch
bDiameter at breast height

appearance of an even-aged high forest. In this regional area
and for these species, the regeneration periods are usually
~30 years; this situation can explain the differences in age
observed among the trees (Table 1). The Q. petraea/robur
trees were sampled in February 2010 in a pure high forest
located in Amance (48.764 N, 6.329 E). The A. alba and P.
menziesii trees were sampled within the framework of the
joint project Modelfor between INRA and ONF. The A. alba
trees were sampled in April 2014 in two mixed even-aged
high forests of A. alba and P. abies located in Mont-Sainte-
Marie forest (46.789 N, 6.308 E) and in Saint-Prix forest
(46.971 N, 4.069 E). The P. menziesii trees were sampled
in March 2015 in a 20-year-old plantation in Quartier forest
(46.149 N, 2.767 E) and in a 43-year-old plantation in Le
Grison forest (46.662 N, 4.736 E).

All the trees were sampled in winter or at the beginning
of spring before the trees start their annual growth; the pur-
pose was to limit the possible effect of the transient nature
of some moisture-related variables.

In each stand, dominant, codominant, and dominated
trees were sampled so that the samples were representative
of the resource.

The diameter at breast height (D B H), height of the first
living branch for hardwood species, height of the first liv-
ing whorl for softwood species, and total tree length were
measured.

Wood discs were sampled along the stem: every 2 m from
the ground for Q. petraea/robur, F. sylvatica, and A. pseu-
doplatanus; at the maximum, every 2 m for A. alba and
P. menziesii. A radial cut was made using a band-saw on
each disc to avoid drying checks. The radial cut was made
at the same azimuthal position for all the discs of a given
tree.

Table 1 shows characteristics of the sample trees.

2.2 CT scanning

The discs were scanned twice: (1) in the fresh state, after
less than 1 week of storage in a plastic bag inside a cold
room after harvesting and (2) in the oven-dry state, after 24 h
of drying at 103 °C and attainment of a stable weight. It is

particularly important to dry the wood samples at tempera-
tures above 100 °C to remove all the water (including bound
water). Williamson and Wiemann (2010) pointed out that in
numerous recent studies, researchers made errors in mea-
surements of wood-specific gravity (SG) by drying samples
at temperatures ~70 °C.

At both stages, the discs from each tree were placed ver-
tically and parallel to each other onto the scanner table,
separated by a foam folder, and were all scanned together.
Scanning was performed by means of an X-ray generator set
to 80-120 kV and 50 mA for the fresh state and to 80 kV and
50 mA for the dry state. Slice thickness was set to 1.25 mm.
The reconstruction was performed using the BONE filter!
with a pixel size of 0.18 to 0.98 mm depending on the disc
diameter.

2.3 Image processing

A set of ImageJ plug-ins and R (R Core Team 2014) scripts
was used to process the images and average SG values in
approximately the same areas for the fresh and dry states:

e A semiautomatic procedure was used to extract (from
the stacks of images) the middle slice of each scanned
disc. One CT slice per disc was analyzed in this study.

e The original DICOM images, in which grey levels are
expressed in Hounsfield numbers, were converted into
SG by applying the calibration described by Freyburger
et al. (2009).

e The disc contour at the wood-bark boundary, the pith
location, and the opening angle and azimuth of the
radial split were recorded manually on the images for
the fresh and dry states.

e Cubic spline interpolation was used to model the dis-
tance to the pith of the disc contour as a function of the
azimuth. For each pixel of the image, the distance to
the pith r and the angle from the split beginning a were
computed (Fig. 1). These data were used to calculate
relative polar coordinates for each pixel, i.e., the relative

10ne of the eight reconstruction filters available in the scanner soft-

ware.
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Fig. 1 The sectorization method: the relative polar coordinates of pixel M are obtained from the ratios r/R and a/A varying in the range O to 1;
the discs are then divided into 1-cm-thick tangential bands and a certain number of angular sectors

radius, as the ratio of r to the disc radius R, and relative
azimuth, as the ratio of a to the disc’s opening angle
A = 2m — 0, where 6 is the split opening angle. Both
the relative radius and azimuth varied in the range O to 1
regardless of the image, making it possible to compare
the discs in the fresh and dry states.

The discs were divided into tangential bands of fixed
mean width (equal to 1 cm in the fresh state), the
remaining area near the pith being larger than 1 cm
to complete the radius. The contours of the tangential
bands were obtained by homothety of the external con-
tour. In the dry state, the mean band width was set to
1 cm multiplied by the ratio of the mean radius in the
dry state divided by the mean radius in the fresh state.
The pixels belonging to each band were counted and
averaged, giving the area and mean SG in the fresh
(green) and dry states. Only the pixels with SG ranging
from 0.2 to 1.4 were considered in order to elimi-
nate drying checks and possible inclusions of nonwood
materials.

By computing the mean values of the bands, we
could analyze the radial variations of SG in the fresh
and dry states. It would have been possible to analyze
the tangential variations as well by dividing the bands
into angular sectors (Fig. 1), but this option was not
used in the present study.

2.4 Computation of the variables

From the raw data described above, green SG (SGy), oven-
dry SG (SGy), basic SG (BSG), moisture content (MC),
relative water content (RWC), relative water content of
lumens (RWC}), and volumetric fractions of cell walls, of
total water, of free water, and of gas were calculated for each
band.

@ Springer
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Green SG and oven-dry SG were obtained directly from
the averaged pixel values (Section 2.3). Other variables were
computed as follows:

Wo 1 Vo So
BSG = — - =8Go-— =~ SGo- — @))
Ve Pwater Ve Sg
W, — W, SG,-S, —SGo - S
Mc = 28— "0 oo~ 28708 0°20 100 (2)
Wo SGo - So

where V, and V) are the volumes in the green and dry state,
respectively, W, and Wy are the corresponding weights,
SG, and SGy are the corresponding values of measured
average SG, S, and Sy are the measured areas, and Pwater
is the density of water. We assumed here that moisture con-
tent in the green state was always above the fiber saturation
point (FSP).

The relative water content (RWC) is the ratio of the
amount of water in the sample to the amount of water at full
saturation. RWC varies from 0 in the oven-dry state to 100 at
saturation. RWC in the green state was computed assuming
constant cell wall density pways by means of the following
formula derived from the work of Bouffier et al. (2003):

Wwater, g Wg - Wo

RWC = = - 100
Wwater, sat (Vg - WO/ pwalls) * Pwater
SG, — BSG
— _"7e 727 00 3)
1—-BSG - Pwater

Pwalls
where pyater 1S the density of water and pwans the den-
sity of wood cell walls. We assumed here that pyaer =
1000 kg m— and pyans = 1500 kg m—3.

Another definition of the relative water content has been
proposed to better reflect the water content of lumens. The
relative water content of lumens (R W C) can be computed by
subtracting the weight of water contained within the sample
at FSP, corresponding to the amount of water in cell walls
above FSP, from both the numerator and the denominator
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of the original RWC. Hence, bound water is removed, and
RWC} should better reflect the level of lumen utilization
and may probably be a better representation of hydraulic
functioning.

SGy — K
SGsar — K

Wwater, g~ Wwater, FSP

RWCL = -100 = -100

“

Wwater, sat — Wwater, FSP

with:

MCrsp
K=1|1
(+ 100

where Wyater, ¢» Wiwater, FsP> and Wiyater, sac are, respectively,
the weight of water in the green state, at the fiber saturation
point, and at full saturation. M Cggp is the moisture content
at the fiber saturation point, which was assumed to be 30 %
(Forest Products Laboratory 2010). SGy,; is the SG at full
saturation, which can be computed as

Wi W,
SGyp = 0 + Wwater, sat — 1+ BSG - (1 . Pwater)
Ve - Pwater Pwalls

B
zl—i—% (&)

Finally, the volumetric fractions of water ( fwater), Of free

water ( ffree_water)> Of gas (fgas), and of cell walls (fwans) in
green wood were calculated via the following equations:

)-BSG

Viwalls Pwater g

Swalls = = BSG - ~ —-BSG (6)
Ve Pwalls 3
V, MC - BSG
fwater: ‘;Z’[er ZSGg_BSG:T (7)

The fraction of free water was computed by removing
the fraction of bound water (mathematically related to BSG)
from the fraction of total water:

f _ Viree_water _ _ MCgsp - BSG (8)
free_water — —Vg = Jwater —1 00
The fraction of gas was computed as
Voas
fgas =2 = 1- fwater - fwal]s 9
Vg

and may also be expressed as

RWC MC
Seas = (1_ L>,<1_BSG_<pwater+ FSP))
100 Pwalls 100

10)

In the above equations, Viails, Vwaters Viree water, and Vias
are the volumes of cell walls, of total water, of free water,
and of gas in the green volume V.

2.5 Statistical analysis

We used the statistical software package R (R Core Team
2014).

To calculate the disc averages, the surfaces and weights
of the tangential bands were summed and substituted into
Eqgs. 1 to 9. The tree averages were calculated in the same
way by summing the volumes and weights of truncated
cones centered on each disc.

The akima R package was used for bilinear interpolation
of the data and to build 2D maps of the wood properties
illustrating variations in both the radial direction and vertical
direction.

3 Results
3.1 Relations among the computed variables

Figure 2 shows a matrix of plots for the set of computed
variables illustrating both intraspecies (at the disc level) and
interspecies relations. The upper part of the matrix shows
Pearson’s correlation coefficients per species.

The variable fyays is not presented in Fig. 2 because it is
mathematically proportional to BSG (Eq. 6). When a posi-
tive correlation between two variables was too strong, only
one of them was retained in the plot. This was the case for
the pairs of variables SGog with BSG, RWC with RWCp,
and fwater With ffree_water (Fig. 3).

The slope of the relation between BSG and SGq depends
mathematically on So/S, (Eq. 1), which strongly corre-
lates with 1 — shrinkage. This means that the slope
of the relation is closest to 1 for the smallest shrink-
age values; this situation is consistent with the observed
value of a slope close to 1 for the softwood species and
lower for the hardwood species, especially for F. sylvatica
and Q. petraea/robur (Fig. 3). Finally, we decided to use
BSG instead of SGy in further analyses because the for-
mer is a more widely used variable in our field of wood
research.

RWC; and RWC also correlated strongly (Eqs. 3
and 4), with a deviation from the y = x line greater
for the hardwood species than for the softwood species
(Fig. 3). This result means that the softwood species
contain proportionally less bound water (in compari-
son with free water) than do the hardwood species that
have higher wood density. We decided to keep RWCyp,
instead of RWC, because above FSP, the variations in
water content are related to free water content only, and
because it enabled a better understanding of some phys-
iological characteristics related to lumen utilization for
conduction.

Variables fwater and ffree_water cOrrelated strongly, with a
slope close to 1 regardless of the species and with the inter-
cept depending on the wood density of the species (Fig. 3).
We decided to keep ffree_water instead of fiyager for the same
reasons we kept RWCp instead of RWC.
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= i 0.28 *** 0.56 *** 0.95 *** 0.75 *** -0.98 ***
o ] 0.57 *** 0.43 *** 0.90 *** 0.71 *** -0.99 ***
—4 SGq 0.63 *** -0.01 gy 0.25* -0.96 ***
] 0.30 *** 0.07 0.88 *** 0.47 *** —-0.95 ***
Q 0.15* 0.72 *** 0.95 *** 0.87 *** -0.99 ***
© -0.63 *** -0.01 -0.43 *** -0.10

° -0.49 *** 017 ™ -0.18 * -0.43 ***
< BSG -0.78 *** 0.00 -0.59 *** -0.39 ***
° -0.91 *** -0.17 ** -0.70 *** 0.01

o -0.57 *** -0.16 ** -0.36 *** -0.02

g i i 0.78 0.97 * | [ =0.71
o 0.77 *** 0.94 *** -0.58 ***
8 MC (%) 0.61 *** 0.96 *** -0.27 *
o 0.51 *** 0.90 *** -0.38 ***
2 0.89 *** 0.97 *** -0.81
g 0.91 | [ -0.99 **

0.94 *** -0.96 ***
3 RWC, (%) 0.80 *** -0.92 ***
0.82 *** -0.98 ***

S 0.98 *** | | -0.98 ***
o =0.86 =
e -0.81 ***
g ffree_water -0.51 ***
N -0.73 ***
S -0.93 ***
g fgas

S 1T T T T 1T 11

06 08 10 1202 04 06 100 200 300 20 60 100 02 04 06 00 02 04

o Acer

O Fagus

Quercus

O Abies

O Pseudotsuga

Fig. 2 Relations among the variables green-specific gravity (SGy),
basic specific gravity (BSG), moisture content (MC), relative water
content of lumens (RWCp), free water fraction (ffree_water) and gas

SG, strongly negatively correlated with the volumet-
ric fraction of gas (fgs), i.e., strongly positively corre-
lated with the cumulated fraction of cell walls and water,
independently of the proportions of cell walls and water.
SG, strongly positively correlated with RWCp at the
intraspecies level. At the interspecies level, the points
for softwoods shifted toward higher values of RWCp
in comparison with hardwoods for equivalent values of
SGyg. This observation means that variations in green SG
can be explained mostly by variations in water content
(variables RWCyp and ffree_water), Water content being an

@ Springer
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fraction ( fgas). Each point represents a disc sample. The upper right-
hand panels show Pearson’s correlation coefficients and p values by
species (***< 0.001, **< 0.01, *< 0.05)

important source of heterogeneity within the stems of
trees for a given species and among species. To a lesser
extent, green SG was also dependent on BSG, mainly for
hardwoods.

MC negatively correlated with basic SG both at intra- and
interspecies levels and positively correlated with firee_water
and with RW |, mostly at the intraspecies level for the lat-
ter. For example, F. sylvatica had high RW |, but quite low
MC because of dense wood (high BSG), whereas A. alba
had high RW(C}, associated with wood of lower density,
which resulted in high MC.
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Fig. 3 Relations among strongly correlating variables: oven-dry specific gravity (SGo) and basic specific gravity (BSG), relative water content
(RWC) and relative water content of lumens (RW Cp), water fraction (fwater), and free water fraction ( ffree_water)- Each point represents a disc

sample

Regardless of the species, BSG was relatively indepen-
dent of RWCy and fgas. Both variables could therefore
be considered a useful complement of BSG for species
characterization and discrimination.

A strong negative correlation was observed between
the fraction of gas (fgas) and water saturation of lumens
(RWCp), with a slope depending on the species.

The relation between BSG and RWC was plotted at
tree, disc, and tangential band levels (Fig. 4). The results
were similar at the tree and disc levels (with slightly greater
variations at the disc level than at the tree level). This find-
ing means that the vertical variations within stems were
rather low. The variations were much greater at the tan-
gential band level, especially in terms of the water content
variable RW C, which indicates substantial radial variation
within discs.

3.2 Within-stem variations by species

For illustration of possible output of our method, some maps
of within-stem variations for each species are presented
in Figs. 5 and 6. The full set of maps for BSG, RWCp,
MC, green SG, the free water fraction, and air fraction is
available as Online Resources (Appendices A to F). The
radial and vertical variations and their differences among the
species will be analyzed in more detail in the second paper.

3.2.1 Fagus sylvatica

Most of the F. sylvatica trees showed higher BSG at the
bottom and at the top of the stem, i.e., a U-shape profile
of BSG. The trees often showed wood of lower density
within a small area located around the pith. M C and RWCp,

115 trees 1228 discs 9767 bands
o o o
S o S S
OO
o o9 »
8] °§ Al o 8. =
< Q@
€ g Q0% 0.3 o
—, © ] © 0 © T
g %,
r - ° ,° g SE
° o Fagus
o Acer
o _| o _] o
« Quercus Y N
O Abies
o O Pseudotsuga o o
T T T T T T T T T T T T T T T T T T
02 03 04 05 06 07 08 02 03 04 05 06 07 08 02 03 04 05 06 07 08
BSG BSG BSG

Fig. 4 Relations between the relative water content of lumens (RW Cr) and basic specific gravity (BSG) at three levels of variabilit
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Fig. 5 Maps of basic specific
gravity (BSG) and the relative
water content of lumens
(RWCp) for three hardwood
trees (Fagus #92, Acer #80,
Quercus #1005)

were higher in the external part of the stem, with a drier
and less saturated area around the pith. Hence, F. syl-
vatica showed a limited corewood area, less dense and
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drier than the outer wood, while wet and highly satu-
rated areas covered a substantial part of the stems in this
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Fig. 6 Maps of basic specific BSG
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3.2.2 Acer pseudoplatanus

Overall, A. pseudoplatanus (just as F. sylvatica) showed
higher BSG both at the bottom and at the top of the stem and
lower BSG at midheight near the pith. BSG and the water-
related variables (green SG, MC, RWCy, and ffree water)
increased radially. The wet and highly saturated areas were
located near the pith at the bottom of some stems and in the
most external part of the stem (a more restricted area than in
F. sylvatica).

3.2.3 Quercus petraea/robur

In contrast to F. sylvatica and A. pseudoplatanus, Q.
petraea/robur showed a radial decrease in BSG, with a
lower density band parallel to the bark. Areas of higher M C
and RWC were observed in the most external part of the

stem as a rather narrow band parallel to the bark and around
the pith in the lower part of the stems.

3.2.4 Abies alba

BSG was relatively constant radially. Greater BSG was
often observed at the bottom of the stem in this species.
Strong radial variation of the water-related variables was
clearly visible on the maps. In addition, some trees showed
wet corewood at the bottom of the stem near the pith.

3.2.5 Pseudotsuga menziesii

P. menziesii showed higher BSG at the bottom of the stem,
just as A. alba did, but in contrast to A. alba, an obvious
radial increase in BSG was observed in almost all the trees.
The water-related variables showed even stronger contrast
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Table 2 Means and standard deviations of the computed variables by
species: green specific gravity (SG ), oven-dry specific gravity (SGy),
basic specific gravity (BSG), moisture content (MC), relative water

content (RWC), relative water content of lumens (RW Cp.), water frac-
tion ( fwater), gas fraction ( fgas), walls fraction ( fwas), and free water
fraction (f free,water)

Species SGg $Go BSG MC RWC RWCy fwater fgas fwalls ffrce,water
(%) (%) (%)

Fagus 1.11 0.71 0.59 87 86 80 0.52 0.09 0.40 0.34
sylvatica (0.03) (0.03) (0.02) (7.45) (5.20) (7.44) (0.03) (0.03) 0.01) (0.04)

Acer 0.92 0.57 0.49 87 64 54 0.43 0.24 0.33 0.28
pseudoplatanus (0.04) (0.02) (0.02) (7.33) 4.74) (5.95) (0.03) (0.03) 0.01) (0.03)

Quercus 1.01 0.67 0.58 74 70 58 0.43 0.18 0.39 0.26
petraea/robur (0.02) (0.04) (0.03) (5.50) (2.13) (2.92) (0.02) (0.02) (0.02) (0.02)

Abies 1.03 0.42 0.35 193 88 86 0.68 0.09 0.24 0.57
alba (0.03) (0.04) (0.04) (29.79) 4.01) (4.70) (0.04) (0.03) (0.03) (0.05)

Pseudotsuga 0.86 0.50 0.42 104 61 52 0.44 0.28 0.28 0.31
menziesii (0.08) (0.04) (0.04) (17.32) (9.22) (10.84) (0.06) (0.07) (0.02) (0.06)

The calculations were performed on the basis of whole-stem measurements (as weighted means of discs at several heights)

than in A. alba between dry inner wood (MC often below
50 %) and wet outer wood (MC above 100 %). No wet
corewood was observed in this species.

3.3 Interspecies variations

Table 2 shows means and standard deviations of the vari-
ables. The computations were performed on the basis of
whole-stem measurements (as weighted means of discs at
several heights).

BSG was the greatest in F. sylvatica (0.59) and in Q.
petraea/robur (0.58). A. pseudoplatanus, P. menziesii, and
A. alba showed lower values: 0.49, 0.42, and 0.35, respec-
tively.

MC values were equal for F sylvatica and A. pseudo-
platanus (87 %) but somewhat lower for Q. petraea/robur
(74 %), somewhat higher for P. menziesii (104 %), and more
than twice higher for A. alba (193 %).

On the other hand, regarding the relative water con-
tent of lumens (RWCp), A. alba and F. sylvatica showed
the highest values, 86 and 80 %, respectively, whereas A.
pseudoplatanus, Q. petraea/robur, and P. menziesii showed
lower values (54, 58, and 52 %, respectively).

In terms of the fractions of cell walls, water, and gas
(Fig. 7), the five species showed contrasting patterns: F. syl-
vatica and Q. petraea/robur had the same proportion of cell
walls (~40 %) but were different in terms of water and air
fractions; A. pseudoplatanus and Q. petraea/robur had the
same proportion of water (43 %) but differed in fractions
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of wood cell walls and air; F. sylvatica and A. alba had the
same proportion of air (9 %) but differed in fractions of cell
walls and water. On average, P. menziesii and A. pseudopla-
tanus had almost the same proportions of cell walls, water,
and gas.

4 Discussion
4.1 Advantages and drawbacks of the method

CT scanning is a reliable and accurate method for measure-
ment of wood density regardless of tree species and scanner
settings (Lindgren 1991; Freyburger et al. 2009). Today, the
price of medical scanners is reasonable, and it is even possi-
ble to buy second-hand scanners from hospitals. Many wood
research labs now have access to such equipment for studies
on internal wood structure and properties.

Our method is based on processing of CT images of
wood discs and enables creation of maps of oven-dry
and green SG at high radial and tangential resolution. In
this study, good integration of local tangential variations
was obtained via calculation of variables within tangen-
tial bands, each band corresponding more or less to a
group of successive annual rings. The longitudinal resolu-
tion depended on the number of discs considered along the
stems.

In particular, one advantage of the proposed method
is that measurements are done on whole discs, without
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Fig.7 Average fractions of cell
walls (orange), of water (blue),
and of gas (sky blue) observed in
each species

Fagus
sylvatica

0.40

overestimation of the volume of corewood and heartwood
and with consideration of all azimuthal positions, con-
trary to measurements based on wood increment cores
(Williamson and Wiemann 2010; Osazuwa-Peters et al.
2014).

The method allows us to compare CT images of discs
in fresh and oven-dry states and thus to compute basic SG
and M C, which are not directly accessible via CT scans.
Here, we implicitly assumed that shrinkage due to the mois-
ture change is negligible in the longitudinal direction and
homogeneous in the transverse directions (but not assum-
ing equal shrinkages in radial and tangential directions). The
latter assumption is a nontrivial hypothesis because both
radial and tangential shrinkage values are known to depend
on wood properties (e.g., Gryc et al. 2008, for beech). Nev-
ertheless, we assumed that the field of deformation was
regular enough to allow for comparison of “reasonably”
large regions. The advantage is that the method is easy to
implement and perfectly suitable for processing of wood
disc images. This is not the case for other (more complex)
approaches proposed in the literature (e.g., Lindgren 1992;
Watanabe et al. 2012).

For comparison, the BSG values from the Global Wood
Density Database (Zanne et al. 2009) are 0.585, 0.509,
0.560, 0.353, and 0.453 for F. sylvatica, A. pseudoplatanus,
Q. petraea/robur, A. alba, and P. menziesii, respectively.
Our measurement data are consistent with these values,
with slightly greater BSG for F. sylvatica than for Q.
petraea/robur.

Then, under the assumption of constant density of cell
walls (owaiis = 1500 kg m~3), the method enables us to

pseudoplatanus

Abies
alba

Quercus
petraea/robur

Acer Pseudotsuga

menziesii

gas

free water

bound water

0.33 feze

cell walls

estimate RWC and water, gas, and cell wall fractions in the
fresh state (i.e., as in a living tree in the present study). The
value of 1500 kg m~3 is widely accepted in the fields of tree
growth and wood quality. It is known, however, that pwas
density depends on species, sample preparation, and the
method of measurement (Zauer et al. 2013). Stamm (1929)
obtained values for pyays between 1484 and 1536 kg m3.
Kellogg and Wangaard (1969) after analyzing 18 species
found that pya)s values range from 1497 to 1517 kg m™3
for the hardwoods and from 1517 to 1529 kg m™3 for the
softwoods studied. This result contradicts the findings of
Zauer et al. (2013) who observed lower cell wall density in
softwood than in hardwood. In a recent study, Plotze and
Niemz (2011) obtained an average value of 1493 kg m—3
with a minimum of 1458 kg m™3 for Nauclea dider-
richii and a maximum of 1528 kg m~3 for Q. robur. The
value for F. sylvatica is 1472 kg m~3. Zauer et al. (2013)
reported the value of 1510 kg m— for A. pseudoplatanus.
On the basis of this review of the literature and in the
absence of a large study on temperate species reporting den-
sity data on wood cell walls for the five species analyzed
here, a common pyais value of 1500 kg m™3 is the best
choice.

Finally, if we assume MC of 30 % at the fiber satura-
tion point, the method allows to estimate the relative water
content of lumens (RWCp). The value of 30 % is widely
accepted in the community of wood researchers (For-
est Products Laboratory 2010). Actually, MCFrgsp varies
depending on species (with smaller variation for temper-
ate species than for tropical ones) and depending on the
methods used to measure it (Babiak and Kidela 1995).
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Unfortunately, there is no recent study providing these
data on our five species by means of a common method
of measurement (Zauer et al. 2014; Babiak and Kiidela
1995). Thus, the value of 30 % seems to be the best
choice.

4.2 Which variables are the most suitable for
discrimination of tree species?

All the studied variables are related to each other via phys-
ical relations (see Section 2) resulting from the concept of
wood structure as a cellular solid. Nonetheless, the strength
of a correlation between two variables depended on the
variability of possible other variables also involved in the
relation.

For characterization of the wood material, basic SG and
MC are widely used variables. In this study, they strongly
correlated negatively and thus yielded mainly the same
information. This negative correlation was also reported by
Nogueira et al. (2008) for tropical tree species.

Although MC is a well-known variable for character-
ization of wood moisture, below or above FSP (MC ~
30 %), in air-dried wood (MC ~ 12 %), this variable
was not suitable for characterization of traits related to
species functioning. Indeed, MC does not provide clear
information about the amount of water in green sam-
ples or in living trees. For example, F. sylvatica and A.
pseudoplatanus showed similar MC, but F. sylvatica con-
tained more water than did A. pseudoplatanus per unit of
volume.

A particularly interesting result of our study is the
absence of relation between basic SG and the relative water
content of lumens (RWCp). Due to the relations among
variables, a similar pattern was observed between the cell
wall fraction (proportional to BSG) and gas fraction (nega-
tively correlated with RW Cp); these results seem to contra-
dict those of Schiiller et al. (2013) on tropical tree species.
Among 27 tree species from the Mexican rain forest, they
found no correlations at the interspecies level between water
and cell wall fractions but a negative correlation between
gas and cell wall fractions. This discrepancy between the
two studies is apparently mainly due to the presence of the
softwood species (A. alba and P. menziesii) in our study.
Although less studied than water content, gas content may
play mechanical and physiological roles in living trees. For
example, Gartner et al. (2004) analyzed how the gas frac-
tion in stems may affect the mechanical behavior of tree
stems. The gas fraction affects the fresh mass of trees and
is related to the stem growth in diameter because a large
gas fraction ensures inexpensive growth of the stem with-
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out biomass investment. According to the review by Gartner
et al. (2004), rather large gas fractions were reported for
North American hardwood species both in sapwood and
heartwood (26 % on average), whereas for North American
softwood species, the reported gas fractions are 50 % and
18 % for heartwood and sapwood, respectively.

We found a negative correlation between the fractions
of gas and water, but this relation was mostly observed at
the intraspecies level and may be explained by a cell wall
fraction that is relatively homogeneous for a given species.
Actually, for given wood density, the more water there is,
the less gas is present, and vice versa. At the interspecies
level, in the presence of high variability in BSG (and cell
wall fraction), the negative correlation between gas and
water fractions is not necessarily guaranteed and was not
observed in our study. Nonetheless, Schiiller et al. (2013)
observed such a negative correlation in their 27 tropical
species.

Finally, water or gas fractions (in volume) or water
saturation of wood (RWC or RW(Cp) yielded informa-
tion that is much more complementary to BSG than MC
and thus appear to be better choices for characterization
of some species-specific traits mainly related to hydraulic
functioning.

Several authors cited by Gartner et al. (2004) reported
that the water fraction of wood in living trees of temperate
zones shows seasonal variation, with a decrease from early
spring to midsummer, then an increase until early winter.
Our field measurements were performed at the very end of
winter for all species, and water content may therefore be
close to the maximum of the year. This assumption seems
consistent with the review of the literature by Gartner et al.
(2004) showing slightly lower water fractions for North
American species (the dates of the measurements were not
reported) than for our temperate species (41 % on aver-
age for hardwood species, 24 % for heartwood of softwood
species, and 57 % for sapwood of softwood species).

Another source of MC variation in living trees is the
process of heartwood formation, which depends on the
species, tree age, stand management, tree vitality, and tree
health (Longuetaud et al. 2006). In particular, softwood
species have in general contrasting heartwood and sapwood
(Liittschwager and Remus 2007); this is not necessarily the
case for hardwoods. For example, F. sylvatica does not show
clear-cut delimitation between heartwood and sapwood, but
rather a gradual transition (Gebauer et al. 2008). For Q.
petraea/robur, the sapwood area as defined by its light color
does not match the conductive sapwood and is not necessar-
ily related to any difference in MC. Our sampling ensured
a wide range of sapwood proportions because we chose
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contrasting species, including both hardwoods and soft-
woods, and contrasting stand management.

All trees belonged to the same age class (except Q.
petraea/robur trees that were older and to a lesser extent,
P. menziesii trees that were younger) and were sampled
in winter in order to limit possible effects of water con-
tent variations with time. Despite the transient nature of
the water-related variables, water content is known to
be a suitable trait for physiological characterization of
species. For example, early-successional genera such as
Alnus, Populus, and Betula, and the sapwood of softwood
species such as A. alba and P. menziesii in this study,
are known to have relatively high water content in living
trees.

4.3 What information about species functioning can be
gained?

Overall, the highest-density woods (hardwoods) were char-
acterized by the lowest M C both at intra- and interspecies
levels. Hardwoods, with potentially smaller available space
for free water than in softwoods, showed lower water frac-
tions. This finding means that they contained less water per
unit of volume than low-density woods did. On the other
hand, if we consider hardwoods only, F. sylvatica, which
had higher BSG than Q. petraea/robur did, at the same
time showed a greater fraction of water and higher relative
water content of lumens. More generally, the absence of a
clear relation between BSG and RW Cy, means that even if
there was space for free water, this space was not necessar-
ily filled with water. In particular, high-density woods were
not necessarily more saturated with water than low-density
woods did. In other words, high-density woods did not have
to be filled with water to fulfill the water requirements
of trees. Our result is concordant with the observations
made by Gartner et al. (2004) on North American temperate
species. Those authors concluded that whether cell lumens
will be filled with water or gas is not determined by wood
basic SG.

RWCp and ffree_water appear to be interesting traits for
characterization of hydraulic tree functioning because these
variables are associated with the capacitance function of the
species. A comparison (Appendix G) with the drought tol-
erance scores provided by Niinemets and Valladares (2006)
showed that among our five temperate species of trees, the
two with the greatest RWCy, and firee_water (F. sylvatica
and A. alba) are late-successional species and are the less
drought tolerant. Conversely, Q. petraea/robur was found to
be the most drought tolerant and at the same time showed
the lowest fraction of free water.

5 Conclusion

A method for mapping of wood properties within tree stems
on the basis of CT scans of wood discs is presented. This
method is original and relatively easy to use; for this rea-
son, it is suitable for large sample sizes. Scans of discs
at two levels of moisture content are needed, including
one scan in the oven-dry state. Ten variables were com-
puted including wood density and water-related variables.
Some of these variables are particularly original and have
never been studied at this scale, for instance, the relative
water content of lumens and the volumetric fraction of free
water.

The relations among the variables were analyzed. Basic
specific gravity and the relative water content of lumens
(or the fraction of gas) were found to be relatively com-
plementary. Thus, these variables are suitable for species
characterization and discrimination.

According to our results, A. alba, F. sylvatica, and A.
pseudoplatanus have contrasting characteristics, whereas Q.
petraea/robur is somewhere between F. sylvatica and A.
pseudoplatanus. P. menziesii was found to be a rather inter-
mediate species between A. alba and the hardwood species.
The species with the highest water saturation in their
lumens and the greatest volumetric fraction of free water
(A. alba and F. sylvatica) are also known to be less drought
tolerant.

Our second paper will be focused on the species-specific
patterns of radial and vertical variations of basic specific
gravity and relative water content of lumens. A comparison
with typical patterns of variations reported in the literature
will also be conducted.
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